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Abstract: With regards to the low degree of digitization, lack of real geological terrain, and low
degree of automation in the cutting process of the traditional virtual fully mechanized mining face,
we studied the key technologies of virtual operation and cutting path planning of the shearer on the
three-dimensional (3D) roof and floor based on the virtual reality engine (Unity3D). Firstly, the
virtual 3D coal seam was constructed through the 3D geological coordinate data of the mine. On
this basis, the shape function of the scraper conveyor with the adaptive configuration on the floor
was constructed to obtain the combined operation of the virtual shearer and the scraper conveyor.
The movement of the shearer’s walking and height-adjustment was then, analyzed. A strategy for
automatic height-adjustment based on the adjustment of the direction of the drum movement is
hence, proposed to control the cutting path of the shearer. Finally, different experimental schemes
were simulated in the developed prototype system after which each of the schemes was evaluated
using the fuzzy comprehensive evaluation method. The results show that the proposed strategy for
trajectory control can improve the accuracy and stability of the shearer’s motion trajectory. In
Unity3D, the pre-selected schemes and digital and visual planning of coal production are previewed
ahead of time, the whole production process can be mapped synchronously in the production
process. It is also obtained that the virtual preview and evaluation of the production process can
provide some guidance for actual production.

Keywords: shearer; virtual reality; path planning; automatic height-adjusting; Unity3D technology

1. Introduction

With the advent of Industry 4.0 and Internet Plus, new concepts such as smart mine and digital
mine have been continuously proposed. Cloud computing, mixed reality, big data, Internet of Things,
and information physics systems have gradually merged with modern industries [1]. Consequently,
coal-mining equipment has been continuously transformed into automated, intelligent, and
unmanned equipment [2]. Virtual reality is a technology, developed in the 20th century, which
involves a computer, electronic information, and simulation technology. Its basic implementation
method is to create a simulated environment by computer technologies so as to give people a sense
of environmental immersion [3,4]. Due to the unique working conditions of the coal production
process, its complexity, and uncertainty, most of the traditional simulation tools and simulation
methods are used to simulate a certain process or a single device in the production process, and it is
difficult to achieve an overall and real effect, the integration of virtual reality technology into the
traditional coal-mining field also presents new demands and broad prospects. Combined with the
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information from the actual production equipment, assembly conditions, geological environment,
and operation data, a realistic three-dimensional (3D) scene was constructed to show and simulate
the production process of the fully mechanized mining face [5,6].

The shearer is one of the key equipment for the fully mechanized mining face. It is an important
technological equipment to achieve high-efficiency intensive coal mining, reduce major malignant
accidents in coal mines, and improve the working conditions of the working face. It is, therefore, of
great significance to the virtual simulation of the shearer’s cutting operations. Several studies on the
problems of virtual assembly [7], operation demonstration, and attitude analysis [8-10] of the shearer
in the virtual environment have been carried out. However, most of these studies were carried out
under the condition of a horizontal floor. In the real mining process, there are often complex
geological conditions such as coal seam dip and undulations in the roof and floor, which leads to the
disparity between the equipment operation state presented in the virtual simulation and that in the
actual situation.

The planning of the cutting path of the shearer is an important means to achieve intelligent coal
mining. At present, the researches on the cutting path planning of the shearer are mainly based on
the accurate positioning of the shearer to obtain memory cutting [11,12], and automatic adjustment
of drum based on intelligent decision-making or coal rock recognition [13]. Li Wei [14] proposed a
hidden Markov model (HMM) memory cutting method for the shearer, which prevented large
residual errors and frequent adjustments of the shearer cutting drum. Gospodarczyk Piotr [15]
focused on the coal mining process for different variants of the shearer construction and kinematic
parameters. Xu Jing [16] proposed an online cutting-pattern recognition method with high accuracy
and speed. The cutting sound was collected as the recognition criterion. Although there are many
reported studies on the cutting path planning of shearer, those on the demonstration and simulation
using virtual reality technology are limited.

The 3D coal seam model is an important aspect to study the virtual operation of the shearer
under complex geological conditions. With the help of a 3D visualization platform, the spatial
geometry of the geological body in the mining area can be described more accurately and
comprehensively by the real 3D coal seam model. Alan M. Lemon [17] developed a 3D geological
model based on the drilling data using the horizons method. The user-defined profile method was
further used to dynamically modify the geological model. Wu Lixin [18] proposed a generalized
triangular prism (GTP) data model for coal seam modeling to solve the problem of geometric cracks.
Most of the existing coal mine virtual environment systems are developed by independent GIS
Engine [19,20], which makes it difficult for the virtual coal seam to carry out simulation analysis
jointly with the shearer and other equipment. In the Unity3D, the 3D coal seam and the fully
mechanized mining equipment model are built for joint analysis; all elements of the production
process are digitized, and a more comprehensive and real virtual scene is restored for simulation, so
as to enhance the actual production.

