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Abstract: This paper presents a system for measuring the geometry of powered roof support sections
(Shield Support Monitoring System, SSMS). The problem of measuring the geometry of powered roof
support sections for the purpose of predicting geological hazards during the rock excavation process
is presented. Information on the construction and implementation of the SSMS and research at the
Budryk Mine is included. The research aimed to evaluate both the precision and accuracy of the
measurement apparatus created, as well as to examine how operating conditions affect the system’s
usability. An analysis of inclinometer measurement errors in the prototype system was conducted
during in situ tests, demonstrating minimal scattering and high sensor accuracy according to the
provided data.

Keywords: geometry monitoring; shield support; underground mining; wireless data transmission
systems

1. Introduction

As a result of the PRASS III project, a system for monitoring the geometric parameters
of powered roof supports has been developed. The research work undertaken in the PRASS
III (Productivity and safety of shield support, grant 752504 (2017)) project was supported
by the EU Research Fund for Coal and Steel (RFCS) as well as the Ministry of Science and
Higher Education. The system enables the measurement of powered roof supports and their
individual components, contributing to enhanced safety for both personnel and machinery
during the hard coal mining process. Incorporating these data allows for anticipating roof
rock collapses in the longwall face and implementing preventive measures. This paper
provides details on the system’s measurement accuracy, emphasizing its significance in the
absence of proper inclinometer calibration under real conditions.

1.1. Section of Powered Roof Support

Longwall powered roof supports are part of the equipment of longwall mining com-
plexes. In addition to the powered roof support, the complex also includes a shearer loader,
a longwall conveyor and other technical equipment. An example of a powered roof support
is shown in Figure 1.

The powered roof support selected depends on the mining geological parameters of a
given longwall [1–5]. Prior to the commissioning of a powered roof support, it is tested in
an accredited laboratory [1,6]. The selected repaired powered roof supports are also tested.
Powered roof supports can be controlled manually or automatically. Automatic control is
used in the case of automated mining complexes [7], in which the operation of the mining
machine, the powered roof support and the conveyor is synchronized.
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Pressure in the hydraulic system is a parameter usually monitored during longwall 
powered roof support operation. There is ongoing research on using information on hy-
draulic legs pressure to identify the technical condition of a roof support and the interac-
tion of the current conditions of the roof support with the rock mass. The paper [8] pre-
sents the use of pressure monitoring in hydraulic legs to generate an early warning of 
severe roof weightings. The authors presented the SSRI (Status of Shield and Roof Intel-
liSense) software package. However, the analyses did not take into account the geometry 
of the powered roof supports. The paper [9] proposed a universal composite longwall in-
dex. The index was developed based on numerical simulations of the interaction between 
a powered roof support and a roadway roof. The analyses took into account the pressure 
in the hydraulic legs but did not take into account the roof support geometry. 

There is also ongoing research related to the modeling of the interaction between a 
powered roof support and a rock mass [10]. This research work most often concerns sim-
ulating the stress of roof supports depending on mining and geological conditions, such 
as geological structure, and information about previous mining operations in the area [11]. 
The publication [12] presents a mechanical analysis of the impact of a rock mass on a pow-
ered roof support. The roof support was subjected to loads from the roof and the loading 
system depended on the type of roof—roof rock arrangement. The presented distribution 
of forces affected the kinematic chain of the roof support. The relationships presented in 
the publication indicate that by measuring the geometry of the powered roof support, it 
will be possible to analyze the action of rock mass on the roof support. 

Figure 1. JZR 13/28 POZ shield support.

1.2. Justification for Building a Geometry Monitoring System

The developed system for measuring the geometry of powered roof supports consists
of inclinometers installed on the structural components of the roof support and a central
unit collecting data from the sensors and transmitting them via a radio network to the
visualization software. The inclinometers have been developed to be universal and can be
used on various types of powered roof supports and other machines. Inclinometers can be
installed both on new and repaired roof supports by welding the mounting brackets.

The primary objective was to equip roof supports with geometry measurement devices
in addition to pressure measurements in the hydraulic legs (main hydraulic cylinders)
to obtain additional diagnostic data on the impact of the rock mass pressure on the roof
support. This information can be used in the process of predicting the roof fall—the
uncontrolled detachment of roof rock. By measuring the roof support geometry it is
possible to determine [4] the load-bearing capacity of rock mass layers overhanging behind
shields, the self-supporting capacity of the first roof layer, the distribution of support
capacity along the canopy length and the transverse and longitudinal inclinations of a
longwall panel.

