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Abstract: The hydraulic support is the key equipment of surrounding rock support in a stope, and
thus monitoring the attitude of the hydraulic support has an important guiding role in the support
selection, operation control and rock pressure analysis of the working face. At present, attitude
monitoring technology for hydraulic support mainly includes inertial measurement, contact mea-
surement and visual measurement. Aiming at the technical defects of imperfect attitude perception
models, incomplete perception parameters and the low decision-making ability of such systems,
the fiber Bragg grating (FBG) pressure sensor and the FBG tilt sensor are developed independently
by combining with FBG sensing theory. The pressure sensitivity of the FBG pressure sensor is
35.6 pm/MPa, and the angular sensitivity of the FBG tilt sensor is 31.3 pm/(°). Additionally, an
information platform for FBG sensing monitoring for hydraulic support attitude is constructed based
on. NET technology and C/S architecture. The information platform realizes real-time monitoring,
data management, report management, production information management and data querying
of hydraulic support attitude monitoring data. An AdaBoost neural network hydraulic support
working resistance prediction model is established using MATLAB. The AdaBoost neural network
algorithm successfully predicts the periodic pressure of the coal mining face by training with the
sample data of the working resistance of the hydraulic support. The predicting accuracy is more than
95%.

Keywords: fiber Bragg grating (FBG); AdaBoost neural network algorithm; hydraulic support;
attitude monitoring; intelligent monitoring

1. Introduction

In recent years, the intelligent construction of coal mines has become the core technical
issue for high-quality development in the coal industry. The core of coal mine intellectual-
ization is to realize the intellectualization of a fully mechanized working face. However,
the intelligent perception of the mining environment and the equipment operation state of
the stope are the basis and prerequisites for achieving the intelligence of the fully mech-
anized working face [1-3]. The three pieces of mechanical supporting equipment of a
fully mechanized working face are the shearer, scraper conveyor and hydraulic support.
These three machines complete coal mining, coal transportation and face support through
cooperative operation. The real-time, accurate and reliable perception and monitoring of
the positioning and attitude information of the three machines, as an important prerequisite
for realizing the remote control of equipment, has become a research hotspot in the field of
intelligent mining in coal mines [4-6].

The hydraulic support is one of the important pieces of equipment for fully mecha-
nized mining, which provides a safe and stable working space for personnel and equipment
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in coal face production. In the process of moving forward with the working face, the hy-
draulic support undergoes adaptive changes in attitude such as lifting, lowering, looking
up and looking down. However, the position and posture of the hydraulic support directly
affect the supporting effect of the stope roof. The operating attitude information of the
hydraulic support includes parameters such as attitude angle, working resistance, support
height and hydraulic cylinder travel. The most representative hydraulic support control
system in the world is the electro-hydraulic control system. The system has the functions of
remote monitoring and control, which realizes the monitoring of the operating status of the
hydraulic support and causes the fully mechanized working face to have the characteristics
of automation.

