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Abstract   
The creeping of Armoured Face Conveyor (AFC) is an engineering problem that needs 
to be avoided in coal mining production process. In this paper, a method for predicting 
the creeping accident of AFC based on fuzzy reasoning and Bi-directional Long Short-
Term Memory (Bi-LSTM) fusion iteration is put forward. Firstly, through the force analy-
sis of the AFC and the fuzzy correlation analysis method in the actual operation process, 
the reasons for the creeping of AFC are analyzed; Secondly, according to the propulsion 
characteristics of the AFC in the time sequence development, the method of the AFC run-
ning track based on Bi-LSTM neural network is proposed; Then, on the basis of the virtual 
transformation of the prediction results, a judgment mechanism for the extent of the creep-
ing of the AFC based on fuzzy evidence reasoning based on fuzzy comprehensive evalu-
ation method and Dempster-Shafer evidence theory (D-S evidence theory) is established; 
Finally, the analysis on the creeping of 9711 full-mechanized mining face in Kaiyuan Mine 
under virtual environment after 6 cycles of continuous advancement shows that the extent 
of creeping of AFC is relatively high and coal mining accidents are likely to occur.

Keywords  AFC · Creep · Digital Twin · Bi-LSTM · Fuzzy Comprehensive Evaluation · 
D-S evidence theory

With the rapid development of production and manufacturing towards intelligence (Kang 
et  al. 2016), the fast-paced and less humanized production mode brings high efficiency, 
low cost and high benefit. At the same time, with the potential impact of uncertain fac-
tors such as production environment, climate and personnel operation, some accidents 
will bring irreversible engineering accidents (Qiang 2020), which will bring huge losses 
to human, material and financial resources. The development of digital twin technology, 
artificial intelligence technology and human–computer interaction technology provides 
technical support for the analysis of engineering problems such as analyzing the causes of 
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engineering accidents, predicting the development trend of production process and judging 
the development degree of engineering accidents (Le and Ahn 2011). If based on the above 
technology, a pertinent analysis platform for engineering accidents can be established, a 
prediction mechanism facing the development trend of production process or accident and 
an accident decision-making and analysis mechanism can be established, potential prob-
lems in current production process or the development degree of engineering accidents can 
be found, and corresponding countermeasures can be provided,, which can achieve the pur-
pose of providing timely and effective solutions to engineering problems and reduce the 
impact of accidents.

The coal mining industry usually belongs to the typical deep space operation produc-
tion, the production environment is bad, the geological environment is complex, and there 
are many uncertain factors interfering with the production process. With the advancement 
of intelligent coal mining (Huang et al. 2020), the requirements for unmanned mining have 
become higher, and a safer and more efficient mining mode is being pursued (Wang and 
Huang 2017). However, in the mining process, under the combined action of coal seam 
fluctuation and equipment interaction, it is easy to cause some accidents that are difficult to 
avoid. The creeping of Armoured Face Conveyor (AFC) is one of the common and typical 
engineering problems in the process of coal mining. The small movement of the line pan 
of the AFC will affect the straightness of the whole fully mechanized mining face. When 
the movement is serious, it will even cause the equipment to accumulate (Peng et al. 2019), 
resulting in major mining accidents. This paper selects the engineering problem of the 
creeping of AFC as an example to build the general prediction framework of accident, and 
provides research framework and key technical support for other engineering problems.

Relevant technical teams and scholars (CSIRO 2021; Zhang et al. 2018; Michael and 
Hainsworth 2005; Song and Wang 2014; Niu 2015) have studied the mechanism and con-
trol of the up-slip of AFC, but there are still the following deficiencies in the research of 
creeping on fully-mechanized mining face. Firstly, when analyzing the cause mechanism 
and establishing the mechanical model, the analysis idea is mostly the single factor analysis 
method, which ignores the correlation between the factors, i.e., the influence of the chain 
effect brought by the joint action of the factors on the equipment position state. Therefore, 
in the process of research, it is more one-sided to analyze only the single factor for the 
creeping of the AFC. Secondly, the analysis of the mechanism of the creeping of AFC 
is carried out under ideal coal seam conditions, resulting in a certain gap between the 
research environment and the actual environment in the whole analysis process. When ana-
lyzing the mechanism of equipment creep in the whole mining environment, it only judges 
whether the equipment moves based on the visual perception of miners, and there is no 
specific measurement standard for the degree of creeping. Thirdly, it is found that after the 
adjustment of the conveyor, the creeping of the equipment has been reduced, i.e., the tech-
nical control of the scraper has been improved, which has a certain impact on the decline of 
the mining technology.

With the development of digital twin technology, the establishment of digital twin of 
physical environment and the simulation and pre-experiment in virtual environment can 
provide conclusions and scheme support for the research in physical environment (Xie 
et  al. 2022; Guo et  al. 2019). As a virtual simulation engine that supports multi-dimen-
sional and interactive graphical development environment, Unity3D can realize the visu-
alization of complex working environment and establish the digital twin of physical envi-
ronment (Cai et al. 2023). The existing research (Ge et al. 2020; Shen et al. 2021) shows 
that the virtual simulation and research of coal mine underground related work in Unity3D 
has great advantages, and can provide visual ideas and research schemes for solving the 
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problems such as the creeping of fully mechanized mining face. Therefore, in view of the 
problems and deficiencies existing in the current research, a visual analysis platform for the 
creeping of the AFC can be created in Unity3D. During the simulation process, the recon-
struction and extrapolation of the motion trajectory of the digital twin model is one of the 
keys to support the subsequent research, which requires further prediction of the periodic 
properties of the trajectory extracted in space and time to support the relevant analysis of 
future working conditions. The application of commonly used neural networks in perform-
ing trajectory prediction is shown in Table 1.

From Table 1, it can be seen that compared to other networks, the Bi-LSTM neural 
network can better predict the next state by simultaneously predicting the forward 
and backward directions during time series prediction. Bi-LSTM neural network has 
a good application in the prediction and diagnosis of power supply and demand pre-
diction (Özer et al. 2021), load prediction (Yeming et al. 2022) fault diagnosis (Tong 
et al. 2021) and other events related to timing processing (Özer et al. 2021). The char-
acteristic of such events is that it is necessary to predict and judge the future data 
according to the historical data and the characteristics of the data is periodic. In the 
mining process, when there are no folds, faults and other complex geological struc-
tures of the coal seam, the overall fluctuation of the coal seam floor is small, so that 
the floor changes gently in the continuous space–time advance, (Guo et  al. 2019), 
which makes there are small differences between the laying trajectories of the AFC. 
The fixity of the coal mining process, coupled with the influence of the coal cut-
ting mode of memory cutting, makes the AFC trajectories also have periodic changes 
in the process of advancing with the reciprocating cutting operation of the shearer 

Table 1   Common neural networks for trajectory prediction

Type Application Characteristics

Generative Adversa-
rial Nets (GAN)

trajectory of aircraft 
(Xiping et al. 2022)

The ability of generation and 
generalization is strong, but 
the training is unstable

Convolutional Neural Networks 
(CNN)

Pedestrian trajectory
(Simone et al. 2022)

Feature extraction ability and 
generalization ability are 
strong, but there is no memory 
function

Recurrent Neural Network (RNN) Obstacle vehicle trajectory 
(Min et al. 2019)

Good at processing time series 
data, but not suitable for long-
distance dependence

Gated Recurrent Unit (GRU) Pipe jacking machine trajectory 
(Feng et al. 2023)

Better at capturing long-term 
dependencies, but not for 
complex sequential depend-
encies

Long Short Term Memory (LSTM) Pedestrian trajectories 
(Quan et al. 2021)

Can capture dependencies over 
long-term, but with only his-
torical information as input

Bi-directional Long Short-Term 
Memory (Bi-LSTM)

Tire trajectory 
(Shenguang et al. 2023)

Introducing reverse information 
from the time dimension to 
better capture the character-
istics of data, but it is easy to 
over fit
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(CSIRO 2021). Therefore, Bi-LSTM neural network algorithm can also be applied 
to the prediction process of the position coordinates of the AFC. When the predicted 
position trajectory of the AFC is obtained, there is a positioning benchmark for the 
position of relevant equipment in the virtual environment in the future, but whether 
the position state of the equipment is normal or not is still unknown. Therefore, it is 
necessary to establish a judgment mechanism for this uncertain event of abnormal 
position state of the equipment. According to the prediction information, the acci-
dents or accident grades that may be caused in the future mining are evaluated, so as 
to provide ideas for the subsequent mining process adjustment. Dempster-Shafer evi-
dence theory (D-S evidence theory) is a complete theory for dealing with uncertain 
events (Dempster 1967, 1968). It shows great flexibility in distinguishing unknown 
events, uncertain events (Wang et  al. 2022) and event evaluation (Jie et  al. 2021). 
The treatment of fuzzy events based on D-S evidence theory is a relatively reliable 
decision-making method. Therefore, this paper adopts D-S evidence theory to make a 
decision on the degree of the creeping of AFC.

