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A scraper conveyor is a key component of large-scale mechanized coal mining equipment, and its failure patterns are mainly
caused by chain jam and chain fracture. Due to the difficulties with direct measurement for multiple performance parameters of
the scraper chain, this paper deals with a novel strategy for fault detection of the scraper chain based on vibration analysis of the
chute. First, a chute vibration model (CVM) is applied for modal analysis, and the hammer impact test (HIT) is conducted to
validate the accuracy of the CVM; second, the measuring points for vibration analysis of the chute are determined based on the
modal assurance criterion (MAC); and third, to simulate the actual vibration properties of the chute, a dynamic transmission
system model (DTSM) is constructed based on finite element modeling. ,e fixed-point experimental testing (FPET) is then
conducted to indicate the correctness of simulation results. Subsequently, the DTSM-based vibration responses of the chute under
different operating conditions are obtained. In this paper, the proposed strategy is employed to determine the occurrence of chain
faults by amplitude comparisons, while failure patterns are distinguished by the adaptive optimal kernel time-frequency
representation (AOKR).

1. Introduction

A scraper conveyor is a piece of continuous mechanical
transport equipment with a chain-type traction for
transporting bulk materials in coal mining face [1]. As
Figure 1 describes, the transmission system of the scraper
conveyor is a complex system with multiple bodies that
mainly comprise sprockets, scrapers, scraper chains, and
chutes. It operates as a closed loop by linking the scraper
chains together, and the scraper chains run around the
sprockets. In chain assembly failures, most malfunctions
mainly involve jam and fracture of the scraper chains. Main
causes for the jam and fracture failures of the scraper chains
include the following aspects: uneven loads on the chutes
[2], overlong laying length of the scraper conveyor [3, 4],
and complex interactions between the core components of
the chain assembly [5, 6]. In order to monitor the working

state of the scraper conveyor, there is an urgent need for
fault detection of the scraper chains.

Since the performance of the scraper chains can directly
determine the reliability and stability of the scraper con-
veyor to a great extent, such issues about the dynamic
characteristics of the scraper chains have been examined in
several previous studies. Generally speaking, research ap-
proaches include two major categories, i.e., model-based
methods and experimental methods. For example, Nie et al.
[7] presented an Euler method-based approach to model a
large-scale scraper conveyor and evaluate the dynamic
characteristics of the transmission system. Jiang et al. [8]
established rigid and rigid-flexible coupling models of the
chain assembly to analyze their complex dynamic behavior.
Myszkowski et al. [9] designed a mobile measuring system
to measure essential operating parameters to study the
system behavior of the chain-driven machines. Wang et al.
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[10] developed a dynamic tension test system for moni-
toring the dynamic tension of a heavy scraper conveyor
based on microstrain detection. Obviously, previous
studies have largely concentrated on direct measurement
and analysis for parameters of the moving scraper chain.
However, the mentioned applications of model-based
methods stop proceeding at the level of idealized hy-
pothesis. Currently, due to installation difficulties of
multiple sensors, most of the experimental methods are not
suitable for actual engineering. Considering limitations of
harsh conditions in coal mines, the traditional mobile
parameter measurement of the scraper chain is difficult and
a fix-point measurement method is preferred. Moreover,
the scraper chain moves continuously along the chutes, and
the dynamic and vibration properties of the chutes can
effectively reflect the working state of the scraper chain.
,erefore, the fix-point vibration analysis of the chute is
performed in our work, which lays a foundation for fault
detection of the scraper chain.

In the recent scientific literature, scholars have con-
ducted preliminary research on fault detection of the
scraper conveyor. Most of the latest studies focus on
theoretical design more than practical strategy, such as
fuzzy fault tree [11], Bayesian network [12], fuzzy neural
network [13], and rough set theory [14]. Comparatively
speaking, fault detection strategy based on vibration
analysis has attracted much attention over the past decade.
Zhang et al. [15] detected crack faults of a lubricant-level
viewport and upper viewport of a high-speed railway train
gear box through vibration tests. Parloo et al. [16] pre-
sented a sensitivity-based damage assessment technique for
autonomous condition monitoring of a slat track of
a commercial Airbus A320 aircraft. Sakaris et al. [17] in-
troduced the random-vibration-based method for damage
detection and precise localization on a lab-scale air-
craft stabilizer structure. To date, few studies have been

performed on fault detection for the scraper chain based on
vibration analysis.