Pressure in the hydraulic system is a parameter usually monitored during longwall
powered roof support operation. There is ongoing research on using information on hy-
draulic legs pressure to identify the technical condition of a roof support and the interaction
of the current conditions of the roof support with the rock mass. The paper [8] presents
the use of pressure monitoring in hydraulic legs to generate an early warning of severe
roof weightings. The authors presented the SSRI (Status of Shield and Roof IntelliSense)
software package. However, the analyses did not take into account the geometry of the
powered roof supports. The paper [9] proposed a universal composite longwall index.
The index was developed based on numerical simulations of the interaction between a
powered roof support and a roadway roof. The analyses took into account the pressure in
the hydraulic legs but did not take into account the roof support geometry.

There is also ongoing research related to the modeling of the interaction between
a powered roof support and a rock mass [10]. This research work most often concerns
simulating the stress of roof supports depending on mining and geological conditions,
such as geological structure, and information about previous mining operations in the
area [11]. The publication [12] presents a mechanical analysis of the impact of a rock mass
on a powered roof support. The roof support was subjected to loads from the roof and
the loading system depended on the type of roof—roof rock arrangement. The presented
distribution of forces affected the kinematic chain of the roof support. The relationships
presented in the publication indicate that by measuring the geometry of the powered roof
support, it will be possible to analyze the action of rock mass on the roof support.
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The paper [13] presents the influence of the canopy ratio of a powered roof support
on longwall working stability. Based on the results of the performed model testing as well
as the analyses and in situ observation for the analyzed case in coal seam, the authors
presented the following conclusions: the results of the numerical calculations confirmed
that the longwall panel stability depends not just on the powered support capacity, but also
on the correct geometrical parameters of the powered support. The relationship between
rocks and powered supports was also presented in [14–16].

1.3. Justification of the Research Problem—The Assembly Problem

During testing of the developed system, a number of technical problems were encoun-
tered with the installation of the inclinometers. In the case of new powered roof supports,
mounting brackets have to be installed. Workshop tolerances of the welded structure are
the problem—the inclinometer mounts are welded on the inclined sheets forming the roof
support structure. The angles between the welded plates are not repeatable, and installing
the inclinometer on different roof supports gives different readings despite having the same
alignment. The roof support clearances at the pins connecting the roof support components
affect the forces. When monitoring the kinematic chain of the roof support, these clear-
ances cause distortions in the measurements. These clearances depend on the load to the
roof support.

A JZR 13/28 POZ powered roof support was used to test the monitoring system on
the test bench. The JZR 13/28 POZ roof support was strutted into a rigid test bench frame
(Figure 2). The place of installation of the inclinometer is shown in Figure 3. Figure 4
shows the change in the canopy angle during the laboratory test, setting the roof support to
load, recorded by the developed inclinometer. Setting the roof support to load consisted of
applying a nominal hydraulic pressure of 24 MPa to the roof support legs. When nominal
pressure was reached in the roof support legs, clearance of the roof support was reset from
130 to 140 s of measurement. This was followed by resetting the clearance in the test stand
from 140 to 160 s. After 160 s, the roof support legs were supplied with nominal pressure
and all clearances were reset.
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Figure 2. Shield support JZR 13/28 POZ in the testing rig: (a) front view of testing rig; (b) view inside
the testing rig.

It can be seen from Figure 4 that the arrangement of the components of the powered
roof support depended on the load. The roof support, when set to nominal pressure, reset
the clearances on the pins.

The inclinometer was mounted to the special brackets welded to the roof support.
However, the brackets were not subjected to mechanical treatment (to a given axis) after
the assembly of the roof support. As the brackets were made of standard steel, they were
coated with a varnish to protect them from corrosion.
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Measurements of the angles of each assembly and knowledge of the dimensions
should unambiguously determine the dimensions (height) of the powered roof support.
Analysis of the errors present in the real object showed the difficulty of determining the
unambiguous geometry of the powered roof support.

