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Abstract: A powered longwall mining system comprises three basic machines: a shearer, a scraper
(longwall) conveyor, and a powered roof support. The powered roof support as a component of a
longwall complex has two functions. It protects the working from roof rocks that fall to the area
where the machines and people work and transports the machines and devices in the longwall
as the mining operation proceeds further into the seam by means of hydraulic actuators that are
adequately connected to the powered support. The actuators are controlled by a hydraulic or electro-
hydraulic system. The tests and analyses presented in the developed procedure are oriented towards
the possibility of introducing automatic control, without the participation of an operator. This is
important for the exploitation of seams that are deposited at great depths. The primary objective
was to develop a comprehensive methodology for testing and evaluating the possibility of using the
system under operating conditions. The conclusions based on the analysis presented are a valuable
source of information for the designers in terms of increasing the efficiency of the operation of the
system and improving occupational safety. The authors have proposed a procedure for testing and
evaluation to introduce an automatic control system into the operating conditions. The procedure
combines four areas. Tests and analyses were carried out in order to determine the extent to which
the system could be potentially used in the future. The presented solution includes certification and
executive documentation.

Keywords: safety function; electro-hydraulic control system; powered roof support

1. Introduction

The development of the underground coal mining industry is boosted by the need to
improve the efficiency of the mining process, at the same time, maintaining the required
level of safety and protecting the environment. Machines and devices with innovative
designs that automate the process of mining are the key elements required to improve the
mining process. One of the basic directions of development in the world mining industry is
the automation of a longwall unit. Today, manufactured longwall shearers have improved
mining efficiency with a face feed speed of almost 10 m/min. This means that the sections
of the powered roof support must be moved within a maximum of 9 s for sections that are
1.5 m wide, and 10.5 s for sections with a width of 1.75 m. It is not possible to obtain such
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performance parameters using traditional, manual control of the powered roof support.
These requirements and the fact that the design of a support section is complex means
that a hydraulic system needs partial or full automation to achieve large hydraulic fluid
flows [1-6]. The automation process reduces the total number of operators controlling the
support sections and makes it possible to remove them from the immediate vicinity of the
support that is being moved. This has a positive effect on safety by removing personnel
from the active face.

The procedure developed based on research and analysis includes four stages. These
are essential for manufacturers of longwall roof supports and producers of control systems,
as it accurately and easily shows what the sequence of design, research, and production
work should be. From a scientific point of view, the third stage is the most important one,
as the results obtained, either positive or negative, make it possible to analyse whether the
assumptions made in Stage 1 coincide with the design made in Stage 2. As a result of the
research on prototypes and the acceptance of prototype modifications, documentation is
developed, as presented in Stage 4. The procedure takes into account all possible safety
requirements and the possibility of effective preparation of automatic control. The nature
of the presented concept is open, as it takes into account the possibility of introducing
specific conditions in which the seam will be mined, and the selection system used. The
procedure can be modified to fit the research and development of automatic control devices
and future requirements.

The depth of underground hard coal mining has been constantly increasing in the
past years. This, in turn, increases natural hazards such as exogenous fire, seismicity,
and methane hazards [7,8]. The longwall system in terms of these hazards challenges
manufacturers, researchers, and mining companies to ensure an appropriate level of occu-
pational safety. Currently, a considerable involvement of researchers in solving problems
related to methane hazards [8-15], endogenous fires [7], and seismicity [16] can be observed
worldwide. Therefore, global coal mining is at the forefront of the desired energy resource
alongside oil and gas [17-19]. Coal mining in an underground mine is carried out using
a longwall system that uses such machines as a shearer that mines the coal, a scraper
conveyor for haulage, and a powered roof support for the longwall system. They operate
together and form a longwall complex (Figure 1).