Based on the above contents, this paper carries out a visual comprehensive analysis on 
the creeping mechanism of AFC from the perspective of virtual-real mapping based on the 
digital twin theory. Bi-LSTM neural network model in virtual running environment was 
built to forecast position coordinate track of AFC in continuous propulsion. On the prem-
ise that the predicted results can be converted into information of virtually drive the AFC, 
a judgment mechanism of creeping degree of AFC based on fuzzy D-S evidence theory 
in virtual environment is established to judge the creeping degree of AFC, and finally to 
provide guidance for the change of mining technology scheme of the next knife. The above 
contents are integrated and a virtual simulation system for visual analysis of the creeping 
of AFC is established.

1 � Overall framework

Aiming at the problem of the creeping of AFC during coal mining, from the point of view 
of accident occurrence mechanism and production and operation data, this paper integrates 
digital twin technology with predictive analysis technology, and establishes a research 
framework to solve such engineering problems based on multi-disciplinary analysis theory. 
The overall framework is shown in Fig. 1.

Taking Unity3D as the main research and analysis platform, and based on the analysis 
of the causes and mechanism of the creeping of the AFC, this paper establishes the predic-
tion model of propulsion trajectory and the judgment model of the creeping degree, and 
realizes the prediction of the occurrence and development degree of the engineering prob-
lem. The process is as follows:

(1)	 Analysis on influencing factors of the creeping of AFC. According to the reasons for 
the creeping of the AFC in the actual propulsion process, the corresponding influencing 
factors are determined in the virtual environment based on the digital twin theory, and 
the influencing factors of the AFC are analyzed based on the fuzzy grey correlation 
analysis.

(2)	 Trajectory prediction of AFC based on Bi-LSTM neural network. The configuration 
parameters of the virtual simulation environment are determined on the basis of content 
(1). According to the similarity and periodicity of the trajectory during propulsion, 
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Bi-LSTM neural network is selected to predict the trajectory of AFC in this paper. 
According to the characteristics of coordinate points in the propulsion process of AFC 
in virtual environment, the prediction model of AFC running trajectory is established. 
In view of the characteristics of virtual equipment position coordinates, the data set 
is established. Compared with the traditional LSTM neural network, it further proves 
the reliability of this model.

(3)	 The judgment mechanism of creeping degree of AFC based on fuzzy evidence reason-
ing theory. The prediction results are transformed, and the evaluation degree grade of 
the creeping of AFC is established based on fuzzy comprehensive evaluation method. 
Then, the evaluation method of creeping degree of AFC based on D-S evidence theory 
is proposed to determine the development degree of current accident and provide cor-
responding countermeasures.

Fig. 1   Method flow chart of the paper
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2 � Cause analysis of the creeping of AFC based on digital twin 
and fuzzy grey correlation analysis

When predicting the degree of creeping on the AFC, it is necessary to analyze the root 
cause of this engineering problem. The shearer, hydraulic support, and AFC are the core 
equipment of the fully mechanized mining face (Niu 2015). During the production process, 
the operating status of the shearer and hydraulic support will have a certain impact on the 
operation of the AFC.

2.1 � Uncertainty performance in determining the degree of creeping of AFC

(1)	 The uncertainty of 3D modeling of coal seam. In the process of judging the creep-
ing of the AFC, the fineness of the 3D modeling of the coal seam environment is 
one of the key factors. In the process of constructing a coal seam 3D model, it is 
susceptible to various factors such as the complexity of coal seam structure, inac-
curacy or inconsistency of modeling data, and subjectivity of modeling personnel, 
which inevitably leads to a certain degree of uncertainty in the established 3D 
model of coal seam. These uncertainties often cause a certain degree of deviation 
in the vertical resolution of the constructed coal seam 3D model, and limiting its 
further application level.

(2)	 The uncertainty of the impact of auxiliary mining processes. During the advance-
ment of the fully mechanized mining face, dust reduction will be carried out by sprin-
kling water as the mining progresses, which reduces the frictional force between the 
equipment and the coal seam floor during advancement. Coupled with the uncertainty 
of the coal seam, it may promote the occurrence of creeping phenomenon. In addition, 
during the comprehensive mining construction, there may be a phenomenon of bulging 
of the bottom plate, which causes the AFC to curl up and cause the creeping during 
propulsion.

(3)	 The uncertainty of straightness of AFC. However, due to the spatial motion charac-
teristics of the hydraulic support during movement, the displacement of the line pan 
generated during movement is minimal, and gradually accumulates with advancement, 
resulting in the randomness of the straightness of the AFC (Li et al. 2022). The circular 
motion of the line pan during movement will generate lateral thrust on adjacent equip-
ment, driving the occurrence of creeping.

2.2 � Comprehensive analysis of force on AFC

2.2.1 � Force analysis of the AFC

The force analysis of the AFC when it creeps mainly focuses on the sources of influence 
from the environment and equipment (Fig. 2).

(1)	 Environmental impact of mining. When the inclination angle of the coal seam is too 
large, the AFC may creep under the influence of gravity such as the shearer, coal blocks 
(Holm 2014), and its own gravity (refers to G). Due to the frequent watering and dust 
spraying on the working face, the friction coefficient is further reduced, changing the 
magnitude of the friction force Ff, causing the AFC to creep.
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(2)	 The cutting force of the shearer is affected. The shearer uses a scraper conveyor as 
a platform and anchor point (Hu 2016), which will apply opposite forces (F4, F6) on 
the AFC; In addition, the resistance (F1, F2) generated by the shearer when cutting the 
coal wall, as well as the running resistance (F3, F5) generated between the sliding shoe 
and the AFC, which may cause the scraper conveyor to creep.

(3)	 The influence of the pushing posture of the AFC. During the propulsion process 
of the AFC, it will go through two stages: serpentine and straightening, and will be 
subject to resistance from the straight section during operation and resistance from the 
curved section during operation. These two resistances constitute the main part of the 
operating resistance (F) of the AFC, which will to some extent affect the creep;

(4)	 The influence of hydraulic support pushing force. When the hydraulic support group 
and the AFC are in a misaligned state, the force will be distributed along the coal seam 
inclination (refers to FT), which will also have an impact on the creeping of the AFC.

2.2.2 � Comprehensive analysis of force

According to the above analysis, the creeping force of the AFC can be analyzed from the 
force promoting or hindering the creeping of the AFC.

In any case, the gravity of the equipment and coal blocks has the force F′ to promote the 
downslide of the AFC. The resistance F of the AFC during propulsion and the friction Ff  
of the AFC during propulsion will prevent the downslide of the AFC.

The force generated by the shearer traction on the AFC is opposite to the traction direc-
tion. When the shearer is upward cutting, the force F3’,F4’,F5’,F6’ of the shearer on the 
AFC will promote the AFC to downslide, and vice versa.

The force of the hydraulic support on the AFC is related to the swing direction of the 
push rod. When pushing the AFC, when the push rod is inclined downward as a whole, 
it will promote the AFC to downslide.

In conclusion, the comprehensive effects of various forces on the creeping of AFC 
are shown in Table 2.

Fig. 2   Force analysis of the AFC
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When the shearer goes up to cut coal, the resultant force to promote the AFC to 
downslide is Fd , the total force preventing the AFC from downslide is Fsd.

2.3 � Factor analysis of creeping mechanism in virtual environment based on fuzzy 
grey correlation analysis

Corresponding to Sect. 2.2, the factors influencing the creeping of AFC in virtual envi-
ronment mainly include inclination along the direction of coal seam, friction coefficient 
between the equipment and the floor, and attributes of related forces, the coupling effect 
between these factors has significant uncertainty, fuzziness, and grayness. In actual 
production, different degrees of creeping of the AFC correspond to different response 
measures. However, the degree of creeping is a vague concept, and the analysis of this 
degree in the mining process is often judged based on the production experience of coal 
miners. Once a misjudgment occurs, it may lead to irreversible consequences. There-
fore, this paper aims at the fuzzy variable of the degree of creeping of the AFC, com-
bines the fuzzy theory with the grey correlation analysis method, and objectively car-
ries out the correlation analysis on the influencing factors of creeping of the AFC. In 
this paper, the AFC is regarded as a rigid structure (Xu 1999; Verma 2013; Wang et al. 
2020), the force of the hydraulic support push rod on the AFC can be regarded as the 
effect of external force, and the connection between the hydraulic support push rod and 
the AFC is realized by kinematics method.

