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Abstract: The horizontal bending angle of scraper conveyor has a great influence on the running
resistance, the current consumption, coal winning efficiency of the working surface, etc. Approximately
1-3° is usually the range of horizontal bending angle, but does not indicate the optimum bending
angle of the coal mining face. To find the optimal horizontal bending angle, an optimization method
is proposed. A mathematical calculation model of the running resistance of the scraper is established
based on the direction of the shearer operation. Then, a method of adjusting the step size of the search
by inertia weight and expanding fly distance range obeying the t-distribution is proposed based on
the basic bat algorithm (BA). Finally, an industrial application was conducted in 21220 Changcun
fully mechanized coal mining face, Henan Province. The results show that the current consumption
by the scraper conveyor was reduced by 31% when the horizontal bending angle of the S-bending
area was 0.66°. Meanwhile, the theoretical current has good consistency with the experimental data,
and the average absolute error was 3%.

Keywords: scraper conveyor; S-bending area; horizontal bending angle; improved bat algorithm;
inertia weight; t-distribution

1. Introduction

The scraper conveyor is one of the key equipment for underground coal mining [1]. It not only
transports coal, but also provides the running track of the shearer and the positioning of the hydraulic
support. It is the connection point of the fully mechanized mining equipment [2,3]. In the fully
mechanized mining face, the middle slot of the scraper conveyor is pushed by the hydraulic support to
the coal wall by a step (the length of the step is usually 600-1000 mm), which is pushed to the next
cutting plane. At the same time, the adjacent middle grooves will be driven by each other and rotated
to form a transition section. To ensure the stable operation of the scraper conveyor, the transition
section will form two anti-symmetrical bending lines. This horizontal bending section presents an S
shape, hence it is called the S-bending area [4]. The angle between the adjacent middle grooves of the
S-bending area of the scraper conveyor is called the horizontal bending angle. The horizontal bending
angle of the S-bending area of the scraper conveyor is selected from 1° to 3°, and the horizontal bending
angle used under the mine is usually determined empirically.
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Previous research on scraper conveyor has mainly focuses on the monitoring [5,6] and calculation [7-9]
of running load, dynamical problems [10-12], friction and wear [13-15]. However, studies rarely account
for the effect of the horizontal bending angle of the S-bending area on the additional resistance,
the running load, the production energy consumption ratio, the mean time between failures (MTBF)
of the mining equipment and the shear cutting efficiency has been rarely investigated. In fact, if the
horizontal bending angle of the S-bending area is improperly selected, the additional resistance will
increase [16], the middle groove and the sprocket assembly will be seriously worn [17], the current
fluctuation is large, the energy consumption of the mining equipment is high, the equipment service
life is low and the MTBF is small.

Bat Algorithm (BA) was proposed by Yang in 2010 based on swarm intelligence [18,19]. It simulates
bat behavior, which avoids obstacles, detects preys and locates the roosting crevices in the dark. Based
on the bionic principle, BA simulates the optimization and search process with a population bat
individual movement processes and searches for the prey [20,21]. BA has the advantages of simple
structure, few parameters, strong robustness, and is easy to understand and implement. Since the BA
was proposed, it has been widely applied in construction machinery [22], finances [23], forecasting [24],
etc. However, similar to other optimization algorithms, the basic BA also has the disadvantage of
falling into local optimum.

Considering the above observations, a method based on improved BA (MBA) for optimizing
horizontal bending angle is proposed. The rest of this paper is organized as follows. In Section 2, the
basic theory of the mathematical models of the running resistance of scraper conveyor and BA are
described. Then, the MBA and the whole flow of proposed horizontal bending angle optimization
scheme are illustrated in Section 3. Some simulations and analysis according to the actual working
conditions of the fully mechanized mining face are presented in Section 4 to validate the superiority of
the proposed method. In Section 5, a mine application is presented to validate the practical effect. In
Section 6, some conclusions and outlooks are summarized.

2. Basic Theory

2.1. Analyze the Running Resistance of the Scraper Conveyor

The running resistance of scraper conveyor is related to the amount of coal carried and the running
direction of the shearer. Its running resistance is divided into the running resistance of the straight
section and the additional resistance of the S-bending section.