At present, scholars, both domestic and foreign, have conducted much research on
technologies related to hydraulic support attitude monitoring and have achieved certain
results. Juarez-Ferreras et al. [7] have designed a fast solution program for the positional
parameters of the main components of the hydraulic support and analyzed the mutual
position relationship of the components during the lifting movement of the support. Reid
et al. [8] have studied the three-dimensional positioning method of hydraulic support in a
fully mechanized working face based on inertial navigation technology and have realized
the straightening of a scraper conveyor based on hydraulic support attitude monitoring.
Barczak et al. [9] have analyzed the kinematics and dynamics of hydraulic supports on
longwall working faces. Vaze et al. [10] have established the attitude parameter expressions
of each component of a shield hydraulic support and obtained the relationship between
the telescopic length of the column and the inclination angle of the front bar and the top
beam. Verma et al. [11] have established a pressure uncertainty estimation model of a
hydraulic support by using a Bayesian neural network algorithm and designed a selection
method for a hydraulic support for a long-wall working face through analyzing different
influencing factors. Ge et al. [12] have established a kinematic model of the specific posture
of a hydraulic support and carried out a kinematics simulation through its geometric model.
Chen et al. [13] have proposed a measurement for coal mining height by installing a tilt
sensor on a hydraulic support. The measurement accuracy was improved by using the
Kalman filtering method to eliminate vibration noise. Wang et al. [14] have proposed a
method for monitoring the memory attitude of a hydraulic support based on gray theory
and verified its feasibility through experiments. Ren et al. [15] have established a hydraulic
support attitude visual measurement model based on the motion mechanism of the support
and have proposed a hydraulic support height and top beam posture angle measurement
method based on depth vision. Meanwhile, the measurement system was built to provide
a solution for hydraulic brace support height and top beam attitude angles. The above
research provides important reference values for the establishment of a kinematics model
of the specific posture of the hydraulic support, the construction of the posture parameter
expression of the various components of the hydraulic support and the analysis of the error
effect and the error model of the hydraulic support operating state.

At present, research on inertial measurement, contact measurement, visual measure-
ment and other hydraulic support pose measurement technologies is still insufficient. The
deficiencies are mainly reflected in the following aspects: the perception model of the
hydraulic support operation attitude is not perfect, the parameter monitoring is not com-
prehensive, the monitoring accuracy of the hydraulic support attitude parameters is not
high, and the monitoring data have not been deeply excavated and utilized.

Compared with conventional hydraulic support attitude monitoring sensor technology,
the FBG sensor with a grating as the sensing element has the advantages of intrinsic safety,
resistance against electromagnetic interference, low loss, good stability, high reliability
and high precision. It is easy to form a quasi-distributed real-time online sensor network,
which has a wide range of applications. By means of FBG sensing technology, multi-
sensor information fusion and AdaBoost neural algorithm disaster prediction, the problem
of accurate perception of hydraulic support attitude is solved. The research basis and
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theoretical reference are provided for the realization of intelligent decision control of the
hydraulic support and the inversion of the roof motion state.

2. Basic Theory
2.1. The Sensing Theory of the FBG

The fiber Bragg grating refers to a section of optical fiber that changes the core structure
of germanium-doped fiber by means of strong ultraviolet light exposure and forms a phase
grating with periodic refractive index changes and equidistant uniform distribution in the
axial direction of the fiber core. The basic expression for the reflection wavelength of the
FBG [16] is:

A B — 271@ f fA (1)

where A is the center wavelength of reflected light of the fiber grating, 7,/ is the effective
refractive index of the fiber core and A is the grating period.

Figure 1 details the FBG sensing principle. The light emitted by the broad-spectrum
light source passes through the fiber grating, and the light meeting the grating wavelength
condition of Equation (1) is reflected back to form reflected light. Other light is transmitted
simultaneously. The reflected light is demodulated by a series of optical elements to obtain
the peak of its center wavelength. When the FBG is used as the probe to sense the external
temperature, pressure, stress and other physical quantities, the grating period A and
effective refractive index 7, of the grating part are changed, and the reflected wavelength
will shift. The change in the reflected light wavelength follows certain rules with the
change of external physical quantities, so the external temperature, pressure or stress can
be deduced from monitoring the shift of the center wavelength of the FBG sensors.

Incident Transmitted
light light
i Cladding
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Reflected
light |As. Ao

A

Figure 1. The fiber Bragg grating sensing principle.

When the optical fiber is only subjected to axial stress, the relationship between
the center wavelength change of the reflected light and the axial strain on the grating is
expressed by:

AAp
Ap

where AAp is the drift value of the center wavelength of the reflected light, ¢ is the ax-
ial strain of the fiber grating, P, is the elasto-optical coefficient and K is the sensitivity
coefficient.

