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G W N e

Abstract: In the study of coal mining, the position and posture, the working status, and the straight-
ness of the hydraulic support are critical to the safety of the coal mine. To detect and control the
position of a hydraulic support, a model for solving the self-position and posture and a model for
solving the relative position and pose of a hydraulic support based on the principle of three points
determining a plane in space were established. Then, with the help of particle swarm optimization
algorithm and Bang-Bang control algorithm, the hydraulic support position and the posture detection
and control system are constructed. Finally, according to the requirements of sensor data collection
and online monitoring of the position and posture of hydraulic support, a hydraulic support posture
detection and control system is developed, and the simulation experiments of hydraulic support
cylinder movement sample collecting, hydraulic support following motion and hydraulic support
independent following machine are carried out on the self-developed three-machine intelligent
control simulation experiment platform of the working face. However, the test under this simulation
platform did not add the load of the top beam. The results show that the self-pose solution model and
the relative-pose solution model of the hydraulic support can be used to quickly monitor the position
and posture of the hydraulic support group. In the hydraulic support cylinder following motion
movement, the largest following error of each cylinder is the balance cylinder, and its maximum
error is 2.6 mm. In the hydraulic support independent following machine simulation, the maximum
motion error of the support base is 2.2 mm. The position and posture detection and control system
developed for hydraulic support can realize accurate detecting and control the position and posture
of hydraulic support, as well as meet the requirements for industrial applications.

Keywords: hydraulic support; position and posture detection; intelligent control system; particle
swarm optimization algorithm; Bang-Bang control algorithm

1. Introduction

Coal is the main energy source in China, and the development of China’s economy
cannot be separated from the support of the coal industry. In addition, the digitization
and intellectualization of coal mines are the hot spots of coal mining technology research.
Fully mechanized coal mining equipment mainly includes hydraulic support, shearer and
scraper conveyor. As the key support equipment of the working equipment, the hydraulic
support is very critical, which is the strength and support stability that determines the coal
mining efficiency. At present, the length of mechanized coal mining equipment is generally
120-300 m [1]. Under ideal circumstances, the hydraulic support is distributed in a straight
line in the working equipment. However, due to the influence of the underground working
environment, such as the sliding and pulling frame, the support will appear in a tilt, twist,
pitch, dislocation and other non-ideal positions, and the straightness of the support group
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is not up to standard. It is not conducive to the coordinated support of the roof and the
coordinated operation of the working equipment, so it is necessary to accurately monitor
and control the pose of the hydraulic support.

Young and Kristian Sandstorm et al. respectively realized the remote monitoring of
working conditions of hydraulic support in an underground coal mine with the help of
fieldbus technology [2,3]. The LASC system developed by LASC realizes the trajectory
tracking of shearer, and provides the information for monitoring the position and action
of hydraulic support. Ting Kai et al. used pressure sensors and inclination sensors to
establish a dynamic monitoring and control system with an electro-hydraulic control
system as the core combined with the scaffold controller [4]. Liang Minfu et al. proposed
an error compensation method for tilt detection and designed a fiber Bragg grating tilt
sensor to realize online position monitoring of hydraulic support [5]. Wang Xuewen et al.
proposed an in time virtual monitoring method for intelligent fully mechanized coal mining
equipment [6]. Xie Jiacheng et al. installed tilt sensors on the base of the hydraulic support,
front and rear connecting rods or top beams to obtain data and determined the working
state of the hydraulic support through comparing the predicted data with the actual data [7].
Lian Zisheng et al. analyzed the functional requirements of hydraulic support in actual
work and proposed the implementation scheme of intelligent sensing of the support [8].
Du Yibo studied the method of obtaining and evaluating the working state of hydraulic
support, calculated the key parameters of support monitoring and established the fuzzy
evaluation model of the support [9]. Li SH et al. proposed a path planning method
for hydraulic support moving based on extreme learning machine and Cartesian path
planning [10]. Hu Bo et al. used genetic algorithm, adaptive time-frequency division, and
multi-fusion intelligent algorithm to optimize the wireless communication technology of
hydraulic support, established the monitoring and control system of the support movement
and solved the problem of hydraulic support dissynchronization [11]. Wang Jiabiao and
Wang Zhongbin et al. developed the electro-hydraulic control system of hydraulic support
based on CAN bus communication and Ethernet information transmission technology, and
analyzed the overall framework and program flow of the control system [12]. Niu Jianfeng
et al. analyzed the influencing factors of hydraulic support independent following machine
and gave the coupling control strategy and linkage balance control strategy of the electro-
hydraulic support control system [13]. In order to solve the problem of irregular push
and slip of hydraulic support in the process of automatic following, Mao Jun and others
developed a hydraulic support control system based on fuzzy sliding mode control [14].
Wang Guofa et al. expounded the definition of intelligent coal mining and discussed the
control logic of intelligent coupling of hydraulic support and surrounding rock [15]. In
order to ensure the safe contact between the top beam of the support and the roof, Hu
XP et al. proposed a double-closed-loop cooperative automatic control technology for
the top beam position and used MATLAB to simulate and analyze different top beam
position [16]. Song Haoyan et al. put forward a method and system that can analyze and
correct the errors in the process of hydraulic support movement in time to realize the fine
and intelligent control of the support [17]. Zhang Shunan used the multi-sensor fusion to
realize accurate position perception of the top beam and base of the hydraulic support [18].
Fan Qigao et al. took hydraulic support, shearer and scraper conveyor as the research
objects and realized the monitoring of the shearer’s position and posture with the help of
integrated inertial navigation and UWB wireless sensor network theory [19].

In recent years, many scholars have combined an intelligent algorithm with the pose
solution of hydraulic support. Yan Haifeng used hybrid genetic algorithm to solve and
analyze the kinematic mathematical model of hydraulic support and used ZY10800/28/63
support for a physical test [20]. Hu Bo et al. used SVM and GA algorithm to study the
straightening system of hydraulic support, established the straightening system model of
hydraulic support and conducted simulation analysis [21]. Xu Xihua established the math-
ematical model of hydraulic support position solution and proposed a solution algorithm
based on BP neural network to solve the key parameters of support pose by fusing the data
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of the inertial measurement unit and inclination sensor [22]. Meng Zhaosheng proposed to
use TLBO algorithm to solve the posture of the hydraulic support, and ZY21000/38/82
hydraulic support was used for a physical test [23]. Gao Kuidong et al. optimized the
posture detection model of the support top beam through the particle swarm optimization
algorithm and used the particle swarm optimization algorithm to process the data collected
by the sensor [24].