In an attempt to solve the above-stated challenges, this study was carried out to improve the
authenticity and accuracy of simulation. Based on the analysis of the shearer walking and heightening
motion model, the equipment modeling and 3D coal seam modeling, combined operation of the
shearer and the scraper conveyor were further obtained in the virtual reality engine Unity3D. A
cutting path control strategy of the shearer based on adjusting the direction of the drum movement
is proposed. Finally, the simulation and the fuzzy comprehensive evaluation [21,22] of the simulation
results were carried out.

2. An Idea of Cutting Path Planning Technology of Shearer Based on Virtual Reality

The main technical equipment in the fully mechanized mining face includes shearer, scraper
conveyor and hydraulic support. The hydraulic support is mainly used for face advance and
supporting the roof of the working face. The shearer and scraper conveyor jointly complete the
circular coal cutting. Among them, the scraper conveyor is arranged on the coal seam floor. When
the coal seam floor is undulating, the scraper conveyor section by section adapts to the terrain to
produce slight bending. The shearer is meshed in the chute of the scraper conveyor through the
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traveling wheel, which is connected with the scraper conveyor to move forward smoothly, and the
shearer sends the drum to the designated position by adjusting the rocker arm to complete the cutting
work.

In the selection and design stage of comprehensive mining projects, geological conditions, coal
storage, equipment selection, production capacity, and other factors are often considered. Therefore,
the selection and design cycle of comprehensive mining face is long and difficult, and coal mining
enterprises need to select quickly, and previewed the pre-selected schemes as much as possible, so as
to reduce the problems that may occur in the future.

Using the virtual reality engine Unity3D, we studied the cutting path planning method of the
shearer drum and obtained the operation simulation of the virtual shearer on the 3D terrain. The
overall research framework is shown in Figure 1, which was realized through the following steps.
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| data | | |
|
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|| strategy : - |
| .
| | Virtual space

Figure 1. Overall framework.

e  Based on the geometry model, movement model, and rule model of real equipment, the virtual
model of the shearer operation was developed, which is completely consistent with reality.

e  The Unity3D engine was used to build the model for the coal seam roof and floor (3D coal seam),
and to obtain the orientation of the shearer and scraper conveyor; based on the geometry model,
movement model, and rule model of real equipment, the virtual model of the shearer operation
was developed, which is completely consistent with reality.

e  The virtual Shearer was obtained to move and adjust the drum automatically on the 3D terrain;

e  The prototype system was developed, different schemes simulated, and the simulation results
processed and evaluated.
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3. Kinematics Analysis and Cutting Path Planning Method of Real Shearer

3.1. Kinematics Model of Shearer Height-Adjusting

The simplified model for the height-adjusting system of the drum shearer is shown in Figure 2.
A MG/TY 250/600 double-drum shearer (TZ coal mine whole set equipment Company Ltd, Taiyuan,
Shanxi, China) was used in this research. The hydro-cylinder and the cylinder rods are articulated to
the shearer fuselage and the rocker arm, respectively. When the cylinder rod moves, the short arm of
the rocker arm rotates hence, drives the long arm to obtain the change in the drum position. In the
process of lifting and descending the shearer drum, the drum has the same trajectory and law of
movement, that is, the movement parameters of the drum in lifting and descending are only
distinguished by positive and negative signs. Therefore, the kinematic analysis and height-adjusting
strategy of shearer in this paper only focus on the process of drum lifting.

Figure 2. Height-adjusting system of the drum shearer.

