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ABSTRACT In order to clearly grasp the influence rules of the coal gangue volume mixture ratio on the
system contact response, and finally realize the coal gangue mixing ratio recognition according to the contact
response differences, on the basis of the Hertz contact theory and Flores nonlinear spring-damping contact
theory, this paper proposed and established the theoretical model when multiple coal gangue particles elastic
impacting the metal plate for the first time simultaneously in an undisturbed way with the consideration of
the particles micro-compression, the macro-deflection of the metal plate and the functional transformation
of the system. To further study the system response, the simulation when multiple coal gangue particles
with the variable mixing ratio impacting the metal plate was carried out with consideration of the coal
gangue brittleness and the elastic-plastic of metal plate. Then, broken response of coal gangue particles
and the contact response of the metal plate under the different coal gangue mixing ratios were studied.
After that, EMD decomposition and time-frequency domain parameters calculation were conducted for
the vibration acceleration signal of the metal plate, and the influence law of gangue mixing ratio on the
vibration acceleration signal time-frequency domain parameters of the metal plate was obtained. Finally,
in line accordance with the self-proposed data standardization processing method, Kalman filtering, multi-
information fusion method as well as the simulation data, the recognition of coal gangue mixture ratio
based on the vibration acceleration signal multi-time-frequency domain parameter fusion and the recognition
of coal gangue mixture ratio based on the metal plate multi-response information fusion were marched
respectively, and the coal gangue mixture ratio multi-dimension recognition strategy based on Kalman filter
and the energy fusion is proposed. The research results show that the proposed recognition method can
greatly improve the recognition rate and the applicability of the identification strategy.

INDEX TERMS Impact, contact response, gangue mixing ratio recognition, Kalman filter, signal,
multi-information fusion.

I. INTRODUCTION
Coal is the important source of energy and fuel, which
it’s mining technology is closely related to the social and
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economic development. Top caving coal mining is the prin-
cipal method of thick seam mining. In order to improve
the coal mining efficiency, the development and research of
automatic coal mining technology are very important. During
the mining process of top coal caving [1]–[4], the hydraulic
support is in close interactionwith the roof, floor, surrounding
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FIGURE 1. Top coal caving.

rock and a large number of coal gangue particles, as shown
in Figure 1, together with the shearer and scraper, they con-
stitutes a fully mechanized caving mining process which is
composed of mining, supporting and transportation in the
underground coal mining space [5]. In this process, there are
collisions between coal and gangue, single particle of coal
gangue and the metal plate of the hydraulic support, multiple
particles of coal gangue and the metal plate of the hydraulic
support, coal gangue particles group and themetal plate of the
hydraulic support, as shown in Figure 2. Yang et al. [6], [7]
studied the system contact dynamic response when a single
particle elastic impacting the metal plate or elastic half-space
by theoretical and simulation methods, and used the research
idea of breaking up the whole into parts and the point-to-
surface research thinking [8] to disassemble the complex top
coal gangue identification problem and completed the coal
gangue identification when the single coal gangue impacts
the center position of the metal plate. Zeng et al. [9] analyzed
the dynamic process and impact response of the metal plate
after the impact of the single particle coal gangue. Xie and
Zhao [10], Yang et al. [11], Yang et al. [12], Wang et al. [13],
Zhang et al. [2], Zhang et al. [14], Song and Konietzky
constructed a slip model of coal gangue particles group along
the hydraulic support by discrete elementmethod, and studied
the release law of the top coal, caving property, top coal
loss pattern and so on. Zhang et al. [16], Wang et al. [17],
Zhang et al. [3], and Zhang et al. [18] carried out the drop
test of coal gangue particles along the hydraulic support or the
3D test device, conducted the simulation of top coal releasing
process, and investigated the loose top-coal drawing law of
longwall top-coal cavingmining technology and arching phe-
nomenon as well as the top coal recovery rate. These studies
provide theoretical, simulation and experimental methods for
the study of the impact contact and interaction between the
single coal gangue or coal gangue particles group and the
hydraulic supports or metal plates. However, due to the lack
of the concept of the impact or contact problem between the
multiple coal gangue particles and the hydraulic support in the
earlier stage, and because of the influence and limitation of
multiple coal gangue particles number, shape, arrangement of
the and its contact mode with the hydraulic support, the inter-
action research between multiple coal gangue particles and
the hydraulic support in the top coal caving process is still in
the blank at present.

The accurate identification of multiple coal gangue parti-
cles mixing ratio in the top coal caving process is of great
significance in the identification of the coal gangue parti-
cles group mixing ratio. It is the premise and guarantee for
the accurate realization of the interface identification of top
coal caving. It is also the key problem that top coal caving
unmanned automation must solve. Zhang and Liu [19] used
the natural gamma ray technology to identify the coal gangue
during top coal caving. Hou [20] proposed a method for
identifying coal gangue by combining image feature extrac-
tion with an artificial neural network. Based on the PQN-NN
and the DS theory, Si et al. [21] put forward a multi-sensor
data fusion identification method for the shearer cutting state
identification. Song et al. [22], [23] designed a vibration
and sound signal acquisition model, constructed a new coal
rock identification discriminant analysis framework, and pro-
posed a newmulti-class feature selection method for different
proportions of coal gangue identification. Sun and Su [24]
proposed a coal gangue interface identification method based
on the coal gangue texture feature differences and the digital
image analysis techniques. Tripathy and Reddy [25] proposed
an ore sorting model based on visual and color texture feature
analysis, and used multi-spectral and joint color texture fea-
tures to separate limestone and coal. Liu et al. [26] identified
coal gangue by analyzing the vibration signal of the tail
beam of the hydraulic support. Dou et al. [27] applied image
analysis and Relief-SVMmethod to classify and identify coal
gangue with different surface conditions. Wang et al. [28]
combined the improved particle swarm optimization algo-
rithm with the wavelet neural network to identify the cut-
ting load of the shearer. Cong et al. [29] performed EMD
decomposition and kurtosis filtering on the vibration signal
of the hydraulic support tail beam to realize the coal gangue
interface identification. Wang [30], Wang et al. [31] used
electromagnetic wave technology and terahertz time-domain
spectroscopy to identify coal and rock. Huang [32] iden-
tified the coal rock interface during the cutting process
of the shearer by clustering image recognition technology.
Hua et al. [33] proposed the coal gangue identification
method by the combination of the dimensionless parameters
and support vector machine method in top coal caving. The
above proposed coal gangue identification method and iden-
tify research results provided a research basis and reference
for the identification of multiple coal gangue particles mixing
ratio. However, due to the lack of the theoretical research on
the contact response between multi-particles and the metal
plate in the early stage, and the restriction of various con-
ditions such as the inter particles disturbance behavior and
the superposition of the metal plate contact response after
multi-particle impact, the difficulty of the research when
multi-particles impacting the hydraulic support or the metal
plate is greatly increased, and the generation, evolution and
propagation of signals during the impact contact between
multi-particles and the metal plate became difficult to clearly
understand. Mastering the impact contact response law
between multi-particles and the metal plate is the premise of
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FIGURE 2. Collision contact between the coal gangue and the hydraulic support in top coal caving.

realizing the coal gangue proportion identification according
to the contact response of multiple coal gangue particles and
the metal plate, as a result, it has seriously restricted the
development of multiple coal gangue particles mixing ratio
recognition technology based on data analysis.