On the basis of realizing the virtual connection between  the hydraulic support and 
the AFC (Li et  al. 2021), the reference position variation of the creeping of  the AFC is 
selected as the reference sequence Y{k} , which is used as the data sequence to study the 
characteristics of behavior of the AFC. The data variation law of each group of plans can 
be regarded as the actual change of creeping, and the relation is shown in Eq. (1).

The comparison sequence is friction coefficient X1{k} , coal seam inclination X2{k}, the 
force of shearer X3{k} , Angular Drag value X4{k} , Drag value X5{k} , which reflects the 
data sequence of influencing factors on the change of reference position of the creeping 
of the AFC. It is assumed that there are n experimental plans and the corresponding com-
parative sequence matrix is shown in Eq. (2).

Due to the different dimensions of data in each factor, it is impossible to directly com-
pare and analyze the values. Therefore, in order to ensure the reliability of the analysis 
results, dimensionless processing of variables is required, as shown in Eq. (3).

(1)Y{k} = [Y{1}Y{2}Y{3}⋯Y{n}]

(2)Xk =

⎡
⎢⎢⎢⎢⎣

X1{k}

X2{k}

X3{k}

X4{k}

X5{k}

⎤
⎥⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎢⎣

X1{1} X1{2} X1{k3}

X2{1} X2{2} X2{3}

X3{1}

X4{1}

X5{1}

X3{2}

X4{2}

X5{2}

X3{3}

X4{3}

X5{3}

…

…

…

…

…

X1{n}

X2{n}

X3{n}

X4{n}

X5{n}

⎤⎥⎥⎥⎥⎦

(3)Xi{k} =
Xm{k}

1

n

∑k

i=1
Xi{k}

, k = 1, 2… n,m = 1, 2… 5
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To describe the degree of belonging to different evaluation levels, the included cosine 
method is used to calculate the fuzzy membership, which is not affected by the lin-
ear proportional relationship of data. The similarity between reference and comparison 
series can be determined by the included cosine value between parameters, as shown in 
Eq. (4).

Through the design of different experimental schemes, the environment setting of 
each influencing factor in the simulation system is carried out to promote the virtual 
AFC, and the position change parameter value Y{k} of the AFC under different experi-
mental schemes is obtained. Calculating grey correlation coefficient between the com-
parison sequence and the  reference sequence �i(k) . This coefficient shown in Eq.  (5) 
reflects the degree of correlation between the reference sequence and the comparison 
sequence.

where, ρ is the resolution coefficient,� ∈ [0, 1] . According to the value principle of � (Deng 
1988), when � ≤ 0.5 , it is easier to observe the changes in resolution of �i(k) on Xi{k} and 
Y{k} ; However, in order to monitor the amount of creeping, the selected reference sequence 
Y{k} has a relatively stable value, and � should be taken as the larger value, so ρ = 0.5 is 
extracted in this paper.

As the values of multiple correlation coefficients are scattered, it is difficult to make 
overall comparison. The correlation degree �i(k) between each comparison sequence 
and reference sequence is averaged in different dimensions. The obtained ri′ values are 
regarded as grey correlation degree, as shown in Eq. (6).

When comprehensively comparing the influencing factors of the creeping of the 
AFC, the two evaluation indexes of �i(k) and ri′ are oriented to different mining stages, 
The former focuses on the impact on the creeping of the AFC when various influencing 

(4)ri =

∑m

i=1
Y{k}Xi{k}�∑n

k=1
Y{k}2

�∑n

k=1
Xm{k}

2

,m = 1… 5

(5)�i(k) =
minimnik

||Y{k} − Xi{k}
|| + �maximaxk

||Y{k} − Xi{k}
||

||Y{k} − Xi{k}
|| + �maximaxk

||Y{k} − Xi{k}
||

, k = 1, 2… 5,

(6)ri� =
1

n

∑k

i=1
�i(k), k = 1, 2,… , 5, n = 5

Table 2   Comprehensive analysis of creeping forces of AFC

Direction of shearer  
cutting

Oscillation of push  
rod

Fd Fsd Creeping 
direction

Upward cutting Overall inclined  
downward

Fd = F� + F
3
� + F

4
�

+F
5
� + F

6
� + FT

Fsd = F + Ff Downslide: 
Fd > Fsd

Upward 
Upslide:Fd < Fsd

Overall inclined  
upward

Fd = F� + F
3
� + F

4
�

+F
5
� + F

6
�

Fsd = F + Ff + FT

Downward cutting Overall inclined  
downward

Fd = F� + FT Fsd = F + Ff + F
3
�

+F
4
� + F

5
� + F

6
�

Overall inclined  
upward

Fd = F� Fsd = F + F
3
� + F

4
�

+F
5
� + F

6
� + FT
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factors change due to process switching during single-cutting propulsion; The latter 
focuses on the influence of various factors in the overall propulsion, starting from the 
perspective of the correlation between the cutting floors, and after comprehensively 
considering the impact of process switching and equipment movement on the degree of 
creeping. Therefore, both indicators are equally important for evaluating the degree of 
creeping during propulsion and independent, this paper adopts linear weighted synthesis 
method to merge, and obtain the comprehensive index value of influencing factors on 
the AFC propulsion, i.e. the fuzzy grey correlation degree is obtained. The expression is 
shown in Eq. (7).

According to the above contents, the priority of each influencing factor in virtual environ-
ment to the impact degree of the creeping of AFC can be obtained. The propulsion environ-
ment of AFC can be configured according to the optimal scheme, and the obtained track infor-
mation can be used as the data source for prediction analysis, so as to predicate the current 
running state of AFC.

3 � Prediction of running track of virtual AFC based on Bi‑LSTM neural 
network

Due to the workflow of the coal mining process and the memory of the cutting process of the 
shearer, the track obtained by the AFC during the driving process has certain similarity in the 
adjacent two knives, and shows certain periodicity with the fluctuation and cutting of the coal 
seam. Under the premise of realizing the visualization of virtual simulation environment and 
the optimization of environmental factors, the trajectory of the current AFC can be predicted 
according to the change law of the trajectory of the two adjacent AFC in the historical infor-
mation in the time series.

3.1 � Bi‑LSTM neural network

LSTM is composed of input gate, forget gate, and output gate (Hochreiter and Schmidhuber 
1997), which control the state of the cell and the state of the hidden layer, and delete or add 
information to it. The calculation model is shown in Eqs. (8) - (13).

(7)Ri =
1

2

⎛
⎜⎜⎜⎝

∑m

i=1
Y{k}Xi{k}�∑n

k=1
Y{k}2

�∑n

k=1
Xm{k}

2

+
1

n

�k

i=1
�i(k)

⎞⎟⎟⎟⎠

(8)ft = �
(
Wf ,

[
ht−1, xt

]
+ bf

)

(9)it = �
(
Wi,

[
ht−1, xt

]
+ bi

)

(10)ĉt = tanh
(
Wc,

[
xt, ht−1

]
+ bc

)

(11)ct = ft ∗ ct−1 + it ∗ ĉt
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where, ft , it , ot stands for Forgetting gate, Input gate and Output gate respectively; ct−1 rep-
resents the memory state of the cell at the previous time, ct , ĉt represents the memory state 
of cell unit; ht−1 represents the output state of the cell unit at the previous time, ht repre-
sents the output state of the cell unit at the current time; xt represents the input state of the 
current cell unit; Wf  , Wi , Wo , bf  , bi , bo is an adjustable parameter matrix or vector.

However, the information in LSTM is one-way transmission, which only learns the 
influence of historical state on current state, without fully utilizing the dependency rela-
tionship between time series (Quan et al. 2021). Considering that the position of the AFC is 
more susceptible to the influence of the floor undulation and the equipment forces, as well 
as the long cutting cycle time sequence of the fully-mechanized mining face, Bi-LSTM is 
selected to establish the prediction model. As shown in Fig. 3, the independent Bi-LSTM 
neural network is used to extract the timing feature information from the historical running 
track of AFC, and the obtained feature information is spliced by feature fusion technology. 
The splicing information is input to the second layer Bi-LSTM network. The final output is 
the splicing of the results with two directions forecast.

Bi-LSTM processes the timing data independently through the forward layer and 
the backward layer. The forward layer can obtain the past data information of the input 
sequence, and the backward layer can obtain the future data information of the input 
sequence, and transmit the processing results to the output layer at the same time, which 
can make full use of the characteristics contained in the past and future data. At time t, the 
forward and backward output results of Bi-LSTM are shown in Eqs. (14)-(16).