When the optical fiber is only affected by temperature, the relationship between the
center wavelength change of the reflected light and the temperature is expressed by:

= (1—P.)e =Kee )

AAp

A (a+Q)AT 3)

where « is the thermal expansion coefficient of the optical fiber, { is the thermal-optic
coefficient of the fiber and AT is temperature variation.
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When the optical fiber is subjected to the double coupling of axial stress and tempera-
ture, the relationship between the center wavelength change of the reflected light and the
independent variable is:

AAp
Ap

In order to eliminate the effect of temperature on the measurement results, an addi-
tional unstressed FBG sensor is often used for temperature compensation.

=(1—-P)e+ (a+Q)AT 4)

2.2. AdaBoost Neural Network Algorithm

The AdaBoost neural network algorithm is an important feature classification algo-
rithm in machine learning which mainly solves classification and regression problems.
At present, the algorithm has been applied to power system load monitoring and traffic
volume forecasting, achieving appreciable prediction results. The specific training steps of
AdaBoost algorithm are as follows [17-19]:

(1) Data collection (x;,y;)i =1,2,3,...m,

T ={(x1,11), (x2,2), (x3,¥3), - - - (Xm, Ym) }

(2) Initialize the weights of N samples. The initial sample weights wi (i) are uniformly
distributed, wk (i) = 1/N, where wi (i) is the weight of the sample in the Kth iteration
and N is the number of samples in the training set.

(3) Under the weight of the training samples, the weak learner h;(x) is trained.

N
(4) The error ¢; and average error ; = % 121 e; of the weak learner under each sample are
1=
calculated.

() Update the sample weights Dy = %7’7[. The weights of weak learners are

N
R; = 1In(1/ ’7t)r where 7y = %~ and Z; is the normalization factor for ¥ Dy(x;) = 1.

=1
(6) The weak classifiers are calculated recursively until the number of iterations is f.
Finally, the weak classifiers are combined according to their weights, that is, f(x) =

T
Z Rtht (x )
t=1
(7) Through the action of the symbolic function sign, the strong predictor function is
obtained as:

T
Hinar = sign(f(x)) = sign (Z Rﬂu(X)) ®)

t=1

3. The FBG Intelligent Monitoring System for Hydraulic Support Attitude
3.1. The Coupling Model of the Hydraulic Support and Surrounding Rock in a Stope

The hydraulic support of the fully mechanized working face forms a dynamic, bal-
anced support system relying on contacting the roof, coal wall and goaf gangue to form a
safe and stable working space for coal mining [20]. The coupling model of the hydraulic
support and the surrounding rock at the working face is shown in Figure 2.

After the coal seam is extracted, the coupling force of the hydraulic support and the
surrounding rock is mainly composed of three parts. For part I, the load is generated by
the weight of the residual top coal. For part II, the load is generated by the weight of
the immediate roof. When the coal seam is mined out, the immediate roof cannot form
a stable structure, which can be simplified to a cantilever force model. The weight of the
immediate roof is directly or indirectly transferred to the support. For part III, the main
roof transfers its self-weight to the hydraulic support in the form of torque through the
immediate roof. The hydraulic support makes corresponding attitude changes according to
the force and torque transmitted by the surrounding rock. By analyzing the coupling model
of the hydraulic support and the surrounding rock, the support inclination and pressure
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are taken as the research object of hydraulic support posture monitoring, which is of great
significance for analyzing the mining pressure law of the working face and the dynamic
change state of stress in the surrounding rock.
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Figure 2. The coupling model of the hydraulic support and the surrounding rock.

3.2. The FBG Sensing System for Hydraulic Support Attitude

The attitude sensing system of the hydraulic support based on the FBG consists of the
hardware equipment for FBG sensing monitoring and the software system. As shown in
Figure 3, the hardware equipment for FBG sensing monitoring is mainly composed of the
FBG sensors, the mine’s intrinsically safe FBG demodulator, the intelligent controller, the
electromagnetic actuator and other equipment. The FBG sensors and FBG demodulator are
important components of the sensing system. The FBG sensors are connected in series or
parallel to the main optical cable and then linked to the FBG demodulator. Finally, the FBG
demodulator is connected to the underground ring network to form a quasi-distributed
fiber-optic sensing monitoring network. The intelligent controller and electromagnetic
actuator can drive, control and make decisions.