The problems in the current research are mainly reflected in the following aspects:

1.  Most of the existing research on monitoring methods takes the shearer or scraper
conveyor as the direct positioning object so as to indirectly determine the position
of hydraulic support. There is little research on hydraulic support as the direct
positioning object;

2. Inthe existing research on monitoring methods with hydraulic support as the research
object, the working pressure, flow, force, displacement and other factors of the support
are usually analyzed, but the research on monitoring the position and attitude of the
support is less, and there is little research on the position and posture detection of
hydraulic support with large mining height;

3.  In the existing research on monitoring the position and attitude of hydraulic support,
the monitoring tools are usually laser, radar, ultrasonic, video surveillance and so
on. In conventional work, these monitoring tools can play a good monitoring effect,
but the coal mine underground dust and poor visibility will affect the accuracy and
reliability of the detection device;

4.  In the existing research on the motion control of hydraulic support, the research
focuses on the joint control of a mechanical-electro-hydraulic system and the electro-
hydraulic control system of hydraulic support. There is little research on autonomous
feedback position adjustment according to the position and posture of hydraulic
support.

In view of the problems in the existing research, combined with the structural char-
acteristics and working characteristics of the hydraulic support, the following research
is done in this paper. In the second part of the paper, the self-pose solving model of the
hydraulic support and the relative position and posture solving model of the top beam
of the adjacent support are constructed. In the third part of the paper, the device and
system of the hydraulic support are developed and the intelligent control method of the
hydraulic support based on the detection of the hydraulic support is researched so as to
realize the automatic adjustment of the hydraulic support position and posture. In the
fourth part, the motion sample collection experiment of hydraulic support cylinder, the
motion following experiment of hydraulic support and the autonomous following simula-
tion experiment of hydraulic support were carried out on the independently developed
working face three-machine intelligent control simulation experiment platform, but the
load of the top beam was not increased under this experimental condition. The results
show that the self-pose solving model and relative position and posture solving model of
hydraulic support can realize the rapid solution of the group pose of hydraulic support,
and the developed hydraulic support position and posture detection and control system
can realize the accurate monitoring and control of the hydraulic support position and
posture, and meet the field application requirements.

2. Mathematical Model for Position and Posture Detection of Hydraulic Support

The main function of hydraulic support is to support the roof, provide working space
for shearer and scraper conveyor, and successfully ensure coal mining in the working
face [25]. The posture of the hydraulic support includes its own posture and the posture
between the two adjacent supports. In order to realize the accurate control of the hydraulic
support group, the self-pose and relative-pose of the hydraulic support should be deter-
mined at first; the detection scheme of the self-pose and relative-pose of the hydraulic
support is as shown in Figure 1. In this scheme, the extension of the balance cylinder
and the piston of the column can be measured by the displacement sensor; the posture
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of the support itself can be determined with the help of the self-pose solving model; and
the relative-pose of the top beam of the two adjacent supports can be obtained by the
relative-pose detection device and the relative-pose model and then the relative-pose of the
two adjacent supports can be obtained by solving the self-pose model. Finally, the spatial
position and posture information of the full working face of the hydraulic support group
can be obtained, as shown in Figure 1. Based on this, in order to realize the detection of
the group pose information of the hydraulic support, firstly, according to the structural
parameters of the hydraulic support and the relationship between the top beam position

and the posture of the adjacent support, the self-pose solution model and the relative-pose
solution model of the hydraulic support are constructed.
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Figure 1. Schematic diagram of position and posture detection of hydraulic support group.
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2.1. Self-Pose Solving Model of Hydraulic Support

When studying the position of the hydraulic support itself, the number of degrees of
freedom of the hydraulic support is analyzed to determine the dimension of the control
variable. The degree of freedom of hydraulic support can be calculated according to GK
formula [26] as shown in Equation (1).

8
F =sx(n—-m—-1)+Y fi—v—q
i=1
= (6-3)(10-12-1)+12-0-1=2

)

where F is the degrees of freedom of the system; # is the number of elements of the system;
m is the number of motion pairs; f; is the relative degrees of freedom of the i-th motion pair;
v is the redundant constraints of the system; q is the number of local degrees of freedom of
the system.

It can be seen from Equation (1) that this type of hydraulic support has two degrees
of freedom, and the balance cylinder and column cylinder are taken as the testing objects.
The current position of the hydraulic support can be obtained by calculating the posture
control schematic diagram of the hydraulic support, as shown in Figure 2.

— —
—_——
—_—

Top beam relative
position and posture
detection device

,.—"OF(P) 14 N

Figure 2. Schematic diagram of hydraulic support posture control.

Based on this, the coordinates of each hinged point of the hydraulic support can be
expressed in which point A, point B, point M, point P, point Q and point N are fixed
points, and their coordinate values are as follows: the coordinate of point P is (0,0,0), the
coordinate of point Qis (Lpg, 0, 0), the coordinate of point N is (Lpy;, 0,0), the coordinate
of point A is (0,0, L4p), the coordinate of point B is (Lpg,0, Lgg), and the coordinate of
point M is (Lpy;, 0, Lyn ). Next, the coordinates of the active point will be solved.

Point C is the hinged point between the front rocker and the shield beam, and its
coordinates are shown in Equation (2).

XCc = XB — LBC' Ccos 912 = LPQ — LBC' Ccos 912
yc =0 )
zc = zg + Lpc-sinfyp = LBQ + Lpc-sin By
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where 01, is the angle between front rocker and horizontal plane.
Point D is the hinged point between the rear rocker and the shield beam, and its
coordinates are shown in Equation (3).

yp =20 3)

Xp = —LAD'COSIX
Zp = LAD-SintX

where « is the angle between the rear rocker and the negative direction of the x axis.
Point E is the hinged point between the top beam and the shield beam, and its
coordinates are shown in Equation (4).

XE :xD+LDE-COS(94+95)

= —Lyp-cosa + Lpg-cos(6y + 65)
ye =0 4
zg = 2zp + Lpg-sin(6y + 05)

= Lap-sina + Lpg-sin(f4 + 605)

where 6y is the angle between the connecting rod CD and the positive direction of the x
axis; 05 is the angle between the connecting rod DE and the connecting rod DC.

Point F is the hinge point between the balance cylinder and the shield beam, and its
coordinates are shown in Equation (5).

xp = xp— Lgp-cos(6g + 67 + 6g)
= —Lyp-cosa+ Lpg-cos(6y + 65)
—LEP-COS(96+97+98)
0 ®)
zg — LEgp- sin(96 + 07 + 98)
= Lpp-sina+ Lpg-sin(fy + 05) — Lep- sin(fg + 07 + 6g)

YF
ZF

where 6 is the angle between the connecting rod ED and the negative direction of the x
axis; 87 is the angle between the connecting rod ED and the connecting rod EC; 6z is the
angle between the connecting rod EC and the connecting line EF.