Based on the previous research results and the research
shortages of the single particle, group particle and coal
gangue recognition, in order to comprehensively grasp the
contact response law when multiple coal gangue particles
impacting the metal plate, and finally realize the identifi-
cation of multiple coal gangue particles mixing ratio, this
paper referring to the research method of the previous contact
problem [34]–[40], on the basis of the Hertz contact theory
and the Flores contact model, considering the medium com-
pression and the deformation of the metal plate, proposes the
theoretical model when the multiple coal gangue particles
simultaneously undisturbed elastic impacting the metal plate
in the first time under four different working conditions.
Furthermore, a simulation model when the multiple coal
gangue particles with the variable mixing ratio impacting the
equal center distance of the metal plate is constructed, and
the broken response of the particles and the contact response
of the metal plate are obtained. In line accordance with the
simulation data, the EMD decomposition and time-frequency
domain parameters calculation are conducted to the vibration
acceleration signal of the metal plate, and the variation law
of the time-frequency parameters of the metal plate vibration
acceleration signal under different mixing ratios is obtained.
To realize the coal gangue mixing ratio identification, the
simulation data is standardized, Kalman filtering and multi-
information fusion and other further processing, the optimal
data fusion method is determined by the coal gangue mix-
ing ratio identification based on the vibration acceleration
signal multi-time-frequency domain parameters fusion and
the coal gangue mixing ratio identification based on the
metal plate multi-response information fusion, and the multi-
dimensional accurate identification strategy of coal gangue
mixing ratio is finally proposed.

The contributions of the paper include:
• This paper proposed and established the theoretical

model when multiple coal gangue particles elastic impacting
the metal plate for the first time simultaneously in an undis-
turbed way.
• Coal gangue mixture ratio multi-dimension recognition

strategy with high precision, high reliability and strong appli-
cability based on Kalman filter and the energy fusion is
proposed in this paper.

The remainder of the paper is organized as follows:
Section 2 establishes a theoretical model when multiple coal
gangue particles simultaneously undisturbed elastic impact-
ing the metal plate in the first time, and the elastic con-
tact force of the system is analyzed. Section 3 constructs a
simulation model when the multiple coal gangue particles
with the variable mixing ratio impacting the equal center
distance of the metal plate, and analyzes the influence of
the gangue mixing ratio on the particle broken response and
the metal plate contact response. Section 4 carries out the
EMD decomposition and time-frequency domain analysis to
the vibration acceleration signals of the metal plate. Section 5
conducts the standardized processing and the Kalman filter to
the different contact response signals of the metal plate, com-
pletes the coal gangue mixture ratio recognition based on the
vibration acceleration signal multi-time-frequency domain
parameter fusion and the recognition based on the metal plate
multi-response information fusion, and proposes the optimal
coal gangue mixing ratio recognition strategy based on the
information fusion and the multi-dimension identification.
Section 6 shows some related work and our conclusions.

II. THEORETICAL MODEL OF MULTIPLE COAL GANGUE
PARTICLES IMPACTING THE METAL PLATE
A. CONTACT FORCE MODEL
Hertz proposed the widely accepted interface contact
theory [41]–[43]:

PHer = K · δ
3
2 (1)

K =
4
√
R

3
· E (2)

E =
1− µ2

1

E1
+

1− µ2
2

E2
(3)

1
R
=

1
R1
+

1
R2

(4)

where PHer is the Hertz contact force, K is the contact stiff-
ness, δ is the contact deformation, R and E is the equivalent
contact radius and elastic modulus respectively, E1 and E2 is
the elastic modulus of two respectively contact body, µ1 and
µ2 is the Poisson’s ratio of two respectively contact body, and
R1 and R2 is the radius of two respectively contact body.

Hertz contact theory takes into account the elastic con-
tact of the objects and builds the foundation for subsequent
contact theory. On this basis, Flores established a nonlinear
spring-damped contact theory that considers both the system
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FIGURE 3. Complete Hertz contact state.

elastic force and the damping dissipation force [6], [44], [45]:

PFlor = K · δn + D ·
•

δ (5)

where the contact damping D = K · δn · 8(1−e)
5e
•

δ
(−) , PFlor is the

Flores contact force, nonlinear contact coefficient n = 1.5,
•

δ is the instantaneous velocity of the sphere and
•

δ
(−)

is the
initial velocity, e is the restitution coefficient.

B. FUNCTIONAL TRANSFORMATION OF THE SYSTEM
DURING CONTACT
1) FUNCTIONAL TRANSFORMATION MODEL IN CONTACT
PROCESS
During the contact of the particles with the metal plate, the
compression deformation of the particles and the macro-
scopic deflection deformation of the metal plates are existed.
If only the Hertz contact force during the contact process is
considered, regardless of the damping force and the deforma-
tion of the metal plate, defined this condition as the complete
Hertz contact state, as shown in Figure 3, the system energy
conversion model can be expressed as:

1
2
m · v2 =

∫
PHerdδ =

∫
K · δ

3
2 dδ (6)

where m andv is the mass and velocity of the particle.
Define δmax−PH is maximum complete Hertz deformation,

the system functional relationship in the ultimate compres-
sion state system of the complete Hertz contact state is:

1
2
m · v2 =

2
5
K · δ

5
2
max−PH (7)

According to this, the maximum compression deforma-
tion δmax−PH of the rock under the complete Hertz contact
state and the system maximum contact force Pmax−PH are
obtained:

δmax−PH =

(
5m · v2

4K

) 2
5

(8)

Pmax−PH = K
2
5

(
5m · v2

4

) 3
5

(9)

However, the metal plate may deform under force
[46], [47]. Considering the Hertz contact force and the deflec-
tion of the metal plate during the contact process, as shown

FIGURE 4. Hertz contact macroscopic deflection deformation state.

in Figure 4, defined this condition as the Hertz contact macro-
scopic deflection deformation state and I2 = Bh3

12 . Under the
Hertz contact force, the deflection equation of the metal plate
ωHN and the energy WJN absorbed by the deflection of the
metal plate are:

ωHN =
PHer · y
6E2I2L

· x ·
(
L2 − x2 − y2

)
(10)

WJN−HN =
P2Her · y

12E2I2L
· x ·

(
L2 − x2 − y2

)
(11)

where L is the length of the metal plate, x is the distance
from the left end of the metal plate to the impact point, y is
the distance from the right end of the metal plate to the
impact point. The system energy conversion model of the
Hertz contact macroscopic deflection deformation state can
be expressed as:

1
2
m · v2 =

∫
PHerdδ +WJN−HN =

∫
K · δ

3
2 dδ

+
K 2
· δ3 · y

12E2I2L
· x ·

(
L2 − x2 − y2

)
(12)

Then the expression of the maximum compression defor-
mation δmax−HN of the rock under the Hertz contact macro-
scopic deflection state is:

1
2
m · v2 =

2
5
K · δ

5
2
max−HN

+
K 2
· δ3max−HN · y · x ·

(
L2 − x2 − y2

)
12E2I2L

(13)

Considering both the system elastic force and the damping
dissipation force, regardless of the deflection of the metal
plate, defined this condition as the complete Flores contact
state, as shown in Figure 5, the system energy conversion
model can be expressed as:

1
2
m · v2 =

∫
PFloredδ

=

∫ K · δn + K · δn · 8 (1− e)
5e
•

δ
(−)
·
•

δ

 dδ (14)

From reference [6] and [44], when the maximum deforma-
tion of the particle is δmax:

•

δ =
•

δ
(−)

√
1−

(
δ

δmax

)2

(15)
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FIGURE 5. Complete Flores contact state.

