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Abstract: The powered roof support in a mining complex protects machines and people from the
harmful effects of the rockmass. The design of the powered roof support should be strictly prepared
for adverse working conditions. This especially applies to the construction of the hydraulic actuator,
which is designed to transfer uncontrolled load relief. The hydraulic actuators and an adequately
selected safety valve determine the requirements for safe work. The study analyses the hydraulic
actuators based on the signal obtained from the dynamic impact. The signal obtained from the load
of the powered roof support in the bench tests allowed us to determine the opening time of the safety
valve, which is not much different than the time of the pressure increase. Until now, the valve’s
operation has been primarily analysed regarding pressure increase. This research was intended
to determine whether introducing the sound power method for developing powered roof support
research in the near future would be helpful. The sub-piston pressure increased during bench testing,
generating a dynamic impact signal. The analysed results of the sound power tests in terms of their
suitability for the development of standards related to powered roof support. This paper describes
a new approach to research on powered roof support. Determining the acoustic power based on
bench tests for the hydraulic actuator of a powered longwall support is ground-breaking research.
The research results pave the way for new technologies based on acoustic information.

Keywords: powered roof support; hydraulic actuator; acoustic power; dynamic signal; bench tests

1. Introduction

The global increase in the demand for raw materials used to provide for the present
world means there is a need for developing technologies for their extraction [1-3]. One of
the most advanced technologies related to the extraction of ore needed to obtain copper
can be seen in the works of [4-6]. The use of mathematical modelling [7-9] describing
the technological possibilities for the future development of technologies allowing for
the extraction of raw ore was taken into account in works [10-12]. Problems associated
with copper ore mining development and current technology can be seen in the following
research work [13-15]. Several natural hazards cause considerable risk in the extraction of
this raw material [16-18]. Research on combating natural hazards can be seen in [15,19,20].

The European Union’s environmental policy does not currently rely on technologies
based on energy resources such as coal [21]. On the other hand, the European Union’s econ-
omy cannot function without coal, as it is the coking material used for producing steel [22].
Therefore, coking coal is on the European Union’s list of strategic raw materials [23-25].
The main priority that the European Commission has adopted is the protection of the
environment and the development of technologies respecting it [26]. Based on the copper
ore mining technology and methods of combating natural hazards, we should look at the
mining industry related to the extraction of energy and coking materials from a similar
perspective [27-29]. Coal is extracted exclusively using the deep mining method. In deep
mining, the mines use technologies constituting the wall complex. There are two types of
wall complexes: plane wall complexes and coal miner wall complexes [30-32].
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A wall complex comprises machines and devices used to mechanise extracting, load-
ing, transporting, and stacking the coal [8,33,34]. The machines and devices included in
the wall are assembled into sets called the mechanised complex. The complex consists of
powered roof support, a scraper wall conveyor, and a mining machine; it can also include
a coal miner or a plane [35-37]. The essential function of the complex is to obtain the
expected efficiency and extract the predicted amount of coal [38—40]. The complex may
fulfil this function only if the needed level of safety is provided [41-43]. This also minimises
the natural environmental impact [44—46]. Figure 1 shows the extraction wall.
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Figure 1. View of the longwall, where its significant areas are marked: (1) coal sidewall, (2) path of
the combine shearer, (3) scraper conveyor, (4) crew passage path, and (5) powered roof support.

The machines and devices included in the complex are characterised by the interrela-
tionship of design and movement [31,47]. It results from the functionality of the mechanised
complex and the geometric parameters of the wall, taking into account particular mining
and geological conditions [17,48]. The coal miner wall complex is used in medium and
high coal beds. The coal miner design allows for two mining heads to be placed at the
beginning and end of the machine. The central part is where the electric and hydraulic
parts are; it is connected to the arms in which the mining devices are built. A fundamental
part of the machine is the haulage system [49,50]. The system was recently developed to
increase the machine’s efficiency [51,52].

