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Abstract: The work analyzes the performance assurance of mine hoisting machines, including the 
problem of the quality of performance of the functions. The quality of functioning allows evalua-
tion of a set of properties of the process of lifting loads, designed to meet the given requirements in 
accordance with the purpose and evaluated performance indicators. In this case, the quality of the 
function depends not only on the elements that worked properly or failed during system func-
tioning but also on the moments involving certain changes in the states of the system. The consid-
ered system of power supply of mine hoisting installations is rather complex with respect to relia-
bility. The proposed approach allows this rather complex system to lead in terms of the form of a 
serial connection of elements, allowing for determining the influence of the functioning of its sub-
systems and electrical equipment on the technological process of cargo lifting in a coal mine. The 
presented mathematical concept of increasing the reliability and failure-free operation of mine 
hoisting plants with the help of the developed mathematical model of the mine hoisting plant al-
lowed studying the reliability indicators of the hoisting plant operation and reserving the equip-
ment most effectively to increase reliability. The determination of coupling coefficients in this study 
made it possible to analyze the impact of the reliability of electrical equipment and power supply 
systems on the operation of technological machines to improve the reliability of mining equipment 
and the efficiency of technical systems of mining equipment. 

Keywords: mathematical modelling; forecasting; technical reliability; verifiability; mining  
equipment; operating efficiency 
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1. Introduction 
When analyzing the performance assurance of mine hoisting machines, a question 

arises about the quality of performance of the functions. The quality of functioning 
evaluates a set of properties of the process of lifting loads designed to meet the given 
requirements in accordance with the purpose and evaluated performance indicators 
[1,2]. The quality of function fulfillment depends not only on the elements, which in the 
process of the system functioning worked properly or failed, but also on the moments in 
time when some or other changes in the system states occurred. The output effect of the 
lifting system is the load flow. In this regard, the parameters of the load flow such as 

Citation: Shishkin, P.V.;  

Malozyomov, B.V.; Martyushev, 

N.V.; Sorokova, S.N.; Efremenkov, 

E.A.; Valuev, D.V.; Qi, M.  

Development of a Mathematical 

Model of Operation Reliability of 

Mine Hoisting Plants. Mathematics 

2024, 12, 1843. https://doi.org/ 

10.3390/math12121843 

Academic Editors: Sinan Xiao and 

Pan Wang  

Received: 30 April 2024 

Revised: 10 June 2024 

Accepted: 12 June 2024 

Published: 13 June 2024 

 

Copyright: © 2024 by the authors. 

Licensee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and 

conditions of the Creative Commons 

Attribution (CC BY) license 

(https://creativecommons.org/license

s/by/4.0/). 



Mathematics 2024, 12, 1843 2 of 26 
 

 

productivity or capacity of lifting and transport means serve as indicators of efficiency 
[3,4]. 

If simple systems have a deterministic analyzed parameter and are characterized by 
the presence of two states, operable or inoperable, it is very difficult to formulate the 
concept of failure for complex technical systems [5,6]. Complex CPS systems have 
structural redundancies that allow them to continue functioning after the failure of their 
individual elements or a group of elements. In the case of the failure of elements, the 
system of the lifting unit can function with the deteriorated qualitative indicators. Dete-
rioration of performance indicators of the lifting installation sometimes occurs gradually, 
without identifying the moment of failure. In this case, the change of the investigated 
parameter is a function of time. Reliability indicators used for simple systems, as applied 
to the reliability assessment of complex systems such as hoisting systems, lose their sig-
nificance [7,8]. 

The stoppage of mining machines due to poor power quality leads to economic 
losses. The main contributors to the poor quality of low voltage power are reactive pow-
er, which needlessly loads the power supply system; harmonic pollution, which leads to 
additional load on the network and reduces the efficiency of electrical installations; and 
load irregularity, especially in office buildings. Unbalanced loads can lead to excessive 
voltage asymmetry, which affects other loads connected to the same network, as well as 
to an increase in neutral current and megavoltage. 

All these phenomena are potential causes of inefficient operation of mining electrical 
installations, system inoperability, reduced equipment life, and consequently, high cost 
of operating electrical installations. The quality of electric energy, which is understood to 
be the degree of compliance of its parameters with the established values, has a proba-
bilistic character. The concept of “quality of electric power” reflects a set of properties 
that determine its consumer value as a product [9]. The deviation of indicators charac-
terizing these properties from the specified ones for simple systems is constant and in-
dependent of time; for complex systems, it is a stochastic value [10]. 

The parameter of power consumption is the power consumption rate, which is un-
derstood to be a planned indicator of power consumption per unit of production of a set 
quality [11]. The real power consumption for lifting a unit of payload differs from the 
standardized one, which, naturally, causes changes in the parameters of cargo flows. The 
authors in [12–14] investigated the reliability of mining machines and showed that the 
use of new technologies and materials helped to increase the service life and efficiency of 
the equipment. They identified the main problem nodes and proposed innovative solu-
tions to improve the reliability and safety of mining machines [15]. The results of the 
study can be useful for both manufacturers and users of machinery to improve produc-
tion processes and reduce the risks of accidents [16]. At the same time, the reliability of 
both mining machinery, equipment, and conventional equipment largely depends on 
objective and subjective factors [17,18]. For mining equipment, objective factors are the 
action of the environment, and mechanical and other effects (wear, aging, load). Subjec-
tive factors depend on human action, such as the choice of scheme, design, modes of 
operation, maintenance, and repairs [19,20]. The impact of these factors leads to equip-
ment failure. Studying the reliability of equipment operation is based on the fact that 
failure is a random event. To eliminate failure, the regularities of its development and the 
physical causes of its occurrence are considered [21]. 