Define δmax−PF is maximum complete Flores deforma-
tion, then the system functional relationship in the ultimate
compression state of the complete Flores contact state is:

1
2
m · v2 =

2
5
K · δ

5
2
max−PF

+
8K (1− e)

5e

∫ δmax−PF

0
δn ·

√
1−

(
δ

δmax−PF

)2

dδ (16)

Equation (16) is integrated according to the reference [6]
and [48] and obtained that:

1
2
m · v2 =

2
5
K · δ

5
2
max−PF

+
8K (1− e)

5e
δ
5
2
max−PF

∫ 1

0
z
3
2 ·

√
1− z2dx (17)

where z is a variate, further calculate obtained that:

1
2
m · v2 =

2
5e
K · δ

5
2
max−PF (18)

According to this, the maximum compression deforma-
tion δmax−PF of the complete Flores contact state and the
system maximum contact force Pmax−PF can be expressed
respectively:

δmax−PF =

(
5e · m · v2

4K

) 2
5

(19)

Pmax−PF = K
2
5

(
5e · m · v2

4

) 3
5

(20)

However, in the process of rock ball compression,
the deflection deformation of the metal plate is often
accompanied. Considering the Flores contact force during
contact and the deformation of the metal plate, this condi-
tion is defined as the Flores contact macroscopic deflection
state, as shown in Figure 6. Under the Flores contact force,
the deflection equation of the metal plate ωFN and the energy
WJN absorbed by the deflection of the metal plate are:

ωFN =
PFlor · y
6E2I2L

· x ·
(
L2 − x2 − y2

)
(21)

WJN−FN =
P2Flor · y

12E2I2L
· x ·

(
L2 − x2 − y2

)
(22)

The system energy conversion model of the Flores contact
macroscopic deflection deformation state can be expressed as
Equation (23), as shown at the bottom of the next page.

FIGURE 6. Flores contact macroscopic deflection state.

Then the system functional relationship in the ultimate
compression state of the Flores contact macroscopic deflec-
tion deformation state is Equation (24), as shown at the
bottom of the next page.

Combined with Equation (16), we get that Equation (25),
as shown at the bottom of the next page, and finally obtain
the Equation (26), as shown at the bottom of the next page.

2) SOLUTION OF THE SYSTEM FUNCTIONAL
TRANSFORMATION MODEL WHEN THE DEFLECTION
DEFORMATION OF THE METAL PLATE
ABSORBED THE ENERGY
When considering the energy absorption of the metal plate,
the system energy will be composed of the energy absorbed
by the contact force and the energy absorbed by the bending
deformation of the metal plate, as shown in Equation (13)
and (26). In the equations, both δ

5
2 and δ3 are unknown high-

order terms. According to the approximate analytical solution
method of the high-order equations based on the recursive
solution proposed in reference [6], the energy conversion
model in the ultimate compression state of the Hertz contact
macroscopic deflection state and the Flores contact macro-
scopic deflection state are solved. Equations (13) and (26) are
equivalently converted to Equations (27) and (28), as shown
at the bottom of the next page. Define γ is the Precision
of δmax, we can obtain the Equations (29), as shown at the
bottom of the next page.

Simultaneously, the maximum contact force of the system
is: Pmax−HN−N = K · δ

3
2
max−HN−N

Pmax−FN−N = K · δ
3
2
max−FN−N

(30)

C. THEORETICAL MODEL WHEN THE MULTIPLE COAL
GANGUE PARTICLES UNDISTURBED IMPACTING THE
METAL PLATE IN THE FIRST TIME
After multiple coal gangue particles vertically impact on the
metal plate at a certain speed, the springback of the particles
and their reciprocating collision with the metal plate occur.
Contact behavior between the particles and the metal plate
will trigger the compression of the rock ball, the bending
deformation of the metal plate. And the impact position of
the particle on the metal plate is not the center of the metal
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plate, so that multiple reciprocating rebound velocity of the
particles is offset from the vertical line, thereby generating the
difficult-to-quantify contact behavior and even the disordered
collisions between particles after the rebound. For quantita-
tive analysis, only the once impact between coal gangue parti-
cles and the metal plate is considered here, and the influence
of the contact behavior between the particles and the metal
plate on the contact response between other particles and the
metal plate is not considered. The equivalent elastic modulus
when coal or gangue respectively impact contact with the
metal plate is:

EC =
1− µ2

1

ECoal
+

1− µ2
2

EMetal
(31)

EG =
1− µ2

1

EGangue
+

1− µ2
2

EMetal
(32)

Where ECoal , EGangue and EMetal is the elastic modulus of
coal, gangue and the metal plate respectively. The contact
stiffness when coal gangue impact is:

KC =
4
√
R

3
· EC (33)

KG =
4
√
R

3
· EG (34)

Substituting Eqs. (33) and (34) into Eqs. (8), (9), (19),
(20), (28), and (30), respectively. Then the maximum rock
ball compression deformation and the system maximum

1
2
m · v2 =

∫
PFlordδ +WJN−FN =

∫ K · δn + K · δn · 8 (1− e)
5e
•

δ
(−)
·
•

δ

 dδ +

(
K · δn + D ·

•

δ

)2
· y

12E2I2L
· x ·

(
L2 − x2 − y2

)
(23)

1
2
m · v2 =

2
5e
K · δ

5
2
max−FN +

[
K · δn + K · δn · 8(1−e)

5e
•

δ
(−) ·

•

δ

]2
· y

12E2I2L
· x ·

(
L2 − x2 − y2

)
|δ = δmax−FN (24)

1
2
m · v2 =

2
5e
K · δ

5
2
max−FN +

[
K · δn + K · δn · 8(1−e)5e ·

√
1−

(
δ

δmax−FN

)2]2
· y

12E2I2L
· x ·

(
L2 − x2 − y2

)
|δ = δmax−FN (25)

1
2
m · v2 =

2
5e
K · δ

5
2
max−FN +

K 2δ3max−FN · y · x ·
(
L2 − x2 − y2

)
12E2I2L

(26)



δ
5
2
max−HN =

m · v2

2

[
2K
5 · +

K2·δ
1
2
max−HN ·y·x·(L

2−x2−y2)
12E2I2L

]
δ
5
2
max−FN =

m · v2

2

[
2K
5e · +

K2·δ
1
2
max−FN ·y·x·(L

2−x2−y2)
12E2I2L

] (27)



δ
5
2
max−HN−N =


m · v2

2
[
2K
5 · +

K2·y·x·(L2−x2−y2)
12E2I2L

δ
1
2
max−HN (N−1)

]


2
5

δ
5
2
max−FN−N =


m · v2

2
[
2K
5e · +

K2·y·x·(L2−x2−y2)
12E2I2L

δ
1
2
max−FN (N−1)

]


2
5

(28)



∣∣∣∣∣2K5 · δ 5
2
max−HN−N +

K 2δ3max−HN−N · y · x ·
(
L2 − x2 − y2

)
12E2I2L

−
1
2
m · v2

∣∣∣∣∣
1
2
m · v2

≤ γ∣∣∣∣ 2K5e · δ 5
2
max−FN−N +

K2δ3max−FN−N ·y·x·
(
L2−x2−y2

)
12E2I2L

−
1
2
m · v2

∣∣∣∣
1
2m · v

2
≤ γ

(29)
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FIGURE 7. Particles equiangular arranged.

contact force when the coal gangue impact at optional posi-
tion of the metal plate under the complete Hertz contact
state, the Hertz contact macroscopic deflection deforma-
tion state, the complete Flores contact state, and the Flores
contact macroscopic deflection deformation state can be
obtained.