The most significant aspects that make measurement difficult include:

• Manufacturing errors in the roof support assemblies (canopy, gob shield, lemniscate
link and base);

• Clearances on the pins connecting the roof support assemblies;
• Inaccuracies in the installation of inclinometer brackets (inaccuracies in relation to the

surface of the assemblies as well as transverse perpendicularity);
• Corrosion protection.

It is possible to calibrate inclinometers by assigning them to the machine at the
manufacture stage. However, such a solution cannot be used in practice because roof
supports are often disassembled for transport, and their assembly under target conditions
does not guarantee the same configuration of components. A roof support assembled
underground in a mine may consist of different components than a roof support on the
manufacture line. In addition, inclinometers installed on a roof support can be destroyed
during transportation. Roof supports are usually transported by truck to the mine, then
transported underground by shaft hoist. Depending on the size of the roof support,
they may be separated into sub-assemblies. In underground mines, roof supports are
transported over several kilometers [17]. During the transport cycle, the roof supports
are repeatedly reloaded and exposed to mechanical damage. For this reason, all of the
electronic and hydraulic equipment is installed at the destination site. In the case of repaired
roof supports, the unevenness of the sheet metal surface resulting from corrosion and the
cleaning techniques used—e.g., sandblasting—are added to all the problems described
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earlier. All these factors contribute to the fact that it is difficult to guarantee that the
measurement taken is consistent with the actual position of the roof support components.

1.4. Research Problem—Is It Possible to Use Inclinometers without a Calibration?

The SSMS (Shield Support Monitoring System) was tested in a mine underground, on
a real object, to find out whether it is possible to use geometry measurement without exact
calibration. A technical and economic analysis of the inclinometer installation showed that
carrying out a calibration process that included removing the impact of the manufacturing
errors in the roof support assemblies, clearances on the pins connecting the roof support
assemblies, inaccuracies in the installation of inclinometer brackets and corrosion protection
is not justified. It was assumed that in the process of interpreting the interaction conditions
of the roof support and the rock mass, absolute angle data and trends in angle changes are
important. It was assumed that in the process of detecting the loading pattern associated
with the roof fall behind the roof support, the trend would be more important than the
absolute value of the angle. Instead, it is important to determine the measurement error of
inclinometers during their operation on a roof support.

In the paper [18], various roof support loading schemes are presented as experimental
results. From the presented loading schemes, it can be seen that the arrangement of rocks
above a roof support exerts forces that cause changes in the roof support kinematic chain.
For example, the overhanging of rocks behind the roof support causes inclination of the
canopy, as shown in Figure 5. This principle is also presented in [19].
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Figure 5. Deflection of immediate roof.

It was assumed that the impact of the rock mass causes a change in the canopy position.
The current value of the angle was taken as the starting point, accepting inaccuracies
resulting from lack of calibration. This paper describes the design of the SSMS for measuring
the geometry of a roof support and the tests carried out in the Budryk Mine.

2. Description of the Experiment
2.1. Building a Prototype of the SSMS

Due to the technical complications of routing cables in mines, battery-powered sensors
or sensors powered from other sources, such as the rotational energy of conveyor belt
pulleys, are increasingly being used [20]. The SSMS was developed as a hybrid solution as
it has a battery power supply. Within a roof support, the sensors are connected by wire to a
central unit, while further communication takes place wirelessly [21].

The SSMS (Shield Support Monitoring System) was designed to measure changes in
the geometry of a powered roof support (Figure 6).

The system consists of five SSMS-I inclinometers (ID1, ID2, ID3, ID4 and ID5), which
were mounted on particular elements of the shield support section (Figure 6):

- ID1 was mounted on the canopy and connected by cable to the tip to face the distance
module SSMS-S and the Central Unit SSMS-C.

- ID2 was mounted on the goaf shield and connected by cable with the SSMS-C Central
Unit and inclinometer ID3.
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- ID3 was mounted on the lemniscate and connected to inclinometer ID2 and inclinome-
ter ID4.

