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Abstract: The evaluation and prediction of reliability and testability of mining machinery and
equipment are crucial, as advancements in mining technology have increased the importance of
ensuring the safety of both the technological process and human life. This study focuses on developing
a reliability model to analyze the controllability of mining equipment. The model, which examines
the reliability of a mine cargo-passenger hoist, utilizes statistical methods to assess failures and
diagnostic controlled parameters. It is represented as a transition graph and is supported by a system
of equations. This model enables the estimation of the reliability of equipment components and the
equipment as a whole through a diagnostic system designed for monitoring and controlling mining
equipment. A mathematical and logical model is proposed to calculate availability and downtime
coefficients for different structures within the mining equipment system. This analysis considers
the probability of failure-free operation of the lifting unit based on the structural scheme, with
additional redundancy for elements with lower reliability. The availability factor of the equipment for
monitoring and controlling the mine hoisting plant is studied for various placements of diagnostic
systems. Additionally, a logistic concept is introduced for organizing preventive maintenance systems
and reducing equipment recovery time by optimizing spare parts, integrating them into strategies
aimed at enhancing the reliability of mine hoisting plants.

Keywords: forecasting; mathematical modelling; technical reliability; mining equipment; verifiability;
operating efficiency

MSC: 90B25

1. Introduction

The challenges you have highlighted regarding the increasing depth of mineral re-
source development, productivity of hoisting plants, and unstable loads emphasize the
critical importance of enhancing the reliability and durability of mining equipment. The
complexity of functioning mine hoisting plants in deep shafts and large mining enter-
prises underscores the need for robust and reliable systems to ensure safe and efficient
operations [1,2]. The escalating loads on hoisting plants, coupled with the intensified
work requirements in multi-level mining operations, contribute to higher failure rates and
accelerated wear of components. Addressing these challenges requires a comprehensive
approach to improving the reliability of mine hoisting plants [3,4].

By utilizing advanced modeling techniques, such as the mathematical modeling
approach discussed earlier, mining companies can forecast and optimize the technical
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reliability of equipment components. This proactive strategy allows for the identification
of potential failure points, optimization of maintenance schedules, and implementation
of preventive measures to mitigate risks and enhance equipment performance [5–7]. Fur-
thermore, investing in quality parameters for hoisting complex elements, incorporating
redundancy where necessary, and implementing effective monitoring and diagnostic sys-
tems can significantly improve the overall reliability and durability of mine hoisting plants.
By prioritizing reliability enhancement initiatives and leveraging innovative technologies,
mining companies can minimize downtime, reduce maintenance costs, and ensure the
safety and efficiency of their operations in challenging mining environments [8].

At the same time, the issues of improving the reliability and continuity in the operation
of mine hoisting systems to ensure safety, regulated by rules and regulations, are put
forward to the forefront. Of great importance is the problem of determining the reliability
of mine hoisting plants and the development of effective ways to improve the operational
reliability of the hoisting plant [9,10].

The complexity and criticality of mine hoisting plants underscore the necessity of
automating technical diagnostics, function checks, and fault finding procedures to ensure
plant uptime and operational efficiency. Given their status as recoverable systems, the relia-
bility of mine hoisting plants can be significantly enhanced by reducing the time required
for defect identification and elimination [11]. Adapting these systems to advanced technical
diagnostics tools is essential for optimizing their performance and minimizing downtime.
By implementing automated diagnostic processes, mining companies can streamline main-
tenance activities, enhance system reliability, and improve overall operational effectiveness.
In addition to mine hoisting plants, stationary machines and installations play a pivotal role
in the reliability, safety, and efficiency of mining enterprises. These systems often feature
complex designs and consume a significant amount of energy, with up to 70% of total energy
consumption at a mining enterprise attributed to stationary equipment. Given their impor-
tance, it is crucial for mining companies to prioritize the maintenance and optimization of
stationary machines and installations. By investing in advanced monitoring technologies,
predictive maintenance strategies, and energy-efficient solutions, mining enterprises can
improve the reliability and performance of these critical components, ultimately enhancing
the overall productivity and sustainability of their operations [12,13].

The stability of mines is largely determined by the reliable operation of underground
transport and lifting systems of vertical shafts, through which minerals and rock are
brought to the surface. Lifting plants are designed to deliver mined coal and rock to the
surface, to quickly and safely lower and lift people, and to transport fasteners and mining
equipment [14–16]. A number of the largest companies and enterprises were engaged in
research of reliability and improvement and development of mine hoists: AEG, “Siemens-
Schuckert” (Germany), “General Electric” (England), ASEA (Sweden), “CKD-Prague”
(Czechoslovakia) and others [17].

One of the promising options for increasing durability and failure-free operation is the
creation of an automated system for controlling the reliability of a mine hoist unit (MHP).
The subsystem assumes diagnosable (non-disassembling) control of the main electrical
and mechanical elements of the MHP, collection and primary processing of information,
visualization and control of reliability indicators of the MHP [18,19].

The development of algorithms and mathematical models for assessing the reliability
of mine hoisting plants is indeed a crucial aspect of ensuring their optimal performance. By
leveraging the theory of random pulse flows to describe the functioning of these systems,
researchers can gain valuable insights into the factors influencing reliability and identify
potential areas for improvement [20,21].

The use of random pulse flows theory can help in analyzing the stochastic nature of
events within mine hoisting plants, such as equipment failures, maintenance needs, and
operational disruptions [22]. By modeling these random events, researchers can develop
algorithms that predict system behavior, identify potential failure modes, and optimize
maintenance schedules to enhance reliability [23].
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Practical implementation of a diagnostic device for mine hoisting plants based on these
algorithms and mathematical models can provide real-time monitoring and analysis of
system performance. This device can enable operators to proactively address issues before
they escalate, reduce downtime, and improve overall plant reliability. By justifying ways
and means of improving the reliability of operation through the application of random pulse
flows theory, researchers can contribute to the development of more robust and efficient
mine hoisting plants. This approach can lead to cost savings, increased productivity, and
enhanced safety in mining operations [24–26].

The outlined tasks provide a comprehensive roadmap for researching and developing
a system of diagnostics and reliability management for mine hoisting plants. By addressing
each task systematically, researchers can achieve the overarching goal of enhancing the
reliability and controllability of these critical systems. Here is a breakdown of how each
task contributes to the overall objective:

- Creation of Effective Algorithms: Developing algorithms to assess the reliability of
mine hoisting installations is essential for understanding the factors influencing their
performance. These algorithms can help in identifying vulnerabilities, predicting
potential failures, and optimizing maintenance strategies to improve overall reliability
and controllability;

- Development of Mathematical Model: Creating a mathematical model of a mine
hoisting plant allows for a detailed analysis of its reliability as a complex technical sys-
tem. By considering the different levels of diagnostics for plant elements, researchers
can gain insights into the interdependencies within the system and identify critical
components that impact overall reliability;

- Calculation of Reliability: By calculating the reliability of the mine hoisting plant based
on its structural scheme, researchers can determine the probability of failure-free oper-
ation for individual elements and the plant as a whole. This quantitative analysis pro-
vides valuable information for decision-making and prioritizing maintenance efforts;

- Development of Generalized Reliability Model: Building a generalized model of relia-
bility for mine hoisting plants involves analyzing the cause-and-effect relationships
among system components. By understanding these relationships through mathemat-
ical analysis, researchers can develop effective strategies to enhance plant reliability
and optimize operational performance;

- Reliability Assessment with Statistical Information: Leveraging statistical data on
failures and utilizing technical diagnostics systems enable researchers to assess and
manage the reliability of mine hoisting plants effectively. By incorporating real-world
data into reliability assessments, operators can make informed decisions to prevent
downtime, reduce costs, and ensure safe operation.