For the purpose of fault detection for the scraper chain,
the novelty of our study is represented by vibration
analysis of the chute under various working conditions. In
this paper, modal analysis is performed in two ways:
numerically, based on the CVM, and experimentally, based
on the HIT. According to the results of model analysis, the
MAC is applied for the optimal placement of acceleration
sensors and three measuring points on the chute are
chosen for vibration detection. Sequentially, the DTSM is
built and serves to study the vibration properties of the
actual chute, and the correctness of the DTSM is verified
by the experimental study of the FPET. Furthermore, the
transient responses of different measuring points on the
fourth chute of the DTSM are obtained under three
working conditions, which are normal condition, chain
jam, and chain fracture, respectively. Besides, the effects of
different external loads on vibration properties are also
discussed. We propose the novel strategy that allows for
fault detection of the scraper chain, which include two
aspects: on the one hand, the occurrence of chain faults can
be detected by amplitude comparisons of the vibration
signals; on the other hand, the fault patterns can be dis-
tinguished by the AOKR.

,e main contributions of our work can be summarized
as follows: (1) an optimal placement scheme of acceleration
sensors is proposed based on the MAC to determine the
measuring points on the chute for vibration analysis; (2) a
DTSM is constructed through finite element modeling to
simulate the working state of the actual chute under different
operating conditions; and (3) to detect chain faults of the
scraper chain, a novel strategy is proposed by a combination
of amplitude comparisons and the AOKR.

,e paper is organized in the following way: Section 2
provides the theory basis of the proposed fault detection
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Figure 1: Transmission system of the scraper conveyor.
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strategy. Section 3 illustrates modal analysis of the chute and
presents details of the construction of the DTSM. ,e op-
timal placement scheme of acceleration sensors is presented
in Section 4, and then the proposed strategy of fault de-
tection is implemented. Finally, Section 5 provides some
concluding remarks.

2. Research Methodology of the
Proposed Strategy

2.1.ModalAssuranceCriterion. ,emodal analysis theory is
adapted to analyze and evaluate intrinsic dynamic properties
of the mechanical structure, and it also serves as the premise
of vibration analysis [18]. ,e vibration properties of a
structure are usually described by modal parameters, which
is the most fundamental content of vibration analysis. Since
most of the linear systems can be discretized into an elastic
system with n degrees of freedom (DOFs), we can express
the motion differential equation of the chute by n co-
ordinates as

Mδ″(t) + DPδ′(t) + Kδ(t) � Bf(t), (1)

y � Cdδ(t) + Cvδ′(t) + Df(t), (2)

where M, DP, K, and B ∈ Rn×n denote the mass matrix,
damping matrix, stiff matrix, and sensor position matrix,
respectively. f(t) and δ(t) ∈ Rn×1 denote the force vector
and displacement vector, respectively. y ∈ Rm×1 denotes the
measurement vector, and m denotes the number of the
sensors. Cd, Cv, and D denote the output coefficient ma-
trices. To perform modal analysis of the chute, the damping
parameters will not affect the characteristics of the natural
frequency and its corresponding vibration mode, so we
suppose the influence of the damping coefficient can be
ignored. When f(t) � 0, equation (1) takes the linear and
homogeneous form:

Mδ″(t) + Kδ(t) � 0. (3)

To obtain the natural frequencies andmode shapes of the
chute, the solution of equation (3) is equivalent to solving
the generalized eigenvalues and eigenvectors. ,e vibra-
tional shape is formed by the superposition of multiple
modes, and then δ(t) can be represented as

δ(t) � 
n

i�1
ϕiηi � ϕη, (4)

where ϕ � ϕ1, ϕ2, . . . ϕn−1, ϕn  and η � η1, η2, . . .