Monitoring the machinery and equipment in the longwall complex and mining and
geological conditions largely contributes to the maintenance of sustainable development
of mining in the world and improvement of work safety [20-28]. Recently, there has been
extensive activity in the development of research on the application of new technologies in
mining thanks to Industry 4.0 [29-32]. The selection of technical parameters of machines
and equipment is important due to the arduous conditions in which they will work. It
is possible to evaluate correctly selected machines through active monitoring of their
operating parameters and analysis of operating conditions [33-39]. One of the main
sources of hazards causing accidents at work in mining plants is the technical infrastructure
and, in particular, machinery and technical equipment. In 2019, the rate of accident
and mortality associated with technical hazards caused by machines and equipment was
approximately 50% of all events [40]. To ensure safe use and proper hazard assessment,
machine and control equipment designers place the greatest emphasis on structural safety
aspects. The related requirements are defined in standards [41-46] harmonised with
the Machinery Directive [47]. However, due to technical progress, such standards do
not exist for most of the machine control systems currently developed. Therefore, in
order to ensure compliance with the essential requirements of the Directive, a package of
technical standards on functional safety issues was created; it includes the concept of safety
assessment of machinery [41,43].

The mining and geological conditions in which the powered roof support system
is to be used can be divided into dynamic impacts of the rock mass on the longwall
excavation where the roof support system works. This phenomenon is more dangerous
than mining and geological conditions in which the rock mass does not tend to tremble.
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Sudden clamping of the excavation means a static displacement that overloads the longwall
complex that is supposed to be supported by the powered roof support. The load that
impacts powered roof supports results from the movement of rock masses at a certain
speed. The main task of powered longwall supports is to transfer loads resulting from
changing mining and geological conditions, allowing for deformation of the longwall
excavation to a minimum degree [48].

The powered roof support is a hydraulic machine powered by high pressure with an
oil-water concentrate as an energy carrier. Spragging of the support section of the powered
support for the required height of the excavation and its support is conducted by hydraulic
legs. They constitute a structural connection between the canopy and floor base. As a
result of the impact of the rock mass, the hydraulic legs carry the load depending on the
conditions under which the powered support operates. Their protection is ensured by
placing a safety valve in the hydraulic system [49]. It is vital to carry out an economic
analysis of the effective protection of the powered roof support together with all machines
of the longwall complex. In the past, several studies on the automation of the entire mining
process were conducted [50-54]. The selection of a safety valve for the hydraulic system of
the leg of the powered roof support working in the conditions where tremors often occur is
key as it affects the safety of machines and people [55,56].
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Figure 1. Arrangement of machines and equipment in a longwall complex: (a) cross-section of the longwall and (b)

longitudinal section of the longwall, where 1—power supply, 2—inclinometer, 3—pressure sensor, 4—central controller,

5—controller with an executive block, 6—route sensor, 7—longwall scraper conveyor, 8—belt conveyor, 9—shearer control

station with closed circuit television, Closed Circuit Television (CCTV) monitors and monitoring of operating parameters of

the powered roof support, 10—scraper conveyor, 11—crusher, 12—CCTV camera, 13—powered roof support, 14—sliding

system connection with a scraper conveyor, 15—shearer, 16—cutting unit, 17—sliding system, 18—floor base, 19—hydraulic

leg, 20—lemniscate system, 21—shear support, and 22—roof.

2. Materials and Methods

Coal mining in an underground mine is based on a longwall complex that uses the
powered roof support. In most cases, a hydraulic system based on manual controls is used
to control the roof support. This is mainly determined by the economic efficiency of the
company. It is reasonable to work towards reducing the number of workers near working
machines to improve work safety. It is also important to measure the number of failures of
machines and equipment carrying out technological processes related to hard coal mining.

The development of longwall complex automation technology in recent years has
been directed towards the identification of shearer operation parameters based on the
monitoring. A device that plays a crucial role here is a sensor that is applied in various
systems designed to monitor the parameters of a longwall complex [57-59]. It is intended to
improve occupational safety. With the development of intelligent computing technologies,
it has become possible to develop intelligent algorithms related to neural networks, fuzzy
logic, hybrid methods [58-77]. This formed the foundation for the development of an
automatic control system for a powered roof support in a longwall complex.