By systematically addressing these tasks, we can advance the field of mine hoisting
plant diagnostics and reliability management, leading to improved performance, enhanced
safety, and increased efficiency in mining operations [27].

The purpose of this work is to develop a comprehensive model for assessing the
reliability of mining equipment, namely, a cargo-passenger mine hoist, using both statistical
methods to analyze failures and diagnostic controlled parameters. The developed model is
presented in the form of a graph of equipment state transitions and a system of equations
and allows to estimate the reliability of equipment elements and the whole system on
the basis of the system of diagnostics, monitoring, and control of mining equipment. The
mathematical and logical model allows to determine the availability factors and downtime
of various elements in the system of mining equipment, taking into account the probability
of failure-free operation and structural redundancy of elements with the lowest reliability.

2. Research Methods

The research on mine hoisting plant reliability delved into theoretical concepts, employ-
ing set theory and graph theory to analyze the system’s dependability [28]. Additionally,
general probability theory and diverse mathematical modeling methods were utilized. The
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developed mathematical models were practically implemented and validated using the
MATLAB 2022a software package [29].

When calculating maintainability indicators, the study assumed that they are based
on representing repair and equipment maintenance as sets of individual tasks, each charac-
terized by performance goals and probabilities determined by the equipment’s durability.
The investigation of a mine hoisting plant’s operation was a focal point of the study [30].

The duration, labor intensity, and cost of each task were found to directly hinge on the
plant’s design adaptability for maintenance and repair. This is attributed to how design
features impact the complexity and time required for various repair and maintenance tasks.
Various factors were taken into account when determining maintainability characteristics,
including personnel qualifications and diagnostic experience, equipment design complex-
ity, availability of repair facilities, maintenance and repair strategies, and the operating
conditions of the equipment [31,32]. The efficient allocation of resources such as time, labor,
and cost in the repair and maintenance of a mine hoisting plant is crucial for optimizing
operations, reducing costs, and enhancing productivity. Forecasting plays a key role in
this process by considering the probability of each repair job and the time required to com-
plete it. By utilizing methods such as failure trees analysis and cost allocation techniques,
manufacturers can effectively plan and allocate resources for unscheduled and emergency
repairs [33,34].

Several methods are commonly used for cost allocation in the repair of mining equip-
ment, including:

1. Method of rationing: This method involves establishing time, labor, and cost standards
for specific repair works, which are then used to allocate resources accordingly;

2. Regression models: Regression equations are developed to establish relationships
between repair costs and various parameters such as task complexity, equipment
characteristics, and other relevant factors. This method helps in predicting and
optimizing repair costs based on specific variables;

3. Expert judgment method: This approach relies on the insights and expertise of ex-
perienced specialists in the field of mine hoisting plant repair to make informed
calculations and decisions regarding resource allocation.

By allocating costs to individual repair tasks and identifying the most time-consuming
and costly operations, manufacturers can prioritize critical areas for optimization. This
targeted approach allows for efficient resource utilization, minimizes downtime, and
enhances the overall operational efficiency of the mine hoisting plant. Ultimately, the
effective allocation of time, labor, and cost in repairing a mine hoisting plant contributes to
its smooth and safe operation, reduces downtime, and improves overall productivity in the
mining industry [35,36].

This paper presents a complex mathematical model for assessing the reliability of
mining equipment by analyzing reliability indicators using the developed diagnostic
complex. The model focuses on studying the probability of failure-free operation of a mine
hoisting plant based on a structural scheme that incorporates redundancy for the most
failure-prone elements of the system [37].

Furthermore, the study includes modeling the increase in reliability while considering
economic expenses for maintenance and repairs, including the procurement of spare parts
and their stock. The approach involves utilizing the method of stratification of random
sampling, which enables the selection of a significant number of tasks from the initial list
obtained in the first stage of analysis [38,39]. By incorporating redundancy strategies and
considering the economic implications of maintenance and repair activities, the model
aims to enhance the overall reliability and operational efficiency of the mine hoisting
plant. The utilization of advanced diagnostic tools and strategic allocation of resources
can help optimize maintenance practices, minimize downtime, and improve the long-term
performance of the mining equipment [40,41].

Experimental studies were conducted and techno-economic information was obtained
during the operation of the Butovskaya coal mine in Kemerovo region, Russia. The coal
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production volume for 2023 was 2.8 million tons of coal per year. In the collection of
statistics on equipment failures, 52 objects of the surface technological complex—freight and
passenger mine hoists—were involved, and the length of mining capital and preparation
workings amounted to 22 km. The industrial site of the mine includes an administrative
and welfare complex, repair shop of mining equipment, mine water treatment facilities, an
open coal storage area with a capacity of 40,000 tons, a conveyor gallery from the above-
mine building to the coal storage area, etc. The mine is the first in Russia to be drilled in a
ventilated ventilation system. For the first time in Russia, a 3.6 m diameter ventilation well
was drilled here to discharge the outgoing air jet from the mine. The transportation system
for delivery of mining equipment and miners is represented by diesel locomotives.

3. Mathematical Model of Reliability of Mining Equipment
3.1. Investigation of Reliability Indicators

A diagnostic complex based on a computer and a digital measuring device is a uni-
versal tool that can be successfully used both in production and in research laboratories.
Such a measuring system has advantages in terms of processing diagnostic information:
it combines fast measurements and high accuracy of calculations [42]. The possibility
of computer programming makes the system flexible in terms of application of various
algorithms of data processing of the mine hoist system [43].

The developed measuring unit was applied for the purposes of technical diagnostics
by measuring parameters in control points. In the test points, it is necessary to have sensors
of measured quantities and converters that convert these quantities into voltage. The
magnitude of this voltage must correspond to the range measured by the analog-to-digital
converter [44,45]. The working version of the electronic block was used for diagnostics of
the control system of the mine hoisting plant [46].

The development of a measurement system consists of the following steps:

(a) Development of the electronic unit. The electronic unit interfaces with an IBM PC
type computer and shall:

• at the command of the controlling computer, convert voltage in the range from
−2.5 to +2.5 V at the input into 12-bit binary code at the output, by eight or more
channels;

• store the measurement result in the buffer RAM;
• transfer the measurement results to the controlling computer.