- ID4 and ID5 were mounted on a base of shield support and connected to each other
and to inclinometer ID3.
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2.2. Inclinometer SSMS-I

The two-axis inclinometer SSMS-I is the basic component of the Shield Support Mon-
itoring System (SSMS) (Figure 7). The inclinometer complies with the 94/9/WE ATEX
directive and harmonized standards [22] and can be used in underground mining ap-
plications. The module is designed for continuous operation, regardless of the methane
concentration, and is therefore designed as intrinsically safe. The inclinometer casing was
made of stainless steel without lacquer coating. Each inclinometer was calibrated on a
special rotary table. The use of the 180◦ rotary calibration method allows for the elimination
of printed circuit board (PCB) assembly errors and casing manufacturing errors. After
calibration, accuracies of 0.1◦ with a resolution of 0.01◦ were achieved.
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2.3. Central Unit SSMS-C

Data from each component of the system were read via a MODBUS RTU bus by the
Central Unit SSMS-C (Figure 8), which was mounted on the goaf shield. The unit is also
the source of battery power for all inclinometers and is a network node of radio system
topology, transmitting data from all shield supports located in the longwall panel. The
module is designed for continuous operation, regardless of the methane concentration, and
is therefore designed as intrinsically safe.



Energies 2023, 16, 7710 7 of 13

Energies 2023, 16, x FOR PEER REVIEW 7 of 14 
 

 

2.3. Central Unit SSMS-C 
Data from each component of the system were read via a MODBUS RTU bus by the 

Central Unit SSMS-C (Figure 8), which was mounted on the goaf shield. The unit is also 
the source of battery power for all inclinometers and is a network node of radio system 
topology, transmitting data from all shield supports located in the longwall panel. The 
module is designed for continuous operation, regardless of the methane concentration, 
and is therefore designed as intrinsically safe. 

 
Figure 8. Central unit SSMS-C. 

The main component of the SSMS-C circuit is the microcontroller unit. Its program 
contains the operating logic connecting all the components of the SSMS-C circuit: 
• A radio module for wireless communication; 
• A real-time clock circuit; 
• A communication circuit for connecting the SSMS-I sensors; 
• A power supply management circuit for the SSMS-I sensors. 

2.4. Field Test of SSMS at JSW Budryk Mine 
The full testing program was realized at Budryk Mine. The purpose of the tests was 

to confirm the proper operation of the SSMS through verification of the angle measure-
ment of the shield support components by each SSMS-I inclinometer (Figure 9). Figure 10 
shows the angle symbols used during the tests, and Figure 11 shows the taken measure-
ments. 

 
Figure 9. SSMS-I sensors at longwall Cz-2 at JSW Budryk Mine. 

Figure 8. Central unit SSMS-C.

The main component of the SSMS-C circuit is the microcontroller unit. Its program
contains the operating logic connecting all the components of the SSMS-C circuit:

• A radio module for wireless communication;
• A real-time clock circuit;
• A communication circuit for connecting the SSMS-I sensors;
• A power supply management circuit for the SSMS-I sensors.

2.4. Field Test of SSMS at JSW Budryk Mine

The full testing program was realized at Budryk Mine. The purpose of the tests was to
confirm the proper operation of the SSMS through verification of the angle measurement of
the shield support components by each SSMS-I inclinometer (Figure 9). Figure 10 shows
the angle symbols used during the tests, and Figure 11 shows the taken measurements.
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3. Measurement Accuracy

The tests yielded a substantial volume of monitoring data that demanded thorough
analysis. Visualizing and analyzing the data proved time-consuming, necessitating specific
data filtering and processing. To evaluate the collected measurements’ quality and assess
the accuracy of the measuring equipment developed at KOMAG Institute, days without
mining activity were chosen for additional statistical analyses. During these inactive
periods, the hydraulic system pressure increased as a result of elevated rock mass pressure.

Analysis of the measurement results from tests of the inclinometers installed on
powered roof supports from the days of longwall standstill allowed to verify their stability
and behavior in static conditions. This was the basis for calibrating and verifying the
measuring devices to ensure accurate and reliable results in the future.

Central tendency measures, such as medians, and variability measures, including min
and max values and quartiles, were calculated for each variable. The resulting values are
depicted on the tables below. The tables illustrate the ranges of values for the selected
variables, plotted separately for case groups categorized by shield support numbers. Me-
dian values for central tendency and scatter statistics (quartiles, min–max values) were
calculated for each case group and are detailed in Tables 1–5 and presented in Figure 12.

Table 1. Calculation results for the selected parameters of a longwall support geometry (Roof
Support No. 1).