(12)ot = �
(
Wo,

[
ht−1, xt

]
+ bo

)

(13)ht = ot ∗ tanh
(
ct
)

(14)��⃗ht = ����������⃗LSTM
(
ht−1, xt, ct−1

)

(15)�⃖�ht = �⃖���������LSTM
(
ht+1, xt, ct+1

)

Fig. 3   Track prediction model of AFC based on Bi-LSTM neural network



	 S. Li et al.

1 3

  142   Page 12 of 34

where, Ht is the output value of the hidden layer, ��⃗ht is the output value of the forward layer 
and �⃖�ht is the output value of the backward layer.

The trajectory point characteristics of the AFC with t-th  blade are represented as 
xt = (t, xi

l
, yi

l
, zi

l
, di,�i), (xi

l
, yi

l
, zi

l
) contains information on the undulations and dip angles 

of coal seam; The trajectory point of the AFC with t + 1 blade is yt+1 =
(
t, xi

l
, yi

l
, zi

l

)
 ; 

The mapping function between the output value and the input value is defined as 
yt+1 = f (xt, xt−1,… xt−T+2, xt−T+1).

This model learns the correlation and temporal dependencies between data by stack-
ing multiple Bi-LSTM networks, and predicts the trajectory of the AFC through a 
fully connected layer and a regression layer. The input information in the model is 
X = (xt−1, xt−2, xt−3,⋯ xt−n) and the output layer information are the predicted coordinates 
of the Bi-LSTM model in the line pans of the AFC at the t-th blade. According to the 
relationship between the cutting depth of the shearer and the structure of the line pan dur-
ing the advancement of the fully mechanized mining face (the cutting depth of shearer is 
approximately equal to the width of three line pans), the time step is set to 3.

Based on the prediction task in this article, the number of layers for Bi-LSTM is set to 
2, where the number of neurons in the first hidden layer is set to 250, the number of neu-
rons in the second hidden layer is set to 30, the number of training sample sets is 1200, the 
learning rate is set in the range of [0.005,0.05], the maximum number of iterations is 1000, 
the gradient threshold is set as 1 to prevent gradient explosion, Dropout is used to reduce 
over-fitting, RMSE and MAPE are used as the loss function.

In order to achieve long-term prediction, this article adopts a rolling prediction method. 
After selecting a fixed time window of 3-blade data and training a time series model each 
time, the trajectory of the future 3-blade scraper conveyor is predicted. After prediction, 
the data from the same time window in the test set is added to the training set to continue 
training the model.

3.2 � Data sources

In virtual simulation system, virtual positioning of shearer is carried out by means of vir-
tual Strapdown Inertial Navigation System (SINS) and virtual odometer, and AFC trajec-
tory is obtained by trajectory inversion. In this system, the sum of positioning error and 
inversion error of shearer is simulated by defining an arbitrary number, and the range is set 
(error_min, error_max). Given the absolute coordinate system of the virtual fully-mech-
anized mining face, the following functions are used to simulate the output of detection 
results when the position of line pan is detected by SINS.

The hydraulic support number in the virtual scene is yyzz_num(num ∈ (1,n)); The 
number of the line pan of the AFC is zbc_num(num ∈ (1,m)). Where, n is the number of 
hydraulic supports and m is the number of line pans. Through the above program, the posi-
tion coordinates of each line pan are output in the format of xml in Unity3D, the displace-
ment and yaw angle values of the pushing mechanism of the hydraulic support are output 

(16)Ht =
��⃗ht + �⃖�ht

gameobject_Position_x = this.transform.position.x + random;

gameobject_Position_y = this.transform.position.y + random;

gameobject_Position_z = this.transform.position.z + random;
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in the same way, and imported into Matlab in the form of cell array as the data set of Bi-
LSTM neural network prediction.

If the hydraulic support and the AFC advance continuously on the virtual floor, deter-
mine the advance times of the AFC according to the visualization of the creeping move-
ment of the AFC in the scene. The track coordinates of the AFC after the completion of the 
last process in each propulsion process are used as the predicted data set. Due to the simi-
larity between the cutting depth of the shearer and the pushing distance of the AFC, the 
overall running track of the adjacent two-blade of AFC is less affected by the overall fluc-
tuation of the coal seam and has certain correlation, which will lead to the lag between the 
predicted value and the true value. In this paper, differential calculation is used to eliminate 
the autocorrelation.

3.3 � Model Evaluation Index

Root Mean Square Error (RMSE) and Mean Absolute Percentage Error (MAPE) are used 
as the evaluation index of simulation deviation to reflect the degree of difference between 
measured and simulated values.

where, n is the sample size, pi and qi are the predicted values and the predicted values of 
the track coordinates of the AFC respectively (i=1...n).

3.4 � Model comparison

If the number of line pan and hydraulic support are both 40, the hydraulic support continu-
ously pushes the AFC through 8 cycles with a total of 16 × 40 data. The 15th data set is 
used to forecast the 16th data set and the number of iterations is 250. Since the x-coordi-
nate of AFC varies greatly with the fluctuation of coal seam, the two-difference method is 
used to process the most data set. In this paper, Bi-LSTM neural network and LSTM neural 
network are selected for comparative analysis. The difference between the predicted results 
and the actual values is shown in Fig. 4.

From the changes in the values of the indicators during training in Fig. 4(a)-(b) that the 
Bi-LSTM neural network has a better prediction and convergence level than the LSTM neu-
ral network in predicting the trajectory of the AFC. It can be seen from Fig. 4(d) that the 
prediction results of Bi-LSTM neural network fluctuate around the actual value curve and 
are relatively close to the fluctuation of the actual value curve; The LSTM neural network 
also fluctuates around the actual value curve, but the fluctuation is large; It can be seen from 
Fig. 4(e) that the area of the error value obtained by using LSTM neural network for predic-
tion will be greater than that by using Bi-LSTM neural network, which shows that the error 

(17)RMSE =

√√√√1

n

N∑
i=1

(
pi − qi

)2

(18)MAPE =
1

n

N∑
i=1

||||
pi − qi

pi

||||
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of LSTM neural network for prediction is large. In conclusion, the prediction accuracy of 
Bi-LSTM neural network is higher, so the prediction of Bi-LSTM neural network is reliable.

4 � Judgment mechanism of the creeping degree of AFC based on fuzzy 
evidence reasoning theory

4.1 � Pose determination of virtual AFC based on Rodrigues parameters

On the basis of obtaining the position coordinates of the AFC, it needs to be converted into 
the information that can virtually drive the AFC in Unity3D. The driving factor selected 
in this article is the relative deflection angle between adjacent line pans. Therefore, it is 
necessary to establish a conversion mechanism between the position coordinates and the 
deflection angle.

The Rodrigues parameter is a formula for calculating a new vector obtained by rotating 
a vector around the axis of rotation by a given angle in three-dimensional space. Therefore, 
when the two vectors before and after the rotation are known, the angle of rotation can be 
calculated. The calculation equation of Rodrigues parameter is shown in Eq. (19):

where ∅ is the Rodrigues parameter, � is the rotation angle of Pi around the rotation axis n, 
and n is the rotation axis. It can be seen from the formula that this method is prone to the 
problem of singular values (the rotation angle is ± 180°). However, due to the limitations 
of mining conditions and the structure characteristic of the AFC, the deflection angle of 
the line pan is generally not more than 4°, so this paper selects the Rodrigues parameter to 
solve the relative deflection angle between the line pans.

The position coordinate of the line pan Ai is represented by a vector Pi(xi, yi, zi) , and the rel-
ative deflection angle between the two adjacent line pans is determined by calculating the angle 

(19)∅ = ntan
�
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between the two adjacent vectors. On the premise of obtaining the vector representing the posi-
tion of each line pan of the AFC, the vertical axis of the Character Joint component is used as 
the rotating axis n. The relative deflection angle between two adjacent line pans is determined 
by the relative rotation between the two vectors Pi and Pi+1 and can be expressed by Eq. (20).

where ∅ is the module of the Rodrigues parameter and R is the rotation matrix expressed 
by the Rodrigues parameter from Pi to Pi+1 . The expression of the rotation matrix is shown 
in Eq. (21).

Set the difference of Euler angle between the line pan Ai+1 and Ai to be the yaw angle Δ� , 
pitch angle Δ� , roll angle Δ� , then the relation between euler angle and Rodrigues parameter 
is shown in Eq. (22):

The difference of euler angle between line pan Ai+1 and Ai is obtained as Eq. (23).