It is assumed that the particles equiangular (Angle α)
arranged on a circle with the radius RR around the axis of
the metal plate, as shown in Figure 7. The length, width and
thickness of the metal plate are LL , BB, and H , respectively.

And the center distances of the four support rods of the metal
plate are respectively length L and width B, and the particle
radius is R(to ensure that the particles are simultaneously in
contact with the metal plate). The total number of particles
is set to nn(nn is an even number and nn ≥ 2), wherein the
number of gangue is t(t ≤ nn), that is, i.e. the mixing ratio of
gangue is t

nn×100%, of which two particles (A, B) is located
on the central axis of the metal plate, and the remaining
particles are symmetrically arranged along the central axis.
Defining coal as j = 1, gangue as j = 2, then the contact
stiffness KC and KG can be written as Kj. Maximum com-
pression deformation of the rock ball and maximum contact
force when ith particle (1 ≤ i ≤ nn) impacting the metal plate
is shown in Equations (35) and (36), as shown at the bottom
of this page.

When the multiple particles simultaneously elastically
impact, the maximum total contact force is:

PT max =
∑nn

1
Pmax−i (37)

δmax−i =



δmax−PH−i =

(
5m · v2

4Kj

) 2
5

δmax−HN−N−i =


m · v2

2

[
2Kj
5 · +

K2
j ·yi·xi·

(
L2−x2i −y

2
i

)
12E2I2L

δ
1
2
max−HN (N−1)−i

]


2
5

δmax−PF−i =

(
5e · m · v2

4Kj

) 2
5

δmax−FN−N−i =


m · v2

2

[
2Kj
5e · +

K2
j ·yi·xi·

(
L2−x2i −y

2
i

)
12E2I2L

δ
1
2
max−FN (N−1)−i

]


2
5

(35)

Pmax−i =



Pmax−PH−i = K
2
5
j ·

(
5m · v2

4

) 3
5

Pmax−HN−N−i = K
2
5
j ·


m · v2

2

[
2
5 · +

Kj·yi·xi·
(
L2−x2i −y

2
i

)
12E2I2L

δ
1
2
max−HN (N−1)−i

]


2
5

Pmax−PF−i =

(
5e · m · v2

4Kj

) 2
5

Pmax−FN−N−i = K
2
5
j ·


m · v2

2

 2
5e · +
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TABLE 1. Elastic parameters of the coal gangue and the metal plate.

D. SYSTEM CONTACT FORCE UNDER MULTI-PARTICLES
ELASTIC IMPACT
The basic elastic properties of coal gangue and the metal
plate in this paper are shown in Table 1. Taking 10 particles
impacting the metal plate simultaneously as the example.
Sphere radius R is 0.025 m and RR is 0.1 m. The contact
forces when the coal gangue particles with the volume ratio
of 0%, 10%, 20%. . . , 90%, 100% elastic impacting the metal
plate were calculated. The mixing order of 10 coal gangue
particles is shown in Figure 8, and all of impact velocity
are 3 m/s.

When coal gangue particles impact on the different
positions of themetal plate, the relationship between themax-
imum contact force of the single coal gangue particle with the
metal plate and the impact position is shown in Figure 9.

It is shown that the maximum contact force when coal
gangue particle impact the metal plate in complete Hertz con-
tact state and complete Flores contact state is unchanged with
the change of impact position, while the maximum contact
force fluctuates in the Hertz contact macroscopic deflection
deformation state and the Flores contact macroscopic deflec-
tion deformation state. When the impact position is near
the midpoint of the metal plate (in the direction of length),
the maximum contact force decreases gradually. The max-
imum contact force in the midpoint of the length direction
of the metal plate is the smallest, and the maximum contact
force increases gradually when the impact position is close
to both ends. Because of the existence of damping force and
its energy dissipation, when impacting the same position of
the metal plate, the maximum contact force produced by the
impact of a single coal or gangue particle in the complete Flo-
res contact state is less than that in the complete Hertz contact
state, and the contact force in the Flores contact macroscopic
deflection deformation state is less than that in the Hertz con-
tact macroscopic deflection deformation state. Because of the
deflection energy absorption of the metal plate, the contact
forces of Hertz contact macroscopic deflection deformation
state and Flores contact macroscopic deflection deformation
state are much less than that of the complete Hertz contact
state and complete Flores contact state when the same particle
impacting the same position of the metal plate. Meanwhile,
it can be seen from the figure that the contact force produced
by the impact of gangue particle in four states is greater than
that produced by the impact of coal particles when impact on
the same position of the metal plate. According to the coal
gangue mixing order in Figure 8 and Eqs. (35-36), the total
contact force of the system under the undisturbed state is
shown in Figure 10 when 10 coal gangue particles elastic
impact on the metal plate simultaneously.

Figure 10 shows that the total contact force of the four
contact systems increases with the increase of the gangue
mixing ratio. Because the contact forces in the complete Hertz
contact state and the complete Flores contact state are the
same when the same single coal or gangue particle impacting
the different position of the metal plate, the total contact
forces of the complete Hertz contact and the complete Flo-
res contact both increase linearly with the equal proportion
increasing of the gangue mixing ratio. Hertz contact macro-
scopic deflection deformation state and Flores contact macro-
scopic deflection deformation state produce different contact
force when the same single coal or gangue particle impact
impacting the different position of the metal plate. Therefore,
with the equal proportional increase of the gangue mixing
ratio, the total contact force in the Hertz contact macroscopic
deflection deformation state and Flores contact macroscopic
deflection deformation state shows the fluctuating increase
phenomenon.

III. SYSTEM RESPONSE WHEN MULTIPLE COAL GANGUE
PARTICLES WITH BRITTLENESS IMPACTING THE FIXED
METAL PLATE
Inevitably, as two kinds of rock, coal gangue have its own
brittleness, it will damage or even break when it bears the
impact force. The metal material has both elastic and plas-
tic properties. Only calculating the elastic contact response
when coal gangue impacting the metal plate, ignoring the
energy loss and response changes caused by the damage,
breakage or irreversible plastic deformation, will lead to the
deviation in the study of the contact response when multiple
particle impacting the fixed metal plate. Moreover, due to
the random rebound of coal gangue after the collision and
interference and influence between multi-particle collisions
after the first impact, it is difficult to predict the re-collision
between particles and metal plates by the simple elastic con-
tact theory. Therefore, this section will take into account the
brittleness of coal gangue, the elastoplasticity of the metal
plate and the multi-point impact between multi-particles and
the metal plate, and further study the vertical impact response
of multiple coal gangue particles and the fixed metal plate by
simulation.

A. SIMULATION OF MULTIPLE COAL GANGUE PARTICLES
IMPACTING THE METAL PLATE
Establish the 3D model of multiple coal gangue particles
impacting the metal plate in Solidworks. Among them,
the metal plate is fixed by four screws and eight nuts on the
upper (four) and lower (four) bottom surfaces. The specific
size is shown in Figure 11. To ensure that the time synchro-
nization and the first impact speed consistent, the shape effect
of particles is consistent whenmodeling, that is, the shape and
size of particles are exactly the same. In order to ensure that
the initial contact state and the contact evolution mechanism
of particles are the same, particles select the sphere. In the
process ofmodeling, the total number ofmultiple coal gangue
particles is the same, all of them are 10, and the radius
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FIGURE 8. Mixing ratio of coal gangue and its location arrangement.