3.2. Kinematics Analysis of Shearer Height-Adjusting and Walking

While the shearer is working, it performs two main functions; traction speed regulation and
drum-height regulation. The analysis of the movement of the shearer is mainly the analysis of the
above two functions. The traction motion and the drum-height adjustment motion of coal mining on
the horizontal and uneven ground are analyzed as follows:

e  Stationary shearer and the drum lifts

Setting the expansion speed of the height-adjusting cylinder rod to v, and the running time to
¢, the rotation angle of the rocker arm can be calculated as follows:
(72 +a? — (L + v, t)? r?2 +a? — 7]

o = arccos — arccos
2ra

)

2ra
The rotation angle of the height-adjusting cylinder is given by:
12+ a? — 12

(I+v.-t)? +a? —1r?]
2ra '

2L+ v, t)a

Y = arccos

(2)

] — arc cos

The tangential velocity of the drum at any time is:

r2+({+v.t)?—a?
2-1(l+ v t) ’

v, = v, - sin [arc sin( 3)
where randp are the lengths of the short and the long arms (values are 543 and 1962 mm),
respectively; a is the distance between the joint of the cylinder body and the fuselage and the joint
of rocker arm and fuselagg, its value is 1303 mm; [ is the total initial length of the cylinder rod and
the cylinder body, its value is 1701 mm. It can be observed that the expansion speed of the cylinder
and the rotation angle of the rocker arm have a non-linear relationship.

. Shearer walks on the flat floor and the drum lifts
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Under this condition, the rotation angle of the shearer rocker arm and that of the cylinder remain
unchanged. The horizontal velocity of the shearer drum is expressed thus:
r?+ (+ v t)* —a?
2r(l+ v, - t)

Vp1 = —V X sin [cos‘1 (

x 2 x sin(0.0872 + a) + v,. @)

The vertical velocity of the shearer drum is:

TP+ U+ v 1) —a?
cos™!
2r(l + v, t)

Vy1 = Ve X Sin

x g x c0s(0.0872 + a). )

The angle between the direction of the drum movement and the horizontal direction is:

6; = tan™! (m>, (6)

VUh1

where the angle (in rad) between rocker arm and fuselage of shearer at initial state is 0.0872, vy is
the traction speed (in mm/s) of the shearer.

e  oShearer walks on the unflat floor and the drum lifts

The horizontal velocity of the shearer drum is given by:

Vp = Vpq X COS f§ —vyq X sin f. 7)
The vertical velocity of the shearer drum is:

Vy = Uy X sinf + vy, X cos f. 8)
The angle between the direction of the drum movement and the horizontal direction is:

v,
6 =tan~! <v_;) 9)

where [ is the inclination angle (in rad) of shearer fuselage.

e  Joint analysis of shearer traction speed, cylinder expansion speed, and direction of drum
movement

Set the simplified expansion speed of the height-adjusting cylinder to v. =5 mm/s and the
range of traction speed of the shearer to 0-12.9 m/min (0-215 mm/s). In the process of lifting the
drum from the horizontal floor, the image of the angle between the direction of the drum movement
and the horizontal is as shown in Figure 3 (the upward direction is the positive direction).

™

Direction of Drum Movement(rad)
=

\

Direction of Drum Movement(rad)
I

e
AN
S
=]

100 150

Traction Speed(mm/s)

Running Time(s 2 X X . '
20 w P g Timeie) 0 5 100 150 20 20

Traction Speed(mm/s)

(a) (b)

Figure 3. Relationship between the direction of drum movement, running time and traction speed of
the shearer: (a) oblique view; (b) Y-Z view.
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As can be seen from the figure, although there is an obvious non-linear relationship between the
expansion speed of the height-adjusting cylinder and the direction of the drum movement, the
direction of the drum movement does not fluctuate much with increase in the running time when the
traction speed of the shearer and the expansion speed of the cylinder are fixed.

3.3. Automatic Height-Adjusting Strategy

In the traditional memory cutting, the driver controls the shearer to cut a knife along the working
face of the coal seam first, and the information such as the travel position of the sampling point, the
height position of the drum, the working attitude of the shearer and the traction speed is stored into
the computer. The later cutting process of the shearer drum is automatically controlled by the
computer according to the stored parameters. When the geological structure of coal seam changes
greatly, if the shearer continues to work in the original cutting direction using the parameters
recorded by the memory cutting, the shearer drum may interfere with the roof and floor of the coal
seam, thus causing damage to the comprehensive mining equipment or requiring manual adjustment
of the Shearer to reduce the mining efficiency. The most fundamental way to solve this problem is to
achieve self-adaptive cutting in the process of each cutting operation. When the geological structure
of coal seam changes, the shearer drum can adjust the cutting posture timely and accurately, instead
of keeping the same as the traditional memory cutting.