ηn−1, ηn]T denote the modal shape matrix and modal co-
ordinate matrix, respectively. ϕi and ηi represent the modal
vector and modal coordinate of mode i, respectively. When
conducting modal experiments, the research usually focuses
on the first nt (nt < n) modes. ,en, equations (1) and (2)
can be expressed as

η″
i + 2ζ iωiηi

′ + ω2
i ηi � ϕT

i Bf(t) � Γif(t),

i � 1, 2, 3, . . . , nt( ,

yd � 

nt

i�1
Cdϕiηi + 

nt

i�1
Cvϕiηi
′ + Df(t)

� 

nt

i�1
Cdiηi + 

nt

i�1
Cviηi
′ + Df(t),

(5)

where Cdi, Cvi, and Γi denote the influence coefficient vectors
of displacement, velocity, and sensors, respectively. ζ i and ωi

denote the modal damping ratio and frequency. Limited by
structural configuration of the chute and the field condi-
tions, the installation of sensors can directly determine the
validity of experimental data. While considering the eco-
nomic problem, the layout scheme should also ensure that
the dynamic characteristic information of the structure can
fully be obtained. With the determination of Γi, more in-
dependent and accurate modal information can bemeasured
by a limited number of sensors. In our study, the modal
assurance criterion (MAC) [19] is applied to determine the
optimal installation positions and most reasonable number
of sensors. ,e MAC has strong applicability in evaluating
the angle between different vibration vectors, and the in-
fluence of the mass matrix and stiffness matrix of the
structure can be neglected. ,e elements of the MACmatrix
take the following form:

MACij �
ϕT

i · ϕj 
2

ϕT
i · ϕi  ϕT

j · ϕj 
∈ [0, 1], (i≠ j), (6)

where ϕi and ϕj can be obtained by using equation (4).
,eoretically, the natural vibration modes of different nodes
are orthogonal to each other.

However, the actual measured modal vectors are difficult
to guarantee the orthogonality. ,e placement of sensors
must ensure a large space angle between the modal vectors of
the measuring points so as to retain the original model
features to the greatest extent. ,e numerical variation ranges
of the off-diagonal element MACij represent the following
statements: for MACij � 0, the modal vectors are orthogonal
to each other; for MACij < 0.25, the modal vectors are easily
distinguishable; for MACij � 1, the space angle between the
modal vectors is 0 and the modal vectors are indistinguish-
able. According to the MAC, a smaller MACij makes it easier
to distinguish different modal vectors, which also indicates a
better performance of the optimal placement scheme. Hence,
the installation position and number of sensors should be
determined to minimize the off-diagonal elements of the
MAC matrix. ,e minimum value is given by

f � max MACij



, (i≠ j). (7)

2.2.AdaptiveOptimalKernelTime-FrequencyRepresentation.
,e vibration signals caused by chain faults belong to
nonstationary random signals. Based on time-frequency
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analysis theory, the main tools dedicated to the study of
nonstationary signals are available. A commonly used time-
frequency distribution is the Wigner–Ville distribution
(WVD), which has found many successful applications in
different areas [20, 21]. ,e input signal in the time domain
is denoted by using s(t), and the definition of WVD can be
given by

DWV(t,ω) �  s t +
τ
2

 s
∗

t−
τ
2

  e−jωτ dτ, (8)

where ω denotes the frequency variable and s∗(t) is the
conjugate function of s(t). ,en, equation (8) can be con-
verted into the time-frequency distribution function as

A(θ, τ) �  s t +
τ
2

 s
∗

t−
τ
2

  ejθt dt, (9)

where θ and τ denote the fuzzy-domain variables. Based on
equations (8) and (9), we get

DWV(t,ω) �
1
2π

  A(θ, τ)e
−jθt−jωτ

dθ dτ,

A(θ, τ) �   DWV(t,ω)e
jθt+jωτ

dt dω.

(10)

Developed from WVD, the Cohen class bilinear distri-
butions are the commonly used time-frequency analysis
methods and can be expressed as

P(t,ω) �
1
2π

  A(θ, τ)ϕ(θ, τ)e
−jθt−jωτ

dθ dτ, (11)

where A(θ, τ) denotes the ambiguity function and ϕ(θ, τ)

denotes the kernel function. Bilinear time-frequency anal-
ysis such as WVD exhibits a high time-frequency resolution,
whereas it is contaminated by serious cross-terms. ,en the
AOKR is applied to suppress the cross-term interferences
caused by multicomponents [22]; meanwhile, the modified
ambiguity function is defined as

A1(t, θ, τ) �  s
∗

u−
τ
2

 ω∗ u− t−
τ
2

 s u +
τ
2

 