2.1. System Design and Development

The powered roof support section, with hydraulic legs as its main elements, directly
affects the required protection of the excavation. Vital functions are performed by other
hydraulic cylinders including advancint the armoured face conveyor and in the powered
roof support, such as the conveyor slide or the support of the canopy. Monitoring the
pressure in the legs and determining the geometry of the section position in the excavation is
an essential factor in the exploitation of longwall complexes. The possibility of automating
specific sequences of work of particular elements of the support and controlling their
implementation allows limiting the presence of the miners in the excavation. Equally
important is the fact that the section of the roof support is guided by the profile of the
excavation by means of appropriate cooperation of the section of the roof support with a
scraper conveyor. Based on the presented concept, a vision of the system was designed
together with a visualisation of the operating parameters, which is shown in Figure 2.
A diagram of the actual control system of the powered system as a test demonstrator is
shown in Figure 3.
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Figure 2. The concept of the devices that are part of the system; 1—intrinsically safe power supply,
2—controller, 3—electro-hydraulic executive block with control inserts, 4—solenoid valve, 5—control
bar, 6-pressure sensor, 7—inclinometer, 8—underground computer, 9—surface computer, and 10—
powered roof support section.
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Figure 3. Prototype devices that are part of the system; 1—intrinsically safe power supply, 2—
controller, 3—electro-hydraulic executive block with control inserts, 4—solenoid valve, 5—control
bar, 6—pressure sensor, 7—inclinometer, 8—underground computer, 9—surface computer, and
10—powered roof support section.
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2.2. The Requirements for the Design Procedure

The concept of the software and database structure was based on the assumptions of
the analysis of the control system operation possibilities. A special criterion is to determine
the areas which will constitute a visualisation of the working parameters. The information
gathered in the database will be used to report on the production process of coal mining.
The concept for the development of computer software architecture is based on the research
and operating experience of the authors. Based on the theoretical analyses made, the
assumptions of software architecture modules and databases were developed. Due to
the gaps and limitations caused by the computing power of a computer operating in an
underground mine, the focus was put on collecting relevant information such as pressure
measurement in powered roof supports and their position geometry. One of the elements of
creating a database is to test whether the proposed structure and data resource correspond
to the requirements set at the design stage. The designed software architecture together
with the database will constitute the information base of the control system.

The architecture diagram for the software for the computer that will operate on the
surface and one that will operate underground are shown in Figures 4 and 5.
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Figure 4. Design of the underground computer together with the database.
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Figure 5. Design of the surface computer together with the database.
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3. The Concept of Safety and Hazard Assessment

The electro-hydraulic system designed to control the powered roof support should
perform its intended control functions even under damage or disturbance conditions
in a predictable manner and with specified reliability. Measures taken to minimise the
likelihood of such damage or disturbances and their extent depends on the level of hazard
associated with the specific control function.

Research on the evaluation of the reliability of the implemented safety function for the
electro-hydraulic control system of the powered roof support is aimed at reducing the risk
of hazardous events to an acceptable level. The hazard reduction can be carried out based
on standards [41-46], to optimally achieve the protection of the system. In the process
of designing and constructing the control system, the risks were analysed, and measures
were taken to protect the operator from the existing hazards. The hazard assessment is the
result of logical steps, allowing for systematic analysis. The system or the machine must be
designed and constructed taking into account the results of the hazard assessment. The
first step of the assessment is to identify system components (equipment) and later the
sources of the hazard for all activities of the operation. The authors considered only those
risk factors that have a fundamental impact on the assessment of the effects of a threat
when estimating the hazard [20]. Four levels of hazard were adopted for research based on
own experience.