During the cutting process of the shearer, the inclination angle of the fuselage changes with the
dip angle of the coal seam while the cutting height of the drum changes accordingly. Therefore, the
lack of suitable positioning reference standards for the shearer while running on real terrain is one of
the difficulties in achieving accurate and smooth control of the cutting path. In this study, a method
of automatic height-adjusting of shearer based on the fine modeling of the coal seam is proposed. The
mine itself is a real 3D static geological environment in which all mine activities are carried out. The
position of the drum, any position on the coal seam, and the roof and floor are represented by
absolute 3D coordinates. The direction of the drum movement, which integrates the information from
the shearer traction speed, expansion speed of the height-adjusting cylinder, and inclination angle of
the fuselage, are calculated. According to the analysis in 3.2, in the process of drum height-adjusting,
the direction of the drum movement mainly changes with the change of haulage speed of shearer.
When the roof and floor of the coal seam fluctuate, the posture of the shearer and the position of the
coal to be cut will change accordingly. By adjusting the haulage speed of the shearer, the direction of
the drum movement can be adjusted to move to the predetermined target position, so as to achieve
self-adaptive cutting.

Based on the geological survey data and 3D coal seam modeling, the roof and floor curves of the
current working face are obtained (as shown by the curve in Figure 4). The roof and floor curves are
composed of a series of key cutting points with known coordinates. In the actual coal mining process,
the key cutting point generally refers to the point where the roof and floor curves of the coal seam
have significant fluctuations. In this study, the key cutting points are obtained by building a fine
three-dimensional coal model based on geological exploration data of a coal mine [23]. As shown in
Figure 4, P, and P,.; are selected as the two key cutting points. When the right drum of the shearer
runs to the horizontal position of P;, the direction of the drum movement can be changed by
increasing the traction speed of the shearer and by lifting the drum, so that it moves to the next key
cutting point P,;; (In the figure, {8 is the inclination angle of the shearer fuselage, and K is the angle
between the direction of the drum movement and the horizontal at the key cutting point (K is the
specific value of 6 in formula 9 in 3.2 at the key cutting point). Q is the angle between the line
connecting the next key cutting point and the instant apex of the drum and the horizontal).
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Y

roof curve
floor curve

Figure 4. Automatic height-adjusting diagram.

The specific process of automatic height-adjusting is as follows:
e Reading data and calculating parameters

If the right drum of the shearer runs to the horizontal position of P,, the coordinates of the center
of the shearer drum at this time (X,,, Y41, Z4;) are recorded. The coordinates of the next key cutting
point Pijy1y (Xp1, Y1, Zp1) are then read, after K (the angle of the direction of drum movement) is
recorded. This is followed by the calculation of Q (the angle of the target direction):

- )bl () al 9)
— 1 - -
Q = tan < » Za1 ) (10)

where 9 is the radius of the drum, (in decimeter). The height compensation value of the inclination
angle of the shearer fuselage given M = L X sin 8 (where L is the length of a scraper conveyor, in
dm; f is the inclination angle of the shearer fuselage, in rad) is calculated. When the shearer fuselage
is inclined at an angle, the absolute height of the drum changes if not adjusted.

¢ Judgment of action

After reaching a key cutting point, the drum can experience three actions; up, down, and no
adjustment. The concrete action is determined by the height difference between the apex of the drum
and the next key cutting point. The thresholds of the height difference are determined by the
inclination angle of the fuselage and the feasible region of the shearer traction speed. These thresholds
include:

e the maximum height difference for lifting given by A Hy,4, = L X (sin 8 + sin 0y,4,),
e the minimum height difference for lifting A H,, =L Xsinf + %e,

e the maximum height difference for lowering A Hgoyn = L X sinf§ — %e,

e  the range of height difference for no adjustment A Hyp >A H >A Hgown,
e  the minimum height difference for descending A H,,;, = L X (sin 8 — sin 6,,;,).

In the above equations, A H is the height difference between adjacent key cutting points, § is
the inclination angle of the shearer fuselage, 6,4, and 8,,;;, are the maximum and minimum ang]le,
respectively, between the direction of the drum movement and the horizontal direction during the
lifting process, ¢ indicates the range of the relative height difference between the adjacent key
cutting points within which the drum may not be adjusted. In this study, we set ¢ to 60 mm.

When the adjustment direction is determined, the K is compared with the Q. The haulage speed
of the shearer is then adjusted to redirect the drum toward the target point. Specific execution actions



Appl. Sci. 2020, 10, 771 8 of 17

at the key points include acceleration-up, deceleration-up, acceleration-down, deceleration-down,
constant speed-up, constant speed-down, and no adjustment. When matching the moving direction
and the target direction of the drum, considering that there is still a slight change in the process of
drum lifting, the analysis law of the shearer drum movement obtained in 3.2 is taken as the judgment
knowledge and included in the strategy. The specific action judgment is shown in Table 1.