× ω u− t +
τ
2

 e
jθu

du,

(12)

where ω(u) denotes the symmetric window function. For
any A1(t, θ, τ), we can get the corresponding adaptive op-
timal kernel function ϕopt(t, θ, τ) . Under the premise of
ensuring high resolution, the AOKR shows good perfor-
mance to analyze vibration signals of the chute under dif-
ferent working conditions. ,e adaptive optimal kernel
time-frequency distribution is expressed as

PAOK(t,ω) �
1
2π

  A1(t, θ, τ)ϕopt(t, θ, τ)e
−jθt−jωτ

dθ dτ.

(13)

3. Finite Element Modeling

3.1. Modal Analysis. ,e CVM shown in Figure 2(a) is
established in the software ANSYS and designed to be
faithful to the actual device. In fact, the CVM is a typical

multibody dynamics system that consists of the chute, plat
chains, vertical chains, and scrapers; the dimension of
scraper chains is φ48×152 (mm), and the CVM contains
773,782 elements and 1,117,993 nodes. Referring to
Figure 2(a), to describe the interactions between different
components, the kinematic restriction mainly includes the
following two aspects: kinematic constraints and contact
relations. ,e inertial coordinate system I works as the
reference of the system frame and is applied to determine the
location of different components, and contact pairs occur
between two bodies moving correspondingly to each other.
,e vibration signals of the chute can be expressed as the
sum of natural vibration modes of each order, and the lower
order vibration modes have a greater correlation with the
vibration properties. To obtain intrinsic properties of the
chute, we extract the first 6-order natural frequencies of the
CVM for modal analysis, which would facilitate further
studies on the optimal placement of the acceleration sensors.

,e natural frequencies of the chute are obtained by
finite element analysis (FEA) of the CVM and experimental
modal analysis (EMA) through the HIT. As shown in
Figure 2(b), the HIT is performed with the use of an impact
hammer (LC02) and an acceleration sensor (TST120A1000),
which is conducted for vibration measurements of the actual
chute. ,e exciting point is impacted by using the impact
hammer to trigger vibration signals, and then the acceler-
ation sensor mounted on the surface of the shovel coal board
is used to pick up the vibration response. Besides, the
wireless acquisition device is utilized for collection and
transmission of the experimental data, which is detailed in
Section 4.2. ,us, we get the exciting force and vibration
response as shown in Figure 3.

,rough model simulation, we get the modal displace-
ment contours of the first 6-order natural vibrationmodes of
the chute (Figure 4). According to the HIT, natural fre-
quencies of the actual chute are extracted from the exper-
imental modal curve, and each peak of the response curve is
corresponding to a vibration mode. As listed in Table 1,
comparisons between natural frequencies of the first 6-order
natural vibration modes based on FEA and EMA are made.
In addition, the error ψi is defined as ψi � |(αi − βi)/βi|

(i � 1 ∼ 6), where αi and βi denote the natural frequency
derived from FEA and EMA, respectively. In Table 1, the
errors show low values for each mode. In particular, the
maximum error between the simulation results and ex-
perimental results is 13.30%, and the minimum ψi is almost
2.32%. ,e mentioned errors indicate the superiority of the
established CVM.

3.2. Construction of the DTSM. In actual operation, the
scraper chain is driven by using drive motors and moves
continuously along the chutes, and its reliability is directly
related to the working performance of the transmission
system. Figure 5 describes the dynamic transmission system
model (DTSM) built by using the transient analysis module
in ANSYS. ,e primary goal of construction of the DTSM is
to achieve an accurate dynamic model, which would facil-
itate further studies on the vibration behavior of the actual
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Figure 2: Descriptions of modal analysis based on (a) the CVM and (b) the HIT.
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Figure 3: Exciting force and the vibration response.
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chute without carrying out physical tests. ,e simulation
parameters and kinematic restriction of the DTSM are
consistent with the CVM in Figure 2(a). To illustrate this
issue in more detail, the frictional contacts are set between
the vertical chains and the chutes and between the scrapers
and chutes. Correspondingly, the bonded contacts are set
between the plat chains and the vertical chains. ,e dynamic
model mainly contains two prominent parts: the chain as-
sembly and the chutes. Wherein, the chain assembly is
composed of the scrapers and scraper chains and can be
equally divided into multiple segments of length ΔL; the
number of the chutes is 7, and they are marked as shown in
Figure 5. A translational joint is set between scraper #1 and
the middle plate, based on which the chain assembly can run
along the chutes at a transmission speed of Vi. Moreover, the
pretightening force and external load of the dynamic model
are defined as F1 and Wi, respectively. Here, we set
F1 � 796.12 kN. In Figure 5, the pretightening force is ap-
plied at the two ends of the chain assembly, which can ensure
that the scraper chain remains tight during the movement.
,e external load Wi is applied on the upper surface of the
scrapers and middle plates, and the material density in
the chute under the full-load condition is W0, where
W0 � 694 kg/m.