(b) Development of a program package. The program package consists of:

• a firmware to control the operation of the electronic unit;
• subroutines for organizing communication between the control computer and

the measuring unit.

The system is a hardware and software complex based on an IBM PC type computer.
As a non-standard peripheral device, a unit (hereinafter referred to as a measuring electronic
unit) shall be connected to the computer, which converts input measured parameters into a
digital code, stores and transmits it to the computer. To the measuring block, in turn, the
sources of measuring information are connected. These can be electronic circuits, sensors
or other sources, the information at the output of which is a voltage varying in magnitude.
The block diagram of the whole system is shown in Figure 1.
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One of the main advantages of this structure is that the measuring electronic unit can
be located near the control panel, far enough away from the operator console, i.e., from the
main PC. This is the most efficient solution, as the interaction with sensors is improved by
reducing the length of signal wires.

In addition, with this solution, one computer is sufficient to monitor a large number of
control points. Several variants can be used to connect peripheral devices to an IBM PC AT
type computer [47]. Let’s consider their advantages and disadvantages.

To interface the measuring unit with a computer, the option using a serial data transfer
port was chosen. The decisive factors were: ease of installation, programming, and connec-
tion [48]. The serial data transmission interface is called RS-232. The RS-232-C interface was
developed by the Electronic Industries Association as a standard for connecting computers
and serial peripherals. The computer does not fully support the RS-232-C interface: the
connector labelled on the computer case as a serial data port contains some of the RS-232-C
interface signals with voltage levels that conform to this standard [49].

Serial data transmission means that data is transmitted over a single line. In this case,
the data bits are transmitted one by one using a single wire. For synchronization, a group
of data bits is usually preceded by a special start bit, followed by a parity check bit and one
or two stop bits. Sometimes the parity check bit may not be present [50].

The parity bit has a value such that the total number of ones (or zeros) in the bit packet
is even or odd, depending on the setting of the port registers. The bit is used to detect errors
that occur during data transmission due to line noise [51]. The receiving device recalculates
the parity of the data and compares the result with the received parity bit. If there is a
parity mismatch, the data is considered to have been transmitted with an error. Of course,
this algorithm does not provide a full guarantee of error detection. For example, if an even
number of bits is changed during data transmission, the parity is preserved and no error
will be detected [52,53].

The diagnostic equipment of the Butovskaya mine is connected to the dispatch center
via serial port. The serial port is connected to external devices through a special connector.
There are two standards of RS-232-C interface connectors—DB25 and DB9. When trans-
mitting data over long distances without specialized equipment, errors may occur due to
interference caused by electromagnetic fields. This leads to a limitation on the length of the
connection cable. The official length limit of the RS-232-C connection cable is 15.24 m. How-
ever, in practice, this distance can be much longer [54]. As it has been determined, it directly
depends on the baud rate. The values given in Table 1 were determined experimentally.

Table 1. Dependence of the maximum length of the connection cable on the baud rate.

Baud Rate, Baud Maximum Length of Shielded Cable, m Maximum Length of Unshielded Cable, m

100 1524 914.4
300 1524 914.4

1200 914.4 914.4
2400 304.8 152.4
4800 304.8 76.2
9600 76.2 76.2

Connecting cables were used to connect the measuring diagnostic unit based on a
single-chip microcomputer (Figure 2) for collecting diagnostic information of the mining
plant equipment to the computer. The connecting cables were an important element of
the systems for collecting diagnostic information from the mining plant. They provided
reliable data transmission between the measuring diagnostic unit and the equipment, which
made it possible to promptly obtain information on the status and parameters of the plant
operation. The longest cables were used to connect the diagnostic system to the computer,
and shorter cables were used to connect the diagnostic units (Figure 2) to each other.



Mathematics 2024, 12, 2842 7 of 25

Mathematics 2024, 12, 2842 7 of 26 
 

 

computer, and shorter cables were used to connect the diagnostic units (Figure 2) to each 
other. 

Table 1. Dependence of the maximum length of the connection cable on the baud rate. 

Baud Rate, Baud Maximum Length of Shielded Cable, m Maximum Length of Unshielded Cable, m 
100 1524 914.4 
300 1524 914.4 
1200 914.4 914.4 
2400 304.8 152.4 
4800 304.8 76.2 
9600 76.2 76.2 

The voltage levels on the connector lines are −15…−3 V for logic zero and 3…15 V for 
logic one. The interval from −3 to +3 V corresponds to an undefined value. It is this high 
voltage, compared to the TTL level of 5 V, that gives increased noise immunity over 
longer distances [55]. If data transmission over long distances is required, the RS485 in-
terface can be used. To use it, an adapter from RS232 to RS485 is used. The latter has 
greater noise immunity and allows data transmission over distances greater than 1000 m. 
Interfaces RS232 and RS485 differ in physical implementation and are fully compatible in 
terms of logical protocol. Another advantage of RS485 is that it can be implemented as a 
fully isolated twisted pair cable [56]. 

The measuring unit performs the following functions: 
• converts the input voltage (from −2.5 to +2.5 V) into a 12-bit binary code at the 

command of the controlling computer; 
• saves the received code in the buffer RAM with the capacity of 2048 bytes; 
• transmits the measurement result to the controlling computer; 
• supports RS-232-C serial data transmission interface for interaction with the con-

trolling computer. 
In order to improve the performance of the measurement unit and expand the scope 

of its application, it is necessary for the unit to perform the following additional func-
tions: 
• make a series (1024) of measurements at small (hundreds of microseconds) fixed 

time intervals; 
• have as many analog inputs as possible to connect measurement data sources and 

switch them by signal from the controlling computer; 
• each analog input must be equipped with an amplifier with adjustable gain. 

According to the described requirements, a measuring unit was developed, the 
structural diagram of which is shown in Figure 2. 
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The voltage levels on the connector lines are −15–−3 V for logic zero and 3–15 V for
logic one. The interval from −3 to +3 V corresponds to an undefined value. It is this high
voltage, compared to the TTL level of 5 V, that gives increased noise immunity over longer
distances [55]. If data transmission over long distances is required, the RS485 interface can
be used. To use it, an adapter from RS232 to RS485 is used. The latter has greater noise
immunity and allows data transmission over distances greater than 1000 m. Interfaces
RS232 and RS485 differ in physical implementation and are fully compatible in terms of
logical protocol. Another advantage of RS485 is that it can be implemented as a fully
isolated twisted pair cable [56].

The measuring unit performs the following functions:

• converts the input voltage (from −2.5 to +2.5 V) into a 12-bit binary code at the
command of the controlling computer;

• saves the received code in the buffer RAM with the capacity of 2048 bytes;
• transmits the measurement result to the controlling computer;
• supports RS-232-C serial data transmission interface for interaction with the

controlling computer.