(1) Unacceptable—hazard reduction is necessary, otherwise, the system cannot be autho-
rised;

(2) Undesirable—hazard is only acceptable if the expenditure involved in reducing it is
clearly higher than the effects achieved or if hazard reduction is not achievable;

(3) Acceptable—the hazard is only acceptable if the expenditure involved in reducing it
is significantly higher than the effects achieved;

(4) Negligible—further investment in hazard reduction is not acceptable.

An individual assessment based on good practice and experience was adopted for
the risk assessment. This method uses predefined value ranges and descriptive measures
such as:

S1—negligible (the risk is very rare, the chance of an event occurring is low, a probability
of no more than 10%),

Sp—minor (light injuries, mild occupational disease, 11-30% probability),

Sz—serious (serious injury to one or more persons or death of one person, probability
31-60%),

S4—severe (many people die, probability 61-80%),

Ss—catastrophic (very many deaths and practically total destruction of the system, a
probability above 81%).

In general, it must be assumed that the hazard is a combination of the intensity of the
occurrence of safety i and its consequences S:

R=h-S, 1)

The total hazard associated with the use of the system consists of several hazards and
therefore, the total hazard can be assumed as follows:

n
R=Y kS @)
i=1

where hj—the intensity of the i-th hazard and S;—the consequences of the i-th hazard.
The probability of the i-th hazard can be determined.

hi
h;

pi = (3)

N
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Expected impact per unit of time:
n
Eq=).Sipi 4)
i=1

Additionally, as a result
n
R=Ey - ) h ®)
i=1

The result of the assessment is presented in Table 1.

The parameter determining the level of hazard is primarily the severity of the damage
that may occur as a result of failure to perform the safety function once it has been recalled.
The consequences of failure to perform the exemplary control functions of the electro-
hydraulic powered roof support are almost always serious for the health and life of those
operating the machine and those around it. The analysis of the required performance level
(PL) is based on the identification of the tolerable hazard function [45].

When defining the level of safety assurance PL, we refer to it as the ability to perform
safety functions under the expected conditions. There are five discreet levels of safety
assurance marked as:

a—indicates the lowest probability of failure,
b—means the average probability of damage,
c—means a good probability of damage,
d—means a high probability of damage,
e—means the highest probability of damage.

Determination of the Safety Integrity Level (SIL) is based on the estimation of the
value of hazard and the ability of the control system to reduce hazards [41]. As already
mentioned above, the safety function can be set up in two different ways. The determined
safety level of SIL and PL for the tested control system was also compared based on the
probability of accidental equipment failure. Table 1 presents the results of the analysis of
the safety function.

Table 1. The result of the analysis designed to determine the level of the safety function.

Safety Integrity Level Probability of Dangerous Safety Performance Hazard Assessment
(SIL) Damage per Hour Level (PL) Method R
N/A >107% to <10~* a Sy
SIL 1 >3 x 107 to <10~° b Sz
SIL 1 >10°to <3 x 107° c S3
SIL 2 >10"7 to <10~° d Sy
SIL3 >10-8 to <1077 e Ss

Table 1 presents how to assesses the hazard and its reduction and determines the
Safety Performance Level PL and the Safety Integrity Level SIL. In the analysis of a given
safety function, PL and SIL2 levels were obtained, and the estimated hazard is assumed
at Sy. The analysed electro-hydraulic control system performing the safety function is
characterised by a safety level not worse than that required.

Research on the Development of the Electro-Hydraulic Control System

The control system together with the mechanical and hydraulic system is crucial
and often determines the efficiency of the roof support. Therefore, it is well justified that
scientific activity regarding the control system should be boosted. The search for a system
that would allow for automatic operation without the need to position workers in the
longwall is intensifying. The use of digital data—both for the roof support and the whole
complex—shows that the demand for smart control has been continuously increasing.