FBG tilt
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FBG pressure sensor electro-

/

. hydraulic
— — e bal k N — 24
\\U\v R ance']‘ac \ y [ control valve

hydraulic
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push FBG V p— — 7 hydraulic
a pressure |t
Jac }senso{' o/ F— . P pump
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~ af J ™)
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FBG til/
sensor . / . .
FBGHIt  ine intrinsically safe intelligent
sensor fiber grating controller
demodulator

Figure 3. The hardware equipment composition of FBG sensing monitoring for hydraulic support
attitude.

The network structure of the software system is shown in Figure 4. The information
platform network, based on a C/S (client/server) architecture, consists of the application
server, client and database. The underground FBG sensing information is connected with
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the information platform network by the ethernet ring network, firewall, router and mine
internal information network to realize data communication, real-time collection and
analysis by the monitoring system.

terminal y
service area computer .
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Mine internal information network

o~
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firewall router ) g
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safe fiber grating
demodulator

S

Figure 4. Network structure diagram of the software system.

3.2.1. The Hardware Equipment of FBG Sensing Monitoring
1.  The FBG Pressure Sensor for Hydraulic Support

Figure 5 shows the structure and a photograph of an FBG pressure sensor for hydraulic
support. Differently from a conventional support pressure sensor, the FBG pressure sensor
takes an FBG manometer as the core component and uses FBG sensing technology to
monitor the support oil pressure in real time. The FBG support pressure sensor is mainly
composed of an FBG manometer, three-way valve, pressure gauge, pressure diaphragm,
pressure guide interface and other components.

pressure
diaphragm

Fiber Flange ___~ —— FBGManometer
Interface

+—— Three-way valve

—— pressure gauge

Pressure guide
interface

@) (b)

Figure 5. The structure and a photograph of FBG pressure sensor. (a) Structure diagram; (b) Physical
picture.

The pressure gauge, three-way valve and FBG manometer are located in the pressure
diaphragm. The pressure guide interface is connected to the oil pipe. The FBG support
pressure sensor is packaged in a membrane box with the following dimensions: length
x width x thickness = 180 mm x 130 mm x 94 mm. The diameter of the pressure guide
interface is 24 mm. The pressure gauge uses a YTN-60 stress-resistant pressure gauge with
a range of 0 MPa~40 MPa and an accuracy grade of 2.5.
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Figure 6 shows the structure of a diaphragm-connecting rod-type FBG manome-
ter, which is mainly composed of a case, flat diaphragm, connecting rod, temperature-
compensated FBG, pressure-sensitive FBG, fiber pigtail, fiber jacket and sealing element.
The deflection deformation of the flat diaphragm under the action of environmental pres-
sure will be transmitted to the pressure-sensitive FBG through the connecting rod. Subse-
quently, the pressure-sensitive FBG undergoes axial compression deformation, resulting in
a corresponding shift of the center wavelength of the FBG under stress. The FBG pressure-
sensing process involves the following steps: pressure change — elastic diaphragm defor-
mation — FBG wavelength drift — the FBG demodulator solves the value of wavelength
drift — solution of pressure value.

i

7 m) lk -
“JT_ n \ ,Jl:;
temperature f
flat

compensated FBG
sealing ring diaphragm

N

case fiber pigtail (fibcrjn(kut

|x &N s
S o B i

Pl‘t‘SS‘lll‘t‘ gmm'e
sensitive FBG coupler

connecting rod

retaining ring

Figure 6. The structure diagram of FBG manometer.