4. AOKR-Based Fault Detection Strategy of the
Scraper Chain

Considering that the scraper conveyor is susceptible to
frequent loading, excessive bending, and artificial mis-
conduct in actual engineering, different patterns of chain
faults usually act on the scraper chain. ,e failure patterns
will cause abnormal vibration of the chute. Actually,
direct measurement and analysis for parameters of the
moving scraper chain is difficult, which raises a contra-
diction between practical engineering requirements and
the installation limitations of multiple sensors. In order to
detect chain faults promptly, the fix-point vibration
measurement of the measuring points for the chute is
considered instead of mobile parameter measurement for
the scraper chain. In this section, the DTSM is utilized to
acquire the vibration properties of the actual chute under
various working conditions, and the FPETof the vibration
signals is conducted to validate the accuracy of the dy-
namic model. ,e fundamental idea of our proposed
strategy is to determine the occurrence of chain faults
by amplitude comparisons, and then fault signals are
analyzed through the AOKR to distinguish the fault
patterns.

Table 1: Frequency response of vibration signals.

Mode no. FEA (Hz) EMA (Hz) ψi (%)

1 177.54 172.9 2.68
2 183.29 211.4 13.30
3 287.45 257.8 11.50
4 302.42 309.6 2.32
5 328.68 314.0 4.68
6 341.97 351.1 2.60

Position 1 Position 2

F1

F1

F1

F1

Translational
joint

Scraper #1

Chain breakage

Chain jam
Contact point #1

∆L

Middle plateChain assembly

Wi

1 3 4 5 7

Vi

Vi

Figure 5: Simulation process of the DTSM.
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4.1. Optimal Placement of the Acceleration Sensors. Before
conducting the FPET, the installation scheme of the ac-
celeration sensors should be determined to ensure the
validity of the measured vibration signals and the economy
of the experimental process. Based on modal analysis of the
FEA (Figure 2(a)), we extract 20 nodes from the chute as the
primary measuring points, which are labeled in Figure 6(a).
According to the theory of MAC, the total modal dis-
placements of the selected 20 points serve as the inputs of
equations (6) and (7). In Figure 6(b), the curve reveals
change rules of the minimumMACij for different number of
sensors.

To illustrate the optimal placement scheme of acceler-
ation sensors in more detail, the optimum installation po-
sitions for different number of sensors are shown in Table 2.
Accordingly, the vibration response of the actual chute
should be recorded by 3 acceleration sensors, and the op-
timum installation positions are set at nodes 3, 9, and 16,
respectively.

4.2. Experimental Evaluations. According to Section 3.2, the
simulation process of the DTSM is performed under normal
condition without a load, and the transmission speed Vi is
set as V0 in Figure 7(a) and the scraper #1 moves from
position 1 to position 2. In our study, nodes 9, 16, and 3 of
the fourth chute are chosen as the detecting points for vi-
bration analysis. For convenient expression in the following,
we mark the detecting nodes as measuring points #1, #2, and
#3, respectively. Taking measuring point #1 as the research
example for description of the transmission process, the
original signal is presented in Figure 7(b). ,e vibration
response presents a three-stage change, i.e., the acceleration
phase, the steady phase, and the deceleration phase. As
mentioned above, in the steady phase, the vibration signal
can be treated as multiple segments with a time span of ΔT,
which corresponds to the chain assembly with a length of ΔL
(Figure 5).