In order to improve the performance of the measurement unit and expand the scope
of its application, it is necessary for the unit to perform the following additional functions:

• make a series (1024) of measurements at small (hundreds of microseconds) fixed
time intervals;

• have as many analog inputs as possible to connect measurement data sources and
switch them by signal from the controlling computer;

• each analog input must be equipped with an amplifier with adjustable gain.

According to the described requirements, a measuring unit was developed, the struc-
tural diagram of which is shown in Figure 2.

However, the processing of an interrupt (i.e., reception of conversion data from the
ADC) takes place only when the interrupt is enabled. This interrupt is enabled only after
the measuring unit has received a command to start measurement from the controlling
computer [57].

The results of this work were used in the development of the diagnostic system of the
«ZK4500» mine hoisting rig designed for operation in the mode of a cargo-laden hoisting rig.

Figure 3 shows a block diagram of the diagnostic system designed for monitoring
and control in the form of a graph. The vertices of the graph are the individual functional
devices and the branches indicate the connections between them. In this block diagram the
following designations of blocks and devices of the system are introduced:
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1, 2, 3, 4—four groups of sensors installed in the control cabinet;
5, 6, 9, 10—normalization blocks matching signal levels for sensor groups;
7—components of the logical information processing device;
8—relay multifunctional cell designed for realization of logic functions from input variables;
12, 17—cells of time delays formation;
14—control unit of the ULOI power supply source;
13, 21, 26—memory cells, intended for storing values of logical variables;
16, 25—diode cells for performing logic functions;
19—components of the output relay block, actuator control;
18—high level signal switch;
20—indirect measurement unit (determination of brake system pressure);
22—device A511;
23—device A501;
24, 33—components of the digital measurement unit;
27—time block;
28—block of numeric-letter registration;
29—indication of the lifting vessel location;
30—information presentation unit;
31—time block;
32—block of logical control stages;
34—program setting board (voltage shaper according to a certain law);
35—event registration unit.
Table 2 shows the verification matrix for the given graph. Table 2 contains 5 columns

with defect diagnostics by the following parameters: 1—current strength, 2—voltage value,
3—current frequency, 4—temperature, 5—ambient air humidity.

Table 2. Verification matrix showing the act of diagnosing an equipment element (1–35) according to
the corresponding diagnostic parameter (1—current strength, 2—voltage value, 3—current frequency,
4—temperature, 5—ambient air humidity).

1 2 3 4 5

35 +

34
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Table 2. Cont.

1 2 3 4 5

33 +

32 +

31

30 + + +

29 +

28

27

26 +

25 +

24

23 +

22

21 +

20 +

19 +

18 +

17 +

16 + +

15

14 +

13

12 + +

11 +

10 +

9 + +

8 + +

7 + + +

6 +

5 +

4 +

3 +

2 +

1 +

By selecting the matching columns of the inspection matrix corresponding to equiva-
lent defects of a certain multiplicity, it is possible to calculate the diagnostic depth:

F = 1/35(1·6 + 2·10 + 3·6 + 4·8 + 5·5) = 2.88

This calculated value of the diagnostic depth can be used in further calculations of
reliability parameters as the initial diagnostic depth FQ. If the maximum of the coefficient
is at F > FQ, the number of test points can be reduced, if at F < FQ, the number of test points
should be increased.
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Readiness factors were calculated for all four SR placement structures [58]. The
calculations showed that the variant with the highest reliability for a given system is the
one with the sensors and switches of the diagnostic system in the technical system. It’s
shown in Figure 4 (Kg15). In this case, the microprocessor unit acts as a switch that switches
signals from sensors and transmits them to the PC for processing [59]. For this variant,
the dependence of the readiness factor on the diagnostic depth is presented in Figure 4.
From the analysis of this dependence, we can conclude that the maximum value of the
readiness factor is achieved at F < F0 (F0 = 2.88); thus, it is necessary to increase the number
of control points. The best result can be achieved by placing additional control points
(Figure 3) between blocks 21, 22, 24 and 26, 32, 33. This solves the problems with defect
equivalence [60].

Mathematics 2024, 12, 2842 9 of 26 
 

 

From the analysis of this dependence, we can conclude that the maximum value of the 
readiness factor is achieved at F < F0 (F0 = 2.88); thus, it is necessary to increase the number 
of control points. The best result can be achieved by placing additional control points 
(Figure 3) between blocks 21, 22, 24 and 26, 32, 33. This solves the problems with defect 
equivalence [60]. 

 
Figure 3. Graph of the mine hoisting machine monitoring and control installation. 

 
Figure 4. Dependence of the availability factor for monitoring and control of the mine hoisting 
plant for different ways of diagnostics systems placement: 1—Kg9(F); 2—Kg15(F); 3—Kg12(F); 
4—Kg6(F). 

Next in terms of availability factor is the inbuilt diagnostics system. This variant can 
be realized using the proposed microprocessor unit. In this case, it is necessary to sup-
plement it with a logic processing function and an indication function [61,62]. 

Table 2. Verification matrix showing the act of diagnosing an equipment element (1-35) according 
to the corresponding diagnostic parameter (1—current strength, 2—voltage value, 3—current fre-
quency, 4—temperature, 5—ambient air humidity). 

 1 2 3 4 5 
35     + 
34      

Figure 4. Dependence of the availability factor for monitoring and control of the mine hoisting plant
for different ways of diagnostics systems placement: 1—Kg9(F); 2—Kg15(F); 3—Kg12(F); 4—Kg6(F).

Next in terms of availability factor is the inbuilt diagnostics system. This variant can be
realized using the proposed microprocessor unit. In this case, it is necessary to supplement
it with a logic processing function and an indication function [61,62].

3.2. Modelling the Probability of Failure-Free Operation of a Mine Hoisting Plant

The mine hoisting plant (MHP) is represented by 15 main assemblies and subsystems,
the reliability of which is assessed in operation. Among them 1—apparatus for controlling
the stroke and protection of the mine hoisting unit; 2—controller of the control panel
of the mine hoisting unit; 3—control panel of the mine hoisting plant; 4—encoder unit;
5—electric power wiring; 6—mine shaft signaling; 7—cabinet of auxiliary drives; 8—cabinet
of sensors and power supply units; 9—hoist cage; 10—stabilized power supply; 11—voltage
stabilizer for 380 V; 12—brake panel; 13—DC drive; 14—electric motor drive control system;
15—mechanical brake of the hoist.

The structural reliability diagram of the mine hoisting plant is shown in Figure 5.
When creating the model of probability of failure-free operation of the mine hoisting

plant according to the structural scheme (Figure 5), the main and very important numerical
parameter of equipment reliability was used, namely the failure rate, which is the ratio of
the number of failed objects (samples of equipment, products, parts, mechanisms, devices,
units, etc.) per unit of time to the average number of objects working properly in a
given period of time, provided that the failed objects are not restored and not replaced by
serviceable ones.
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Thus, the failure rate is numerically equal to the number of failures per unit of time
attributed to the number of nodes that have worked without failure up to that time. The
dimensionality of failure rate is the inverse of time, usually measured in 1/hour. Failure
rate is able to determine the reliability of subsystems, units, and individual parts of the
equipment as a function of time and allows you to visually establish characteristic areas of
the system, where reliability decreases.