FIGURE 9. Maximum impact contact force when coal gangue particle
impacting the different position.

is 0.025 m. The lowest point of each particle sphere keeps a
minimum distance from the upper surface of the metal plate,
and the relative distance between the particles and the center
of themetal plate is the same. The exact location is also shown
in Figure 11. Then the model is imported into the simulation

FIGURE 10. The system maximum total contact force when coal gangue
mixed impacting the metal plate.

software Lsdyna. By changing the material properties of each
sphere to change its coal gangue mixing ratio (in this paper
refers to the volume ratio of coal gangue). The gangue mixing
ratio is 0, 10%, . . . , 90%, 100%. Among them, J-H damage
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FIGURE 11. Diagram of the impact position.

FIGURE 12. Finite element model.

model is used for coal gangue, piecewise plastic model for
the metal plate and elastic material for other materials.

The whole model is divided into hexahedral meshes,
of which 10 particles have the same size and number of
meshes, all of which are 10976 meshes. The metal plate
is meshed after divided, and the mesh in the central area
of the metal plate is encrypted. The total number of metal
plate meshes is 97200. The gravity acceleration is defined as
−9.8m/s2 and the impact velocity is 3m/s. The contact mode
between coal gangue and themetal plate is defined as surface-
to-surface free contact, while the contact mode of other struc-
tural parts is TDNS. Model constraints are imposed on the
bottom of four screw rods in the form of full constraints. The
finite element model is shown in Figure 12.

B. ANALYSIS OF THE SIMULATION RESULTS
1) EFFECT OF GANGUE MIXING RATIO ON THE PARTICLES
CONTACT RESPONSE
The vertical collision between coal gangue and themetal plate
will be accompanied by the rebound of coal gangue and its
re-collision with the metal plate. Taking the impact of 5 coal
and 5 gangue on the metal plate as an example, the crushing
state of spherical particles at different stages of the collision
process with metal plate is obtained, as shown in Figure 13.

According to the figure, after the first collision, the broken
area of single coal particle is much larger than that of gangue.
Since the first collision, with the increase of the number of
collisions, the degree of gangue breakage no longer changes,
but the degree of coal breakage gradually increases.

For comparative analysis, according to the way shown
in Figure 14, breakage areas of coal gangue particles after
the first collision is extracted, and the breakage areas after
the first collision of coal gangue with different mixing ratios
are shown in Figure 15. It can be seen that the breakage area
acreage of single coal or gangue particle does not change
with the change of gangue mixing ratio. However, after the
first collision, with the decrease of the gangue mixing ratio,
the total breakage area acreage of 10 coal gangue particles
increases gradually, and the breakage degree increases.

2) EFFECT OF GANGUE MIXING RATIO ON THE CONTACT
RESPONSE OF THE METAL PLATE
In the process of collision, the contact response-time curves
such as the displacement, velocity, acceleration and energy
of the center of mass of the metal plate are shown
in Figure 16 (a)-(f), respectively, and the change of the contact
force between coal gangue and the metal plate is shown
in Figures 17-18.

As shown in Figure 16, with the increase of the gangue
mixing ratio, the vibration amplitude of the displacement,
velocity and acceleration of the center of mass of the metal
plate increases gradually, and the kinetic energy, internal
energy and total energy of the metal plate increase, which
shows that the increase of the gangue mixing ratio increases
the energy obtained by the metal plate under impact. Accord-
ing to the contact force-time curve between single coal or
gangue (all at 3# position) and the metal plate in Figure 17,
the contact force between single particle and the metal plate
after gangue impacting metal plate is larger than that of coal
when impact at the same position, which is consistent with the
conclusion calculated by the elastic impact theory in Figure 7.
However, the time lags behind that of coal after gangue re-
collision with the metal plate. From Figure 18, it can be seen
that the total contact force between coal gangue particles
and the metal plate increases gradually with the increase of
gangue mixing ratio. At the same time, the collision between
each particle and the metal plate is not synchronized since
the second collision. The maximum values of each contact
response in Figure 16 and Figure 18 are extracted, and the
maximum contact response-gangue mixing ratio curve is
obtained, as shown in Figure 19. It can be learn that in the
process of collision and crushing between gangue and metal
plate, with the increase of gangue mixing ratio, the two-
way maximum displacement, velocity and acceleration of the
metal plate increase, and the total maximum contact force and
each part of energy also increase.

Comparing Figure 10 and Figure 19 (4), due to the particle
breakage and its energy loss are not taken into account in the
theoretical modeling process, it can be seen that themaximum
total contact force obtained by the four contact theories of
the complete Hertz contact state, the complete Flores contact
state, the Hertz contact macroscopic deflection deformation
state and the Flores contact macroscopic deflection deforma-
tion state is much larger than that of the simulation. Flores
contact macroscopic deflection deformation state takes into
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FIGURE 13. Breakage state of coal gangue at different impact stages (5 coal 5 gangue).

FIGURE 14. Schematic diagram of the extraction of coal gangue particle breakage area (5 Coal
5 Gangue).

account the influence of the damp dissipation force and the
energy absorption of metal plate, so the difference of the
maximum contact force obtained by the theory of Flores
contact macroscopic deflection deformation state and the
maximum contact force obtained by the simulation is
the smallest. Therefore, the theory of the Flores contact
macroscopic deflection deformation state is more suitable
for predicting the contact force when multi-particles elastic
impacting the metal plate simultaneously.

According to the location of the stress extraction point in
the metal plate shown in Figure 20, stress nephograms of the
contact area of the metal plate contacting with the 10 particles
with the different gangue mixing ratio are extracted respec-
tively, as shown in Figure 21 (1) - (11).

According to the figures, when the particle is mainly coal
(the gangue mixing ratio is less than 20%), the color of
the stress nephogram is relatively simple, mainly composed
of blue, cyan and green. When the gangue mixing ratio is
more than 20%, with the increase of the gangue mixing

ratio, the acreage of yellow and red areas in the stress
nephogram increases gradually, that is, overall stress value
increases gradually. The red region which completely crosses
the whole stress nephogram section in the stress nephogram
is defined as the high stress region. When the gangue mixing
ratio exceeds 70%, the high stress region appears in the
stress nephogram and its area increases continuously with the
increase of the ganguemixing ratio. The change of the gangue
mixing ratio significantly affects the color composition of the
stress nephogram.

IV. TIME-FREQUENCY DOMAIN CHARACTERISTICS
ANALYSIS OF THE METAL PLATE VIBRATION SIGNALS
In order to further understand the influence of gangue mix-
ing ratio on the contact response, the vibration accelera-
tion signal of the metal plate is taken as the object to the
time-frequency domain analysis. The time step in the sim-
ulation is set to 0.00015s, therefore, the sampling frequency
used in the signal analysis process is 6667 Hz. After EMD
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FIGURE 15. Breakage state after the particles with different gangue mixing ratio first impacting the metal plate.

FIGURE 16. Vibration response characteristics of the metal plate.
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FIGURE 17. Single Contact force.

FIGURE 18. Total contact force.

decomposition [8], [49]–[62], IMF components of the accel-
eration is obtained, as shown in Figure 22.

According to the figures, the number of IMF components
decomposed from the acceleration signal of the metal plate
is different when coal gangue mixing ratio is different. The
maximum values of IMF 1 in both positive and negative
directions increase with the increase of gangue mixing ratio,
however, with the increase of gangue mixing ratio, other
IMF components do not show a regular pattern. According
to Figure 22 and the calculation methods of the traditional
time-domain parameters, energy eigenvalues of IMF com-
ponents and energy values of the Hilbert marginal spectrum
of signals in reference [8], the energy eigenvalues of the
IMF component, the square root amplitude, . . . , and the
energy value of the Hilbert marginal spectrum and other time-
frequency parameters of the metal plate acceleration signal
under multi-particles impact is obtained respectively, their
changing curves with the change of the gangue mixing ratio
are shown in Figure 23.