,e field FPET of multiple monitoring points is
carried out to obtain the vibration properties of the actual
chute and evaluate the dynamic performance of the
DTSM. ,e specifications of the experimental scraper
conveyor correspond to SGB1200/3600 manufactured by
Lianyungang Tianming Equipment Co., Ltd, and the
running speed of the scraper chain is 1.0 m/s. In practical
engineering, the actual double-drive transmission system
is driven by two drive motors. ,e basic performance
parameters are shown in Table 3. As shown in Figure 8,
the experimental system mainly contains three acceler-
ation sensors (TST120A1000), a wireless acquisition
device (TST5925EV), a wireless receiver, and an on-site
PC. ,e acceleration sensors are used for fixed-point
measurements by detecting the vibration responses of
measuring points #1, #2, and #3 on the chute. ,e wireless
acquisition device is used to collect experimental data in
real time. In addition, the wireless receiver is intended for
remote data transmission.,e vibration data are stored in
the on-site PC, and a sampling frequency of 1000 Hz is
taken.

Figure 9 shows the experimental and simulation signals
of measuring points #1, #2, and #3 in the time span ΔT. In
the time domain, the simulation results and the experi-
mental results are similar, which reflects the adaptability of
the DTSM. Considering the nonlinear and time-varying
characteristics of the vibration signals, the AOKR is used for
time-frequency analysis.

,e vibration signal of measuring point #2 in the time
span ΔT is taken as the reference for time-frequency

1 2 3 4 5 6 7 8 9 10

11 12 13 14 15 16 17 18 19 20

(a)

Number of the sensors

M
in

im
um

 v
al

ue
 o

f M
AC

ij

2 3 4 5 6 7 8 9 10

0.28

0.275

0.27

0.265

0.26

0.255

0.25

0.245

(b)

Figure 6: Description of the optimum placement scheme: (a) the
primary measuring points; (b) the minimum MACij.

Table 2: Measuring points placement based on the MAC.

Number f Measuring points
2 0.2515 8, 16
3 0.2453 3, 9, 16
4 0.2454 1, 3, 9, 16
5 0.2460 1, 3, 9, 16, 20
6 0.2483 1, 3, 9, 10, 11, 16
7 0.2525 1, 2, 3, 9, 10, 11, 16
8 0.2644 1, 3, 8, 9, 10, 11, 15, 16
9 0.2664 1, 2, 3, 8, 9, 10, 11, 15, 16
10 0.2767 1, 2, 3, 8, 9, 10, 11, 15, 16, 20
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analysis, and then the time-frequency representations of
measuring points #1 and #3 in the same time period are
demonstrated. Figure 10(a) shows the time-frequency
representation of the experimental signals for different
measuring points, and the power spectrum is also
depicted. It presents that the vibration signal of the chute
has a plurality of components. ,ere are two major areas
with strong frequency responses of the vibration signals
for different measuring points: for measuring point #1, the
frequency range is 230–310Hz and the time ranges are
0.15–0.30 s and 0.45–0.75 s; for measuring point #2, the
frequency range is 230–340Hz and the time ranges are
0.20–0.40 s and 0.55–0.70 s; and for measuring point #3,
the frequency range is 225–330Hz and the time ranges are
0.40–0.50 s and 0.70–0.90 s. Considering the chain

assembly in Figure 5, there are two scrapers for length ΔL.
In the actual transmission process, the two major areas
with strong frequency responses are caused while the two
scrapers passing through the measuring points. As shown,
basic frequencies of the measuring points are 239, 278 and
249Hz, respectively. In addition, the peak of the vibration
power spectrum is also presented, and the maximum
values of the measuring points are 158.8, 156.1, and
149.9m2s.

Similarly, the time-frequency representation of the
simulation signals with two major frequency responses is
discussed. As Figure 10(b) indicates, for measuring points
#1, #2, and #3, the vibration energies are concentrated at
the frequency ranges 240–340, 200–310, and 200–320Hz,
respectively. Correspondingly, for measuring point #1, the
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Figure 7: Transmission speed setting and vibration signal under normal condition.

Table 3: Basic operating condition of the scraper conveyor.