The wall complex with the planer is used in thin and medium bed coals. The main
advantage of this technology is that it does not require an operator to move behind the
machine, which is very cumbersome and dangerous for thin coal beds [53]. The design
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of the planers allows for selecting coal beds with easily and moderately extractable coal,
providing a production volume comparable to that of walls using a coal miner with similar
parameters. Currently, various types of stationary planers are used in the industry. The
mining and loading body in the planer is a planer head drawn using a chain through drives
fixed to the conveyor’s propulsive fuselage [54]. The work of the planer includes its head
moving along the thrust of the scraper conveyor. The coal is mined employing the pulling
force of the planer’s head [55,56].

Individual powered roof support types differ structurally, depending on the purpose.
The purpose depends on the mining and geological conditions in which they will be used.
These include the thickness and inclination of the coal bed, the roof control system (roof
caving, backfill), and the type of cooperating mining machine. The powered roof support
consists of many components designed to perform specific tasks. The structural part
includes the foot piece, the cap piece, the shield, the lemniscate connectors, and the beams
of the sliding systems. In contrast, the hydraulic force part includes actuators and shifters.
The hydraulic control part includes control separating funnels, valve blocks, valves, wires,
and fasteners (see Figure 2).

(b)

Figure 2. View of the powered roof support section: design (a), canopy (1), shield support (2),
lemniscate mechanism (3), ceiling support actuator (4), hydraulic actuators (5), floor base (6), beam of
sliding system (7), and prototype (b).

The powered roof support’s most crucial parameter is the load-carrying capacity. This
includes initial, operational, and nominal load-carrying capacity. The initial load-carrying
capacity is characterised by the maximum pressure on the roof exerted with the section of
the powered roof support expanded in the excavation. The pressure depends on the force
exerted with the hydraulic actuators under the influence of the supply pressure and on
the current height of the powered roof support’s operation. The area where the pressure
is exerted is specified using the dimensions for the working load-carrying capacity of the
powered roof support. The initial load-carrying capacity of the powered roof support can
also be stated as a vertical component of the forces (with horizontal section adjustment)
exerted with the hydraulic actuators under the influence of supply pressure, depending on
the current working height of the powered roof support. Nominal load-carrying capacity is
the maximum load-carrying capacity that a powered roof support can achieve under static
load. It depends on the opening pressure of the safety valves in the resistance system of the
hydraulic actuators of the powered roof support [57,58].

The working load-carrying capacity of powered roof support is a parameter that
determines the border ability to transfer pressures using a roof opened for mining. It is
measured as the pressure of the roof rocks on a single section of the powered roof support.
It induces pressure equal to the overflow valve setting in the valve blocks protecting
the actuators. The surface of the roof pressure on one section is determined using two
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perpendicular measurements: the partition of the section and the roof’s expansion limited
by a coal sidewall and by the rear-edge break for the cap. The working load-carrying
capacity of the powered roof support can also be specified as the vertical component of
the forces (with a horizontal section setting). Roof rocks” pressure on a single section of
powered roof support causes a pressure equal to the setting of the overflow valves in the
valve blocks protecting the actuators [59,60].

The requirements for powered roof support are constantly developing. The main rea-
son is the increase in the depth of exploitation, which significantly affects the deterioration
of mining and geological conditions. It results in an increasing pressure of the roof on
the powered roof support. Maintaining the excavation roof becomes increasingly tricky.
Research is still needed to improve the safety of people employed in the wall. Research is
conducted to improve working comfort and adapt the powered roof support to changing
mining and geological conditions. They require manufacturers and users to be highly
involved in scientific and technological development [61,62].