4.2 � Evaluating the creep degree based on Fuzzy Comprehensive Evaluation 
method

4.2.1 � Triangular fuzzy numbers

In order to better describe the fuzzy variable of the degree of the creeping of the AFC, 
this paper uses triangular fuzzy numbers to describe the degree of equipment creeping. 
Triangular fuzzy numbers have the characteristics of simple construction and easy opera-
tion in the process of expressing fuzzy semantics (Bowen et al. 1992). Its writing form 
is (x, y, z), where x, y and z represent the left end point, midpoint and right end point of 
fuzzy number respectively. The operation rules are as follows:

where A =
(
x1, y1, z1

)
, B = (x2, y2, z2) . Take A as an example to describe the membership 

function:

(20)Pi+1 = Pi +
1

1 + ∅2

[
∅ × Pi + ∅ ×

(
∅ × Pi

)]
= RPi
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1
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(24)l1A + l2B = (l1 ∙ x1 + l2 ∙ x2, l1 ∙ y1 + l2 ∙ y2, l1 ∙ z1 + l2 ∙ z2)
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In order to realize the quantitative comparison between different degrees, it is nec-
essary to defuzzify the evaluation results when determining the degree of creeping of 
AFC. In this paper, barycenter method is used for defuzzification, as shown in Eq. (26).

4.2.2 � Fuzzy Comprehensive Evaluation

In response to the problem of subjective influence on numerical evaluation when judg-
ing the degree of creeping of AFC, the fuzzy comprehensive evaluation method is 
adopted to make up for it in this paper. The process is as follows: Firstly, based on the 
evaluation method of fuzzy mathematics, the quantitative evaluation of the degree of 
creeping is fuzzified to form a fuzzy terminology set; Secondly, conduct fuzzy evalu-
ation and obtain fuzzy conclusions through fuzzy reasoning; Finally, defuzzification is 
performed to obtain the risk priority number RPN.

The Risk Priority Number (RPN) is used to evaluate the degree of the accident. The higher its 
value is, the more serious the consequence of the accident is. The calculation equation of RPN is:

where, ESR (Effect Severity Ranking) is the severity level of the accident, OPR (Occur-
rence Probability Ranking) is the probability of the accident and DDR (Detection Difficulty 
Ranking) is the difficulty of the accident detection.

According to the research on the creeping of AFC in the existing engineering cases(V 
Xu 1999; Verma 2013; Wang et  al. 2020), the creeping degree of AFC in the virtual 
environment is quantified as the ratings VL, L, M, H and VH, which indicate Very Low, 
Low, Medium, High and Very High. The final established fuzzy rating and correspond-
ing fuzzy numbers are shown in Table 3, where PA is the probability of corresponding 
degree of the creeping of AFC.

4.2.3 � Schematic diagram of the degree of creeping of the AFC

Figure  5 shows the corresponding creep degree diagram of AFC in Table  3, in which 
Fig.  5(a) shows the scene when AFC  is operating normally. Figure  5(b) shows that the 
degree of creeping on AFC is VL, and the creeping on AFC can hardly be judged by naked 
eyes, requiring special high-precision positioning device to determine; Fig. 5(c) shows that 
the degree of creeping on AFC is L. At this time, the creep of AFC is small and the posi-
tion change is difficult to judge compared with reference datum, so traditional sensor posi-
tioning device is needed to detect it. Figure 5(d) shows that the creeping degree of the AFC 
is M. at this time, the position of the AFC changes greatly, and the equipment is sepa-
rated from the roadway, which can be clearly judged by the naked eye; Fig. 5(e) shows that 

(25)�A(x) =

⎧
⎪⎨⎪⎩

x−x1

y1−x1
, x ∈

�
x1, y1

�
z1−x

z1−y1
, x ∈

�
y1, z1

�
0, x ∉

�
y1, z1

�

(26)x0(A) =
∫ z1

x1
x�A(x)dx

∫ z1
x1
�A(x)dx

(27)RPN = ESR × OPR × DDR
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the creeping degree of the AFC is H, at this time, the head position of the AFC has been 
completely separated from the roadway, and the tail tends to accumulate in the roadway; 
Fig. 5(f) shows that the creeping degree of the AFC is VH. At this time, it is very easy to 
observe with the naked eye, and the equipment has been stacked.

4.3 � Evaluation indicators for creeping of AFC based on equipment movement

4.3.1 � The motion of floating connection mechanism (F)

Because the connection between the hydraulic support and the AFC is a floating connec-
tion mechanism, when the AFC is creeping, the mechanism will deflect along with the key 
points on the line pan, and the moving direction of the AFC is consistent with the deflec-
tion direction of the push rod of the floating connection mechanism. Whether the AFC 
creeps can be judged according to the specific motion parameter values of each structure 
of the floating connection mechanism. For example, when the direction of the relay bar is 
deflected downwards, it indicates that the AFC has downslide.

4.3.2 � Reference position deviation of AFC (D)

As shown in Fig. 5, it is a schematic diagram of the creep of the AFC during operation, in 
which the yellow line represents the edge line of the roadway, the white line represents the 
position of the head when the creep movement does not occur, and the red line represents 
the actual position of the head. When the AFC creeps, select a key part of the AFC as the 
reference standard to determine whether the AFC creeps according to the position change 
of the part. As the head and tail of the AFC, the position change of the head and tail is 
easier to obtain than that of other line pans, so one of them can be selected as the reference 
position for the creep of the AFC.

Table 3   Evaluation chart of AFC’s creeping

Rating Fuzzy number ESR OPR DDR

VL (1,1,3) The whole working face can 
run normally

PA ≥ 10
−1 Sensor positioning devices 

requiring high precision for 
detection

L (1,3,5) The production is slightly 
affected and the mining 
process needs to be adjusted 
during mining

10
−2 ≤ PA ≤ 10

−1 Traditional sensing position-
ing devices are required for 
detection

M (3,5,7) The production is moderately 
affected, it is necessary to 
stop the machine and carry 
out relevant adjustment

10
−4 ≤ PA ≤ 10

−2 Can be judged by the human 
senses

H (5,7,9) There is a high probability of 
mining accidents

10
−6 ≤ PA ≤ 10

−4 Easily judged by the human 
senses

VH (7,9,9) Equipment accumulation 
occurs in comprehensive 
mining face and major min-
ing accidents occur

PA ≤ 10
−6 It is very easy to judge 

directly by human senses
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4.4 � Judgment method of creeping degree of virtual AFC based on D‑S evidence 
theory

4.4.1 � Evaluation of the degree of creeping based on D‑S evidence theory

According to the evaluation grade of the creeping degree of the AFC, the identification 
framework Ω of D-S evidence theory (Dempster 1967, 1968; Shafer 1976) is established, 
as shown in the following Eq. (28):

where, Hi(1 ≤ i ≤ 5) represents the evaluation level of the creeping degree of the AFC of the 
current blade, which is VL, L, M, H, VH.

Let the evidence set be Fi(i = 1,2), where F1 represents the displacement d of the AFC and 
F2 represents the deflection φ of the floating connection mechanism. Based on the evaluation 
indicators (F, D), the range of creeping rate ( di

0
, di

1
 ) and the range of yaw angle ( �i

0
,�i

1
 ) of 

the floating connection mechanism corresponding to each level were preliminarily deduced 
through simulation and rehearsal in a virtual environment. Establish the basic probability allo-
cation function for each evaluation level based on the established identification framework, 
which is the mapping shown in Eq. (29), also known as the m function (Shafer 1976), where 
m ∶ 2Ω → [0, 1] . Establish the m function for two pieces of evidence on the Ω.

The set E = H1 ∪ H2 ∪ H3 ∪ H4 ∪ H5 represents the inability to determine the current 
level of creeping. Let m1 is the m function of F1 on Ω ,, where k1 is the reliability parameter 
of F1 , and c1i =
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0
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∕
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(28)Ω =
{
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Fig. 5   Degree of the creeping of AFC
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The basic probability distribution function satisfies the following two conditions in 
Eq. (30), where m(a) represents the degree of support for event a:

This article uses an improved Yager formula (Yager 1987) for function synthesis. For 
specified events and other unknown propositions, function synthesis is performed accord-
ing to Eq. (31):

where,k = �k = 2∕n(n − 1)
∑

i<j≤n kij , kij =
∑

ai∩aj=∅,ai∈Fi,aj∈Fj
mi(ai)mj(aj) is the conflict 

value between the evidence set F1 and F2 , p(a) =
∑

ai∈Fi,
⋂n

i=1
ai=Ω

m1

�
a1
�
...mn(an) , 

q(a) = 1∕n
∑n

i=1
mi(Ω) , � = e−k.