Straight line running resistance

Previous calculation of the running resistance did not take into account the actual transport
state of scraper conveyor [25,26]. According to the actual working conditions, the middle slot of
the scraper conveyor is divided into two parts innovatively, the heavy-duty section and no-load
section. Combining with the cutting technology of the shearer, the calculation method of the operating
resistance of the scraper conveyor is shown as follows:

(qtiss + qotics) §LmcosO £ (q + o) §LmsinO + qog(pescosO Fsin@) (L —Ly,) d =1

Wina) = { 908 (tescosO F sinO)L d=2 @

where g is the linear density of the heavy-duty part of the scraper conveyor, kg/m; qq is the load
weight per unit length of the scraper chain, kg/m; s is the resistance coefficient of the load in the
chute; g is the scraper chain movement resistance coefficient in the chute; L is the total length of
the scraper conveyor, m; and 0 is the vertical bending angle of the scraper conveyor, °; The length
of the heavy-duty section L; = x + vsts, and the no-load length L, = L — L, m; v is the speed of the
shearer, m/min; t; is the shearer operating time, s; x is the distance from the starting point of the
scraper conveyor to the head, m; m = 1 when the shearer and scraper conveyor are running in opposite



Algorithms 2019, 12, 84 3o0f15

directions. Otherwise, m = 2; d = 1 indicates the resistance of the upper chain of the middle slot, and
d = 2 indicates the resistance of the lower chain of the middle slot.

S-bending section additional resistance

Due to the angle between the adjacent middle slot of the S-bending area, the squeegee chain can
be regarded as a flexible body sliding around the fixed circular ring guide when sliding therein [27-30].
The additional resistance (AF;,;) of the S-bending area includes the additional traction resistance of the
chain and the squeezing force of the squeegee striking the middle trough. The expression of AF, is
expressed as follows:

K pe! (pKua' _ q
AF,, = Z 7-Fop + Fd(e(KJrl)W - 1) + Cd[%

S

—K] d=1,2 m=1,2) )

where K is the total number of horizontal curved chutes; r is the lateral friction coefficient of the
squeegee and the middle slot; F; is the chain tension in the end of the chute before the horizontal
bending section, N; &’ is the angle between adjacent middle slots, °; y is the friction coefficient value of
the scraper chain and the chute; the resistance of each middle slot is C; = I(g + qg)(usscosO + sin@), Cp =
go(UescosO F sin0); | is the length of a middle slot, m; Fs, is the lateral pressing force [28].

2.2. Bat Algorithm

Bat Algorithm (BA) is a heuristic search algorithm, which was proposed by Yang in 2010. By
simulating the bat foraging behavior, local and global optimality can be obtained through appropriate
iteration. The bat algorithm search process is as follows:

Step 1.1: Parameter initialization. P is the initial bat population size. The maximum number
of iterations is N. The pulse frequency is in the range [fmin, fmax]- 7:° is the pulse rate. A is the
maximum pulse sound intensity. The sound intensity attenuation coefficient is «. The frequency
increase coefficient is y. D is the dimension of the search variable.

Step 1.2: Population initialization. Randomly initialize the position of the bat individual x; (i =1,
2, ..., D) within the search range. Find the best bat position x* in the current search. Calculate the
fitness value f(x;) of each bat, and find out the best location and fitness value of the current bat.

Step 1.3: Movement speed and position update. Let the bats search in the D-dimensional space,
the position and velocity of the bat i are x;/~! and v;/~! at (t — 1) time. The current global optimal
position is x*. For bat i at time ¢, its position x;' and speed v;’ update formula are given by:

fi = fmin + (fmax _fmin)ﬁ
of = (37 -0 ®
xf = xt-1 4o

1 1 1

where 8 € [0,1] is a random vector drawn from a uniform distribution.
Step 1.4: Local search. Each bat randomly selects one from the current optimal solution, and its
new solution is generated by random walks. The formula is shown as follows:

Xnew = Xold + Al 4)

where ¢ € [0,1] is the random number, while Af = <A!;> is the average loudness of all the bats at this
time step.
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Step 1.5: Pulse emission loudness and emission frequency update. First, a new random number
is generated within [0,1], and then the size relationship between the current bat and the new bat
adaptation is compared. New bats are accepted if the following conditions are met. The adjustment
formula of the ultrasonic loudness A; and the pulse rate 7; is:

AT = Al (5)

P =191 —exp(—pt)) (6)

1

where a and y are constants.