Point G is the hinge point between the balancing Jack and the jacking beam, and its
coordinates are shown in Equation (6).

xg = xp+ Lpg-cos(m— (0g+ 07+ 65+ 69))
= —Lyp-cosa+ Lpg-cos(6y + 65) — Lgp- cos(6g + 07 + 6g)
+Lgg- cos(t — (8 + 07 + 0 + 69))
ve = 0 (6)
zZG zp — Lgg-sin(mm — (05 + 07 + 0 + 69))
= LAD~sinzx+LDE-s'm(94+65) —LEp-sin(66+97+08)
—Lgg-sin(7r — (66 + 07 + 6 +69))

where 09 is the angle between the connecting rod EG and the connecting rod EF.
Point H is the fixed point between the connecting rod HF and the shield beam, and its
coordinates are shown in Equation (7).

Xg = XE*LEH'Sil’IGSI *LAD'COSIX

+ LDE-COS(94+95) — Lgy-sinfg
yu = 0 @)
gy = ZE_LEH'C0598 :LAD~sin0c

+ Lpg- Sil‘l(94 + 95) — Lgy- cosfg
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The coordinates of point I are shown in Equation (8).
X = xE—LEI-sin(Glo—%) = —LAD'COSDC
+ Lpg- COS(94 + 95) — Lgg- Sin(f)lo — %)
yi = 0 ®)
zr = ZE—i—LE[-COS(Qlo—%) :LAD~SinDé
+ Lpg- sin(94 + 95) + Lgr COS(910 — %)
where 01 is the angle between the connecting rod EI and the connecting rod EG.
The coordinates of point J are shown in Equation (9).
x; = Xx;+Lj-cosp=—Lap-cosa+ Lpg-cos(fs + 05)
— LE1~sin(910— %)‘l‘LU'COS‘B
yy = 0 )
zj = zy+Lp-sinB = Lyp-sina + Lpg-sin(6y + 65)
+ LEI-COS(Ql()—%)—f—LU'Sin,B
where f is the angle between the top beam and the positive direction of the x axis.
The coordinates of point K are shown in Equation (10).
Xk = X7+ Lig-cosB=—Lap-cosa+ Lpg-cos(8y + 65)
— LE1~sin(910— %)+L1K'COS‘B
yk = 0 (10)
zx = zi+Lig-sinp = Lap-sina+ Lpg-sin(6y + 65)
+ Lgr-cos(fip— 5) + Lix-sin B
The coordinates of point L are shown in Equation (11).
Xr, = Xp + Ly cos611 = Lpn + Lgp- cos 611
yr =0 (11)

zr = zp + Ly - sin11 = Lyn + Ly - sin 011

where 61 is the angle between the column cylinder ML and the positive direction of the x

axis.

The coordinates of point R are shown in Equation (12).

XR

YR
ZR

X7+ Lig-cos B = —Lap-cosa + Lpg- cos(fs + 65)
LE]- sin(910 — %) + L1R~COS,3
0 (12)

zZr + L1R~Sil’1‘3 = Lap-sina + Lpg- sin(94 + 95)
Lgr-cos(f1g — %) + Lir-sin B

Point o/ is the origin of the coordinate system o/ — x/y/z/ of the top beam relative
position and posture detection device, and its coordinates are shown in Equation (13).

Xor

Yor
Z0or

xR + Lroys-sin

—Lap-cosa + Lpg- COS(94 + 95) — Lgr- Sin(el() - %)
+Ljg-cos B+ Lo, sin B

0 (13)
zZr + Lroy- cos B

Lap-sina + Lpg-sin(64 + 65) + Ly cos(619 — %)

+Lir-sinB + Lro,- cos B
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Suppose & = [01, 62,03, 04,605,06,07,03, 0, 910]T. According to the knowledge of trigono-
metric functions and algebraic geometry, it can be expressed as Equation (14) to Equation (23).

LQB—-LRA)

6, = arctan( (14)
Lop
Lip + L%, — L2
0, = arccos(—4L2 AB BD (15
? ( 2LapLas )
03 = (16)
LZ + L2 o LZ
03 + 6, = arccos(—2——AD___—AC (17)
2LcpLap
04 + 05 = B¢ (18)
O =03+04+ 05—« (19)
L3+ L& — L2
0, — DE T “CE — “cD 20
7 = arccos( TR (20)
L
65 = arctan( -1 ) (21)
Luk
LI, + L3, — L2
o — EF T MG ~ LFG 7
9 = arccos( TR (22)
LZ + L2 o L2
01 — EG T “EI — “IG 23
10 = arccos( TR (23)
Write the vector ring in the Figure 2 as a phasor,
Lyp-ef®n = Lyn-e /2 4+ Lyp-ef™ + Lpg-el? + Lp-el®1101)
o (3+8) 8 8 ~i(3-p) (24)
+LDE'6] 5 4 LEI.g] 2 + LU.e] + L]K'€] — LKL‘e A%
Lap-e/ %) = [ 4p-ef (7= (at62)) 4 o ol(m=012) [ .ol (7+015) (25)
According to the Euler Formula (26),
/¥ = cos @+ jsing (26)

Equations (24) and (25) are simplified, respectively, and Equations (27) and (28) can be
obtained.
0= j(_LMN + Lpa + Lap-sina + Lpg-sinfg + Lgy- cos B
+Lyj-sin B+ Ljg-sin p — Ly cos f — L.+ sin6q7)

27
0= —LNP—LAD'COSBC+LDE'COSQ6—LEI'Sinﬁ ( )
—i—LU' cos B+ L]K' cos B+ Lk sin B — L.+ cos 011
0=Lsp-cosa — Lyg-cos(a+ 6) + Lpc- cosbrz + Lep- cos 15 (28)
0= j[LAD' sina — Lp- Sil’l(ﬂ( + 92) — Lgc-sinfiy + Lep- sin915]

When the real part and the imaginary part are equal, respectively, in Equation (27),
Equation (29) can be obtained.

Lyp-sinfyy = —Lyn 4+ Lpa + Lap-sina + Lpg- sin by
+Lgj-cos B+ Lyj-sinp+ Ljk-sin B — Lgp- cos B (29)
Lpp-costyy = —Lyp—Lap-cosa + Lpg-cosBg — Lgy-sin

+Ljj-cos B+ Ljk-cos B+ Lkp-sin
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When the real part and the imaginary part are equal, respectively, in Equation (28),
Equation (30) can be obtained.