Failure rate indicators were obtained during the collection of statistical information on
failures of the mining plant for 2022–2023 for each of the 15 elements presented in Figure 5.
Element failure rates are given in 10−6 1/h.

λ1 = 0.001; λ2 = λ3 = λ4 = λ5 = 0.1; λ6 = λ7 = 0.01; λ8 = λ9 = λ10 = λ11 = 0.2; λ12 = λ13 =
λ14 = λ15 = 0.5; γ = 50%.

In the original circuit, elements 2 and 3 form a parallel connection.
We replace them by a quasielement A. Given that p2 = p3, we obtain

pA = 1 − q2q3 = 1 − q2
2 = 1 − (1 − p2)

2.

Elements 4 and 5 also form a parallel connection, replacing it by element B and
considering that p4 = p5 = p2, we obtain

pB = 1 − q4q5 = 1 − q2
2 = pA

Elements 6 and 7 in the original circuit are connected in series. We replace them with
element C, for which at

pC = p6 p7 = p2
6

Elements 8 and 9 form a parallel connection. We replace them by element D, for which
at p8 = p9, we obtain

pD = 1 − q8q9 = 1 − q2
8 = 1 − (1 − p8)

2.

Elements 10 and 11 with parallel connection are replaced by element E, and since
p10 = p11 = p8, then

pE = 1 − q10q11 = 1 − q2
10 = 1 − (1 − p10)

2 = pD.

Elements 12, 13, 14, and 15 form a “2 out of 4” connection, which we replace by element
F. Since p12 = p13 = p14 = p15, we can use the combinatorial method [63] to determine the
probability of failure-free operation of the element F:

pF =
4
∑

k=2
pk =

4
∑

k=2
Ck

4 pk
12(1 − p12)

4−k =
4!

2!2!
p2

12(1 − p12)
2 +

4!
3!1!

p3
12(1 − p12) +

4!
4!0!

p4
12 =

6p2
12(1 − p12)

2 + 4p3
12(1 − p12) + p4 = 6p2

12 − 8p3
12 + 3p4

12.
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The transformed circuit is shown in Figure 6.
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Figure 6. Transformed scheme.

Elements A, B, C, D and E form (Figure 6) a bridging system, which can be replaced by
a quasi-element G. To calculate the probability of failure-free operation, we use the method
of decomposition with respect to a special element, as which we choose element C [64].

pG = pC pG(pC = 1) + qC pG(pC = 0),

where PG (PC = 1) is the probability of failure-free operation of the bridging circuit when
element C is absolutely reliable (Figure 7a); PG (PC = 0) is the probability of failure-free
operation of the bridging circuit when element C fails (Figure 7b).
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Taking into account that PB = PA, we obtain

PG = pC[1 − (1 − pA)(1 − pB)] · [1 − (1 − pD)(1 − pE)]
+(1 − pC)[1 − (1 − pA pB)(1 − pD pE)]

= pC

[
1 − (1 − pA)

2
]
·
[
1 − (1 − pD)

2
]
+ (1 − pC)

[
1 − (1 − p2

A)(1 − p2
D)

]
= pC(2pA − p2

A)(2pD − p2
D) + (1 − pC)(p2

A + p2
D − p2

A p2
D)

= pA pC pD((2 − pA)(2 − pD) + (1 − pC)(p2
A + p2

D − p2
A p2

D).

In the converted circuit, elements 1, G and F form a series connection.
Then the probability of failure-free operation of the whole system

P = p1 pG pF.

Since by convention all elements of the system operate in the period of normal op-
eration, the probability of failure-free operation of elements 1 to 15 (Figure 5) obey the
exponential law:

pi = exp(−λit).

The results of calculations of probabilities of failure-free operation of elements 1–15 of
the initial scheme for operating time up to 3 × 106 h are presented in Table 3.
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Table 3. Calculation of probability of failure-free operation of the shaft hoist system.

Element λi, 10−6 h−1
Operating Time t, 106 h

0.5 1.0 1.5 2.0 2.5 3.0 1.9 2.85

1 0.001 0.9995 0.9990 0.9985 0.9980 0.9975 0.9970 0.9981 0.9972
2–5 0.1 0.9512 0.9048 0.8607 0.8187 0.7788 0.7408 0.8270 0.7520
6, 7 0.01 0.9950 0.9900 0.9851 0.9802 0.9753 0.9704 0.9812 0.9719
8–11 0.2 0.9048 0.8187 0.7408 0.6703 0.6065 0.5488 0.6839 0.5655

12–15 0.5 0.7788 0.6065 0.4724 0.3679 0.3865 0.2231 0.3867 0.2405
A, B - 0.9986 0.9911 0.9822 0.9995 0.9612 0.9412 0.9815 0.9402

C - 0.9896 0.9912 0.9801 0.9805 0.9688 0.9511 0.9704 0.9458
D, E - 0.9899 0.9589 0.9304 0.8724 0.8512 0.8001 0.8992 0.8987

F - 0.9701 0.8304 0.7501 0.4801 0.3314 0.3112 0.4006 0.2259
G - 0.9931 0.9906 0.9912 0.9995 0.9802 0.9604 0.9906 0.9324
P - 0.9602 0.8213 0.6352 0.4607 0.3172 0.2233 0.5112 0.2697

12′–15′ 0.322 0.8602 0.7162 0.6169 0.5368 0.5501 0.4102 0.5566 0.4005
F′ - 0.9909 0.9304 0.8397 0.7325 0.6112 0.5004 0.7288 0.4999
P′ - 0.9832 0.9204 0.8270 0.7112 0.6001 0.4514 0.7488 0.5172

16–18 0.5 0.7788 0.6065 0.4724 0.3679 0.2865 0.2231 0.3867 0.2405
F′′ - 0.9993 0.9828 0.9173 0.7954 0.6423 0.4858 0.8233 0.5311
P′′ - 0.9912 0.9708 0.9034 0.7795 0.6226 0.4641 0.8079 0.5081

The results of calculating the failure probabilities of quasi-elements A, B, C, D, E, F
and G are also presented in Table 3.

From the graph (Figure 8, P curve) we find for γ = 50% (Pγ = 0.5) γ—percent system
runtime T = 1.9 × 106 h.
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Figure 8. Variation of probability of failure-free operation of a mine hoisting unit: P—probability of
failure-free operation of the initial scheme; P′—probability of failure-free operation of the scheme
with increasing reliability of individual elements; P′′—probability of failure-free operation of the
scheme with application of structural redundancy.