The mathematical relationship between the variation of the FBG center wavelength
and the pressure is as follows [21]:

3 3(1-u?)R2AEf
16E,Lh (1 + TR ) AMp Ky Ay

P =
3(1—p2)(1 - P)R* Ap Krp Ar

(6)

where E; is the elastic modulus of the diaphragm, k is the thickness of the diaphragm, L
is the effective tensile length of the FBG, y is the Poisson’s ratio of the diaphragm, R is
the distance of any point on the diaphragm from the center of the diaphragm, A is the
sectional area of the connecting rod, L is the length of the connecting rod, K11 and Kr; are
temperature sensitivity of the pressure-sensitive FBG and the temperature-compensated
FBG, respectively, Ap is the initial wavelength of the pressure-sensitive FBG, AAp is the
drift of the center wavelength of the pressure-sensitive FBG, At is the initial wavelength
of the temperature-compensated FBG and AA7 is the drift of the center wavelength of the
temperature-compensated FBG.

The FBG manometer is calibrated for pressure and temperature. In the pressure
calibration experiment, an SSR-YBS-60TB pressure-loading device is used to load the FBG
manometer from 0 to 20 MPa with an incremental gradient of 2 MPa, and it is then unloaded
step by step. The FBG demodulator can record the center wavelength of the fiber grating
during loading and unloading. The center wavelength of the pressure-sensitive grating
decreases linearly with the increase of the pressure. The linearity is 0.9995, and the pressure
sensitivity is 35.6 pm/MPa. In the temperature calibration experiment, the sensor is heated
from 0 to 50 °C with a temperature gradient of 5 °C in an RTS-40 thermostat. The central
wavelength of the pressure-sensitive grating increases linearly with the increase of the
temperature. The linearity is 0.9993, and the temperature sensitivity is 10.62 pm/°C.
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2. The FBG Tilt Sensor

Figure 7 shows a structural schematic of a double-cantilever-type FBG tilt sensor. As
shown in Figure 7, the lower end of the pendulum is fixed to the heavy ball, and the
upper end is hinged to the sensor body to ensure rotational freedom between the heavy
ball and the pendulum. The tilt sensor includes isostrength cantilevers of the “L” type,
namely cantilever beam 1 and cantilever beam 2. FBG1 is pasted onto the upper surface of
cantilever beam 1, while FBG2 and FBG2' are symmetrically stuck onto the left and right
surfaces, respectively, of cantilever beam 2. The upper end of cantilever beam 2 is fixed to
the sensor body, and the lower end is connected with the one end of cantilever beam 1. The
other end of cantilever beam 1 is connected with the pendulum body.

shell

N
~FBG2
AN

cantilever beam 2

ball joint

FBG1 " cantilever beam 1

pendulum

heavy ball
N
\\

Figure 7. The structural schematic of the FBG tilt sensor.

As shown in Figure 8, when the sensor rotates in the X-Y plane, an axial force FP in
cantilever beam 1 is generated by the swinging action of the heavy ball and pendulum.
Because the width-to-thickness ratio of the cantilever beam is large, the deformation of
cantilever beam 1 is ignored. The axial force is transmitted to cantilever beam 2 through
cantilever beam 1 and bends cantilever beam 2, causing wavelength changes for FBG2 and
FBG2'. Finally, the angle wavelength conversion equation is used to measure the structural
inclination monitoring. Similarly, inclination monitoring can be achieved in the Y-Z plane
by solving the FBG1 wavelength variation on cantilever beam 1.

Figure 8. The mechanical model of the FBG tilt sensor.
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The mathematical relationship between the inclination angle and the variation of the
center wavelength is as follows [22]:

 6LaAp

A =
B Eboh?