{LAD~ cosw = Lap-cos(aw + 0;) + Lpc-cos 012 + Lep:- cos b5

Lap-sina = Lyp- Sin(DC + 92) + Lpc- sin 61, — Lcp-sin 915 (30)

The above equations can be combined to obtain the system of equations shown in

Equation (31)
Lyp-sinf; = —Lyn + Lpa + Lap-sina + Lpg-sinfg + Lgr- cos B+ L”' sin B + L]K‘ sin — Lxr-cos
Lyp-cosby1 = —Lyp — Laop-cosa + Lpg-cosfg — Lgj-sinf+ Lyj-cos B+ Ljk-cos B+ Lgy - sin B
B=06+07+06s+ 09+ 619 — 37
Lap-cosa = Lpc-cosBip + Lep- cos 615 + L gp- cos(a + 67) (31)

Lap-sina = Lag-sin(a + 6,) + Lgc-sinfyp — Lep-sinfy5
Zc—zZp __ (LBQ#*LBC'SinG]z)*LAD-Sinlx
Xc—Xp arCtan( (Lpo—Lpc-cosb12)+Lap- coszx)

015 = arctan

where 607, 83, 89, 019 are known position angles, a, 8, 06, 011, 012, 015, Ly and Lpg are
displacement and position angles to be measured. Displacement sensors are used to
measure the displacement of bracket posts and balance cylinders, so Ly, and Lgg can be
known. Equation (31) is a set of nonlinear equations about («, 8, 6, 611, 612, 615). When
Equation (31) is solved, the position of the hydraulic support itself can be obtained, and the
relative-pose detection of two adjacent hydraulic supports can be realized.

2.2. Relative-Pose Solving Model of Hydraulic Support

When taking the top beam of hydraulic support as the research object, a hydraulic
support is selected as the reference support, and the adjacent support is the hydraulic
support to be tested. The fixed coordinate system is established on the top beam of the
reference hydraulic support, and the top beam of the hydraulic support to be tested is
defined as points P, A, B, respectively. If the coordinates of points P, A and B in the fixed
coordinate system can be solved, the position and posture of the hydraulic support relative
to the reference hydraulic support can be obtained. The principle diagram of the top beam
position and posture detection of the hydraulic support is shown in Figure 3.

Top beam of the benchmark Top beam of hydraulic ~ Top beam of the benchmark Top beam of hydraulic
i hydraulic support upport to betested

Z 0

Z] Y

/'{%v‘l _____ o —/.\P

X1 \
z Z3 /

lor odvs __31;-;3
’ ) L B

X =
i A
X2 /|X3 y y

Figure 3. Schematic diagram of detecting the relative position and posture of the top beam of
hydraulic support.

The coordinates of points P, A, B can be obtained through calculating the module
e
length and bearing of the vectors oP, 0A, 0B. Based on the existing technology, it is not

convenient to solve the mode length and bearing of three vectors at the same time. In
that way, three coordinate systems are established on the top beam of the benchmark
hydraulic support, which are defined as 01 — x1y1z1 coordinate, 0p — x2y22z» coordinate
and 03 — x3y3z3 coordinate, and each coordinate system solves a vector, respectively. After
calculating the coordinates of points P, A and B in their respective coordinate systems, they
can be transformed into the fixed coordinate system o/ — x/y/z/ by coordinate transformation
from which the coordinates of points P, A and B can be obtained.
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D =

I- cos(arctan(1/cos 613 tan ¢13))

As shown in Figure 4, taking the solution of the point P coordinate in 0 — xyz as an
example, the angle between the projection of the vector 073 in the plane x —0 —y and the y
axis is defined as the angle ¢. The angle between the projection of 073 in the planey —o0 — z
and the y axis as the angle 0. The module length of the vector 073 is Ip. Then, the vector

N
0P coordinates are uniquely determined by them, and the coordinate solution formula of
point P is as shown in Equation (32)

Xp cos(arctan(1/cos 611 tan ¢11)) .
yp| =1Ip- | —sinfsin(arctan(1/cos 611 tan ¢11)) | + ‘001‘ (32)
Zp cos O sin(arctan(1/cos 617 tan ¢11))

Figure 4. Schematic diagram of solving point P coordinates.

The coordinates of point P are defined as (xp,yp, zp), the coordinates of point A are
(xa,Y¥4,24), and the coordinates of point B are (xp,yp,z5). When only the coordinate
translation transformation is considered and the rotation transformation is not considered,
the coordinate solution formulas of points P, A and B are as follows:

— — —
001 002 003
Xp XA XB N . .

[P;A;Bl = |yp ya ys| =D+ ||oo1| |00z2] |003 (33)
ZP ZA ZB — — —

001| |0oy| |oo3

where Matrix D is shown in Equation (34)

Ip- cos(arctan(1/cos 011 tan ¢1)) l4- cos(arctan(1/cos 01, tan ¢17) )
Ip-[— sin 011 - sin(arctan(1/cos 611 tan ¢1))] l4-[— sin@1y- sin(arctan(1/cos 613 tan ¢17))]
Ip- cos 611- sin(arctan(1/cos 617 tan ¢1)) l4- cos 61,- sin(arctan(1/cos 01, tan ¢17) )

(34)

Ig-[— sin 613- sin(arctan(1/cos 013 tan ¢13) )]
Ig- cos 613- sin(arctan(1/cos 613 tan ¢13) )
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In the formula, 611, 61 and 613 are respectively the deflection angles of points P, A and
B around the x-axis, and ¢11, ¢12 and @13 are the deflection angles of points P, A and B
around the y axis, respectively. From Equation (33), the coordinates of points P, A and B in
the coordinate system o/ — x/y/z/ can be obtained and then the relative positions of the top
beam of the hydraulic support and the top beam of the reference hydraulic support can be
obtained.

3. Position and Posture Detection and Control System of Hydraulic Support

Based on the mathematical model of hydraulic support pose detection, the pose
detection and control system is constructed (as shown in Figure 5). The system mainly
consists of the power source of the hydraulic support (pump station and pump station
control cabinet), hydraulic support body, pose detection device, signal acquisition device,
PC host computer and signal conversion device, intelligent control cabinet of hydraulic
support, manual or automatic switching controller of hydraulic support, etc. The process
of the hydraulic support position and posture detection and control system is as follows:
the position and posture detection device collects the data of the angle sensor and the
displacement sensor and transmits them to the MCU. After MCU processing, send the
result to the PC host computer. The upper computer runs the mathematical model of the
position and posture detection to solve the position. After obtaining the relative position
and posture of the support, the current position and posture of the support is displayed on
the human—computer interface and compared with the position and posture preset by the
host computer. At the same time, the pose error is determined, and the control scheme is
chosen. The control information is fed back to the control system to realize the automatic
correction and adjustment of the position and posture of the hydraulic support. In order
to realize the above process, the physical model should be established first and then the
more suitable position and posture solution method and control method of the hydraulic
support should be selected.

Balance

ylinder cylinder
displacement displacementl
sensor sensor__ 4

X
X

PC upper computer and I
signal conversion device |

Figure 5. Schematic diagram of detection and control system of hydraulic support.
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3.1. Establishment of Physical Model

According to the mathematical model of the position and posture detection of the
hydraulic support, we chose the AS40S6 single-turn absolute type encoder produced
by Alwayi manufacturer to measure the angle and the pull wire displacement sensor to
measure the length. The specific parameters are shown in Tables 1 and 2.

Table 1. Specific parameters of the absolute encoder.