Name x1 y1 x2 y2 x3 y3 x4 y4

Mean 37.4055 −2.1360 −38.9246 2.8356 152.6261 −3.3116 −7.2801 94.0941
Standard error 0.0003 0.0008 0.0009 0.0005 0.0007 0.0001 0.0005 0.0004

Median 37.40 −2.14 −38.92 2.84 152.63 −3.31 −7.28 94.09
Dominant 37.40 −2.16 −38.89 2.84 152.64 −3.31 −7.29 94.08

Quartile Q1 37.40 −2.16 −38.95 2.82 152.61 −3.31 −7.29 94.08
Quartile Q3 37.41 −2.11 −38.90 2.85 152.64 −3.31 −7.27 94.11

Mode 37.40 −2.16 −38.89 2.84 152.64 −3.31 −7.29 94.08
Standard deviation 0.0110 0.0268 0.0309 0.0164 0.0235 0.0038 0.0157 0.0150

Sample Variance 0.0001 0.0007 0.0010 0.0003 0.0006 0.0000 0.0002 0.0002
Kurtosis 0.1196 −0.8802 −0.9551 −0.7459 −0.7878 1.2935 −0.6123 −0.4800

Skewness 0.7641 0.4286 −0.4767 −0.3984 −0.4163 −1.5539 −0.3559 0.8017
Range 0.06 0.11 0.12 0.06 0.10 0.02 0.07 0.07

Minimum 37.38 −2.18 −38.99 2.80 152.57 −3.32 −7.32 94.07
Maximum 37.44 −2.07 −38.87 2.86 152.67 −3.30 −7.25 94.14

Confidence level
(95.0%) 0.0006 0.0015 0.0017 0.0009 0.0013 0.0002 0.0009 0.0008

Based on the calculations shown in Tables 1 and 2, the data do not have a normal
distribution. Tests for normal distribution (Kolmogorov–Smirnov test, Shapiro–Wilk test,
D’Agostino–Pearson) were performed for the hypothesis that the distribution of the ob-
servations in the sample is normal (if p < 0.05 then rejected normality). Values of excess
kurtosis and skewness were other than zero.
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Table 2. Summary of the calculations for selected parameters of a longwall support geometry (Roof
Support No. 2).

Name x1 y1 x2 y2 x3 y3 x4 y4

Mean 1.0913 −0.4679 −44.3571 4.7115 152.0085 −0.8526 −7.9008 98.3921
Standard error 0.0005 0.0001 0.0004 0.0001 0.0007 0.0001 0.0007 0.0005

Median 1.09 −0.47 −44.36 4.71 152.01 −0.85 −7.90 98.39
Dominant 1.11 −0.47 −44.36 4.71 152.04 −0.85 −7.90 98.39

Quartile Q1 1.08 −0.47 −44.37 4.71 151.99 −0.86 −7.92 98.38
Quartile Q3 1.11 −0.46 −44.34 4.71 152.03 −0.85 −7.88 98.40

Mode 1.11 −0.47 −44.36 4.71 152.04 −0.85 −7.90 98.39
Standard deviation 0.0191 0.0052 0.0149 0.0046 0.0259 0.0046 0.0246 0.0170

Sample Variance 0.0004 0.0000 0.0002 0.0000 0.0007 0.0000 0.0006 0.0003
Kurtosis −1.0650 0.6471 −0.6542 0.8160 −1.0151 −0.2218 −0.6728 −0.4797

Skewness −0.3128 0.2007 −0.4526 0.5186 −0.3742 −0.9906 −0.5477 0.5607
Range 0.09 0.04 0.07 0.02 0.10 0.03 0.10 0.07
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Table 2. Cont.

Name x1 y1 x2 y2 x3 y3 x4 y4

Minimum 1.04 −0.49 −44.39 4.70 151.95 −0.87 −7.96 98.36
Maximum 1.13 −0.45 −44.32 4.72 152.05 −0.84 −7.86 98.43

Confidence level
(95.0%) 0.0010 0.0003 0.0008 0.0002 0.0014 0.0002 0.0013 0.0009

Confidence level
(95.0%) 0.0006 0.0015 0.0017 0.0009 0.0013 0.0002 0.0009 0.0008

Table 3. Summary of the calculations for selected parameters of a longwall support geometry (Roof
Support No. 3).