(Gl 4 %) (1—P,)sing’ = K, sin ¢’ (7)

where Ap is the center wavelength of the FBG, AAp is the variation of the center wavelength
of the FBG, L, is the length of the pendulum, G; is the self-weight of the heavy ball, G, is
the self-weight of the pendulum, by is the width of the upper end of cantilever beam 2, E,
is the elastic modulus of the cantilever beam 2 and ¢’ is the deflection angle.

The FBG tilt sensor designed in this paper has good stability and accuracy in the range
from —45° to 45°. The linear relationship between the angle and the center wavelength
is good, with a linearity of 0.9988 and an angular sensitivity of 31.3 pm/(°). In practical
applications, the elevation angle of the hydraulic support roof beam should be 0°~5°, and
the limit range is —5°~10°.

3.2.2. The Software Information Platform of FBG Sensing Monitoring

The application server module of the FBG sensing monitoring software information
platform is a Windows service program, which runs in the background of an industrial
personal computer (IPC). The server-side program mainly completes two functions. One
is to conduct TCP Modbus communication with the FBG demodulator and to store the
monitoring data in a database system. The other is to provide application services for the
client program. The thread flow chart of the server program is shown in Figure 9.

Get data thread
regularly

connect client
thread

Get data from fiber
grating demodulator

and format data I

Store data in refresh cache Return data to
database system o client program

T

Free up system
resources

Analysis request

Figure 9. The thread flow chart of the server program.

The client of the software information platform is the terminal of the user for human-
computer interaction in the information platform. The client program module is developed
with the C/S model of. NET technology as the architecture. The structural diagram of the
client program is shown in Figure 10. The client program uses the TCP socket protocol
to communicate with the server program mutually by ethernet, thereby transferring the
monitoring data from the database system to the data pool of the client program. The
client program includes a real-time monitoring module, system management module,
report module, production information module and data query module. The real-time
monitoring module can read and write data to the data pool. The system management
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module can add, modify and delete the basic information of the sensors. The production
information module can add, modify and display the general production information of the
application engineering system. The report module and the data query module implement
the functions of report analysis and historical data querying, respectively.

server program database

Client program data pool

real-time system P production data
monitoring | |management moilule information query
module module module module

Figure 10. The structural diagram of the client program.

Figure 11 shows the interface of the software information platform. The buttons before
and after the support model in the interface represent different FBG sensors, showing
the sensor’s running state through color changes. Green represents the sensor’s normal
operation, gray represents the sensor’s failure, and red represents a warning message.
When the user clicks on one of the buttons, the real-time monitoring value and basic
information of the sensor are displayed in the information bar on the right side of the
interface.
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Figure 11. Interface of the software information platform.

The database module of the software information platform implements the functions
of information management and data storage for the FBG sensors. The MySQL database
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management system is used for the information management work. As shown in Table 1,
the database module divides the information tables into two categories: logic control
management information tables and data type tables.

Table 1. Information table of the database module.

Form Type Description

The FBG sensing information list
Correction information list
Alarm information list

Logic Control Management
Information Table

Configuration information table of data correction module
Monitoring data of the FBG
Data Type Table tilt sensors
Monitoring data of the FBG
pressure gauges

4. Engineering Application
4.1. Project Overview

Working face 101 of the Longde coal mine is arranged in coal seam 1-1, with a
recoverable thickness of 0.8~2.38 m, an average of 1.97 m and a burial depth of the coal seam
of 130 m. Working face 101 is 300 m long, the recoverable length is 3596 m, and the dip angle
is less than 1°. There are 170 hydraulic supports in the working face. The ZY10000/13/26D
hydraulic support is selected for intermediate support, the ZYG10000/14/28D hydraulic
support is selected for excessive support, and the ZT12000/16/32 hydraulic support is
selected for end support.