The designed and manufactured prototype of the powered roof support section in the
European Union is subject to tests based on harmonised standards. They are part of the
product evaluation process, which verifies that the product meets the relevant requirements.
Machinery Directive 2006/42/EC [63] includes detailed procedural characteristics related to
the safety requirements for the powered roof support’s use. An integral part of the method
evaluation is to verify that the powered roof support section meets the requirements of
the ATEX Directive [64], and in the case of equipping it additionally with electrical and
electronic equipment, it needs to comply with the Low Voltage Directive and Electrical
Compatibility Directive [65]. There are currently three standards for powered roof support
testing, which were updated in 2022. The first standard describes the general safety
requirements [66]. The second standard contains information on the safety requirements
of hydraulic actuators and other cylinders. The third standard contains requirements for
the hydraulic control system of powered roof support [67]. The requirements describe the
testing and qualification of the powered roof support. No standard would determine the
suitability of powered roof support for the conditions of the threat of rockmass shocks.

The noise source in the powered roof support required an analysis regarding its
operation parameters and environment. The data collection allowed for an objective
assessment of its working conditions. In addition, information about the source effort
(sound force, sound pressure, sound level) and the frequency spectrum of the source
is necessary. These characteristics can be used to draw up an acoustic certificate of the
machine. In general, the measurement of sound power is used to identify noise sources
to minimise their impact on the environment. This information is also needed when
conducting environmental assessments of industrial installations for noise emissions.

This paper aims to present the research results on the development of the method of
sound power. A dynamic research station was used for this research. This method is intended
to complement basic research to improve the safety of powered roof support sections.

2. Materials and Methods

Previous research and analyses have focused on obtaining the appropriate power in
the actuator based on the pressure increase caused by a dynamic load in the sub-piston
space. Examining the current European Directive [68] concerning the safety of machinery,
its requirements concern defining the sound power level as a measure of the noise emission
of machinery. The method of determining the sound power level shall be harmonised with
that directive [69,70]. The tests complying with the Directive’s standards are part of the
certification tests covered with the obligation of safety certification and the manufacturer’s
obligation to issue a declaration of conformity. The test procedure shall use the methods
described with the standards [71].

The reliability of the sound power level’s definition for machines depends on the
standard reproducibility deviation and the required confidence level. The standard de-
viation of reproducibility is defined [72] as the standard deviation of the sound power
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levels under reproducibility conditions (repeated application of the same measurement
method and source at different time intervals and under different measurement conditions).
The standard deviation of the reproducibility of the test results of the sound power level
of a particular method is related to the test conditions and the adopted measurement
procedures and not to the source itself.

This is partly due to the difference between measurement laboratories and atmospheric
conditions in the case of tests in open space. Another difference is the geometry of the
test room or open space, the acoustic properties of the sound-reflecting surfaces, the
sound absorption with the walls of the measuring room, the background noise, and the
type and calibration of the measuring apparatus. There are also differences in the adopted
measurement procedures: the location of the test source, the size and shape of the measuring
surface, the number and location of the microphone on the measuring surface, the time of
integration, and the determination of environmental corrections. The values of the standard
deviation of reproducibility are given with the following standards [73,74]. In the case of
a specific family of noise sources with similar dimensions, similar sound power spectra,
and similar operating conditions, the standard deviations of reproducibility may be more
minor. Therefore, the noise test procedure of a given machine type may predict a minor
standard deviation.

If the results of appropriate inter-laboratory tests justify this, the author decided
to conduct research and an analysis using the theory of the sound power of the sound
source. It is defined as the total power of the sound wave emitted with the source. It is
determined as a sound source using a closed surface and summing the streams of sound
power through this surface. In this method, it is assumed that the absorption of the sound
wave in the centre is negligible or the surface closely surrounds the source. In the case
of air, the first condition is met for smaller distances. The formation of an acoustic wave
is defined as a disturbance of density and pressure diverging in the centre in the form
of a longitudinal wave, which is accompanied by vibrations of the particles of the centre.
The centres in which such waves can move are elastic (solid, liquid, and gas). These
disturbances involve transferring the mechanical energy through the vibrating particles
of the centre (densification and dilution) without changing their average position. The
resulting longitudinal wave is characterised by vibrations in the direction consistent with
the direction of its propagation [75]. An example of a longitudinal wave is a sound wave.