4.4.2 � Virtual decision making of creeping degree of AFC

Based on the content of the above chapters, the prediction method in Sect. 3 is used to pre-
dict the position track of the AFC, and the evaluation grade, triangular fuzzy number and 
accident evaluation results are preliminarily determined according to the virtual conversion 
results of the predicted track. On the basis of the evaluation results obtained and virtual 
visualization of prediction results achieved, two coal miners are invited to conduct a sec-
ondary evaluation according to their work experience, evaluation indicators (F, D) based 
on the predicted trajectory of the AFC as the evidence set of reasoning. The final decision-
making result of the creeping degree of the AFC is obtained is shown in Eq. (32).

where S is the result of synthesis using Yager formula, and the value range of membership 
function is between [0, 1]. The closer the result is to 1, the higher the support for the deci-
sion; Si(i = 1,…,3) respectively represent the preliminary evaluation results obtained based 
on the prediction results, the expert’s work experience, and the results obtained from the 
evaluation indicators (F, D); si stands for results in Si . Based on the decision results, if there 
is an creeping trend, on the basis of determining the degree of the accident, timely process 
adjustments should be made to ensure safe production or minimize losses; If not, coal min-
ing can continue according to the original process.

5 � Experimental research

Under the analysis of the single factor influencing the creeping of the AFC in Sect. 2.2, the 
single factor influencing the creeping of the AFC is analyzed first. By building a test plat-
form for the creeping of the AFC in the laboratory environment, the impact of each factor 
on the creeping of the AFC is tested in the virtual environment and the laboratory environ-
ment respectively, which proves the reliability of the virtual simulation analysis system. 
Then the 9711 high mining height fully- mechanized working face of a group KaiYuan 

(30)
�

m(∅) = 0∑
a∈Ω m(a) = 1

(31)
{

m(a) = p(a) + k ⋅ � ∙ q(a), a ≠ ∅,Ω

m(Ω) = p(Ω) + k ⋅ � ∙ q(Ω) + k(1 − �)

(32)S = S1 × S2 × S3 =
{
f (s1, s2, s3)|si ∈ Si, i = 1⋯ 3

}
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mine is selected for research. According to the historical operation information of the AFC, 
the degree of the creeping of the AFC in the process of propulsion is judged.

5.1 � Reliability verification of virtual simulation system for analyzing the creeping 
of AFC

5.1.1 � Virtual simulation system for analyzing the creeping of AFC

As shown in Fig.  6, the virtual monitoring control panel mainly includes Data input 
area, Action control area, Data storage area, Input preparation area and Scene monitor-
ing area, and uses the predicted trajectory established in Sect. 4 to conduct virtual con-
version of the predicted trajectory of the AFC in Unity3D. The data interface is reserved 
in the C# script, and the established factor allocation scheme is input into the parameter 
setting area of the system interface, so that the research environment can be configured, 
including the inclination of the support, the inclination of the AFC, the inclination of 
the coal seam, the friction factor, the Drag, the Angular Drag, and the acting force of 
the coal miner, including inclination of hydraulic support, inclination of AFC, inclina-
tion of floor, friction factor, Drag, Angular Drag, force of shearer. On the basis of vir-
tual connection between hydraulic support and AFC, virtual infrared ranging sensor is 
installed at the head of AFC. The position of AFC can be monitored during pushing and 
the relative position of head and tunnel can be output in real time.

5.1.2 � Parameter configuration of virtual simulation system

During the process of sliding from static to dynamic of AFC, combined with the influence 
of water spraying and dust during running of shearer, there is a conversion of friction coef-
ficient between equipment and floor. In order to accurately describe this friction process, 

Fig. 6   Interface of virtual simulation subsystem for influencing factor analysis of the creeping of AFC
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Stribeck friction model is used to determine the friction coefficient between the line pans 
and the floor.

where fD is the dynamic friction factor, fS is the static friction factor, vs is the running 
speed of the AFC and vSt is the critical Stribeck speed. In this paper, the simulation param-
eters of vs and vst are set as 1 m/s and 0.001 m/s respectively.

In order to establish the mapping relationship between coal machine equipment in vir-
tual environment and coal machine equipment in physical environment (Guo et al. 2019), it 
is necessary to establish virtual mapping of physical parameters of equipment in Unity3D 
to get the digital twin of "Three Machines" in comprehensive mining face. Setting the envi-
ronmental parameters according to Table 4.

5.1.3 � Construction of test platform

As shown in Fig. 7, this experiment takes the fully-mechanized mining face prototype plat-
form (Fig. 7(a)) under the laboratory environment as the experimental research platform. 
The whole platform is composed of hydraulic support prototype model, adjustable  floor 
model (Fig 7(c)), AFC model and fixed floor model (Fig. 7(d)). Due to the limited num-
ber of prototype models of hydraulic support in the laboratory, this experiment cannot be 
completed, therefore, this experiment adopts a straight wooden stick with flattened and the 
same four sides. According to the principle of centering with the line pan, a rope is tied at 
the cable trough between the wooden stick and the prototype of the line pan. As shown in 
Fig. 7(b), the prototype of the AFC is pushed by rotating the wooden stick. The fluctuation 
of adjustable floor model can be changed by adjusting the height of sliding trough and by 
laying different layers of friction coefficient on the base of prototype. The operating resist-
ance between the two adjacent line pans of the AFC model can be changed by adjusting the 
tightness of the connections.

Install the infrared distance sensor module in the No. 1 line pan and simulate the tunnel 
with the side of the carton. By monitoring the relative distance between the line pan of the 
sensor and the simulated tunnel during the process of pushing the AFC by the hydraulic 
support, it can be judged whether the prototype of AFC has creeped.

(33)f = fD +
(
fS − fD

)
e
−
(

vs

vst

)2

Table 4   Virtual parameter settings and functions

Parameter Parameter change mode Effect

Friction factor The friction is set by means of Physical 
Material component, and the friction 
coefficient value is calculated by Eq. 33

Changing friction coefficient between 
virtual coal floor and coal machine 
equipment

Gravity of equipment Use the Rigidbody class to modify the 
quality values of each equipment

Ensure that the equipment movement 
process has mechanical properties

Operating resistance Using Angular Drag and Drag units to set 
the resistance of the line pan.

The Angular Drag unit is used to 
prevent the object from rotating. 
The Drag unit is used to obstruct the 
movement of an object
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5.1.4 � Reliability analysis of virtual simulation system

(1)	 Experimental scheme

Input the parameter values in the scheme as shown in the Table  5 at the monitoring 
panel in the virtual environment for test respectively. The initial scheme value of each 
affected parameter value is (15°, 0.35, 500N, 1.5, 15) to ensure that the equipment can 
operate normally without virtual test. When a single factor is tested according to the 
scheme in the table, other values in the initial scheme value remain unchanged.

Due to the limitation of laboratory conditions, only limited resources can be used for 
this test. The test scheme is shown in Table 6.

The experimental design scheme is shown in Fig. 8, in which Fig. 8(a) is the undulation 
setting scheme along the coal seam strike, Fig. 8(b) is the friction factor setting scheme 
between equipment and coal seam floor, Fig. 8(c) is the dip angle setting scheme of coal 
seam, and Fig. 8(d) is the angular resistance setting scheme.

(2)	 Experimental result

As can be seen from Fig. 9(a), under the condition of the same average coal seam incli-
nation angle, when there is no fluctuation, the position change is relatively large, indicating 
that the creeping phenomenon of the AFC is relatively serious; On the contrary, the posi-
tion of the head hardly changes, which shows that the fluctuation of the coal seam floor 
along the coal seam strike will weaken the degree of the creep of the AFC. The relative 
distance at point 7 shows a non-linear relationship with the number of advances, as the 
mesh stitching is not smooth enough during virtual coal seam modeling, resulting in slight 
protrusions in the virtual coal seam.

As can be seen from Fig. 9(b), through the comparison of the two curves, it is found that 
with the advancement of the AFC, the data fluctuation increases, it is due to the vibration 
of the sensor module and the fluctuation of coal seam, but the relative distance of S1 is 
gradually greater than S2, which is consistent with the conclusion in Fig. 9(a).

As can be seen from Fig. 10(a), with the increase of friction coefficient, the posi-
tion of AFC becomes more stable. When the friction coefficient is within the range 
of (0.3,0.5), the final relative distance between AFC and roadway benchmark changes 
very little during the propulsion, and the operation state of AFC is relatively stable; 

Fig. 7   Test device
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As can be seen from Fig.  10(b), the coarser the surface material of the coal seam, 
the smaller the relative distance between the infrared ranging sensor module and the 
simulated roadway, and the smaller the amount of the creep of the AFC, which shows 
that when the friction coefficient between the floor and the AFC is greater, the AFC 
is less likely to creep. In the coal mine, the friction coefficient of the floor to the coal 
machine equipment is 0.35–0.40, which is basically consistent with the above con-
clusions, which proves the effectiveness and feasibility of the simulation test in the 
virtual environment.