A verification calculation at t = 1.9 × 106 h shows (Table 3) that Pγ = 0.4923 ≈ 0.5.
Under the terms of the job, the increased γ—percentage system operating time

T′γ = 1.5 × Tγ = 1.5 × 1.9 × 106 = 2.85 × 106 h
The calculation shows (Table 3) that at t = 2.85 × 106 h for the elements of the trans-

formed scheme p1 = 0.9972, pG = 0.9594 and pF = 0.2458. Consequently, of the three elements
connected in series, the minimum value of probability of failure-free operation has element
F (system “2 out of 4” in the original scheme (Figure 5)) and it is the increase in its reliability
will give the maximum increase in the reliability of the system as a whole.
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In order that at T′γ = 2.85 × 106 h the system as a whole has a probability of failure-free
operation of Pγ = 0.5, it is necessary that element F has a probability of

pF =
pγ

p1 pG
=

0.5
0.9972 · 0.9594

= 0.5256.

At this value, element F will remain the most unreliable element in the circuit.
Obviously, the obtained value pF is the minimum value for fulfilment of the condition

of increase of operating time not less than 1.5 times; at higher values, pF the increase in
system reliability will be greater.

To determine the minimum required probability of failure-free operation of elements
12–15 (Figure 4), it is necessary to solve the equation with respect to p12 at pF = 0.5226.
However, since the analytical expression of this equation is associated with certain difficul-
ties, it is more appropriate to use the graph-analytical method. For this purpose, using the
data in Table 3, we plot the graph of the relationship pF = f (p12). The graph is presented in
Figure 9.
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From the graph when pF = 0.5226, we find p12 ≈ 0.4.
Since, under the conditions of the task, all elements operate in the period of normal

operation and obey the exponential law, then for elements 12–15 at t = 2.85 × 106, we find

λ′
12 = λ′

13 = λ′
14 = λ′

15 = − ln p12

t
− ln 0.4

2.85 · 106 = 0.322 · 106 h−1.

Thus, to increase γ—the percent system lifetime, it is necessary to increase the reliabil-
ity of elements 12, 13, 14 and 15 and reduce their failure rate from 0.5 to 0.322 × 10−6 h−1,
i.e., by a factor of 1.55.

The results of calculations for the system with increased reliability of elements 12,
13, 14 and 15 are given in Table 3. The calculated values of probability of failure-free
operation of the “2 out of 4” F′ system and the system as a whole P′ are also given there. At
t = 2.85 × 106 h, the probability of failure-free operation of the system P′ = 0.5011 ≈ 0.5.

For the second method of increasing the probability of failure-free operation of the
system—structural redundancy—by the same considerations we also choose the element
F, the probability of failure-free operation of which after redundancy should be not lower
than pF

′′ = 0.5226.
For element F—the “2 out of 4” system—redundancy means an increase in the total

number of elements. It is impossible to determine analytically the minimum required
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number of elements because the number of elements must be integer and the function pF =
f (n) is discrete [65].

To increase the reliability of the “2 in 4” system, we add to it elements identical in
reliability to the original elements 12–15 until the probability of failure-free operation of the
quasi-element F reaches a given value.

For the calculation we will use the combinatorial method:

• add element 16, we get the “2 out of 5” system:

qF =
1
∑

k=0
Ck

5 pk
12(1 − p12)

5−k = C0
6(1 − p12)

5 + C1
5 p12(1 − p12)

4

= (1 − p12)
5 + 5p12(1 − p12)

4 = 0.6528,
pF = 1 − qF = 0.3472 < 0.5226;

• add element 17, we get the “2 out of 6” system:

qF =
1
∑

k=0
Ck

6 pk
12(1 − p12)

6−k = C0
6(1 − p12)

6 + C1
6 p12(1 − p12)

5

= (1 − p12)
6 + 6p12(1 − p12)

5 = 0.5566,
pF = 1 − qF = 0.4434 < 0.5226;

• add element 18, we get the “2 out of 7” system:

qF =
1
∑

k=0
Ck

7 pk
12(1 − p12)

7−k + C0
7(1 − p12)

7 + C1
7 p12(1 − p12)

6

= (1 − p12)
7 + 7p12(1 − p12)

6 = 0.4689,
pF = 1 − qF = 0.5311 > 0.5226;

Thus, to improve reliability to the required level, it is necessary to complete the “2
of 4” system in the original scheme (Figure 4) with elements 16, 17, and 18 to the “2 of 7”
system (Figure 10).
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The results of calculating the probabilities of failure-free operation of the “2 in 7”
system F′′ and the system as a whole P′′ are presented in Table 3.

Figure 8 shows the curves of dependence of the system uptime probability after
reliability improvement of elements 12–15 (curve P′) and after structural redundancy
(curve P′′).

The following conclusions can be drawn.
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1. Figure 8 shows the dependence of the probability of failure-free operation of the
system (curve P). The graph shows that 50%—operating time of the original system is
1.9 × 106 h.

2. To increase the reliability and increase the 50%—running time of the system by
1.5 times (up to 2.85 × 106 h), two methods are proposed:

(a) Improved reliability of elements 12, 13, 14 and 15 and reduction in their failures
from 0.5 to 0.322 × 10−6 h−1;

(b) loaded redundancy of main elements 12, 13, 14 and 15 with identical redundant
elements 16, 17 and 18 (Figure 11).

3. The analysis of the dependences of the probability of failure-free operation of the
system on time (operating time) shows that the second way of increasing the reliability
of the system (structural redundancy) is preferable to the first one because, in the
period of operating time up to 2.85 × 106 h, the probability of failure-free operation
of the system at structural redundancy (curve P′′) is higher than at increasing the
reliability of elements (curve P′′).
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Figure 11. Graph of dependence of the guaranteed probability of ensuring the stock of lifting elements
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3.3. Improving the Reliability of Lifting Systems

Increasing the reliability of the mine hoisting plant is possible due to the implemen-
tation of a number of technological measures [66,67]. To maintain the necessary level of
constant readiness of the lifting unit for use by the reliability factor, a set of requirements
and measures must be fulfilled, the main of which are compliance with the operating
instructions and organization of a rational system, maintenance, and repair of lifting
units [68,69]. The main result of compliance with the operating instructions should be
the avoidance of incorrect actions of operators, which can lead to failures, called “faults”,
and the selection and observance of operating modes of the hoist system that exclude the
possibility of significant or long-lasting overloads of the system components [70,71].

Maintenance and repair of the hoisting plant is a system of measures for technical care,
maintenance and restoration of the plant’s serviceability [72]. Properly organized mainte-
nance and repair allow: increasing the reliability of plant operation and preventing rapid
wear of elements; preparing for repair works in time and carrying them out qualitatively in
due time; ensuring productive and safe operation of machinery; reducing operating costs
by reducing the number of emergency failures and losses due to their occurrence [73]. The
essence of preventive maintenance consists in the planned performance, in accordance with
the structure of the repair cycle, of the established types of maintenance and scheduled re-
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pairs, the volumes of which are determined by the actual technical condition of assemblies
and equipment as a whole [74,75].