The

Model "l;};prel:lf Resolution l\é(::elftf ng::;m Bl_.;;k 1(1)eut
8 of One Turn P P 1
Alwayi— Code of o Modbus- . Under 1
AS40S6 numbers 0.044 RS485 3000 r/min mN-m
Table 2. Pull-wire sensor parameters.
Maximum Wire Precision Stroke of Output of Fitted with Pull
Pulling Speed Pull Wire Signal Encoder
. 2000
1000 mm/s 0.05% FS 1500 mm Digital pulse . 5N
pulse/revolution

An STM32F407 chip is used as the main controller for position and posture detection.
The GPIO pin of the chip controls the corresponding components to realize the commu-
nication function between the MCU and hydraulic support controller. The position and
posture detection signal acquisition board is designed with seven data interfaces of dis-
placement sensors, six data interfaces of angle sensors, a “parameter enable” port, and a
“origin enable” port. The hydraulic support controller is controlled by the two-stage relay
produced by Schneider, and the optocoupler TLP521-1 was selected to isolate the circuit to
avoid interference. The specific parameters are shown in Tables 3 and 4:

Table 3. Parameters of optocoupler switch.

Parameter Symbol Typical Value Maximum Value Unit
Power supply voltage Vce 5 24 \Y

Forward current Ir 16 25 mA

collector current Ic 1 10 mA

Table 4. Relay parameter description.

Model Contact Open  Current of Voltage of Adapter Bolt for
ode and Close Load Coil Base Connection
RXM2LB2BD 1N 8/2Open 5A DC24V RXZEIM2C M3
and 2 close

3.2. Position and Posture Solution Method

When solving the position of hydraulic support, the traditional numerical analysis
method can not meet the needs. In this paper, particle swarm optimization algorithm is
used to solve the nonlinear equations. Kennedy and Eberhart presented the particle swarm
optimization algorithm [27,28]. In the process of seeking optimal solution, the individual
can be seen as a quality and volume but no speed and position “particles”. The process of
particle optimization in space is shown in Equations (35) and (36):

o = w0k + c-randy - (pbest® — x¥)
+cp-randy- (gbestt — xf;)

(35)
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it = xfy + oy (36)

where Ui»(d represents the velocity of “particle i” at the kth iteration in the d-dimensional

space; xifd represents the position of “particle i” at the kth iteration in the d-dimensional
space. mnd’{ and rand’z‘ are random numbers; ¢; and c; are acceleration factors; gbest
represents the best solution of all particles saved in the process of seeking the optimal
solution. pbest refers to the optimal solution obtained by the particle itself in the process of
seeking the optimal solution. w represents inertia weight [29].

The nonlinear equations can be described as shown in Equation (37)

fl(X) = LML'Sil’l911 + LMN - LpA — LAD~Sian - LDE~Si1’196 - LEI-COSﬁ - L1]~Sil’1,5 — L]K~Si1’1,3+ LKL~COS,B

f2(X) = Ly cos 611 + Lyp 4+ Lap- cosa — Lpg- cos 0 + Lgrsin f — Liycos B — Lyx cos B — Ly sin B

f5(X) =B —06—07— 05— 09— 619+ 37

f4(X) = LAD-COStX — LAB' COS(!X + 92) + Lgc~ cos 612 + LCD' C05915 (37)
f5(X) = Lyp-sina — LAB~SiI‘1(Dé +92) — Lpc-sinby + Lep- sinfi5

f6(X) - arctan( (LBQ+LBC<sin912)7LAD»sino¢)

(Lpg—Lpc-cosbiz)+Lap-cosa
where X = (x1, xp, X3, X1, X5, X¢) = (&, B, 06, 011, 012, 015), and define the fitness function

6
as Y |fi(X)|. Then, the problem can be transformed into solving the minimum value of
i=1
6
Y |fi(X)|, that s,
i=1

min: F(X) = iélﬁ(X) =hX) + LX)+ AX) (38)

+f1(X) + f5(X) + fo(X)

When F(X) = 0, the corresponding X is the solution of the nonlinear equations system.

The hydraulic support ZY21000/38/82 is used to test the solving method of position
and posture of hydraulic support. The range of the rotation angle of the rear connecting
rod « is (0.62,1.38). The range of the pitch angle of the top beam f is (—0.35, 0.35). The
range of the angle between the shield beam and the horizontal direction 6 is (0.17,1.22).
The range of the angle between the column and the horizontal direction 615 is (0.69, 1.39).
The range of the angle between the front connecting rod and the horizontal direction 615 is
(0.52, 0.96). The range of the angle between the line that is connected the front connecting
rod and the rear connecting rod and the horizontal direction 615 is (0.35, 0.87).

The displacement data of column and balance cylinder are selected to test the algo-
rithm. The length of the column and balance cylinder is Ly, = 1248 mm, Lrg = 332 mm.
The first step is to record the optimal solution obtained by the particle swarm optimization
algorithm and then to analyze the calculation accuracy. The result of the particle swarm
optimization algorithm calculation test I is shown in Figure 6. Figure 6a shows the change
of fitness function from which it can be seen that the particle swarm optimization algorithm
has a good convergence effect for the system of nonlinear equations, and the optimal
solution can be achieved after approximately 150 iterations; (b) shows the change of the
optimal value of each attitude angle from which it can be seen that the particle swarm
optimization algorithm is ideal for solving the optimal solution, and there are small range
fluctuations among calculated value and real value.
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Value of the fitness function

300 1.6
44 — -—— = 0= g -
2501 1.4 ® ® ®
! = The first calculatlon' 1.24 - - - - -
= = The second calculation
200 == = The third calculation 1.0
= ° ° The fourth calculation ©
1501 The fifth calculation %‘) 081 K= — *— = =" ="—"2%
—B— The calculated value of «
0.6 —@— The calculated value of S
—%— The calculated value of 6,
0.4+ ==®=— The calculated value of §,,
The calculated value of 6,,
0.2 The calculated value of 65
[+ Q C CJ )
O T T == T = =S —I OoO T T T T T
0 100 150 200 1 2 3 4 5
Number of iterations Number of calculations
(a)Iteration value of fitness (b)The calculated value of each attitude Angle

Figure 6. Experimental results of testI calculated by particle swarm optimization algorithm. (a) shows
the change of fitness function in the calculation process of particle swarm optimization algorithm for
5 times. (b) shows the changes of the optimal values of each attitude Angle obtained by 5 calculations.

The experimental data of hydraulic support pose solution test I based on particle
swarm optimization algorithm are shown in Table 5. According to the analysis in Table 5,
the maximum error ratio of position angle solution is 2.2%, the minimum error ratio is
0.076%, and the average value of maximum error ratio is 0.559%. The solution accuracy
can well meet the application requirements.

Table 5. TestI of hydraulic support pose solution based on particle swarm optimization algorithm.