4.2. The FBG Sensing System for Hydraulic Support Attitude
4.2.1. The FBG Sensing System

Electrical support pressure sensors were used in the Longde coal mine previously,
with low accuracy and large errors. In order to promote the new technology, a hydraulic
support attitude-sensing system based on FBG sensing technology is constructed. The FBG
sensing system is mainly composed of the mine’s intrinsically safe FBG demodulator, FBG
tilt sensors, FBG manometers, an acquisition host, a light splitter, an optical fiber jumper
and an armored optical cable used for signal transmission. The FBG demodulator and
acquisition host are integrated into an explosion-proof shell and placed in a substation
of the mining area. The FBG sensors are connected to the FBG demodulator through the
optical fiber jumper and optical cable to form an FBG monitoring network. Then, through
the ethernet ring providing network access to the information platform server and client,
the real-time online monitoring of the inclination and pressure for the hydraulic supports
is achieved.

4.2.2. Measuring Stations Arrangement

As shown in Figure 11, a total of five measuring stations are arranged in the working
face. The first measuring station is arranged on the 3#~7# hydraulic supports, the second
measuring station is arranged on the 44#~48# supports, the third measuring station is ar-
ranged on the 84#~88# brackets, the fourth measuring station is arranged on the 125#~129%#
supports, and the fifth measuring station is arranged on 166#~170# supports.

The FBG tilt sensors are installed on the top beam, front connecting rod and base of
the hydraulic support, and the field installation diagram is shown in Figure 12. The FBG
manometer is connected to the oil pipe drawn from the pressure hole of the hydraulic
support auxiliary valve, and the field installation diagram is shown in Figure 13. The FBG
tilt sensors and FBG manometers are arranged in series and parallel with the couplers and
light splitters to form the monitoring units. The monitoring units are connected to the FBG
demodulator through the optical fiber jumper and armored optical cable.
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Figure 12. Field installation diagram of FBG tilt sensors.

Figure 13. Field installation diagram of FBG manometers.

4.3. Analysis of Monitoring Results

The monitoring data of five measuring stations for 73 days are exported. Figure 14
displays the variation curve of the top beam inclination angle and pressure of the 3#
hydraulic support. The top beam inclination of the 3# hydraulic support is maintained
within the range of 0.7°~4.2°. The inclination change range is small and basically stable,
with small fluctuations in the middle, and there is no warning precursor. This shows
that the top beam of the hydraulic support has good contact and support effects with the
immediate roof in the mining process of the working face. On the other hand, the pitch
angle of the top beam should be controlled within 0~5°, and the limit range is —5°~5°, so
the inclination angle fluctuation of the 3# support top beam is in a reasonable range.
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Figure 14. Field installation diagram of FBG manometer.

The support pressure fluctuates within the range of 8.2 to 39.05 MPa without a warning
precursor. During the mining period, the working pressure of the support gradually
increases due to the influence of the rock pressure, and the working pressure of the support
gradually decreases in the process of lowering the support and moving forward.

Figure 15 shows the curve of the average working resistance of the hydraulic supports
in the five monitoring stations of working face 101 for 73 days. The average working
resistance of the hydraulic supports varies from 26.16 MPa to 39.76 MPa. During this
period, the working resistance value of the hydraulic supports does not exceed the warning
value, and the hydraulic supports are in normal working condition. The maximum values
of the average working resistance of the supports at each station are 38.66 MPa, 39.77 MPa,
38.87 MPa, 39.33 MPa and 39.76 MPa. The minimum values are 29.5 MPa, 26.16 MPa,
29.23 MPa, 28.75 MPa and 29.9 MPa, respectively. The rated working resistance of the
hydraulic supports is 10,000 kN (39.8 MPa), and the setting load is 8000 kN (31.5 MPa).
Although the maximum working resistance of most supports does not exceed the rated
working resistance, it is also close to 95% of the rated working resistance, which could
indicate that the working face sometimes has severe pressure and a large dynamic load
coefficient. In addition, the average working resistance of part of the hydraulic supports is
less than the setting load. Therefore, it is necessary to check whether there are reasons such
as insufficient pump station pressure, pipeline leakage or manual operation. In conclusion,
the selection of hydraulic supports is reasonable and can satisfy the needs of field working
resistance and roof support.
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Figure 15. Change curve of the average support resistance with time.