It can be seen from Fig.  11(a) that the final relative distance between AFC and 
roadway datum increases by an average of 0.3 dm with the increase of coal seam dip, 
when the inclination angle of coal seam exceeds 15°. In Fig. 11(b), as the number of 
nuts increases, the final relative position between the AFC and the simulated tunnel 
increases by an average of 2.5 cm. It can be seen that whether in the virtual environment 
or in the laboratory environment, with the increase of coal seam inclination, the amount 
of the creep of AFC gradually increases. This is consistent with the conclusion that the 
dip angle is more likely to cause the AFC to creep due to the influence of the coal seam 
basement in the actual mining process, proving that the analysis of relevant experiments 
by the virtual simulation system is feasible.

As can be seen from Fig. 12(a), the relative creeping amount of the AFC is about 0.1 dm 
for every 1N reduction in Angular Drag; When the Angular Drag value is between (1.5, 2), the 

Table 5   Virtual test scheme

No The undulation of virtual coal seam  Inclination 
angle of Coal 
Seam (°)

Friction 
coefficient

Angular Drag

1 No fluctuation along the coal seam strike (V1) 10 0.1 0
2 15 0.2 0.5
3 There is fluctuation along the coal seam strike(V2) 20 0.3 1
4 25 0.4 1.5
5 30 0.5 2

Table 6   Laboratory test scheme

Factors Test scheme Parameter setting

The undulation of coal 
seam

Setting up two types of coal seams with and with-
out undulations along the coal seam strike

S1: No undulation;
S2: Undulation

Friction coefficient M1 is the rough surface of plastic film, M2 is the 
smooth surface, M3 is the surface of fixed coal 
seam floor made of foam

Material friction coefficient of 
three kinds of coal bed pave-
ment is M3 > M1 > M2

Inclination of coal 
seam

Nuts are placed on the side pad near the simu-
lated roadway under the adjustable coal seam 
base, and the coal seam inclination is changed 
by changing the number of nuts

The tests are represented by 
Ai(i = 0,1,2,3), i refers to the 
number of nuts

Angular drag Control of angular resistance between adjacent 
line pans by adjusting the tightness of the con-
nection between adjacent line pans

C1: tight connection between 
adjacent two line pans;

C2: loose connection
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position of the AFC tends to be stable when moving. As can be seen from Fig. 12(b), when 
the Angular Drag is small, the relative distance between the AFC and the simulated roadway 
is large. In summary, the greater the Angular Drag, the smaller the impact on the creeping of 
the AFC, and the straightness of AFC is easier to maintain and less prone to movement. This 
phenomenon corresponds to actual production conditions, proving the reliability of conducting 
simulation experiments in a virtual environment.

Fig. 8   Scheme setting
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Fig. 9   Test results
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5.2 � Determination of creeping of the AFC for virtual fully‑mechanized mining face 
with large mining height

After overcoming the key technologies, based on the Digital Twin theory, a targeted virtual 
simulation analysis system can be established to analyze the influencing characteristics of 
each factor and the priority of influencing degree among the factors. And when the param-
eters of each influencing factor are known, the virtual environment is specially configured 
to predict the development degree of the engineering problem of the creeping of AFC in 
actual production process.

9711 fully-mechanized mining face with large mining height in Kaiyuan Mine of 
a group was selected for study. The depth of the fully-mechanized working face is 
364 ~ 417 m, with an average of 390.5 m, the strike length of the working face is 462 m, 
and the inclined length is 220 m. There are 4 mining roadways in the working face, i.e. air 
inlet, air return, low and high, and the roof is managed by the full-height mining technol-
ogy with large mining height and full-collapse method. MG750/1900-GWD shearer and 
ZY8000/26/56D hydraulic support are used in the working face with a center distance 
of 1.75 m. During the initial mining of 9711 working face, there is bottom coal left, and 
the upper bottom coal is thicker, the lower bottom coal is thinner, the height difference 
between upper and lower lanes is small, the height difference between return lane and inlet 
lane is 20.7 m, the average angle of working face is 5.4 degrees, and the maximum angle is 
10°, as shown in Fig. 13.
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Due to the long working face strike length, the amount of data is large when analyzing 
and studying the creeping of AFC. This paper chooses the data of the line pan of the two 
process sections nearest the tail of the return lane for analysis, i.e. the data of the 16 line 
pans connected with the tail. Determine whether the AFC has slipped up or down by judg-
ing the position of the tail.

5.2.1 � Virtual monitoring subsystem for creeping of the AFC in 9711 working face

(1)	 Fuzzy grey correlation analysis of the influencing factors of creeping of AFC

According to the content of Sect. 2.3, the friction coefficient X1{k} , coal seam inclina-
tion X2{k} , shearer force X3{k} , Angular Drag value X4{k} , Drag value X5{k} were com-
pared with the creeping limit value Y{k} of the creeping amount. The results between each 
comparison sequence and the reference sequence are shown in Table 7.

From Table 7, it can be seen that the priority factors affecting the creeping of AFC in 
the virtual environment are: Shearer force, Angular Drag value,  Inclination angle of coal 
seam, Friction coefficient, and Drag value. In order to make decisions on the degree of 
creeping of AFC in a virtual environment, it is necessary to configure the propulsion envi-
ronment of the AFC based on the priority of the influencing factors obtained.

(2)	 Parameter settings for virtual monitoring subsystem

Fig. 13   Profile of 9711 fully-mechanized mining face

Table 7   Fuzzy grey relational analysis table of influencing factors the creeping of AFC

Factors C1 C2 C3 C4 C5 Relevancy

Friction coefficient 6.4052 1.5588 0.1820 0.0473 0.1909 0.7789
Inclination angle of coal 

seam
2.94069 0.71658 0.3544 0.0898 0.0115 0.7828

Shearer force 0.8340 0.8348 0.7423 0.6571 0.5660 0.9515
Angular Drag 0.2016 0.1820 0.1584 0.1476 0.1257 0.9288
Drag 0.1197 0.3833 0.5379 0.6729 0.6962 0.5213
Creeping limit value 0.1 0.1 0.1 0.1 0.1
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As shown in Fig. 14, the interface of the virtual monitoring subsystem for the creeping 
of the AFC in the 9711 working face is shown. The virtual monitoring subsystem has the 
same function as the virtual simulation subsystem for the analysis of the factors affect-
ing the creeping of the AFC. In the subsystem, there are 120 hydraulic supports, 120 line 
pans (including head and tail). In the virtual environment, the horizontal bending resist-
ance and transverse bending resistance are 1.460 N and 2.480 N respectively. In Unity3D, 
the Angular Drag value is 3.940 N. Under the virtual environment, the drag value of the 
AFC is 19.334 N, the friction factor is 0.35, the single motor cutting power of the shearer is 
750 KW, and the total power is 1900 KW.

5.2.2 � Prediction of the propulsion trajectory of the virtual AFC

The mining height of 9711 fully mechanized working face is relatively high and the 
coal seam strength is low. According to the environmental parameters determined in 
Sect. 5.2.1, without any interference with the advance state of the AFC, the AFC can 
be continuously advanced for 6 cycles, and the position of the head will be output in 
the form of an xml file in real time during the advance process. In the process of pro-
pulsion, the position of the head is output in the form of an xml file in real time. After 
the number of cutters is filtered by propulsion, the filtered data is processed again 
using the difference method, and the built Bi-LSTM network is used for prediction. 
The prediction results are shown in Fig. 15.

It can be seen from Fig. 15(a) that the prediction accuracy of the AFC trajectory by using 
this prediction algorithm is high, the maximum error is 0.2, the RMSE value is 0.085783, and 
the MAPE value is 0.242512. It can be seen from Fig. 15(b) that the predicted three-dimen-
sional trajectory of the AFC almost coincides with the converted observation trajectory, indi-
cating that the reliability of Bi-LSTM in predicting the AFC trajectory is high.

Fig. 14   Interface of virtual monitoring subsystem for the creeping of AFC in 9711 working face
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5.2.3 � Determination of the creep degree of the AFC

Convert the predicted track into the rotation angle of the line pans according to Sect. 4.1, 
and control the rotation of each line pan through C# script. The obtained track curve is 
shown in Fig. 16(b). According to the x-coordinate value of the AFC, the creep degree can 
be determined. In this paper, only the x-coordinate part is intercepted for research.

The calculated deflection angle (T-Angle) and the deflection angle (V-Angle) of the 
virtual transformation of the predicted trajectory are shown in Fig. 16(a). The difference 
between the theoretical calculation angle and the angle after virtual application is within 
0.9°, and the accuracy is 87.1%; The x-coordinate value of the predicted trajectory after 
virtual application and the x-coordinate value of the predicted trajectory are differentially 
processed with the x-coordinate of the previous trajectory, and the obtained trajectory 
curves are recorded as (P–T) and (V-T) respectively. The difference between the predicted 
trajectory and the virtual trajectory is within 0.2 dm. This shows that the application accu-
racy of the virtual transformation model in Sect. 4.1 is high.