X « B 06 011 012 015
True value 67.2° —0.5° 48.2° 81.5° 54.9° 44.1°
Calculated value 1 67.199° —0.502° 48.298° 81.488° 57.887° 44.011°
Calculated value 2 67.203° —0.511° 48.173° 81.501° 54.657° 44.200°
Calculated value 3 66.111° —0.499° 48.201° 81.510° 55.011° 43.999°
Calculated value 4 67.102° —0.510° 48.211° 81.438° 54.998° 44.101°
Calculated value 5 67.222° —0.499 48.192° 81.497° 54.801° 44.005°
Maximum error ratio 0.15% 2.2% 0.2% 0.076% 0.44% 0.23%

3.3. Control Method of Hydraulic Support

Bang-Bang control was first proposed by Pontriagin, which is essentially a kind of
time-optimal control method. Its control function is on the boundary of the allowable
control. As its control function is switched on the boundary, which is also called switching
control.

The general form of the Bang-Bang State Control Equation [30] is shown in Equation (39):

{w)xz FOx(t),u(t), t) (39)

)‘l‘=f0 = X0

where x(t) € R" represents an N-dimensional state vector, u(t) € R" represents r-dimensional
control vector, f(x(t), u(t),t) represents N-dimensional vector function.

The cylinder position control can be described as the shortest time problem of a linear
time-invariant system, and the given control system is shown in Equation (40).

x(t) = Ax(t) + Bu(t)
{ x(0) = x 0)
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where A represents n x n order matrix; B represents n X m order matrix; x(t) represents
n-dimensional state vector, u(t) represents m-dimensional control vector, the value —1 <
up < lrangeofu(t)is[-1,1,p=1,23...

Find the control function up(t) so that Equation (40) can reach the origin of the state
space in the shortest time under the action of the control function up(t). The performance
index of this control problem can be expressed as Equation (41).

by
J= dt=T— 1t (41)
to

When the control variable has clear upper and lower boundaries, Equation (41) can be
determined, and its function value is obtained at the upper and lower boundaries.

+1 byTA* >0
up =< A bpyTA* =0 p=123,...m (42)
-1 bpyTA* <0
u,* = —s {bT)t*} =1,2

where b, represents the jth column vector of matrix B.

The core of the time-optimal control is Bang-Bang control, u,* is a piecewise constant
value function, which switches back and forth between +1 and —1. The switching time
point is:

b,Te AT A*(0) = 0 (44)

As can be seen from Equation (44), the function u,* switches back and forth on +1 and
—1 in the control process, which is similar to the principle of the valve-controlled hydraulic
cylinder.

The key to the position control of the hydraulic support is to realize the accurate
displacement control of the hydraulic cylinder. There is a coupling relationship between
the hydraulic cylinder and the load, pose detection device, attitude control device, control
valve and other components. The position control diagram of the hydraulic cylinder is
shown in Figure 7.

Load

V
Feedback. Control

Figure 7. Schematic diagram of hydraulic cylinder displacement control.
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The relationship between the length of the reference cylinder and the cylinder to be
tested is shown in Equation (45).

where D represents the displacement difference of the cylinder length; L, represents the
displacement of the hydraulic cylinder preset by the system; L, represents the displacement
of the corresponding cylinder on the hydraulic support to be adjusted.

According to the principle of Bang-Bang control, the support cylinder control strategy
is shown in Equation (46)

(keep_on)™ D>1L,
(on_and_off 1)" L, <D<
(on_.amd_off_Z)Jr e<D<L,
Relay _ Control = off —e<D<e (46)
(on_and_off 2)~ —e<D< -1,
(on_and_off 1)~ —Li<D< -1,
(keep_on) ™~ D < -1

when D > |L;|, the system is in position mode 1, which indicates the cylinder moves
quickly, while in D > L, the cylinder moves fast forward, and in D > —L;, the cylinder
moves in the opposite direction. L, represents threshold 2, and when |L;| < D < |Lq], the
system is in positioning mode 2, which indicates the cylinder moves at medium speed, and
approaches the predetermined position at a faster speed. E represents the preset error of
the system, and when D < ||, the cylinder completes the positioning operation, and stops
working. When |¢| < D < |Lp|, the system is in the positioning mode 3, which indicates
the cylinder approaches the predetermined position at a slower speed.

4. Experimental Research on Intelligent Control of Hydraulic Support Based on
Position and Posture Detection

The intelligent control experiment of hydraulic support based on position and posture
detection is completed on the developed three-machine intelligent control simulation
experimental platform of the working face, as shown in Figure 8.

In Figure 8, (a) shows the position and posture detection device of the top beam of the
hydraulic support; (b) describes the displacement detection device of the column and the
balance cylinder; (c) shows the matching model of three machines, including the hydraulic
support, the shearer and the scraper conveyor; (d) displays the manual control cabinet of
the hydraulic support; (e) illustrates automatic controller for hydraulic support, including
main controller, position and posture detection signal acquisition device, signal acquisition
card and hydraulic support controller, etc.; and (f) shows the hydraulic pumping station.
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T
‘ Top beam of hydraulic ;-'
“ support to be tested .l

Top beam of the benchmark
hydraulic support
; [

( \ Displacement sensor

7 IV N
(a) Position and posture detection device of the top beam of the hydraulic support (b) Displacement detection device of
the column and the balance cylinder

(d) Manual control cabinet (e) Automatic controller
of the hydraulic support for hydraulic support

() Hydraulic pumping station

Figure 8. Hydraulic support relative position and posture detection experimental platform.

4.1. Sampling Experiment of Hydraulic Support Based on Position and Attitude Detection

The movement of the hydraulic support mainly depends on the cooperation of the
column, the balance cylinder and the moving cylinder, and the motion status of the cylinder
also determines the position and posture of the hydraulic support. In order to analyze
the motion characteristics of the cylinder, firstly, sample collection experiments are carried
out on the movement of hydraulic support column cylinder, balance cylinder and push
cylinder. The sample collection experiment diagram of hydraulic support is shown in
Figure 9.
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Top beam
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contraction of
balance cylinder
Lifting and
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-
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Figure 9. Schematic diagram of sample collection experiment of hydraulic support.

4.1.1. Displacement Sample Collection Experiment of Hydraulic Support Column Cylinder

The sample collection experiment of column cylinder is shown in Figure 10.

Top beam

Position and /
-t

posture
detection device

Column
cylinder

Stay rope

Scale

Displacement
sensor

Figure 10. Sample collection experiment of column cylinder.
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The experiment is divided into two parts: the rising column movement and the
falling column movement. The opening time of the column control valve is set, and the
displacement of the column is analyzed when the time interval is At = 0.1 s, At = 0.5s and
At =1s.