Name x1 y1 x2 y2 x3 y3 x4 y4

Mean −6.5204 −2.4448 29.8480 −4.2570 151.7370 −4.2849 −9.4807 92.7634
Standard error 0.0002 0.0003 0.0010 0.0002 0.0016 0.0002 0.0005 0.0002

Median −6.52 −2.44 29.84 −4.26 151.74 −4.28 −9.48 92.76
Dominant −6.52 −2.44 29.83 −4.26 151.81 −4.28 −9.46 92.76

Quartile Q1 −6.52 −2.45 29.83 −4.26 151.69 −4.29 −9.49 92.76
Quartile Q3 −6.52 −2.44 29.88 −4.25 151.79 −4.28 −9.47 92.77

Mode −6.52 −2.44 29.83 −4.26 151.81 −4.28 −9.46 92.76
Standard deviation 0.0072 0.0107 0.0343 0.0066 0.0580 0.0072 0.0175 0.0082

Sample Variance 0.0001 0.0001 0.0012 0.0000 0.0034 0.0001 0.0003 0.0001
Kurtosis 3.1527 −0.8184 −0.8956 −0.6111 −1.0587 −0.2219 −1.0363 −0.0759

Skewness −0.9231 0.0567 0.3068 −0.2974 −0.2675 −0.7973 −0.3970 0.4925
Range 0.05 0.05 0.15 0.03 0.21 0.03 0.07 0.04

Minimum −6.55 −2.47 29.78 −4.27 151.62 −4.30 −9.52 92.74
Maximum −6.50 −2.42 29.93 −4.24 151.83 −4.27 −9.45 92.78

Confidence level
(95.0%) 0.0004 0.0006 0.0019 0.0004 0.0032 0.0004 0.0010 0.0005

Table 4. Summary of the calculations for selected parameters of a longwall support geometry (Roof
Support No. 4).

Name x1 y1 x2 y2 x3 y3 x4 y4

Mean −5.4255 −0.7666 −44.9913 4.9776 149.0058 −4.3288 −2.9830 95.4891
Standard error 0.0005 0.0003 0.0005 0.0001 0.0005 0.0001 0.0004 0.0002

Median −5.42 −0.77 −44.99 4.98 149.01 −4.33 −2.99 95.49
Dominant −5.41 −0.77 −44.98 4.98 149.02 −4.33 −2.99 95.49

Quartile Q1 −5.44 −0.77 −45.00 4.98 148.99 −4.33 −2.99 95.48
Quartile Q3 −5.41 −0.76 −44.98 4.98 149.02 −4.33 −2.97 95.49

Mode −5.41 −0.77 −44.98 4.98 149.02 −4.33 −2.99 95.49
Standard deviation 0.0208 0.0099 0.0181 0.0043 0.0170 0.0052 0.0138 0.0064

Sample Variance 0.0004 0.0001 0.0003 0.0000 0.0003 0.0000 0.0002 0.0000
Kurtosis −0.7526 −0.4344 −0.4248 −0.5484 −0.9983 0.4694 −0.7776 −0.5194

Skewness −0.4984 −0.0500 −0.6954 −1.1378 −0.5850 0.1542 0.0059 0.0628
Range 0.09 0.05 0.08 0.02 0.07 0.02 0.06 0.03

Minimum −5.48 −0.79 −45.04 4.97 148.97 −4.34 −3.02 95.47
Maximum −5.39 −0.74 −44.96 4.99 149.04 −4.32 −2.96 95.50

Confidence level
(95.0%) 0.0011 0.0005 0.0009 0.0002 0.0009 0.0003 0.0007 0.0003

The calculated standard deviation values were used to assess the precision of the
measurements and the accuracy of the production processes of the designed devices. The
in situ tests confirmed, as in the laboratory tests, that the accuracy of the inclinometers was
higher than the assumed 0.5%. The results were analyzed every hour to detect unusual
behavior of the inclinometers, which could result from technical problems or changes in
the mine conditions, e.g., increasing pressure of the roof.
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Table 5. Summary of the calculations for selected parameters of a longwall support geometry (Roof
Support No. 5).