The author proposes the following methodology for testing the sound power level of
a hydraulic actuator of powered roof support (see Figure 3):

- hydraulic actuator tests in an open space;

- using different heights of the load drop;

- using different distances of the measuring surface from the source;
- ananalysis of test results based on the sound power dependence.
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Adopted Calculation Model

For the adopted calculation model, the formula for the sound wave energy was used,
which was divided by the time increase At. The general formula for power is just energy

divided by time:
E
P=— 1
t M
For our considered case it will be
_E_ 3 (qAAX)w?X? 1 Ax 5
P=%= At =T AR @
Assuming that % = v is the speed of the sound wave, we obtain the formula
1 2,2
P = §q~A-v-a) X 3)

where:

P—sound source power (W);

g—density of air (kg/m3);

Ax—distance travelled by the disturbance (m);

At—the time it takes the disturbance to travel the distance x (m);

x—the amplitude of shallow vibrations harmonically vibrating (m);

v—the speed of the sound wave equal to the quotient of the distance travelled by the
disturbance (wave) to the time in which it occurs (m/s);

A—cross-sectional area perpendicular to the direction of the sound waves;

3. Results

During the exploitation of the coal bed using the powered roof support, the rockmass
exerts a dynamic load on the machine. Inadequate protection against this phenomenon
damages the structure, especially the hydraulic actuator. This research aims to map the
dynamic load and determine the sound power. The test consisted of the free fall of the
impact mass from a certain height and then determining a parameter defining the sound
power based on the dynamic load during the bench tests (and in underground conditions
of rockmass shocks). Free-falling mass as an impactor is a good example of the dynamic
phenomena in affected rockmass.

Dynamic testing of hydraulic actuators for powered roof support can be carried out
at three research centres in Europe. Two are in Poland: the Main Mining Institute and the
KOMAG Institute of Mining Technology. The third centre is located in TLO Opava in the
Czech Republic, where the author researched acoustic power. In this type of testing, the
source of the load is a freely falling impact mass moving along the guides. In this position,
a hoisting frame, loaded with an impact mass falling from a certain height, rests on the
hydraulic actuator. The test result is recorded using a measuring system. A safety valve is
connected to the sub-piston part of the actuator. Figure 4 shows the conduct of the study.
The test consisted of setting the hydraulic actuator and loading it from a certain height. The
drop test started at a height of 0.2 m and ended at a height of 0.9 m.

During testing, the actuator bends under the load impacting it. As a result of the
accumulated pressure, the built-in safety valve for the sub-piston space drops the excess
pressure. This is the only and most important protection of the actuator. During the tests,
the safety valve’s task is to prevent exceeding the expected pressure value in the sub-piston
space of the actuator. For this reason, a safety valve was used.

According to the scheme presented in Figure 4, the test consisted of putting the axial
load on the hydraulic actuator with an impact mass (m) falling from a certain height (h) to
a resting hoisting frame of a mass value at (m;). During the tests, the value of the impact
mass (m) and the mass of the hoisting frame (m) were constant. The impact mass was
20,000 kg, and the mass of the hoisting frame was 1800 kg. Tests were conducted for
different heights.



Processes 2023, 11, 3047 8 of 16

(a)
L\
m
S~
2 h1 i
1
mt
3
4
NANVANNNN

(d) (e) ()
AN NN N L LN LN NN NN LN N NN L L

5

/

()

i

r“/ é knr
NSO NS NNRY VNN NN NN AN YRR RN
@)