Step 1.6: Global optimal evaluation. Calculate the fitness of all individuals in the current
population, and record the optimal bat position and its fitness value.

Step 1.7: Iteration termination. If the current iteration number ¢ reaches the maximum number
of iterations N, the iteration is stopped, otherwise, repeated Steps 1.3-1.6. The iteration process is
presented in Figure 1.

NN N N
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AT N,

Sitness P | ,/’J
S J—

T ftess B,
.

1-th iteration 4

n-th iteration
Figure 1. Foraging process of the bat.

3. The Proposed Method

3.1. Improvement of BA

Bat algorithm has the advantages of simple structure, few parameters, strong robustness and easy
implementation. However, the bat algorithm has problems such as slow convergence and easily falling
into local optimum.

To improve the convergence speed of the bat algorithm, this paper uses the inertia weight (w(t))
method to adjust the step size of the bat flight. The w(t) coefficient distribution diagram is shown in
Figure 2. The inertia weight function is shown in Equation (7). The speed update formula of the bat
search is described in Equation (8).

T w(t)

0 N: N

Figure 2. Distribution of inertia weight coefficient.
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w(t) = exp(—‘t_NNt

@)

)_ exp(%) 0<t<N;
B exp(l\%) Ny <t<N

where t is the number of iterations of the bat; N is the maximum number of iterations of the bat
algorithm; and N; is the iterative demarcation point, it can be determined by the actual work in the field.
o = (x4 ol ) ®
To solve the problem of falling into local optimum, this paper expands the range of bat fly distance
range (FR) obeying the t-distribution. The shape of the curve of the t-distribution is related to the
degree of freedom (df). When df = 1, the t-distribution curve coincides with the Cauchy distribution
curve. When df — oo, the t-distribution is normally distributed. The probability density function
curves of Cauchy distribution, t-distribution, and normal distribution are shown in Figure 3. The rules
for random migration of bat populations is expressed as:

¥t = xf‘l + vf + FR 9)

1

0.4 Cauchy distribution
t-distribution
— Normal distribution

0.25

0.2

0 L I I 1 I i I
-10 -8 -6 -4 -2 0 2 4 6 8 10

Figure 3. Probability density function curve of Cauchy distribution, t-distribution and Normal distribution.

The Cauchy distribution has a good global development capability, while the Normal distribution
has a stable local search capability. The number of iterations of the bat population is taken as the df of
the t-distribution. As the number of iterations increases, the FR varies between the Cauchy distribution
and the Normal distribution. At the beginning of the bat population iteration, the t-distribution is
close to the Cauchy distribution. At this time, the bat search flight range and population diversity are
improved, so that the local optimum is avoided. In the late stage of the bat population iteration, the
t-distribution is close to the Normal distribution. In this process, the bat’s local search ability is strong
and the convergence speed is fast.

3.2. Design of the Fitness Function

Since the evaluation index value is a dimensional expression, this paper uses linear normalization
to transform it into a scalar expression. Considering the three-machine work of the fully mechanized
mining face, the running load of the scraper conveyor (p;,;1), the support requirements of the hydraulic
support (pu2) and the efficiency of the shearer chamfering feed (p,;3) are used as evaluation indicators
(Pmj)- The calculation formulas for the evaluation indicators py1, pm2 and pm3 are as follows:
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pm1 = Wiy + AFn (10)
pm2 =K (11)
Liy/t
_ kel tef
Pm3 = L/t (12)

where, Lyy is the length of the S-bending area, m [31]; tyis the time for the shearer chamfering feed, s;
and ¢, is the total time used by the shearer to cut a piece of coal, s.