Name x1 y1 x2 y2 x3 y3 x4 y4

Mean 1.3452 1.0013 −44.7313 4.0320 149.3258 −3.5293 −7.9834 92.6251
Standard error 0.0009 0.0003 0.0007 0.0002 0.0004 0.0001 0.0003 0.0001

Median 1.34 1.00 −44.72 4.03 149.33 −3.53 −7.98 92.63
Dominant 1.38 1.01 −44.72 4.03 149.34 −3.53 −7.98 92.63

Quartile Q1 1.32 0.99 −44.75 4.03 149.31 −3.53 −7.99 92.62
Quartile Q3 1.38 1.01 −44.71 4.04 149.34 −3.53 −7.98 92.63

Mode 1.38 1.01 −44.72 4.03 149.34 −3.53 −7.98 92.63
Standard deviation 0.0303 0.0098 0.0239 0.0075 0.0142 0.0039 0.0119 0.0053

Sample Variance 0.0009 0.0001 0.0006 0.0001 0.0002 0.0000 0.0001 0.0000
Kurtosis −1.3578 −0.6144 −0.3479 −0.1959 −1.1444 3.6573 0.6782 −1.2206

Skewness −0.0730 −0.1792 −0.8239 0.2168 −0.4645 0.5296 −0.9759 −0.2242
Range 0.10 0.04 0.10 0.04 0.06 0.03 0.06 0.03

Minimum 1.29 0.98 −44.79 4.02 149.30 −3.55 −8.02 92.61
Maximum 1.39 1.02 −44.69 4.06 149.36 −3.52 −7.96 92.64

Confidence level
(95.0%) 0.0017 0.0005 0.0013 0.0004 0.0008 0.0002 0.0007 0.0003

The test results therefore confirmed that the structure of the SSMS and the signal
filtering algorithms used are correct and resistant to dynamic changes.

4. Conclusions

Designing electronic devices to comply with the ATEX directive is a complex and
difficult process due to the strict regulations and rigorous standards for safety in explosive
atmospheres such as underground coal mines.

The aim of the research presented in this paper was to verify the correctness of
manufacture and measurement accuracy of designed devices complying with the above
directive, which is a key process in terms of the effectiveness of these devices in potentially
hazardous environments containing hazards associated with the presence of flammable
gases and/or dust.

In coal mines, conditions can be constantly changing, including changes in moisture
levels, pressure or temperature. The calculations performed (including standard deviation)
allowed us to confirm the correct operation of the developed electronic devices under
changing operating conditions. Repeatability was confirmed by the measurement results
being close to each other (low standard deviation) and showing little variability (low
standard deviation and skewness close to zero). Analysis of the quartiles could help
identify possible deviations or anomalies in the data.

The tests aimed to evaluate both the correctness and accuracy of the measurement
apparatus and the impact of operating conditions on the system’s usability, specifically
focusing on existing roof supports.

Handling the extensive data gathered for analysis posed a significant challenge. The
process of data visualization and analysis was time-consuming, requiring special attention
to data filtering and processing. To assess the quality of the collected measurements and
analyze the accuracy of the measuring equipment developed at KOMAG, a statistical
analysis was conducted on data from days without mining activities and periods when the
hydraulic system pressure increased solely due to rock mass pressure. The presented data
affirm minimal scattering and the sensors’ high accuracy.

The accuracy of the measuring system was analyzed to determine its suitability in the
process of analyzing changes in roof support geometry over longer time—e.g., more than
5 h of operation of a longwall complex. Operational experience indicates that the biggest
error in the process of mapping the section geometry is due to the installation method of
inclinometers. The manufacturing tolerance of the powered roof support components and
the accuracy of the mounting brackets make it difficult to map the geometry accurately. It
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has been suggested that interaction of the roof support with the rock mass affects analysis
rather than the geometry itself. Roof overhanging in a collapse zone can be an example.
This will cause uplift of the front part of the canopy and can be detected by the change
in angle over time rather than its actual value. In order to make accurate predictions of
the phenomena in the longwall panel, it was necessary to confirm that the measuring
system has a high accuracy in real conditions, as demonstrated in the test. The developed
measuring system must be equipped with algorithms that monitor the interaction between
the roof support and the rock mass. It is recommended that the change in angle over time
be used in the data analysis process. Mapping the geometry of the roof support is possible
but will be subject to the error associated with the installation of inclinometers.

Measurement data were not available at all times (due to cabling failure and radio
transmission errors). It is necessary to eliminate cable connections (all system components
should send measurement data wirelessly) and, consequently, to develop an algorithm
to manage data transmission in a network with a mesh topology. Research in this area is
already underway.

Additional inspiration for future research directions can be found in [23–28].
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