Scheduled current repairs include: monthly repair maintenance performed by repair
electricians of the mine’s power and mechanical service, equipment operators, production
process workers, and specialized teams of repair electricians; the first and second current
repairs T1 and T2, with a frequency of 3 and 6 months, respectively, are performed by
the same forces as the repair maintenance, as well as by specialized repair adjusting and
installation enterprises of production associations and production companies.

Repairs T1 and T2 are the main types of current repairs. If there are elements with
service life exceeding 6 months but less than the periodicity of major repairs, the manufac-
turer of the equipment can assign additional types of current repairs with the periodicity
of 9, 12, . . . months. Execution of additional types of current repairs is carried out by the
same forces as the main types of repairs. For complex equipment of lifting installations,
scheduled current repairs are assigned, combined with the revision, adjustment, and adjust-
ment of parts and assemblies of equipment: quarterly, semi-annual, annual, and biennial.
Scheduled current repairs should be carried out by specialized adjustment and installation
departments [76].

Scheduled overhaul is performed by specialized repair companies at intervals estab-
lished by regulatory and technical documentation. The duration of all types of scheduled
maintenance and repair is established by industry repair standards. Volumes of mainte-
nance and repair for specific operating conditions of cleaning and tunnelling equipment
systems are developed by the power engineering service of associations and mines on the
basis of instructions for maintenance, equipment adjustment manuals, and other regulatory
documents, which provide the composition of the necessary work and the technology of
their performance [77,78].

Factory instructions when assigning the frequency of maintenance and repairs operate
with average data on the durability of assemblies and parts and cannot take into account
the conditions and modes of operation of the mine hoisting plant in each specific case.
Therefore, in practice, “basic” replacement of elements is still widespread enough, i.e.,
replacement of elements after their failures. The new element, replacing the failed one,
works again until it fails.

If the first element had a mean time between failures (MTBF—it’s a technical parameter
characterizing the reliability of the technical system being restored) t1, the second element
had a MTBF t2, and the last element had a MTBF tn, the total MTBF will be equal to the
sum of the MTBFs.

Total costs of unscheduled repairs

(tp) = nc0,

where n is the number of failures for working time tp; c0 is the average cost of element
replacement after failure, including losses due to equipment downtime.

Specific costs csp.u for unscheduled repairs are as follows

csp.u =
nc0

tp
=

nc0
n
∑

i=1
ti

=
c0

T1
,

where T1 is the average operating time of the element before failure, h.
Basic replacement of elements can be justified only in case of sudden-type failures and

a large value of depressed operating time of elements before failure [79].
Regulated replacement consists in obligatory replacement of all elements of the given

type at intervals of time, which have been recently delivered to replace the failed ones. This
method is convenient for replacement of elements whose failures are gradual, as well as
when it is difficult for the service personnel to keep records of the time until failure of each
element out of many elements available in the equipment (hydraulic valves, etc., elements).
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The main task is to find such a period of group replacement of similar elements for which
the losses due to the need to eliminate emergency failures of elements with actual resources
or service life tav < t, as well as due to underutilization of the resource of elements for which
tav > t, will be minimal.

The total costs of possible replacements of elements after failures occur and for regu-
lated replacements at the operating time equal to t are determined from the expression

c(t) = m(t)c0N + cpN,

where c0 and cp are the average costs of unscheduled and regulated replacement of one
element, respectively; m(t) is the mathematical expectation of the number of failures of an
element installed at the same place (recovery function); N is the number of similar elements.

Specific costs csp per unit of operating time

csp =
m(t)

t
c0N +

cp

t
N.

To find the replacement interval according to this formula, it is necessary to set the
value of the cost parameters cp and c0, and the value of the mathematical expectation of the
number of failures m(t) during the various possible intervals t; take the value t, at which
csp = min.

The optimum value ti should be less than the average operating time of the element
before failure. In this case, for engineering calculations, it can be assumed that the mathe-
matical expectation of the number of failures m(t) for the period (0; t) is numerically equal
to the probability of element failure q(t) for the same period. Costs of planned (regulated)
replacement of an element

cp =
sn.e + nrsr

nr + 1
+ crepl.ex + ctrans.ex + cund.ex,

where sn.e—cost of a new element; nr—average number of possible restorations of the
element when carrying out regulated replacements with the period t; sr—average cost
of element restoration; crepl.ex—average cost of works on element replacement accord-
ing to the plan, including the cost of delivery within the mine; ctrans.ex—average cost of
transport expenses on delivery to the repair plant and back; cund.ex—value of losses from
underutilization of fixed assets for the period of regulated replacement.

Individual replacement consists in the fact that an element cannot be replaced if its
operating time is less than t, and it is serviceable. But at the same time, if there is a failure
of an element at the operating time t < ti, then a new period of scheduled replacement ti is
assigned after the elimination of the failure. At this method of replacement it is necessary
to keep record of the “age” of each element.

Customized replacement is preferred when replacing expensive machine components.
In the aggregate method of repair, individual component parts or equipment assem-

blies containing worn parts are replaced with new or pre-repaired parts. Component
parts and assemblies containing worn parts are replaced with new or pre-repaired parts.
Dismantled parts and assemblies containing worn parts are to be reconditioned, usually by
repair facilities. This method ensures high quality of repair.

Costs for individual replacement

c = q(t)c0 + p(t)cp,

where c0, cp—average costs of unscheduled (in case of failure) and scheduled replacement
of the element, respectively; q(t), p(t)—probability of failure and failure-free operation of
the element, respectively.

Unit costs

cun =
q(t)c0 + p(t)cp

tav
,



Mathematics 2024, 12, 2842 19 of 25

where tav is the average operating time of the element before its scheduled repair.

3.4. Optimizations of Time to Eliminate Failures

The elimination of failures of various structural elements of the lifting unit—a process
that cannot be combined with the operation of mechanization means—always causes the
need for unscheduled (emergency) repairs during working shifts, and, consequently, leads
to a reduction in the time allotted for the lifting unit to perform its main functions.

Reduction in time costs for elimination of failures of the lifting unit is closely related to
the possibilities of correct assessment of the technical condition of the elements of the unit
and its assemblies, as well as to the development of methods for establishing the optimal
frequency of current repairs of equipment [80].

Precise performance of regulated works on daily and daily maintenance allows to
prevent or significantly reduce the number of such unauthorized failures (leaks in hydraulic
systems of braking devices, burning of contacts of electric starting equipment, etc.).

To correctly determine the technical condition of the lifting unit requires a wide
introduction of technical diagnostic tools and diagnostic methods at mining enterprises.

Technical diagnostics in the process of operation of the lifting unit allows, on the basis
of determining their technical condition, to reduce downtime due to correctly set resources
of elements, assemblies and their timely replacement; to reasonably establish the types
and volume of repairs; to fully utilize the inter-repair resources of machines; to reduce the
consumption of spare parts; to properly plan the work of repair services; and to improve
the system of preventive maintenance [67].