Table 1. Strategy of action judgment.

Before After
d t of Acti ific Acti
Judgment of Action Adjustment Specific Action Adjustment
AH > AH,,,, or Too high or Traction speed is reduced to
AH < AHp,;p too low a minimum, drum lifts
K-Q> 0.02 Tractlo.n speed is increased,
drum lifts
AH < AH,,,, and s Traction speed is decreased,
Lift -K >0.02 [Q-KI £0.02
AH > AH,, HHng QK>002 4 im tifts QKI<0.0
Tracti .
1Q-KI <002 ract10.n speed is decreased,
drum lifts
AH < AH,,, and No Traction speed is constant,
AH > AHgoun adjustment drum is not adjusted
K-Q > 0.02 Traction speed is increased,
drum descends
AH < AHioum Descending Q-K > 0.02 Traction speed is decreased, 10K <0.02

and AH > AH,,;, drum descends

IQKI <0.02 Traction speed is constant,
drum descends

3.4. Selection of Operation Parameters of the Shearer

In the coal production process, the selection of the operating parameters of the shearer is key to
achieving high-efficiency and high-quality cutting under various working conditions, and as well,
meeting the production capacity of the working face. When the model of the fully mechanized mining
equipment is selected, the performance of the shearer is mainly affected by the traction speed and the
drum cutting speed; this study focuses on the traction speed of shearer. Under the condition of
guaranteed normal coal falling and conveying, the higher the traction speed of the shearer, the better
the coal quality, the lower the specific energy of cutting, and the higher the coal production efficiency.
However, the traction speed is restricted by the traction and the cutting powers of the shearer motor.
On the other hand, the higher the traction speed, the lower the recovery rate of the coal seam with
larger fluctuation. In actual production, the mining replacement arrangement, mining technology,
and mechanization degree vary in each mining operation. In most cases, higher production capacity
of the working face and recovery rate of the coal seam is required.

With reference to the mine production capacity verification standard, the coal mining face
capacity is calculated as follows:

Ac=10"*1-h-r-b-n-N-c-a, (11)

where A is the annual production capacity of the coal mining face, 10,000 tons/year; [ is the
average length of coal mining face, m; % is the average mining height of coal seam in coal mining
face, m; r istheraw coal density, m3; b isthe average daily advancement of coal mining face, m/d;
n is the annual working days, d; N is the normal cycle operation coefficient, %, according to the
technical performance of coal mining equipment, the production organization, staff quality, and
other factors, generally taking 0.8; ¢ is the recovery rate of coal mining face, %; a is the average
number of coal mining face. It can be seen that for annual production capacity, the speed of coal-
mining equipment needs to be adjusted when other conditions are fixed. With reference to the actual
production experience of a coal mine, the minimum average traction speed of the shearer may be up
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to 3 m/min for higher production capacity.

4. Virtual Cutting Path Planning Method of Shearer and Design of Prototype System

Comparing the characteristics of the traditional CAD software and that of the Unity3D engine,
the following main processes are needed to simulate the working process of shearer under the 3D
coal seam (Figure 5):

Shearer.
scraper conveyor

r--r—-———"F~"~>"~"-"~""~>"""~>""~"""~*"~">">¥"@7”"7¥” @¥”¥”7>*°7/”'"¥ 7¥”¥‘“"¥*“*"“~"«—~7% 1
| |
- _C 1 _______________ H

_____________________________ |

Establishing motion
relations

Control strategy

I

I

I

|

I

Unity3d :

|

I

(c# script) :

Virtual cutting path
planning of shearer

Figure 5. Algorithm of the main process of the virtual cutting of shearer.

4.1. Key Technology for Modeling Coal Seam Roof and Floor

Developing a 3D model that accurately expresses the coal seams is the key to achieving digital,
visual, and intelligent production management in the fully mechanized mining face in coal mines. In
this study, the discrete detection points are transformed into a series of continuous data using the
geological exploration data of a coal mine, through the Kriging [20] interpolation. After processing,
the 3D coordinates of 16 X 40 X 2 points are obtained, so as to build the coal seam roof and floor
model in Unity3D.