Currently, it is not possible to eliminate the miners from the longwall. This is also not
to be expected in the coming years. The main reason is that there are no measures that
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would precisely specify the mining and geological conditions of each longwall. However,
this does not limit the development of control systems, for which the requirements are
increasing and will grow. The objective is to focus on works outside the mining area as
much as possible. Here, the control systems are fundamental. Research in this area mainly
includes work on the development of an electro-hydraulic control system. A testing station
was designed with a virtual controller built in. The station is used to define the number of
control system parameters (Figure 6).

1
R

a1

3

4 ‘ v

Figure 6. Test monitoring equipment, where 1—oscilloscope, 2—laboratory power supply, 3—
controller module, and 4—solenoid valve.

The monitoring scope of the system is wide. It was used to determine the times for
implementing the basic functions of the support such as the spreading and withdrawing of
sections (extensions/slides of hydraulic legs mounted between floor bases and canopies).
It measured the times of switching on the PWM signal and full signal supply for the basic
functions of the powered roof support. The operating parameters of the control system
obtained for individual phases of the section operation are shown in Figure 7.

The obtained results clearly indicate that the tested electro-hydraulic system has very
low response times. This provides fast and reliable performance of the roof support. Such
parameters make it possible to prepare both a comparative and sensitivity analysis of
the control system and its components. Next, the results are used to adapt the control
parameters to the mining and geological conditions of an individual longwall. It can,
therefore, be assumed that virtual testing techniques applied for the systems that are
already in use, new ones, or even prototypes can potentially facilitate their improvement.
At the same time, the conditions to which these systems will be subject in real conditions
are impossible to achieve in laboratory conditions.
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Figure 7. Switch-on time and delay of the Pulse Width Modulation (PWM) and full PWM signal for the function of sliding
up and down the legs: (a) supply voltage of 12 V for switching on time AX = 1.98 s, (b) supply voltage of 12 V for delay
time. (c) Supply voltage of 11 V for switching on time AX = 1.98 s, (d) supply voltage of 11 V for delay time, (e) supply
voltage of 10 V for start-up time AX = 1.98 s, and (f) supply voltage of 10 V for delay time.

4. The Concept of Developing a Procedure as a Basis for the Introduction of an
Automatic Control System

The development of a comprehensive design procedure, together with the procedure
for conducting tests and the required safety assessment, is important in terms of adapting
the system to the roof support structure and the conditions under which the system will
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operate. The procedure in Figure 8 includes four stages. The results should be used by
manufacturers of roof supports and control systems, as it presents the order of design,
research, and production. The third stage, from a scientific point of view, is the most
important one, as the positive or negative results obtained make it possible to analyse
whether the assumptions made in Stage 1 coincide with the design in Stage 2. As a result
of research into prototypes and the acceptance of prototype amendments. The production
documentation is then developed as outlined in Step 4. The authors of the study included
all possible points for safety and efficient use.

Analysis of the electro-hydraulic control system together with the visualisation of the
operation parameters of the powered roof support in the conditions of adverse effects of
the rock mass shows that the construction of the powered roof support must be adapted
properly. It is important to prepare the structure of the roof support so the control system
and the sensors can be mounted properly to achieve the right operating parameters and
ensure the necessary safety level. The highest level of functional safety for the components
comprising the control and visualisation system requires the use of all testing methods. In
particular, this concerns the safety of the miners.

Identification of potential hazards associated with the emergence of hazards resulting
from the operating conditions of the control system is important. The mining and geological
conditions in which longwall coal mining is carried out are one of the most dangerous.
Step 2 includes a detailed safety assessment, which refers to the hazard assessment of
the control system of the powered roof support designed for the operators. The hazard
assessment will check whether the level achieved can be considered acceptable based on
the possible occurrence of the hazard and the probability of its occurrence. The hazard
reduction takes into account the hazard associated with the malfunctioning of the control
system and must be designed in such a way that:

—it ensures the safety and prevents emergencies;

—defects in the computer hardware and software of the control system would not lead to
dangerous situations;

—they are resistant to the loads resulting from their intended use and to the impact of
dangerous situations;

—logic errors do not lead to dangerous situations;

—predictable human errors do not lead to dangerous situations.