The technical condition of lifting units, their assemblies and elements is characterized
by a number of parameters. Diagnostic parameters include: power, temperature, pressure,
noise and vibration, insulation resistance of electric motor windings and other factors.

To determine the replacement period of an element that has failed due to wear, such
as brake pads, the element failure probability function for a highly agitated wear process
can be used:

P(u) = 0.5 + ϕ(z),

where ϕ(z)—Laplace function (probability integral) ϕ(z) =
1√
2π

x∫
0

e
−

z2

2 dz;

z =
ω−δ0−mςt

υν

√
mς(ω−δ0)

; δ0—initial value of the measured parameter; ω—critical value of the

measured parameter, when reaching which the element should be replaced; mς and
υν—mathematical expectation and coefficient of variation of the wear rate, respectively.

Setting the value of probability of failure-free operation of the element Pu (t), it is
possible to find the operating time of the element before replacement by the factor of the
onset of its ultimate wear.

As an example of calculation, we set the value Pu (t) > 0.95. From the formula we obtain

ϕ(z) = Pu (t)–0.5–0.95–0.5 = 0.45,

Let us find that ϕ(z) = 0.45 at z = 1.645. Then at known values of ω, δ0 and mς

we obtain

tr =
ω − δ0 − 1.645υν

√
mζ(ω − δ0)

mζ
.

The coefficient of variation of the wear rate can be taken υν = 0.2–0.3.

3.5. Modelling the Optimal Number of Spare Parts

Lifting systems are reusable systems that must fulfil a given function over a long period
of time or operating time t (e.g., overhaul period). During this time, a random number p
may occur in the system due to the unreliability of its individual components [79].
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The flow of occurring failures of lifting installations can be considered as the simplest,
the average number of failures of a set N of similar elements is defined as follows

nav =
Nt
T1

,

where t is the considered period of operation; T1 is the time until failure of the considered
type of elements.

A failed element is usually not repaired, but replaced by a new one, removed from
the stock. Therefore, the number of used up elements z during the time or runtime t will
be equal to the number of failures occurring during the same time or runtime (excluding
secondary failures). Under these conditions, the probability Pz (t) that exactly z spare
elements will be needed to eliminate failures during the operating time t can be determined
by the Poisson formula

Pz(t) =
(Nt)z

Tz
1 z!

e−
Nt
T1 ,

where z = 0, 1, 2, . . ., i, . . ., ∞.
The average number of spare elements zav, consumed during the inter-repair period

tirep, is equal to the average number of failures nav, i.e., according to the above expression

zav =
Ntirep

T1
.

Due to the randomness of failures, a greater or lesser number of spare elements than zav
may be required. If the stock of elements Nspe, equal to the average expected consumption
zav, i.e., if the stock factor Kspe = Nspe/zav = 1, the need for spare elements will be satisfied
with a guaranteed probability of 0.5, which is clearly insufficient. Therefore, it is necessary
to calculate the number of spare elements with a given guaranteed probability Ppr of their
availability [81].

The graph of dependence of the stock factor of elements of the lifting unit on the
average number of their failures zav for the overhaul period is presented in Figure 12.
Curve 1—probability of providing the reserve Ppr = 0.95; curve 2—probability of providing
the reserve Ppr = 0.9.
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The probability that no more than Nspe spare elements will be required during the
overhaul interval tirep can be found from the expression

PNspe(tirep) = e
−

Ntirep

T1
Nspe

∑
z=0

(Nirep)
z

Tz
1 z!

.

Thus, the developed model of the diagnostics system allows to fully use the informa-
tion about the current resource of the equipment along with statistical data on its failures.

4. Discussion

The proposed algorithms and methods of increasing the reliability of technical systems
with diagnostics allow to increase the operational reliability by 10–15%. The model for cal-
culating the probability of failure-free operation of a lifting unit according to the structural
scheme with the subsequent structural redundancy of elements having the lowest reliability
is proposed, which allows not only to estimate the reliability of the system, but also to
compare the reliability of similar systems among themselves. The concept to improve the
reliability of the mine hoisting plant is presented, which consists in the organization of the
system of preventive maintenance and reducing the recovery time due to the availability of
necessary spare parts.

It can be said that the results of the study can be applied to a wide range of applications
covering mining equipment reliability, energy and mining practice, and suggest that the
developed reliability model can be adapted for use in other industries. The study involved
modeling and reliability assessment of MHP (mining equipment) performance, leading
to the determination of optimal parameter values. The development of the reliability
model was driven by the integration of a transition graph with a system of equations,
enabling the assessment of MHP reliability through a diagnostic system. The authors
explored the impact of various parameters on the MHP system, such as troubleshooting
time, failure rate, and monitoring intensity of the diagnosis system, revealing causal
relationships between MHP elements. This model facilitated the determination of the
maximum availability factor and the depth of possible diagnostics for this equipment
availability factor. Furthermore, they developed a methodology for equipment reliability
assessment using MHP as an example, aiming to reduce the probability of equipment
failure and enhance overall operational reliability.

The authors also proposed a mathematical logic model for analyzing the controllabil-
ity of mining equipment, considering resource and diagnostic parameters, which aligns
with established reliability models. They concluded that the testability of equipment is a
crucial property that influences its adaptability to control and technical diagnostics. They
suggested that solving diagnostic tasks efficiently depends on the testability of an object,
emphasizing the need to minimize costs associated with control and technical diagnos-
tics. They put forward an approach to fostering testability in diagnostic objects during
the design stage, emphasizing the establishment of interconnectivity and relationships to
construct an effective model of the diagnostic object.

5. Conclusions

The authors emphasize the exceptional importance of assessing and predicting the
reliability and controllability of mining machinery and equipment to ensure the safety and
wellbeing of people working in the mining industry. The paper presents a comprehensive
model for assessing the reliability of mining equipment, in particular, a mine hoist of
the cargo-passenger type, using statistical methods of failure analysis and diagnostics of
controllable parameters. The developed model, represented as a graph of transitions and
supported by a system of equations, allows to estimate the reliability of equipment elements
and the whole system on the basis of a diagnostic system designed to monitor and control
mining equipment. A mathematical and logical model for calculating availability factors
and downtime of various structures in the mining equipment system is proposed, taking
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into account the probability of failure-free operation and structural redundancy of elements
with the lowest reliability. It is the elements and units with the lowest reliability that reduce
the reliability of the system as a whole to the greatest extent. Additionally, for the first time,
the influence of different variants of diagnostics system placement on the availability factor
of mining equipment was considered, and the probability of failure-free operation based
on structural redundancy strategies is modeled. The presented concept of organization
of preventive maintenance systems and spare parts optimization to reduce the time of
equipment recovery, allows to reduce the operating costs of equipment repair due to the
optimal balance of stored spare parts in the warehouse by 10%. The practical significance
of the work lies in the proposed parameter determining the depth of diagnosis, which can
be used to find not only the failed subsystem, unit or assembly, but also a separate failed
part of the equipment, which significantly reduces the cost of repair of mining equipment.
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