Figure 16 shows the distribution law of the support working resistance along the
inclination direction of the coal seam. It can be seen that the pressure distribution is
large in the middle position and small at both ends. Among the supports, the 84#~88#
supports have the maximum working resistance of 39.4 MPa, which is 98.99% of the rated
working resistance. The hydraulic supports in the middle of the working face all reach more
than 90% of the rated working resistance. The pressure distribution law of the hydraulic
supports is consistent with the mine pressure distribution law of the working face, that is,
the upper middle and lower middle parts of the working face are pressed first, then the air
return roadway of the lower working face and finally the belt transportation roadway of
the upper working face.

0 —=®— Support working resistance

36 |

Support working resistance (MPa)
<]
T

24 1 1 1 1 1 I{II 1 1 ll” 1 1 1L 1 1
3 5 7' 44 46 48 84 86 88 125 127 129 166 168 170

Support Number
Figure 16. Support resistance distribution along the inclination direction of the coal seam.

4.4. AdaBoost Neural Network Algorithm Prediction

The AdaBoost neural network hydraulic support working resistance prediction model
is established using MATLAB. The specific training process is as follows. (1) For the
collected data, initialize the weights of N samples. (2) Find the weak function with the
smallest error rate and calculate the weak classification function and error rate. (3) Combine
the weak classifiers obtained from each training iteration into strong classifiers. The neural
network fusion C language program trained by MATLAB is loaded into the server system
to realize the monitoring function of the working face pressure.

In neural network intelligence learning, the larger the number of samples, the more
accurate the prediction value. In total, 100 groups of hydraulic support pressure data
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of working face 101 at a certain pressure from the monitoring system are selected. The
100 groups of data can reflect the roof pressure and are selected as data samples. Then,
90 groups of data are used as learning samples to train the neural network, and the
remaining 10 groups of data are used as prediction samples to test the prediction accuracy
of the network. The prediction results are shown in Figure 17.

40 12
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32+
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Figure 17. Forecast of pressure data for the working face.

The results show that the predicted and actual values of pressure during the periodic
pressure have the same change trend, but the predicted value is greater than the actual value.
The maximum relative error between the predicted value and the actual value is 4.97%,
the minimum is 3.02%, and the accuracy is more than 95%. In conclusion, the calculation
results of the AdaBoost neural network model have little error and high accuracy, which
can meet the actual needs of engineering. Consequently, this proves the feasibility and
effectiveness of intelligent monitoring and forecasting of working face pressure with an
FBG monitoring system and AdaBoost neural network algorithm.

5. Conclusions

1. Based on the coupling model of a support and surrounding rock in a stope, the
support inclination and pressure are identified as the research objects of support
attitude sensing. In this paper, the FBG tilt sensor and FBG manometer are developed
independently. In addition, an FBG sensing monitoring software information platform
based on the C/S architecture model is developed.

2. Ahydraulic support attitude FBG sensing system is constructed and tested on working

face 101 of the Longde coal mine. The results show that the top beam inclination
of the 3# hydraulic support is maintained within the range of 0.7°~4.2°, and the 3#
hydraulic support pressure fluctuates within the range of 8.2 to 39.05 MPa without a
warning precursor. The average working resistance of the hydraulic supports varies
from 26.16 MPa to 39.76 MPa. During this period, the working resistance value of the
hydraulic support does not exceed the warning value, and the hydraulic support is in
normal working condition.

3. An AdaBoost neural network hydraulic support working resistance prediction model

is established using MATLAB. The AdaBoost neural network algorithm successfully
predicts the periodic pressure of the coal mining face by training with sample data of
the working resistance of the hydraulic support. The results show that the prediction

accuracy, judging from the difference between the predicted and actual values, is over
95%.
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