The displacement of the column lifting movement changes with time variation curves
shown in Figure 11. The analysis of Figure 11 reveals that in the process of column lifting
movement, when the control valve is electrified for 0.1 s, the displacement of the cylinder
is approximately 5 mm, 18 mm when it is electrified for 0.5 s and 37 mm for 1 s.
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Figure 11. Variation curve of displacement with time during column lifting movement of the column
cylinder of hydraulic support. (a) shows the displacement fitting curve under the condition of
multiple experiments and movement time of 0.1 s; (b) shows the displacement fitting curve under
the condition of multiple experiments and movement time of 0.5 s; (c) shows the displacement fitting
curve under the condition of multiple experiments and movement time of 1 s.
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The analysis of Figure 12 reveals that in the process of column falling movement, when
the control valve is electrified for 0.1 s, the displacement of the cylinder is approximately
5.4 mm, 15 mm when it is electrified for 0.5 s and 27 mm for 1 s.
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Figure 12. Variation curve of displacement with time during column lowering movement of the
column cylinder of hydraulic support. (a) shows the displacement fitting curve under the condition
of multiple experiments and movement time of 0.1 s; (b) shows the displacement fitting curve under
the condition of multiple experiments and movement time of 0.5 s; (c) shows the displacement fitting
curve under the condition of multiple experiments and movement time of 1 s.

4.1.2. Displacement Sample Collection Experiment of Hydraulic Support Balance Cylinder

The sample collection experiment of the hydraulic support balance cylinder is divided
into two parts: the cylinder protruding and retracting. The sample collection experiment of
the balance cylinder is shown in Figure 13.
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Figure 13. Sample collection experiment of the balanced cylinder of hydraulic support.

Set the opening time of the balance cylinder control valve; the displacement of the
balance cylinder should be measured. As the stroke of the balance cylinder is shorter
and the cylinder diameter is smaller, its displacement is larger in the same action time,
and this section only studies the displacement of the balance cylinder at Af = 0.1 s. The
displacement data of the hydraulic support balancing cylinder in protruding motion and
retraction motion are shown in Figures 14 and 15, respectively.
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Figure 14. Variation curve of displacement with time during extension movement of the balance
cylinder of hydraulic support.
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Figure 15. Variation curve of displacement with time during retraction of the balance cylinder of
hydraulic support.

According to the analysis of Figures 14 and 15, when the control valve of the balance
cylinder of the hydraulic support is electrified for 0.1 s, the displacement of the balance
cylinder in the protruding motion is approximately 8.4 mm, and the displacement of the
balance cylinder in retraction motion is approximately 5.4 mm.

4.1.3. Displacement Sample Collection Experiment of Hydraulic Support Moving Cylinder

The schematic diagram of the pushing action of the hydraulic support is shown in
Figure 16, which converts the displacement of the measuring cylinder into the displacement
of the measuring push rod.

Moving cylinder

The connection between the
piston rod and the push rod

L _~» P

et
Scraper
conveyor

Connection between push Push rod
rod and scraper conveyor

Figure 16. Schematic diagram of cylinder moving of hydraulic support.

Similar to the sample collection experiment of the balanced cylinder, the sample
collection of the push cylinder is divided into two parts: the push rod protruding and
the push rod retracted, and it is only the displacement of the cylinder that is measured at
At = 0.1 s. The sample collection experiment of the push cylinder is shown in Figure 17.
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Figure 17. Sample collection experiment of the moving cylinder of hydraulic support.

The opening time of the control valve of the push cylinder is set, and the displacement
of the cylinder at At = 0.1 s is analyzed. The displacement data of the cylinder in the
protruding motion and retraction motion are shown in Figures 18 and 19, respectively.
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Figure 18. Variation curve of displacement with time during extension movement of the pushing
cylinder of hydraulic support.
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Figure 19. Variation curve of displacement with time during retraction of the pushing cylinder of
hydraulic support.

According to the analysis of Figures 18 and 19, when the control valve of the push
cylinder is electrified for 0.1 s, the displacement of the cylinder with the push rod protruding
is approximately 8.4 mm, and the displacement of the cylinder with the push rod retracted
is approximately 5.4 mm.

Through the displacement sample collection experiment of the hydraulic support
column cylinder, the balance cylinder and moving cylinder in unit time, the displacement
characteristics of each cylinder of the hydraulic support are determined, which lays a
foundation for realizing the accurate position and posture control of the hydraulic support.

4.2. Motion Control Experiment of Hydraulic Support Based on Position and Posture Detection
4.2.1. Following Motion Experiment of the Hydraulic Support

After determining the motion characteristics of the hydraulic support cylinder, the
following motion experiment of the hydraulic support is carried out to test and calibrate
the motion accuracy. The reference hydraulic support is selected as “manual” mode, and
the support to be tested is selected as “automatic” mode. The following motion diagram of
hydraulic support is shown in Figure 20. The test includes the following motion test of the
column cylinder, balance cylinder and moving cylinder.

Expansion and | | |
contraction of

balance cylinder

Expansion and
contraction of

Lifting and
lowering of
column cylinde!

moving cylinder

Figure 20. Schematic diagram of hydraulic support following motion.

The following motion experiment of the column cylinder: firstly, set the balance
cylinder and the moving cylinder of the two supports to remain motionless and control the
column cylinder of the reference support to move 50 mm, 100 mm, 150 mm and 200 mm.
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Then, measure and analyze the displacement of the following motion column cylinder to
be tested. The following motion experiments of the column cylinder of hydraulic support
is shown in Figure 21.

(d)

Figure 21. Following motion experiment of the column cylinder of hydraulic support. (a—d) shows
the position of the column cylinder and the expansion trajectory.

The following motion experiment of the balance cylinder: firstly, set the column and
moving cylinder of the two supports to remain motionless, control the balance cylinder of
the reference support for 20 mm, 40 mm, 60 mm and 80 mm. Then, measure and analyze
the displacement of the balance cylinder of the support to be tested in the following motion.
The following motion experiments of the balancing cylinder of hydraulic support is shown
in Figure 22.

cylmderlll ‘J I l-

(d)

Figure 22. Following motion experiment of the balancing cylinder of hydraulic support. (a—d) shows
the position of the balancing cylinder and the expansion trajectory.
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The following motion experiment of the moving cylinder: firstly, set the column and
balance cylinder of the two supports to remain motionless, control the moving cylinder of
the reference support to move 20 mm, 40 mm, 40 mm, 60 mm and 80 mm. Then, measure
and analyze the displacement of the moving cylinder of the support to be tested in the
following motion. The following motion experiments of the pushing cylinder of hydraulic
support is shown in Figure 23.

»-.- y
Sl i

Figure 23. Following motion experiment of the pushing cylinder of hydraulic support.

The displacement curves of the column cylinder of hydraulic support are shown in
Figure 24. According to the analysis of the column cylinder displacement curve shown in
Figure 24, the positioning error is £2 mm when the column cylinder displacement of the
reference support is set to 50 mm, from —2 mm to +3 mm when the moving displacement
is set to 100 mm, from —3 mm to + 2 mm when the moving displacement is set to 150 mm,
and +2 mm when the moving displacement is set to 200 mm.