The first and second quadrants of the unit circle are used as the scoring system, which is not
only easy to calculate, but also has increasing and decreasing trends. The evaluation score formula is
calculated as follows:

1
Smj = 100-(1~py,)? (13)

where S,,;; is the score of the j-th index of the known shearer running direction, j is the index number, j =
1,2,3;and Pmj 18 the evaluation index of the corresponding Smj- The score of the whole working mode
can be obtained from each evaluation score, and the total score function S is shown as follows:

2 3
Sscore = Z Z AmjSmij (14)
moj

where a,,; is the weight coefficient, and its size is determined by tomographic analysis [32].

The additional resistance AF;;, of the scraper conveyor, the number of the slot (K) in the S-bending
area and the length (Ly,) of the S-bending area are all related to the horizontal bending angle o’
Therefore, the fitness function is created with a’ as the objective of optimization. The higher is the
score of the objective function for o’, the better is the working mode of the three-machine collaboration.
Sscore 1s used as the fitness function of the MBA to iteratively optimize.

function Sseore = Fun(a’) (15)

3.3. Flowchart of Optimization Method for Horizontal Bending Angle

Based on the above analysis, an innovative method based on the improved bat algorithm (MBA)
to optimize the horizontal bending angle of the S-bending area of the scraper conveyor is proposed.
The flowchart for optimizing horizontal bending angle of S-bending area based on MBA is shown in
Figure 4. The optimization steps are summarized as follows:

Step 2.1: Collect information. Extracting and processing parameter information of fully
mechanized mining face.

Step 2.2: Initialize the parameters of the MBA optimization algorithm and set the number of
iterations for the population.

Step 2.3: Population initialization. Each position of the bat is considered as a horizontal bending
angle value, and the fitness value of each bat is the evaluation value of the working surface.

Step 2.4: Movement speed and position update. The update of the speed and position of each
generation of bat population can be obtained according to Equations (8) and (9).

Step 2.5: Termination condition. When the iteration number t reaches the maximum N, the
iteration is stopped, and then the highest score and its corresponding optimal &’ value are output;
otherwise, Steps 2.2-2.4 are repeated.
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Figure 4. The flowchart for optimizing horizontal bending angle of S-bending area based on MBA.

4. Simulation and Analysis

To validate the superiority of the proposed method, the established fitness function was substituted
into iterative optimization. Then, the original BA (BAO), the bat algorithm based on bacterial algorithm
(BCBA) [33] and a globally optimized adaptive BAT memory algorithm (ABAM) [34] and the proposed
MBA were compared. Maximum score value (Sscore_max), the mean value of the horizontal bending
angle value (Mean) and the standard deviation (SD) were regarded as evaluation criteria for the
four optimization algorithms. Finally, compare the optimization effects of the four algorithms were
compared. The configuration of the computer used is shown in Table 1.

Table 1. Computer Configuration.

Operating System Windows 7 (64 bits)
CPU Intel(R) i5-4590 (4 cores, 3.3 GHz)
Memory 8 GB (DDR3)
Matlab version 8.3
Hard disk space SSD (465 GB)

4.1. Parameter Information Acquisition

All parameter information of working face was acquired from the 21220 fully mechanized mining
face of Changcun Mine of Henan Da You Energy Co., Ltd. (Sanmenxia, China). Coal mining face and
equipment parameters are shown in Table 2.
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Table 2. Coal mining face and equipment parameters.
Object Technical Parameters Value
Working face Length (m) 270
Shearer Cfteii%}};tt}(mn(\r)n) 0263
(MG300/730-WD2) Haulage speed (m/min) 4.5
Chain speed (m/s) 1.31

Scraper conveyor
(5GZ800/800)

Motor YBSD-400/200-4/8GX3
Transportation volume (t/h) 1500
Middle slot (mm) 1503 x 800 x 308

Scraper spacing (mm)

1008

4.2. Horizontal Bending Angle Optimization Effect Analysis

8 of 15

In the actual working condition of the mine, the S-bending area of the scraper conveyor, also
called transition section, is formed by the hydraulic support pushing the middle groove to the next
cutting plane. For the unmined cutting face, shearer cutting coal rock usually starts chamfering in
the S-bending area. Therefore, the horizontal bending angle of the S-bending area has an important
influence on the production of working face and the chamfering feed of the shearer.