Model Chain size (mm) Conveyor width (mm) Chain speed (m/s) Transport capacity (t/h) Transport length (m)
SGZ1200/3600 φ48×152 1750×1180 0∼1.89 3700 360

Gear

Gear

Sprocket

Drive motor On-site PCWireless receiver

Transitional
trough Chute

Acceleration
sensor

Wireless
acquisition device

#2

#3

#1

Figure 8: Experimental setup of the FPET.
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time ranges are 0.10–0.25 and 0.50–0.65 s. ,en the vi-
bration energy of measuring point #2 is concentrated at the
time ranges 0.15–0.45 and 0.60–0.75 s, and the time ranges
of measuring point #3 are 0.40–0.50 and 0.70–0.85 s. For
the simulation signals, the basic frequencies of the mea-
suring points are 281, 249, and 258Hz, respectively. ,e
maximum values of vibration energies are 152.7, 148.9, and
153.2m2s, respectively. Considering the experimental re-
sults and the simulation results separately, good agreement
between the main parameters of different measuring points
is obtained. It also indicates that, in the same time period,
the vibration signal has a delay characteristic for measuring
points #1, #2, and #3. ,is is possibly because that the
measuring points are at different positions of the chute.
Moreover, for different measuring points, the experimental
signals and the simulation signals show good consistency in
time-frequency characteristics. Hence, the established
DTSM can efficiently simulate the actual production
environment.

4.3. Fault Detection of the Scraper Chain. Based on the
established DTSM, two typical failure patterns of the
scraper chain are discussed, namely, chain jam and chain
fracture. ,ree external load conditions are set, that is,
empty load, half-load, and full-load conditions. ,e values
of Wi (Figure 5) are defined as 0, 1/2W0, and W0, re-
spectively. As designed in Figure 5, when chain jam occurs,
the transmission speed Vi is set as V1 in Figure 7(a) and the

failure time range is t1 − t3(t3 � 2.5 s), the chain fault is
triggered at t1 � 2 s.Within the time range t1 − t2(t2 � 2.25 s),
the transmission speed Vi decreases from 1 to 0m/s. And the
value of Vi increases from 0 to 1m/s within the time range
t2 − t3. ,e whole process lasts 0.5 s; the chain assembly is
tightened, and the scraper chains are jammed. When chain
fracture occurs, the transmission speed Vi is set as V0 in
Figure 7(a). Moreover, as shown in Figure 5, the contact
constraint between two contacting scraper chains at the labeled
contact point #1 is removed. As a result, the two contacting
scraper chains will be separated. In order to ensure the accuracy
of fault setting, the chain fracture is also triggered at t1 � 2 s
and the contact constraint is removed in 0.5 s, which is con-
sistent with chain jam.

Considering both failure patterns of the scraper chain,
our research focuses on the steady phase of the operation
process within the time range 0.5 to 5.5 s. In the steady
phase, the vibration signals are obtained simultaneously at
measuring points #1, #2, and #3. Taking measuring point
#1 as the case study, the vibration signals for chain jam and
chain fracture under empty load condition are presented
in Figures 11(a) and 11(b), respectively. After faults
triggering, the vibration signals of the two failure patterns
show a sudden increase after a short time delay. Sub-
sequently, the signals exhibit unstable fluctuations at the
time range 2.4–2.8 s. In order to obtain a more detailed
description of the detection results, the maximum am-
plitudes of the vibration signals under different working
conditions are discussed, i.e., normal condition, chain jam,
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Figure 9: Vibration signals of different measuring points in ΔT: (a) experimental results; (b) simulation results.
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Figure 10: Time-frequency representation of vibration signals: (a) experimental results; (b) simulation results.
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and chain fracture. Wherein, the empty load, half-load,
and full-load conditions are considered. ,e maximum
amplitudes of the vibration signals at measuring points
#1, #2, and #3 are depicted in Figures 12(a)–12(c),
respectively.