From the figures, with the increase of gangue mixing
ratio, the energy characteristic value of the IMF components,
mean value, waveform index and kurtosis index of the vibra-
tion acceleration signal are disorderly changing. The square
root amplitude, absolute mean value, variance, peak-to-peak
value, root mean square value and the marginal spectral
energy value show the increasing trend as a whole, while the

skewness and the margin index show the downward trend as
a whole.

V. RECOGNITION OF COAL GANGUE MIXING RATIO
A. RECOGNITION OF COAL GANGUE MIXING RATIO
BASED ON TIME-FREQUENCY PARAMETERS FUSION OF
VIBRATION ACCELERATION
The square root amplitude, absolute mean value, variance,
peak-to-peak value, root mean square value, marginal spec-
tral energy value, skewness and margin index of the metal
plate vibration acceleration show the monotonic trend as a
whole, therefore, taking these eight kinds of data as the time-
frequency base parameters of the acceleration signal, the coal
gangue mixing ratio recognition based on the time-frequency
parameter samples of vibration acceleration is carried out.

1) DATA STANDARDIZATION TREATMENT
The data indexes represented by the time-frequency domain
parameters are different, the order of magnitude and unit of
each parameter is different. For data fusion, the parameters
need to be normalized. On account of the data type in the
paper, the signal is normalized by the minimum-maximum
standardization method. Treatment standard is:

X∗ =
xs − xmin

xmax − xmin
(38)

Among them, xmax is the maximum value of sample data,
xmin is the minimum value of sample data, xs is the sample
data, and X∗ is the value standardized by the sample data x.
The trend of data obtained by Equation (38) is consistent
with that before the standardization treatment. However, there
are two different trends in the data (approximate increas-
ing and approximate decreasing). To facilitate data fusion,
the standardized treatment standard in this paper is proposed
as follows by extending the Equation (38):

X∗ =


xs − xmin

xmax − xmin
, Increase/Approximate increase

xs − xmax

xmin − xmax
, Decrease/Approximate decrease

(39)

According to this, the values of the square root amplitude,
absolute mean value, variance, peak-to-peak value, root mean
square value, marginal spectrum energy value, skewness and
margin index after the minimum-maximum standardization
processing are obtained as shown in Table 2.

2) RECOGNITION OF COAL GANGUE MIXING RATIO
BASED ON ACCELERATION MULTI-TIME-FREQUENCY
PARAMETERS FUSION
After the determination of the time-frequency base parame-
ters and the standardized processing, the ranges of the differ-
ent time-frequency domains parameters are unified to [0, 1].
Then, data fusion based on multi-time-frequency parameters
of acceleration is proposed by linear superposition method.
The fusion recognition parameter is defined as Q, the square
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FIGURE 19. Maximum contact responses.

TABLE 2. Standardization processing on time-frequency base parameters of the acceleration signal.

FIGURE 20. Stress extraction point in the metal plate.

root amplitude, absolute mean value, variance, peak-to-peak
value, root mean square value, marginal spectral energy
value, skewness and margin index of the metal plate vibration
acceleration is x1, x2, . . . , x7, x8 respectively, and their linear

contribution coefficients is α1, α2, . . . , α7, α8 (
∑
αi = 1,

i = 1, 2, · · · , 8) respectively (To characterize the contribu-
tion of each time-frequency parameter to the fusion recogni-
tion parameter Q), then:

Q = α1x1 + α2x2 + α3x3 + α4x4 + α5x5 + α6x6
+α7x7 + α8x8 (40)

In this paper, we define that each base parameter has
the same effect on the fusion recognition parameter Q, i.e.
αi = 0.125. Under the condition of different gangue mix-
ing ratio, the fusion recognition parameter curve based on
the acceleration multi-time-frequency parameters is shown
in Figure 24.

From Figure 24, with the increase of the gangue mixing
ratio, the fusion recognition parameter Q based on the accel-
eration multi-time-frequency parameters increases gradually,
according to the data of the fusion recognition parameter Q
at different mixing ratios, the relation equation between Q
and the gangue mixing ratio β is y = 0.00614 + 0.79954 ·
β + 0.15488 · β2. The coefficient of determination of the
relation equation R2 = 0.99079, which indicates that the
fitting curve’s reliability of the fusion recognition parame-
ters based on accelerationmulti-time-frequency parameters is
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FIGURE 21. Stresses at contact points of the metal plate.

very high, and fusion recognition parameter Q obtained from
the relation equation is close to the measured values.

However, from the figure, the curve of the relation equa-
tion still deviates from the measured value of Q. As shown
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FIGURE 22. IMF components of the acceleration of metal the plate.

in Table 3, the degree of deviation varies from 0.00614 to
0.0459728, and there are positive and negative deviations.
Fusion recognition parameter Q based on acceleration multi-
frequency parameters is only a point parameter value, and
it is calculated only according to the 11 groups measured
Q values with different mixing ratio. When calculating the
gangue mixing ratio based on the relationship equation and
the measured value of the fusion recognition parameter Q

obtained from other simulation, especially when the actual
mixing ratio is close to [0, 10%, . . . , 90%, 100%], there
will be a large deviation (For example, the calculated value
of Q according to the relational equation is 0.0876428, but
the measured value of Q when the gangue mixing ratio is
10% is only 0.077357, which the gangue mixing ratio only
corresponds to 8.7586% through the relation equation, then
the difference of the calculated mixing ratio is 1.2414% from
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FIGURE 23. Time-frequency parameters of the metal plate vibration acceleration.

the actual one). Therefore, fusion recognition parameter Q
based on acceleration multi-time-frequency parameters and
its relationship equation is just more suitable for the predic-
tion of coal gangue mixing ratio.

B. RECOGNITION OF COAL GANGUE MIXING RATIO
BASED ON MULTI-RESPONSE INFORMATION FUSION
Fusion recognition parameter Q based on the acceleration
multi-time-frequency parameters can roughly estimate the
mixing gangue ratio, which is suitable for the places where

the accuracy of the gangue mixing ratio calculation is not
high. In order to improve the recognition accuracy of coal
gangue mixing ratio, a method based on Kalman filter and
multi-information fusion is proposed to identify coal gangue
mixing ratio.

1) KALMAN FILTER PROCESSING TO THE METAL
PLATE SIGNALS
Kalman filter [63]–[67] is a widely used filtering method,
it can obtain the system states or real signals by processing
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FIGURE 24. Acceleration-based fusion recognition parameter Q.

TABLE 3. The deviation degree of Q obtained by the relation equation.

FIGURE 25. Kalman filter to the metal plate signals under 10 coal impact.

the input and observed signals which contains the noise. From
Figures 16 (a) - (f), after the metal plate is impacted by coal
gangue, the displacement, velocity, acceleration and each part
of energy of the metal plate all present the fluctuating curves,
which conceal some characteristics of the contact responses.
Therefore, Kalman filter is adopted in this paper to process
them respectively.

Taking the 10 coal particles (gangue mixing ratio is 0)
impacting the metal plate as the example, the displacement,
velocity, acceleration, total energy, kinetic energy and inter-
nal energy of the metal plate after the impact of coal are

treated, the Kalman filter curves of the metal plate response
signals when the 10 coal particles impact is obtained,
as shown in Figure 25. From the figures, after Kalman filter-
ing, the fluctuation frequency and vibration amplitude of each
contact response decrease correspondingly, and the contact
responses tend to stabilize.