The mesh grid component in Unity provides a way to form a surface closely through a large
number of small triangles. The MeshFilter records the grid data whereas the MeshRenderer
components set the grid material. Since only one side of the triangle generated by the mesh grid
component is visible (visible on one side of the clockwise connection), the opposite vertex order is
required to make the coal seam top and bottom plates visible under normal viewing angles. During
the implementation of the mesh grid of the coal seam roof, the vertices of the triangle are selected
according to the specific rules with reference to Figure 6. As shown in Figure 6, assuming that there
are altogether 640 3D geological coordinates of the coal seam roof (No. 0-639), the three vertices of
the first triangle are 0, 40, 1 in turn, the three vertices of the second triangle are 1, 41, 2 in turn.
Similarly, the three vertices of the last triangle were 639, 598, 638 in turn.
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(a) (b)

600 601 602 603 ° 639

560 561 562 563 599

L] L

120 121 122 123 159

80 81 82 83 119

40 41 42 43 79

L1 2 3

0 | 2 3 38 39

L] e & & . & & . o

(©

Figure 6. Rules for sorting triangular vertices in roof and floor mesh: (a,c) connection order of triangle
vertices; (b) clockwise and counterclockwise connections.

The processed data of the coal seam roof and floor are stored as an XML file, and the mesh is
created by a cf script. According to the above method, the final effect in Unity3D is as shown in Figure
7:

Figure 7. Mesh of virtual coal seam roof and floor.

4.2. Key Technology for Combined Operation of Shearer and Scraper Conveyor

This paper presents a method of combined operation of the shearer and scraper conveyor on the
real terrain of Unity3D.
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The collider component in Unity3D provides a physical collision between the colliding bodies
under gravity. Based on the above-mentioned modeling of coal seam, the mesh collider component
is added to the GameObject of the coal seam floor and scraper conveyor to measure the position and
the inclination of each scraper conveyor on the floor. Using the measured parameters of each scraper
conveyor, they are arranged according to the actual arrangement rules. In the course of the shearer
walking on the scraper conveyor, the attitude of its fuselage is determined by the left and right
supporting slippers. Therefore, it is necessary to obtain the shape function of the scraper conveyor so
that the slippers can move strictly along the obtained shape while the virtual walking of the shearer
is controlled by coordinates. The shape function of the scraper conveyor can be calculated as shown
in Figure 8.

Position and inclination of each scraper conveyor

v v
Coordinates of the pin of each Inclination angle of each
scraper conveyor scraper conveyor
I:.l'],_'l.']:l. I-"-_‘-."-Jm I:-:'--ﬂ-.""l'l ) :.ﬁ'l.-ﬂ'l n'"_l:l
v v

Scraper conveyor shape function
vE—L-§

x=X 1 L

XLARcosa.

=1+ 0y — A=y

Figure 8. Shape function of the scraper conveyor.
where (X,,Y;) is the coordinate of the pin of the ith scraper conveyor, mm; ¢; is the inclination
angle of the ith scraper conveyor, rad; i is the serial number of the scraper conveyor where the
slipper of the shearer is located; L is the length of a scraper conveyor, mm; v is the traction speed
of the shearer, mm/s; ¢ is the walking time of the shearer, s; x and y are the corresponding
coordinate values on the shape function.
The ultimate effect in Unity3D is as shown in Figure 9:

Figure 9. Effect diagram of combined operation of shearer and scraper conveyor.

4.3. Key Technology of Virtual Cutting of Shearer
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In the Hierarchy interface of Unity3D, the hierarchical relationship (parent-child relationship) of
each component is established. By defining the Transform property of each component through C#
script, the parameters such as position, rotation, and size of each component can be obtained and
varied through the script. The virtual shearer can be controlled by a programmed C# script based on
the collaborative mathematical model, obtaining the start and stop, variable speed walking,
positioning of the shearer, expansion, and rotation of the cylinder, adjustment of the drum height,
and rotation of the drum. The components are moved using the 3D coordinate, whereas, they are

rotated by the quaternion. The parent-child relationship of shearer components is shown in Figure
10.

| Pinofleft Left cylinder Left cylinder
cylinder body rod
Pin of left Left rocker Pin of left
Left drum
rocker arm arm drum
Shearer
fuselage
Pin of right Right cylinder| Right cylinder|
cylinder body rod
Pin of right Right rocker Pin of right R S
rocker arm arm drum

Figure 10. Parent—child relationship of shearer components.