Figure 8 presents a guide for engineers who design control systems. The manual
is used following its established components, namely, when starting to work on a new
system, the concept must be considered first, and then, design, research, and production
must be considered. The guide (Figure 8) intends to organise and reduce engineers’
working time. This procedure consists of four stages. In the first stage, the concept for the
designed prototype of the system was taken into account together with the functional safety
analysis. The second stage covered design aspects with the development of the control
algorithm and software. The third stage includes tests. The research team designed bench
and underground tests. The aim of this research is the functional ocean of the designed
system. The last stage four is the introduction of the system into serial production. Here,
manufacturing drawings, instructions for use, and a declaration of conformity are included.

The nature of the presented concept (Figure 8) is open, as it takes into account the
possibility of introducing specific conditions in which the seam will be mined, and the
selection system used. The procedure can be modified to fit the research and development
of automatic control devices and future requirements.
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REQUIREMENTS AND DESIGN PROCEDURE INCLUDING THE FUNCTIONAL SAFETY
ASSESSMENT METHOD FOR THE POWERED ROOF SUPPORT ELECTRO-HYDRAULIC

CONTROL SYSTEM

A4 v v
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A4 v A4
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control system and a visualisation system for underground mine operation.

Figure 8. The procedure together with the procedure for testing and evaluation for the introduction of an electro-hydraulic

The conditions in which the mining roof support operates are random. Consequently,

the procedure must be used for every new mining longwall individually. The range of
application should be adapted to calculated possible mining and geological conditions of a
given area. Identified potential loads and requirements for the powered roof should be
treated as a foundation of further research and calculations. Possible structural changes
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and other systems should be preceded by a thorough assessment of the condition of
these conditions.

The procedure itself is open and flexible. This is crucial as this makes it possible
to modify it depending on the conditions, requirements, and needs, as well as research
capabilities. This applies to both manufacturers and users of the roof support.

The contractors who order a powered roof support should be aware that they must
adapt the parameters and features for each longwall. They are responsible for the proper
selection of the system that would fit the conditions in a given area. The safety of the
miners is the most important. The support is the most expensive machine of the powered
roof support complex, and its safe use impacts the economic efficiency of the entire mining
operation process.

5. Conclusions

It is important to prepare the roof support in such a way that after it is installed
in the longwall and launched, the automatic control systems take over the functions
previously performed by the operator. Appropriate selection of the support section for
mining conditions, equipping it with a set of sensors and a prepared intelligent control
system, can together potentially fulfil expectations. The authors attempt to identify the
main problems that need to be carefully considered, complemented by the knowledge
gained from the research, and then to define the criteria. Based on the analysis of many
tests carried out, the conditions (Figure 8) to be met for the powered roof support and its
components have been clarified, which will allow preparing the structure of the support to
meet the requirements necessary in terms of the automatic control system.

Based on the tests and analyses carried out for the resulting prototype of the electro-
hydraulic control system, a detailed analysis of the safety function must be carried out
before it is put into service as presented in Section 3 (Results). This analysis takes into
account the required level of hazard and determines the level of safety integrity and the
level of safety assurance with a probability of dangerous damage per hour. Based on the
analysis carried out, this is a satisfactory level. This is of particular importance for the
entire longwall complex.

Based on the design and research work on the development of an electro-hydraulic
control system for the powered roof support to increase the efficiency of the entire complex,
requirements and design procedures were developed together with the procedure for
functional safety assessment.

The area of research and analysis in the third stage has provided new knowledge of
equipment design. The developed system can have a huge impact on the efficiency of the
work of the powered roof support and thus the entire longwall complex. In the future, this
may result in a reduction in the number of workers during coal mining. So far, studies
and analyses have not included such a comprehensive approach concerning increasing
safety. The presented material expands the existing knowledge of control systems and
visualisation of work parameters of the powered roof support and will be an important
element in the process of effective use of machines and equipment in the longwall complex.
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