According to the method shown in Figure 25, Kalman
filtering was performed on the total energy of the metal
plate after impact of coal gangue with different mixing ratios
respectively, the total energy of the metal plate before and
after filtering is obtained as shown in Figure 26. As can
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FIGURE 26. Total energy of the metal plate.

be seen from the figure, through Kalman filtering, the total
energy curves of metal plates under the impact of coal gangue
with different mixing ratios are more clearly stratified than
that of before Kalman filtering, the degree of the differ-
ences is enlarged, and the overlap degree of the curves is
reduced. However, in the filtering process, the peak of the
total energy filtering curve appears to be partially crossed
when the gangue mixing ratio is 90% and 100%.

After filtering the other five contact responses, the filter
curves of the metal plate signals as shown in Figure 27 are
obtained. According to the figures, after filtering, the strat-
ified difference of the kinetic energy and internal energy
curves of the metal plate under the impact of coal gangue
particles with different gangue mixing ratios are more dis-
tinct, the maximum value increases with the increase of
the gangue mixing ratio, but the degree of stratification is
still small. The fluctuation amplitude and vibration tendency
of the acceleration, velocity and displacement of the metal
plate change to some extent, the amplitude of acceleration,
velocity and displacement filtering curve of metal plate does

not change monotonously with the change of gangue mixing
ratio. The feasibility is low to realize the coal gangue mixing
ratio recognition only relying on Kalman filter to filter a
single signal, the single signal Kalman filtering method can
be used as a tool to amplify the differences.

2) MULTI-RESPONSE SIGNALS FUSION OF THE METAL
PLATE BASED ON KALMAN FILTER
In order to improve the recognition rate of gangue mix-
ing ratio, in this paper, Kalman filter and multi-information
fusion method are combined to carry out the gangue mixing
ratio fusion recognition based on Kalman filter. For the fusion
of signals, different types of signals need to be normalized
processing firstly. The normalized processing criterion of the
metal plate response is:

y∗ij =
yij − yijmin

yijmax − yijmin
(41)

Among them, y is the signal, i is the column label of
the signal (i = 1, 2 · · · , 10, 11, respectively corresponding
to the gangue mixing ratio of 0, 10%, . . . , 100%), j is the
label of the jth sample point of each column of signals (j =
1, 2 · · · , 3999, 4000), yij is the value of the jth sample point
of the ith column y signal, yijmin and yijmax are the maximum
andminimum values of all sample points of y signal (there are
11 types of gangue mixing ratio, 0,10%, . . . ,100% respec-
tively, so each kind of signal has 11 columns, yijmin and yijmax
are the maximum and minimum values in all 11 columns of
y signal). Taking the total energy of the metal plate as the
example, the normalized total energy parameters are shown
in Figure 28.

The acceleration, velocity, displacement, internal energy,
kinetic energy, total energy, absolute value of acceleration,
absolute value of velocity and absolute value of displace-
ment are normalized respectively. After the normalization
process, the variation interval of all 9 groups of parameters
is [0, 1]. Among the 9 sets of parameters, the changing
form of the normalized internal energy, normalized kinetic
energy and normalized total energy is similar, the changing
form of the normalized acceleration, normalized velocity, and
normalized displacement is similar. The changing form of
the normalized absolute value of the acceleration, normalized
absolute value of the velocity, and normalized absolute value
of the displacement is similar. And the changing form of
the normalized energy are close to the normalized abso-
lute value of the other responses (acceleration, velocity, and
displacement), Therefore, in this paper, Kalman filter-based
data fusion is applied to these four combined signals, which
are defined as the energy fusion, the other response fusion,
the fusion of the absolute value of the other responses and the
composite response fusion respectively.

Taking the response signals of the metal plate under the
10 coal particles impact as an example, the normalized energy
signal fusion process, the normalized other responses (accel-
eration, velocity and displacement) fusion process, the fusion
process of normalized absolute value of the other responses
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FIGURE 27. Signals of the metal plate after Kalman filtering.

FIGURE 28. Normalization of the metal plate total energy.

(acceleration, velocity and displacement), and the compos-
ite fusion process of the six sets of parameters (energy,
acceleration, velocity and displacement) after normalized are
obtained, as shown in Figures 29-32 respectively. It can be
seen from the figure that the fluctuation amplitude of the
signal is greatly reduced after the fusion, the fused signal is in
the variation region of various signals and the signal is more
stable.

The above four kinds of signals fusion based on Kalman
filter were carried out on the metal plate signals with differ-
ent gangue mixing ratio respectively, and the fusion curves
shown in Figures 33-36 were obtained. Due to the existence
of re-collision between particles and the metal plate, only

FIGURE 29. Energy fusion process.

FIGURE 30. Other responses fusion process.

the data changing trend within 0∼0.04s is considered. After
four kinds of data fusion, the maximum values (or reverse
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FIGURE 31. Absolute value fusion of other responses.

FIGURE 32. Composite fusion.

FIGURE 33. After energy fusion.

maximum values) of the four groups of composite fusion
parameters gradually increased with the increase of gangue
mixing ratio, the fusion parameter curve formed by the chang-
ing of the gangue mixing ratio in 0∼0.3s shows uncrossed
stratification and very low overlap. Compared the four kinds
of data fusion methods, the fusion parameter differences
between the other response fusion and the fusion of the abso-
lute value of the other responses is still small, some crossing
and overlapping phenomena still exist after 0.3s in the fusion

FIGURE 34. After other responses fusion.

FIGURE 35. After absolute value fusion of other responses.

of the absolute value of the other responses. After energy
fusion and composite fusion, the fusion parameter curves of
different gangue mixing ratio are stratified more obvious.
Compared with the composite fusion mode, the energy fusion
mode presents a single peak trend, the fusion parameter curve
is less volatile and more stable, so the stratification phe-
nomenon is more significant and the differences are higher.
Therefore, energy fusion is adopted to the process of the
signals.

3) COAL GANGUE MIXING RATIO RECOGNITION STRATEGY
BASED ON KALMAN FILTER AND ENERGY FUSION
Defined the parameter after energy fusion is energy fusion
parameter QQ. After processing the signal by Kalman filter
and energy fusion, QQ needs to be further processed and
analyzed. On this basis, this paper proposed a recognition
strategy of coal gangue mixing ratio based on Kalman filter
and energy fusion, so as to accurately realize the coal gangue
mixing ratio recognition. After in-depth analysis of Figure 33,
this paper proposes the following processing methods and
recognition strategies:

VOLUME 8, 2020 102393



Y. Yang et al.: Influence of Coal Gangue Volume Mixing Ratio on the System Contact Response

FIGURE 36. After the composite fusion.

(1) Within 0∼0.04s, each energy fusion curve includes
267 sample points (The time interval is 1.5 × 10−4s and it
should be 266.7 points within 0.04s, the simulation software
error results in 267 sample points to be covered), corre-
sponding to 267 different moments respectively. In this paper,
there are 11 energy fusion curves when the gangue mixing
ratio gradually changes from 0 to 100%. Therefore, 267 rela-
tional broken lines between energy fusion parameter QQ and
gangue mixing ratio β can be obtained by the discretizing,
every relational broken line has 11 discrete points.

(2) The polynomial curve fitting was carried out for
267 relational broken lines between QQ and β respectively,
and 267 functional polynomials between QQ and β at differ-
ent moments were obtained. They are respectively defined as
the No. 1 energy fusion function QQ1, No. 2 energy fusion
function QQ2, . . . ,No. 267 energy fusion function QQ267,
and correspond to different moments respectively. The func-
tion form is QQ = a · βm + b · βm−1 + · · · + aa · β + bb
(Where, m ≥ 1, a, b, . . . , aa are the coefficients of the func-
tional polynomial respectively, and bb is the constant term of
the polynomial), the coefficient of determination R2 of each
fitting curve requires more than 99% (Or more higher).