In the process of creating a coal seam roof and floor, the cutting point data was stored as an XML
file. As the shearer runs, the current number of the cutting feed is i, and the cutting point number
within the range of one knife is j. The key cut point of the path in the entire coal seam is therefore,
the set P;;(i = 1,2,3-,j = 1,2,3--). When the system starts to run, the current cutting point of the
working face can be read and the LineRender component in Unity3D is used to draw the curve of the
coal roof and the cutting curve from time to time. The cut point data on the cut curve is also stored
in the XML file for subsequent analysis of the simulation results. The schematic diagram of the cut
point and the effect obtained in Unity3D are shown in Figure 11a,b, respectively.

. ""-"/,-:yy:nu,
: .

(@) (b)

Figure 11. Schematic diagram: (a) the map of cutting points (b) the effect of cutting points in Unity3D.
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5. Simulation Experiment

5.1. Setting of Simulation Conditions

Two different height-adjusting modes were designed in the experiment, namely; the automatic
height-adjusting mode and the manual operation mode. In the planning stage of the fully mechanized
mining face, the production capacity of the working face is often verified. In this study, the influence
of shearer traction speed on production capacity was considered most. The lowest traction speed of
the cutting process was set to ensure that the production capacity meets the requirements of different
working faces. The feasible range of the haulage speed of the shearer was 2.5-12.9 m/min, 3.5-12.9
m/min, 4.5-12.9 m/min, and 0-12.9 m/min (operated by experienced workers).

5.2. Analysis of Simulation Results

In scheme 1, the actual cutting curve coincides with the preset roof curve, and the maximum
error was obtained to be 12 cm. However, in schemes 2 and 3, an increase in the minimum traction
speed of shearer decreased the coincidence, and the maximum error was obtained to be 48 cm. This
could be attributed to the fact that the direction of the drum movement cannot meet the changing
trend of the preset roof curve when the shearer is at the minimum traction speed. During the height-
adjusting of the shearer while walking, if the shearer is running at a relatively large traction speed, K
(the angle of the direction of drum movement) is relatively small, and the drum height-adjusting
cannot be performed in a large scale. At the position where the roof and floor of the coal seam
fluctuates greatly, the cutting curve will produce a large error. The effect in Unity3D is shown in
Figure 12a and the cutting errors of the four schemes are shown in Figure 12b.

(a)
6
5 ——Seriesl —e— Series2 —e— Series3 Series4
4
3
S
22
2 1 /"\
b ’
0 \“‘*/)Q \ / SR k‘\ W V
A\ q Y
1120 170 22 32 420 470
-2
-3

Right drum coordinate/dm

(b)

Figure 12. Simulation results: (a) three-dimensional graph of cutting curve (b) error of the actual
cutting points and the preset points.
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In production, scientific research and our daily life, we need to evaluate the quality of goods, the
reasonable degree of some engineering design parameters, etc. to determine the best way to deal with
them. In the cutting process of the fully mechanized mining face, there are many indexes to measure
the quality of the cutting results, including the coal quality, recovery rate, production efficiency,
economic benefit, and safety degree. Evaluating coal production is not an easy task, as it involves
dimensionless index, human decision making, which are imprecise, fuzzy, and uncertain. Hence,
using a scientific method to evaluate coal production comprehensively and effectively plays a crucial
role in the analysis of simulation results.

The evaluation that needs to be made according to many factors is called comprehensive
evaluation. When some specific evaluation factors are fuzzy, the comprehensive evaluation is called
a fuzzy comprehensive evaluation. The fuzzy theory bridges the gap between the precise classical
mathematics and the fuzzy real world. Fuzzy comprehensive evaluation method is a method which
transforms qualitative evaluations into quantitative evaluations through the membership degree
theory of fuzzy mathematics. It, therefore, has a good theoretical basis for the overall evaluation of
things or objects having many constraints. Hence, the fuzzy comprehensive evaluation method is
suitable for evaluating the cutting results. The general steps of fuzzy comprehensive evaluation
include the construction of evaluation indexes, the determination of the weight of each index, the
construction of the evaluation matrix, the synthesis of evaluation matrix and weight.

The specific steps for evaluating the cutting results using the fuzzy comprehensive evaluation
are as follows:

¢ Determine the evaluation object
X = {x1, %, %3, x4} = {schemel, scheme2, scheme3, scheme4}. (12)
. Determine the index set

U= {ulﬂ Uy, u3}
(13)
= {recovery rate, production efficiency, others (safety degree, labor cost, etc) }.

When the index set is determined, each of the indicators of each scheme is analyzed
quantitatively. The recovery rate is expressed by the sum of the squares due to the error of the cutting
points thus: SSE = Y., w; (y; — y)?, where y; and y are the heights of the actual cutting point and
the preset roof point, respectively. The efficiency of production is represented by the time used for
cutting one knife, however, other factors are scored according to the production experience of the
general enterprises (0-9 point). The scores of each index are shown in Table 2.