According to the predicted AFC trajectory, the comparison with the initial trajectory 
is obtained as shown in Fig. 17(a) shows the comparison between the predicted trajectory 
(P–T) and the virtual converted trajectory (V-T) of the predicted result and the initial trajec-
tory (I-T) of the AFC. Figure 17(b) shows the comparison between the implied channeling 
momentum (D-C-P) in the virtual track and the implied channeling momentum (D-C-V) 
in the virtual transition track. It can be seen that the difference between the two tracks is 
within 0.2 dm, which indicates that it is feasible to determine the creeping degree of AFC 

(a) Track of moving direction of AFC (b) Three dimensional trajectory of AFC

Fig. 15   Trajectory of AFC
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using the virtual transition track. The channeling momentum can be described by using the 
fuzzy number (5, 7, 9) and the preliminary judgment grade is H.

According to the results of virtual conversion, the specific movement parameters of 
each degree of freedom of the floating connection mechanism are obtained as shown in 
Fig. 18, where A1 and A2 respectively represent the yaw angle and pitch angle of the relay 
bar, A3 represents the yaw angle of the connection head, D1 represents the amount of dis-
placement, Si (i = 1…16) represents the serial number of the hydraulic support, and its own 
experience determines the extent of creeping. From Fig. 18, it can be seen that the deflec-
tion angles A1 and A2 of the relay bar are both positive, which indicates that the relay bar 
is swaying downwards along the inclination direction of the seam floor, and the value A3 

(a) (b)

-110

-60

-10

40

90

140

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

C
o
o
rd

in
at

e/
d

m

Number of line pan

I-T

P-T

V-T

-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2

0

0.5

1

1.5

2

2.5

3

3.5

4

1 2 3 4 5 6 7 8 9 101112131415161718

E
rr

o
r/

d
m

D
eg

re
e 

o
f 

cr
ee

p
in

g
/d

m

Number of line pan

Error
D-C-P
D-C-V

Fig. 17   Virtual transformation results

(a) (b)

(c) (d)

2.45

2.5

2.55

2.6

2.65

2.7

S
1

S
2

S
3

S
4

S
5

S
6

S
7

S
8

S
9

S
1

0

S
1

1

S
1

2

S
1

3

S
1

4

S
1

5

S
1

6

A
n

g
le

 v
al

u
e/

Variable

A1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

S
1

S
2

S
3

S
4

S
5

S
6

S
7

S
8

S
9

S
1
0

S
1

1
S

1
2

S
1

3
S

1
4

S
1

5
S

1
6

A
n

g
le

 v
al

u
e/

Variable

A2

-1.6

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

S
1

S
2

S
3

S
4

S
5

S
6

S
7

S
8

S
9

S
1

0

S
1

1

S
1

2

S
1

3

S
1

4

S
1
5

S
1

6

A
n

g
le

 v
al

u
e/

Variable

A3 3.3

3.4

3.5

3.6

3.7

3.8

3.9

4

4.1

4.2

S
1

S
2

S
3

S
4

S
5

S
6

S
7

S
8

S
9

S
1
0

S
1
1

S
1
2

S
1
3

S
1
4

S
1
5

S
1
6

D
is

p
la

ce
m

en
t/

d
m

Variable

D1

Fig. 18   Variation of motion parameters of the floating connection mechanism



	 S. Li et al.

1 3

  142   Page 30 of 34

is positive, indicating that the deflection direction of the connection head is the same as 
that of the relay bar. The piston rod extension indicates that the hydraulic support is on the 
push AFC without the shift frame. These four factors comprehensively explain that during 
the process of pushing the AFC by the hydraulic support, the AFC is creeping and needs to 
stop for inspection according to experience.

According to the content of Sect. 4, referring to the predicted momentum of the AFC 
track and the movement results of the floating connection mechanism, the extent of the 
creep of the AFC is judged and the result shown in Table 8 is obtained.

From Table  8, the following synthesis results are obtained: 
S(VL) = 10−4, S(L) = 2 × 10−4, S(M) = 0.007801, S(H) = 0.9024, S(VH) = 6 × 10−4 . It can 
be seen that the degree of support for rating H is relatively high. Therefore, it can be consid-
ered that the extent of creeping on the AFC is H. There is a high probability of coal mining 
accidents. Emergency shutdown is required and measures are taken to prevent the AFC from 
continuing to creep and to avoid property damage caused by equipment accumulation.

5.3 � Discussion

(1)	 From the experimental results, it can be seen that the trend of the virtual simulation experiment 
is basically consistent with that of the laboratory experiment, which shows that it is feasible to 
analyze the creeping of the AFC through the virtual simulation system created in this paper to 
a certain extent. However, due to the limitation of experimental conditions, there is a certain 
gap between the test bench and the actual mining environment in the laboratory environment, 
and only qualitative analysis can be made on the creeping of the AFC.

(2)	 The trajectory of AFC in virtual environment is predicted with high precision; When the 
prediction results are converted into parameters that can drive the creeping of the AFC 
under the virtual environment, the virtual conversion results are also of high accuracy, 
so the conversion results can be used as one of the criteria for determining the extent 
of creeping of the AFC under the virtual environment. However, there is a certain dif-
ference between the prediction results and the conversion results, which may be due to 
the impact of the collision of the physical engine installed on the equipment during the 
propulsion process, and the impact of the change of y coordinate value has not been taken 
into account in the established virtual conversion model.

(3)	 According to the judgment of the degree of creeping of the AFC, it is found that the degree 
of creeping is relatively high, so it is necessary to take timely control measures. Starting 
from the machine head, the short knife is used to cut the coal downward, and finally the 
knife is used to cut through. The method of one-way frame shifting and sliding is adopted 
from the machine head to the tail. Feed every 20 hydraulic supports, and finally cut through 
the cutter from the tail to the head, so as to realize the rotary inclination adjustment of the 
fully mechanized working face and gradually reverse the creeping of the AFC.

Table 8   Evidence for evidence of 
the creeping of AFC

Results V L M H VH

Pro1 0 0.01 0.02 0.94 0.03
Pro2 0 0.01 0.01 0.96 0.02
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6 � Conclusion

Based on the Digital Twin theory and starting from the mechanism of problem occurrence, 
this paper takes the discrimination method of engineering problem of creeping of AFC 
as an example, integrates virtual reality technology with Bi-LSTM prediction algorithm, 
combines relevant decision-making reasoning algorithm and establishes the engineering 
problem prediction based on the fusion iteration of Digital Twin and prediction algorithm 
based on Fuzzy reasoning. The conclusions are as follows:

(1)	 In this paper, a mechanism for analyzing the reasons of the creeping of AFC based on 
Digital Twin and grey correlation analysis is proposed. According to the reasons for the 
creeping of the AFC in the physical environment and mapped to the specific virtual fac-
tors in the virtual environment, a multi-factor analysis mechanism based on fuzzy grey 
correlation analysis method is established, which can determine the priority among the 
influencing factors. This is very important to the parameter configuration of the virtual 
environment and indirectly ensure the reliability of the final decision-making result.

(2)	 The prediction method of AFC running track based on Bi-LSTM network in virtual 
environment is proposed. In the created virtual environment, the key operation infor-
mation of equipment is extracted, and the established prediction model is used to 
predict the future operation information of equipment. On the premise of ensuring 
high prediction accuracy, the prediction results are used to provide data support for 
the determination of equipment operation health status.

(3)	 The decision-making mechanism of the creeping of AFC based on fuzzy evidence 
reasoning is established. According to the prediction trajectory conversion model estab-
lished in this paper, the future operation information of equipment in virtual environ-
ment is obtained. After fuzzifying the judgment degree of engineering problems with 
the fuzzy comprehensive evaluation method, and integrating the movement of the 
equipment with the D-S evidence theory, the judgment mechanism of the creeping of 
AFC is finally established. The judgment results can provide a reference for the opera-
tion state judgment of equipment and process adjustment in the physical environment.

(4)	 The research framework proposed in this paper can provide research ideas for engineering 
problems in the production process of other industries. If the virtual interface is reserved 
in the established virtual scene, the virtual real two-way control technology is used to 
monitor the production scene driven by real-time data, and the deep learning prediction 
algorithm such as Bi-LSTM is used to predict the operation state of the equipment. The 
corresponding treatment measures are formulated in advance according to the established 
accident judgment mechanism, rehearsed in the virtual scene, and the treatment scheme is 
dynamically modified according to the virtual operation results. Such iterative operation 
until the optimal scheme is determined, and finally the health state prediction and response 
measures of the whole scene driven by real-time mining data are formulated in advance.
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