The fitness function was established in combination with the actual working conditions under the
mine. The higher was the evaluation score, the higher was the production efficiency of the working
face. The parameter information of the working face was inputted into the fitness function. Then, the
four algorithms of ABAM, BCBA, BAO and MBA were used to iteratively search for the highest score
(Sscore-max) and the corresponding optimal a’. Compare the paths searched by 4 different algorithms 3
times, and the comparison results are shown in Figure 5.
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Figure 5. Comparison of optimization results of four different optimization algorithms.

As shown in Figure 5, the four optimization algorithms were iterated 300 times, and the evaluation
score of the search was small, about 92.4 points. In the process of searching, the MBA algorithm
reached the optimal value by 40 iterations, while the ABAM and BCBA needed 70 iterations, and the
BAO needed 90 iterations, as shown in Figure 5a. when o’ reached the optimum value of 0.66°, the
MBA had iterated 40 times, while the BAO 100 times. The ABAM and BCBA algorithm search process
oscillated very sharply, and began to stabilize in the 150th generation, as shown in Figure 5b.

To improve the production efficiency of the working face when the shearer bevel cutting, this
study combined the running direction of the shearer and optimized the &’ of the S-bending area by
using the proposed method and three other algorithms. The optimization results are shown in Figure 6.

Score

500
400 450

100

Score

o /°

Running time /s

Figure 6. Optimal horizontal bending angle and corresponding score distribution map.
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As shown in Figure 6, in the shearer bevel cutting stage, the horizontal bending angle a’ of the
S-bending area was [0.60°, 0.75°], [0.57°, 0.66°]. The optimal horizontal bending angle was not linear
with the cutting time. Because the mine environment is complex and variable, the value of the a’ was
different when the shearer cuts forward and reverses. In the shearer cutting process, the working
surface evaluation score increased from 50 points to 92.4 points.

4.3. Comparison and Discussion

To analyze the superiority of the proposed method, the maximum score (Sscore_max), the mean
value (Mean) and the standard deviation (SD) of the four algorithms were compared. The performance
comparison results of the four different algorithms are shown in Table 3. As can be seen in the table,
the Sscore_ max of MBA, ABAM, BCBA and BAO was between 92.394 and 92.396. The mean of the MBA
optimized a’ was 0.66°. The mean values of ABAM, BCBA and BAO optimized o’ were 0.659°, 0.656°,
0.655°, respectively. The errors of the means were 0.6%, 0.77%, 1.5%, and 3.4%, respectively. The SDs
of MBA, ABAM, BCBA and BAO were 1%, 2.1%, 2.5%, and 2.8%, respectively. Overall, the proposed
MBA optimization algorithm converged quickly and with a small deviation.

Table 3. The performance comparison results of the four different algorithms.

Serial Number
1 2 3
Compared Methods

Sscore_max 92.396 92.396 92.396

MBA Mean (°) 0.660 0.660 0.664
SD (%) 1.0 0.6 0.7

Sscore max 92.395 92.394 92.396

ABAM Mean (°) 0.657 0.659 0.661
SD (%) 2.0 25 1.8

Sscore max 92.396 92.395 92.396

BCBA Mean (°) 0.650 0.660 0.657
SD (%) 3.0 27 19

Sscore max 92.394 92.395 92.396

BAO Mean (°) 0.640 0.664 0.662
SD (%) 3.2 33 19

5. Experiment and Application

The horizontal bend angle optimization system for the S-bending area of the scraper conveyor
based on the proposed method was experimentally applied to the fully mechanized mining face, as
shown in Figure 7. The application was tested at the 21220 working face of Changcun Mine of Henan
Da You Energy Co., Ltd. Since the current of the scraper conveyor can intuitively reflect the load [35],
combined with the relationship between the a’ and the load analyzed in Section 2.1, the optimal
value of the o’ could be verified by collecting the current consumed by scraper conveyor. The current
transformer was used to collect the current of the head and tail of the scraper conveyor, and the data
were transmitted through the wireless MESH network installed on the hydraulic support. The ground
monitoring center was used for remote monitoring and control.
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Figure 7. Industrial application of the proposed method.