Figure 4. Stand for testing hydraulic actuators of powered roof support loaded with mass impact:
(a) construction of a test stand, 1—impact mass, 2—traverse, 3—hydraulic stand cylinder with
pressure sensor, 4—foundation of the position; (b) view of the test bench located at TLO Opava in
the Czech Republic; (c) view of the hydraulic actuator after the dynamic test; (d) actuator analysis,
5—vibrating rack surface after dynamic impact; (e) the amplitude of harmonic vibrations was created;
(fi) air layer formed after a dynamic impact; 6—air layer.
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The actual signal obtained during the bench tests was used to verify the sound power’s
effectiveness. It was measured at a distance of about 5 m from the source using a micro-
phone. The data were processed in the Matlab environment. Measurement duration
reached up to 3 s at a sampling rate of 2.5 kHz. As you can see in the charts (see Figure 5),
there are high-energy broadband pulses in the region of 0.5 to 1.5 s associated with decreas-
ing mass shock. The resulting actual vibration signal contains various components with a
complex structure. Components that could indicate damage occurring during the test are
not visible in the signal regarding time due to the noise. The signal received in Figure 5
shows the most important results of bench tests.
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Figure 5. The obtained test results for the resulting real signal, where the height of the drop for
a particular measurement was as follows: (a) drop height of 0.2 m, (b) drop height of 0.3 m, (c) drop

height of 0.4 m, (d) drop height of 0.5 m, (e) drop height of 0.6 m, (f) drop height of 0.7 m, (g) drop
height of 0.8 m, and (h) drop height of 0.9 m.

The result of sound power positional tests for the sampled sound source is the resulting
impact. In this case, the reverb time ranged from 0.5 to 1.5 s. Since the tests were performed
in an open room, the reliability of the results is determined with the measuring distance and
the sound propagation wave. If performed in a closed room, the sound wave propagation
in the above test would be significantly different.

4. Discussion

The author performed a literature review on seismic events directly impacting the
dynamic load of powered roof support. The hydraulic actuator was put under a load (see
Figure 4) to determine its sound power. During the study, a number of different actual
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signals were obtained (see Figure 5) and in order to interpret them, an algorithm for finding
the P wave was used [76].

Obtaining information about the sound power without detecting the moment of
arrival of the P wave to the sensor is almost impossible. The main goal of the algorithm
(where finding the P wave announces the moment of the beginning of a dynamic impact)
is the high accuracy and automaticity of the method. In the research, an innovative
method was used, including analysing the seismic signal. It is based on the analysis of the
main components using the time—frequency representation of the signal (PCA—Principal
Component Analysis).

The results were subjected to a time—frequency analysis for better accuracy in detecting
changes in the signal structure. Figure 6 presents a spectrogram of the analysed dynamic
data. The use of time—frequency representation makes it possible to observe the behaviour
of the signal in regard to time and frequency. Introducing a change in the signal represen-
tation to the time—frequency map increases the computational complexity. Analysing the
information about the energy flow in the signal is important from the point of detection
of the P wave. It can cause a sudden change of value in the vibration signal. Therefore,
the PCA method was used in the analysis, known for its high efficiency in reducing data
dimensions while maintaining the greatest data variability.

The goal of PCA is to rotate the local coordinate system to maximise variance in a new
set of dimensions. The first dimension is characterised by the largest variance, the second
dimension by the second-largest variance, etc. The analysis of the principal components
is widely known in statistical analyses [76]. This transformed layout consists of new data
values in a new set of dimensions. PCA is considered to be a method of dimensional
reduction. The original data set is described mainly within the first few main components
for the newly created feature space. They provide the most original information. Usually,
the information contained in the first components is sufficient. This is because they contain
a large amount of information.

In the studies conducted on the arrival of the P wave, it was noticed that there is a
significant, abrupt change in variance. The time—frequency analysis is for the raw dynamic
signal (see Figure 5). Using the PCA algorithm to extract the greatest variability in the data
is important. For the PCA algorithm, a P wave detection technique was used based on
the main principle of finding the maximum value on the derivative of the function’s first
components of PCA. Determining the greatest variability in the data can be interpreted
as the moment of arrival of the P wave. The method is intuitive and very effective. This
method made it possible to analyse the research material. Figure 6 presents the spectrogram
of the analysed data from the studies on the determination of sound power.

The results show that (see Figure 6) the alignment of the power intensity during
impact is one of the criteria that can determine the usefulness or suitability of the hydraulic
actuator of powered roof support. Objective measurement of this parameter is fraught
with several difficulties, the greatest of which is the impossibility of accurately measuring
the energy transmitted through the position beam. The sound power method can solve
this problem by using the energy obtained to reference the power intensity for individual
hydraulic shocks.