(3) When estimate the coal gangue mixing ratio according
to the energy fusion curve of the metal plate, the sam-
ple point values corresponding to the first 267 moments
of the target energy fusion curve are discretized to
267 energy fusion parameter values corresponding to dif-
ferent moments, it was respectively defined as Point 1,
Point 2, . . . ,Point 267 according to the increase of
time, and the corresponding energy fusion parameter is
QQPoint1, QQPoint2, . . . ,QQPoint267. By inversely substi-
tuting QQPoint1 into the No. 1 energy fusion function
QQ1, the calculated value β1of gangue mixing ratio can
be obtained by the inverse solution. Then substitute β1
into function QQ2, QQ3 . . . ,QQ267, get its calculated
value QQ2−β1 , QQ3−β1 . . . ,QQ267−β1 , and the absolute
differences between the calculated value of the energy
fusion function and the value of the energy fusion param-
eter are obtained respectively as

∣∣QQ2−β1 − QQPoint2
∣∣,

FIGURE 37. Detailed recognition strategy chart.

FIGURE 38. Complete recognition flowchart.

∣∣QQ3−β1 − QQPoint3
∣∣ , . . . , ∣∣QQ267−β1 − QQPoint267

∣∣, and
respectively define them as |QQ|2−β1 , |QQ|3−β1 , . . . ,
|QQ|k−β1 , . . . , |QQ|267−β1 (k = 2, . . . , 267). In order
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to avoid the effect of the singular point to the recogni-
tion result, defined the available coefficient of β is ξ ,
and point k is available when |QQ|k−β1 ≤ ξ . When
|QQ|k−β1 > ξ , the k point is considered as the singu-
lar point, then the k th sample point will be deleted. Solv-
ing the Mean Value of the absolute differences (|QQ|2−β1 ,
|QQ|3−β1 , . . . , |QQ|k−β1 , . . . , |QQ|267−β1 ) of the available
point energy fusion parameters in Point 2, Point 3, . . . ,
Point 267 (The sum of absolute differences of available point
energy fusion parameters divided by the number of available
points), the average absolute difference of its energy fusion
parameters was obtained and defined as |QQ|β1. According
to the above process, the calculated value of gangue mixing
ratio β2, β3, . . . , β267 and the mean absolute differences
of the corresponding energy fusion parameters ( |QQ|β2,
|QQ|β3, . . . |QQ|β267) are obtained respectively.

(4) By comparing |QQ|β1, |QQ|β2, . . . , |QQ|β267, the
smallest |QQ|β is obtained and defined as |QQ|βkk , then the
corresponding βkk (kk = 1, 2, . . . , 267) is the optimal mixing
ratio of the target energy fusion curve.

The principle of the detailed identification strategy for
the gangue mixing ratio identification based on Kalman
filter and energy fusion is shown in Figure 37. After
combining it with the aforementioned signal acquisi-
tion and processing method, the recognition flowchart of
gangue mixing ratio in this paper is obtained, as shown
in Figure 38.

Based on multi-particles impact simulation and Kalman
filter, the optimal data fusion processing method is deter-
mined to be energy fusion, hereby the recognition strategy
of coal gangue mixing ratio is proposed. The recognition
strategy is conducted based on the energy fusion function
space. In this paper, there are 267 functions in the energy
fusion function space, and the minimum mean absolute dif-
ference is taken as the evaluation standard to complete the
independence and unification of multidimensional parame-
ters, and realized the multidimensional identification. Com-
pared with the coal gangue mixing ratio recognition method
based on the multi-time-frequency parameters fusion recog-
nition parameter Q of the acceleration, the recognition rate
can be greatly improved and accurate recognition of coal
gangue mixing ratio can be effectively realized. At the same
time, the applicability of this recognition strategy is very
high. It can select the data fusion method, fusion func-
tion fitting forms (such as polynomial fitting, nonlinear fit-
ting, exponential fitting, logarithmic fitting, etc.), dimensions
of fusion space (267 dimensions are used in this article,
which can be increased or decreased depending on the
actual data) and judging standard (In this paper, the min-
imum mean absolute difference is used as the standard.)
according to the data form (theoretical, simulation, or test
data). By virtue of the idea of the data processing and
optimal mixing ratio selecting in the identification strategy,
the recognition strategy can be extended to intelligent recog-
nition, intelligent sorting, intelligent optimization and other
fields.

VI. CONCLUSION
This paper established the theoretical model when multiple
coal gangue particles elastic impacting the metal plate for
the first time simultaneously in an undisturbed way, con-
ducted the brittle impact contact simulation between coal
gangue and the metal plate. Through the analysis of the
system elastic contact force, particles breakage state and the
metal plate contact response under different mixed gangue
ratios, the influence law of coal gangue volume mixing ratio
on the system contact response was obtained. The time-
frequency domain characteristics of the metal plate vibration
acceleration were analyzed, and the recognition technology
of coal gangue mixing ratio based on multi-time-frequency
parameters fusion of the metal plate vibration acceleration
and the recognition technology based on the multidimen-
sional contact response information fusion of the metal plate
were studied respectively. The following conclusions are
obtained:

(1) With the increase of gangue mixing ratio, the total
maximum elastic contact force between the multi-particles
and the metal plate increases. Particles totally broken area,
maximum displacement, velocity, acceleration and overall
stress value of the metal plate, the total maximum brittle
contact force and each part of energy all increase accordingly

(2) With the increase of gangue mixing ratio, the energy
characteristic value of each IMF component, mean value,
waveform index and kurtosis index of the metal plate vibra-
tion acceleration signal show disorderly change. The square
root amplitude, absolute mean, variance, peak-to-peak value,
root mean square value and marginal spectral energy value
show the increasing trend as a whole. The skewness and
margin index show the downward trend as a whole.

(3) Based on the basic parameters such as the square root
amplitude, absolute mean, variance, peak-to-peak value, root
mean square value, marginal spectral energy value, skewness
and margin index of the metal plate vibration acceleration,
the fusion recognition parameter is put forward and obtained
its relation equation. Through analysis, fusion identification
parameter Q based on themetal plate accelerationmulti-time-
frequency parameters are more suitable for the prediction of
coal gangue mixing ratio. When the actual gangue mixing
ratio is close to the simulation one, there will be a large
deviation.

(4) Energy fusion, other response fusion, absolute value
fusion of other responses and the composite fusion are car-
ried out through Kalman filter data fusion method based on
the metal plate acceleration, velocity, displacement, internal
energy, kinetic energy, total energy, absolute value of acceler-
ation, absolute value of velocity and displacement. Research
show that the energy fusion mode presents a single peak
trend, and the fusion parameter curve has low fluctuation,
high stationarity, its stratification and difference are the most
significant in the four fusion modes, so it is the optimal fusion
processing mode.

(7) Based on Kalman filter and energy fusion, multi-
dimensional recognition strategy of optimal gangue mixing
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ratio with high recognition accuracy and applicability is
proposed.

The conclusions of this paper will provide theoretical
and research basis for the study of the impact contact
responses between coal gangue and the hydraulic support,
provide multi-dimensional accurate recognition strategy for
the recognition of coal gangue mixing ratio, and provide
reference for the research and realization of coal gangue
interface recognition technology in top coal caving.
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