Table 2. Evaluation index.

Recovery Rate Production Efficiency = Others (Safety Degree,

Index (SSE) (min) Labor Cost, etc.)
Schemel 13.89 8 8
Scheme2 92.5 7 8
Scheme3 125.73 5.5 8
Scheme4 40.96 8.5 2

e  Determine the weight vector of the evaluation index

Set the weight vector to A= (Wi, W, ..W,), where W; indicates the i-th index weight
coefficient. The matrix gives different weights to each index according to the different functions of
each index in the overall evaluation. Under the condition that the safety level and other production
costs are guaranteed, coal production pays more attention to the production efficiency directly linked
to economic benefits and the recovery rate that can maximize the use of resources. According to the
general enterprise production experience [24], A = (0.4,0.4,0.2).
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e  Determine the fuzzy evaluation matrix

After determining the weights of the indicators, the evaluation index needs to be normalized
and quantified one by one. A row in the fuzzy evaluation matrix R reflects the degree of membership
of different schemes on this indicator. For the evaluation index with a specific value, the value of the
optimal evaluation object can be set to 1 whereas, it is set according to the scoring level (0 < E <1) for
other objects. For the index whose value is bigger and whose evaluation is better, the calculation
method of evaluation value is: Evaluation value = specific value/optimal value. For the index whose
value is smaller and whose evaluation is better, the calculation method of evaluation value is:
Evaluation value = optimal value/specific value. When calculating the evaluation value of the
recovery rate, a higher SSE indicates a lower recovery rate, and the evaluation value should be
smaller. Among the four schemes, the one with the highest recovery rate is scheme 1, and the
corresponding SSE value is 13.89. Then, the evaluation value of scheme 1 is set to 1, the evaluation

13.89 13.89

value of scheme 2 issetto 0.15= m , the evaluation value of scheme 3 issetto 0.11= 1573 the
. . 13.89
evaluation value of scheme 4 is set to 0.339 = 2096

Finally, the fuzzy evaluation matrix is obtained thus:

1 015 0.11 0.339
R=107 0808 1 0.646| (14)
1 1 1 025

¢  Comprehensive evaluation

Comprehensive fuzzy evaluation vector B is calculated by the combination of the fuzzy
multiplication © and fuzzy evaluation matrix R; B = A © R. The common fuzzy multiplications
mainly include single-factor prominent type and weighted average type, in order to be able to
objectively evaluate the impact of each index, the fuzzy multiplication chosen in this paper is the
weighted average method [25]; M(-, v), b; = ¥(a; -rij)(j = 1,2---m). Hence, the final evaluation
was calculated as follows:

B=AOR (15)

=[0.88 0.5832 0.644 0.444]

It can be observed that the four schemes above are sorted as schemes 1, 3, 4, and 2. The higher
value of the test has a better comprehensive evaluation. When the minimum traction speed of the
shearer is small, more accurate trajectory tracking can be achieved. With an increase in the minimum
traction speed, the production efficiency of the shearer improves, whereas the accuracy of trajectory
tracking decreases. On this basis, according to the requirements of different enterprises, the
production process of different working parameters can be previewed and evaluated in a virtual
environment.

6. Conclusions

Based on the motion analysis of the shearer and drum-height adjustment, and with the drum
movement law as the judgment knowledge, an automatic height-adjusting strategy of shearer was
designed in the Unity3D engine, which integrates the information of the roof and floor fluctuation,
coal seam inclination, and shearer fuselage inclination.

The modeling of the roof and floor was accomplished in the Unity3D engine using the mesh and
LineRender components. The key cutting points could be read and the actual cutting curve drawn.

A real shearer height-adjusting model was developed, which can be controlled by the c# script.
By measuring the position and posture of the scraper conveyor on real terrain, and constructing the
shape function of the scraper conveyor, the combined operation of the shearer and scraper conveyor
was established. This provides theoretical support for shearer simulation on real terrain.
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A conceptual idea is put forward: on the basis of geological exploration of coal seam, a virtual

fine 3D coal seam is established. According to the production requirements of different enterprises,
the pre-selected schemes and the decision-making are previewed in Unity3D, hence, digitized and
visualized planning is carried out ahead of time. The entire production process can, therefore, be
synchronously mapped in the production process, so as to obtain safe and efficient transparent
mining.
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