The results of the obtained measurements and the obtained sound power based on the
relationships described in the adopted calculation model, listed in Table 1, are presented
in Figure 7. The test results presented in this way constitute the entirety of research and
research analyses on obtaining the acoustic power of the hydraulic support actuator based
on stand tests.
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Figure 6. Spectrogram of data from the obtained dynamic impact for the resulting real signal, where
the drop height for each measurement was as follows: (a) drop height of 0.2 m, (b) drop height of
0.3 m, (c) drop height of 0.4 m, (d) drop height of 0.5 m, (e) drop height of 0.6 m, (f) drop height of
0.7 m, (g) drop height of 0.8 m, and (h) drop height of 0.9 m.
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Table 1. Sound power occurring in a hydraulic actuator under load dynamic.

Height Maximum Time Energy of Power
of Drop Pressure Signal Duration Impact Mass, Acoustic
(m) (bar) (s) Ey (k]J) W)
0.2 450 1.1 39.2 35.6
0.3 550 15 58.8 39.2
0.4 650 1.7 78.4 46.1
0.5 730 1.8 98.1 54.5
0.6 790 2.2 117.7 58.8
0.7 830 2.3 137.3 59.6
0.8 900 2.4 156.9 65.3
0.9 990 2.5 176.5 70.6

—e— Acoustic power [W]
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5.5
5.0
4.5
40 &
3.5 g

— 20
1.5
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Figure 7. Acoustic power graph for all bench tests.

5. Conclusions

In the context of the tests and analyses, it is necessary to amend the existing standards
for the testing and design of powered roof support and to develop a standard for its
protection under dynamic conditions concerning sound power. The lack of development of
standards for testing and protecting the powered roof support against the dynamic impact
of rockmass seems particularly incomprehensible, as in most cases, we are dealing with
operation under dynamic impact. The conducted studies clearly show that the dynamic
load is particularly disadvantageous due to the strong vibration amplitude, which regards
the functionality of the control system of the powered roof support.

The sound power produced with the hydraulic actuator of the powered roof support
during the bench tests must be greater than its load. During the impact load of the mass, the
hydraulic actuator produces sound power. It results from the hydraulic actuator slipping to
the limit value. Energy is generated due to the transfer of energy using the pile driver to the
hydraulic actuator. The resulting energy is temporary because the safety valve dissipates it.
The sound power is generated when the energy accumulates, which significantly affects
the slip of the hydraulic actuator and the moment of dispersion through the safety valve.
The most important cognitive conclusions are as follows:
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(1) It would be important to introduce a standard determining the utility of the powered
roof support for the conditions of risk of rockmass tremors.

(2) Manufacturers of powered roof support should extend their tests with the hydraulic
impact sound power method.

(38) The result of sound power tests based on the signal is more accurate than the pressure
increase in the sub-piston space of the actuator.

(4) The pressure increase in the sub-piston space causes the safety valve to operate against
damage effects. The analysis of the signal generated during the dynamic impact can
determine whether the behaviour of the safety valve is correct.

(5) The sound power method based on the resulting signal should be considered in
the analysis.

The results obtained from the bench tests made it possible to determine the sound
power developed with the hydraulic actuator of a powered roof support due to dynamic
load. In this paper, individual standards were analysed to develop the sound power method
for studying the powered roof support’s hydraulic actuator. The sound power analysis is an
additional requirement for studying powered roof support under adverse rockmass shocks
(dynamic load) conditions. There are ambiguous provisions of the applicable standards
and an increase in the threat of rockmass shocks.

The adoption of this proposal for universal application would have an impact on
improving workplace safety. The research and the results indicate that the adopted method-
ology is correct. However, the research results do not exhaust the research problem of ob-
taining sound power. The proposed sound power method is based on positional (dynamic)
tests and the energy of impact. This allows for an objective and accurate measurement of
the sound power parameter. Thus, it can be of valuable help for both constructors and
explorers of powered roof support.
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