Due to the environment under the mine is complicated and dangerous, the three angles of 0.5°,
0.66° and 1.5° were used for comparative experiments, where 1.5° is the horizontal bending angle
value commonly used for the working surface. 0.66° is optimal horizontal bending angle obtained
by the proposed method, and 0.5° is used to check whether the smaller &’ is, the better the working
condition is. To verify the correctness of the proposed method, the current data collected under mine
were compared with the theory, and the comparison results are shown in Figures 8 and 9.
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Figure 8. Comparison between the measured and theoretical current of scraper conveyor when m = 1.
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Figure 9. Comparison between the measured and theoretical current of scraper conveyor when m = 2.

The current required by the scraper conveyor varied with the a’. When a’ = 1.5°, the current
consumption of the motor was about 7 A larger than that of a’ = 0.5° and 0.66°. When &’ = 0.66°, the
current consumption of the scraper conveyor drive motor was 2 A larger than a’ = 0.5°. To verify the
accuracy and practicality of the proposed method, the average absolute error was used. The average

absolute error calculation results are shown in Table 4.

Under the three different a’, the maximum and minimum average absolute errors of the

actual-theoretical current were 3.68% and 2.11%, respectively. The average absolute error

of o/
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= 0.66° was smaller than that of o’ = 0.5° and 1.5°. The error between the theoretical calculation and
experimental data was very small, and the trend of increase and decrease was consistent.

Table 4. Actual vs. theoretical current average absolute error list at different o’

o’ 0.5° 0.66° 1.5°
m Head Tail Head Tail Head Tail
1 2.49% 2.40% 2.45% 2.11% 3.38% 2.96%
2 3.59% 2.56% 2.66% 2.34% 2.67% 2.63%

When o’ = 0.5°, the S-bending area was so long that the efficiency of the shearer’s bevel cutting
was very low, and the hydraulic support could not be timely supported. Although the scraper conveyor
consumed less current when o’ = 0.5°, the time for the shearer to cut a knife coal was increased by 20%,
and the MTBF was raised by 15%. Therefore, a’ = 0.5° was unacceptable. In other words, the mining
model with smaller a’ was not good.

The horizontal bending angle a’ was changed to 0.66° and used under the mine for one year. The
replacement frequency of the sprocket assembly was reduced by 50%, which saved about $284,000.
The total electricity consumption of the working face was reduced by 31%, thus $97,000 was saved.
Due to the decrease of MTBE, production time increased, and 32,000 more tons of coal were produced
than the previous year. The correctness and feasibility of the simulation results were verified.

6. Conclusions and Future Work

To make the working mode of the coal mining face better, a new method based on the running
resistance characteristics and the improved BA is proposed in this paper. Under consideration of
the direction of the shearer’s running direction, the mathematical model of the running resistance of
the scraper conveyor was established. The improved strategy based on adjusting the step size of the
search by inertia weight and expanding fly distance range obeying the t-distribution was applied in
the optimization process. To verify the feasibility and superiority of MBA, a simulation comparison
was made. Finally, the simulation results were applied in the 21220 fully mechanized mining face of
Changcun Mine. The conclusions are as follows:

1.  The current consumption and running resistance of three different o’ cases were compared. The
results show that the average absolute error rate of theoretical calculation and measured current
value was 3%. The correctness of the mathematical model was verified.

2. The improved bat algorithm (MBA) had faster convergence speed and higher accuracy than
AMBA, BCBA, and BAO algorithms. MBA was superior in searching for optimal horizontal
bending angles.

3. When o’ = 0.66° was compared with the usual bending angle, not only the current consumption
and the cost per ton of coal were reduced, but the MTBF was reduced by 50%. The correctness
and feasibility of the simulation results were verified by industrial application.

In future studies, the authors will focus on improving the proposed approach. This may be done
by including unknown factors that affect the operational resistance to be explored and by developing
an improved algorithm with higher execution efficiency.
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