Considering measuring point #1, the maximum am-
plitudes of the vibration signals under empty load condition
are 2.89, 7.18, and 6.98m/s2 under normal condition, chain
jam, and chain fracture, respectively. Similarly, under half-
load condition, the maximum amplitudes are 3.24, 9.37, and
9.56m/s2. Moreover, under full-load condition, the maxi-
mum amplitudes are 4.46, 11.06, and 10.82m/s2. With
different external loads, the maximum amplitudes of the
vibration signals for fault conditions are obviously higher
than those for normal condition, and the difference between
the amplitudes of the two typical failure patterns is small. For
different fault conditions, with the increase of the external
loads, the maximum amplitudes show trends to increase.
,e above statistical results are also applicable to measuring
points #2 and #3. ,erefore, chain faults can easily be de-
tected by comparing the maximum amplitudes of the vi-
bration signals, whereas the fault patterns are difficult to
identify. According to the nonstationary and nonlinear
characteristics of fault signals, the AOKR is utilized to an-
alyze the vibration signals and classify failure patterns of the
scraper chain. Within 1.5 s after faults triggering, the vi-
bration signals at the three measuring points with different
external loads are processed. Wherein, for chain jam and
chain fracture under empty load condition, the time-fre-
quency representations of vibration signals are presented in
Figures 13(a) and 13(b), respectively.

,e frequency components and frequency ranges of
the same fault pattern are similar for different measuring
points. As Figure 13(a) describes, the bright color between
0 and 50Hz indicates one high energy area caused by
chain jam. ,en chain fracture can easily be distinguished
according to the appearance of two high energy areas
between 100 and 200Hz as shown in Figure 13(b).

Observing the spectrum results, a more detailed de-
scription is given. When chain jam occurs, for measuring
points #1, #2, and #3, the high energy areas occur ap-
proximately at 0.5, 0.75, and 0.9 s, respectively. Mean-
while, for chain fracture, the high energy areas include two
main frequency components and are approximately
concentrated at the time ranges 0.50–0.70, 0.75–0.85, and
1.0–1.15 s, respectively. Hence, there is a delay charac-
teristic of the fault occurrence, which is well in accordance
with the conclusions in Section 4.2. In order to explore the
influence of external loads on fault characteristics, the
detailed differences of the fault patterns at measuring
point #2 are depicted in Figure 14. In fact, the external
load has a great influence on the fault severity of both the
failure patterns. Observing the spectrum results, the
bright areas vary with the external loads. With increasing
external load, the frequency ranges of the high energy
areas become larger. Wherein, for chain jam under empty,
half-, and full-load conditions, the frequency ranges are
approximately 0–50, 0–150, and 0–250 Hz, respectively.
Meanwhile, for chain fracture, the frequency ranges
are approximately 80–200, 50–250, and 50–350Hz,
respectively.

In this part, three working conditions of the scraper
chain are investigated above including normal condition,
chain jam, and chain fracture. ,e vibration signals of
measuring points #1, #2, and #3 on the detecting chute are
analyzed, and the effects of the external loads on the vi-
bration characteristics are discussed. Based on the above
analysis, the occurrence of chain faults can easily be de-
termined through amplitude comparisons of the original
vibration signals. However, the observation confirms the
similarity of the time domain waveforms of fault signals for
chain jam and chain fracture. ,ese two patterns of failures
remain to be different through further processing by the
AOKR, and the fault patterns can be distinguished according
to the number of high energy areas of the time-frequency
representation of vibration signals. In conclusion, the
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Figure 11: Vibration signals of the measuring point #1 for (a) chain jam and (b) chain fracture.
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Figure 13: Time-frequency representation of vibration signals under empty load: (a) chain jam; (b) chain fracture.
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proposed detection strategy is effective at detecting the
occurrence of chain faults and identifying the failure pat-
terns under different operating conditions.

5. Conclusions

During the actual operation, the working state of the
scraper chain can reflect the dynamic performance of the
scraper conveyor. To address the difficulties with direct
sensor measurement for parameters of the moving scraper
chain, a novel strategy for fault detection of the scraper
chain based on vibration analysis of the chute was pro-
posed. Based on modal analysis and the MAC, the mea-
suring points of vibration signals on the chute were
determined. To fit the actual behavior of the transmission
process, the DTSM was presented based on finite element
modeling, and the correctness of the dynamic model was
verified by comparison with the FPET. ,en the vibration
properties of the measuring points on the chute under
normal condition, chain jam, and chain fracture were
discussed. Moreover, the occurrence of chain faults were
determined by comparing the amplitudes of the vibration
signal in the time domain, while the AOKR was utilized
for time-frequency representation of vibration signals and
distinguishing the two typical failure patterns. Further-
more, the strategy verification based on experimental data
will be taken into consideration in the near future.
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