The displacement curves of the balancing cylinder of hydraulic support is shown in
Figure 25. According to the analysis of the balance cylinder displacement curve shown in
Figure 25, the positioning error is £2 mm when the balance cylinder displacement of the
reference support is set to 20 mm, from —3 mm to +2 mm when the moving displacement
is set to 20 mm, £2 mm when the moving displacement is set to 60 mm, and from —1 mm
to +2 mm when the moving displacement is set to 80 mm.

The displacement curves of the pushing cylinder of hydraulic support is shown in
Figure 26. According to the analysis of the moving cylinder displacement curve shown in
Figure 26, the positioning error is 2 mm when the moving cylinder displacement of the
reference support is set to 20 mm, -2 mm when the moving displacement is set to 20 mm,
from —1 mm to +2 mm when the moving displacement is set to 60 mm, and from —3 mm
to +2 mm when the moving displacement is set to 80 mm.

Through the following motion experiment of each cylinder of the hydraulic support,
it is known that the positioning accuracy of the experiments obtained by this experimental
platform is high, which meets the requirements of field use.
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Figure 25. Displacement curve of the balancing cylinder of hydraulic support.
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Figure 26. Displacement curve of the pushing cylinder of hydraulic support.

4.2.2. Hydraulic Support Autonomous following Machine Simulation Experiment

In order to test the hydraulic support position and posture detection device and sup-
port control system, the hydraulic support autonomous following simulation experiment is
carried out. The experimental process is as follows: the reference support is set to “manual”
mode, and the support to be tested is set to “automatic” mode. In the first step: the reference
support pushes the scraper conveyor 50 mm; in the second step: the column reduces the 100
mm, and the balance cylinder retracts 30 mm; in the third step: the moving cylinder extends
50 mm in the direction of the scraper conveyor; and in the fourth step: the column and
the balance cylinder work at the same time so that the top beam of the reference support
is fully topped. After waiting for the completion of the reference support operation, the
tested support begins to independently follow the machine. Firstly, measure and record the
position of the hydraulic support to be tested, and observe the pose image display interface
of the hydraulic support intelligent control system. The process of autonomous machine
following experiment of hydraulic support is shown in Figure 27.

The upper computer in the experiment runs the mathematical model of posture
detection and draws the current position of the support in Visual Studio. The position and
posture of the hydraulic support at a certain time in the movement process is displayed
through the online display interface of the intelligent control system of hydraulic support,
as shown in Figure 28.
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(b) Column telescopic lowering
hvdraulic support

(d) Adjust the position and posture of the
hydraulic support and complete automatic
machine following

(¢) Drag hydraulic support of scraper conveyor

Figure 27. Autonomous following experiment of hydraulic support. (a) shows pushing scraper
conveyor. (b) shows column telescopic lowering hydraulic support. (c) shows drag hydraulic support
of scraper conveyor. (d) shows adjust the position and posture of the hydraulic support and complete
automatic machine following.
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Figure 28. Online display interface of hydraulic support intelligent control system.
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The position and posture of the hydraulic support base directly affects the straightness
of the hydraulic support group and then affects the straightness of the scraper conveyor.
Taking the displacement of the front end face of the hydraulic support base as the evaluation
standard of the hydraulic support autonomous following machine. The displacement data
of the hydraulic support base is shown in Figure 29.
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Figure 29. Displacement data of hydraulic support base.

According to the analysis of Figure 29, after the support to be test automatic following,
the intelligent control system can automatically adjust the position of the hydraulic support
based on the position and posture detection device. After experiments for 10 times, the
displacement of the hydraulic support base fluctuates between 48.7 mm—52.2 mm and the
positioning error is —1.3 mm to +2.2 mm, which can meet the needs of actual production in
the actual working environment of the coal mine.

5. Conclusions

1.  Based on the position and posture relationship of two adjacent hydraulic supports and
the structural characteristics of the support itself, the mathematical model of relative-
pose detection of hydraulic support is established, which provides a theoretical basis
for the design of a relative-pose detection device of hydraulic support;

2. The particle swarm optimization algorithm is used to solve the position model of
hydraulic support, and ZY21000/38/82 hydraulic support is calculated and tested.
The test results show that the average maximum error ratio of the algorithm is 0.559%,
which can meet the needs of hydraulic support pose detection. The cylinder position
control strategy based on Bang-Bang control algorithm meets the position and posture
control requirements of the existing hydraulic support and can realize the closed-loop
feedback control of the hydraulic support;

3. Inorder to test the hydraulic support position and posture detection device and the
hydraulic support automatic control system, the following motion experiment and
the following autonomous experiment of the hydraulic support cylinder are carried
out with the help of the hydraulic support cylinder sample collection experiment.
The experimental results show that the maximum motion positioning error of the
hydraulic support moving cylinder is 2.2 mm, and the hydraulic support can follow
the machine independently under the action of the intelligent control system, which
verifies the feasibility and accuracy of the hydraulic support intelligent control system
based on position and posture detection.

The research on the position and posture detection and intelligent control system of
hydraulic support provides a train of thought for the straightness detection and automatic
control of working face equipment, provides a theoretical support for solving the inde-
pendent correction and intelligent decision of hydraulic support in the future, and lays a
foundation for the development of automatic and intelligent mining technology of coal
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mines. In view of the limitations of the author’s ability and research time, the following
problems remain to be solved in this subject. The future work is as follows:

(1) This topic is to study the position and posture detection and intelligent control of two
adjacent hydraulic supports. At present, it is not possible to realize the monitoring of
the working face support group. In the future, data fusion can be considered for the
pressure of each cylinder of the support, the pressure of each component, the force
and deformation of the key hinge point of the support and other parameters, so as to
truly realize the intelligent control of the hydraulic support;

(2) The hardware and software system built by this subject has not considered the safety
requirements of explosion-proof and dust-proof underground coal mines. In the
future, the actual working environment of the hydraulic support should be fully
considered, and the necessary safety measures, such as dust-proof and explosion-
proof, should be taken.
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Abbreviation

The interpretation of symbols in formulas.

Symbol meaning

Relay_control The motion state of the valve

(keep_on)* The movement mode of the valve is 01, that is, the control valve is open in the
positive direction

(keep_on)™ Valve motion mode 02, that is, the control valve is normally open in the reverse

(on_and_off_1)* = The movement mode of the valve is 11, that is, the valve controls the forward
movement of the cylinder with mode 1

(on_and_off_1)~ The movement mode of the valve is 12, that is, the valve controls the reverse
movement of the cylinder with mode 1

(on_and_off_2)*  The movement mode of the valve is 21, that is, the valve controls the forward
movement of the cylinder with mode 2

(on_and_off 2)~ The movement mode of the valve is 22, that is, the valve controls the reverse
movement of the cylinder with mode 2

off The movement mode of the valve is 3, that is, the valve stops and the cylinder
stops moving

Ly Indicates the threshold value 1
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