Reliability is assessed using probabilistic categories. These probabilistic categories 
are introduced into calculation algorithms, and thus a unified methodological approach 
to solving reliability determination problems is obtained [22,23]. Of the many tasks of 
reliability determination, the most important ones can be singled out as the prediction of 
service life and residual service life and the probability of failure-free operation of the 
system and its elements [24,25]. 

The determining factor that is relied upon in the design and operation of the un-
derground power supply system is the productivity of the mining machines (load flow). 
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Load flow is the final result of system functioning. The mathematical model of the pro-
cess of load lifting can be represented as a random flow Y(t), whose change, along with 
technological, mining-geological, and organizational factors, is determined by the relia-
bility characteristics of electromechanical equipment, voltage quality, and technological 
parameters of the system, and reflects the change in the quality of power supply of lifting 
units in time [26]. 

The purpose of this work is to model the reliability and uptime of mine hoisting 
equipment, which allows us to measure changes in the performance of mining equip-
ment. To achieve this goal, the following tasks were set: develop a mathematical model of 
the mine hoisting plant, allowing for studying the reliability performance of the hoisting 
plant and the most effective equipment redundancy. 

2. Materials and Methods 
The failures of subsystems and elements of mining machines obey the normal dis-

tribution law [27]. 
The normal distribution of a random variable (Gaussian distribution) is a probability 

distribution that in the univariate case is given by a probability density function that co-
incides with the Gaussian function [28]: 
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where the parameter µ is the mean mathematical expectation of the distribution; 
σ2 is the distribution variance; 
σ is the standard deviation. 
1. The mathematical expectation of equipment failure is determined by the following 

formula: 





=

=

⋅
= k

i
i

k

i
ii

o

m

mL
L

1

1 , (2)

where iL  is the mileage of degradation in the i-m period, km; im  is the number of 
equipment failures in the i-m period; and k is the number of periods. 

2. The failure in dispersive scattering is determined as: 
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3. The standard deviation or dispersion of failures is determined as follows: 
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4. The coefficient of the variation is: 

oL
V σ=  

(5)
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Processing statistical information according to Formulas (1)–(4) and calculations of 
numerical characteristics of mining equipment failure allows for determining an im-
portant characteristic of failures when the maximum number of failures is observed [29]. 

Mathematical expectation of failures oL  reflects a state when the maximum num-
ber of failures of the equipment in use is maximized. The coefficient of the variation V  
and dispersion σ  show the possible spread of failures contrary to their expectations. 

Depending on the statistical information on the operation of new or old and recon-
ditioned equipment, the distribution laws of the random value of serviceable equipment 
states can be described by distribution laws other than the normal distribution. This is a 
limitation of the proposed model. 

3. The Mathematical Model of the Serviceability of Lifting Installations 
Any production system is created for a certain functional purpose [30]. On this basis, 

it can be represented by an arbitrary total flow Yo(t). Its parameters are quantitatively 
specified at the design stage. In contrast to Yo(t), the parameters of the flow Y(t) of the 
lifting system are realized in the process of operation. 

The flow parameters Y(t) take many values. By their value, they can be both more or 
less than similar parameters Yo(t). The values of parameters Y(t) that are less than the 
flow parameters Yo(t) determine the area of matching parameters of the mine hoisting 
system. In practice, the quantitative representation of the target is provided in the form of 
the average value of flow parameters Yo(t)→Yo. 

If the durations of the i-th mismatches are equal to each other (θ1 = θ2 = θ3 = ... = θi  = 
... =  θn), then the process of ensuring the operability of lifting units is expressed by the 
dependence: 
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where P is the probability of operation (availability factor) of the equipment; U and Ui are 
the voltage deviation for time t and at the i-th time interval, respectively; W and Wi are the 
power consumption by the considered electrical equipment for time t and at the i-th time 
interval, kWh; Dc is the dependence between the factors affecting the functioning of the 
hoist system. It is determined on the basis of the Э-transformation of flows. 

The absolute value of the mismatch in general can be represented through the 
Э-transformation of the flows: 

Э: [Y(t) − Yo (t)]. (8)

Then the operation of the hoist system can be shown as: 

Yc (t) = f (Pc ;Uc ;Wc ;Dc ), (9)

where 
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In the case of specifying the period of study of the process under consideration, 
dependences (8) and (9) turn into equations describing the functioning of simple systems. 
The change in the parameters of the lifting system leads to a change in the intensity of 
cargo lifting per machine time (load flow parameters). On this basis, it is possible to use 
the relative change in the productivity of the lifting unit as an estimator [31]. Such change 
will be defined as: 

o

o o

Э : ,Y Y Y
Y Y Y Y
 

= = + Δ 
 (11)

where Yo is the specified productivity of the lifting unit, t/h; 0Y Y Y= − Δ  is the actual 
productivity of the lifting unit, t/h; ΔY is the change of productivity, t/h. 

According to expressions (6)–(10), the analysis and synthesis of the process of en-
suring the operability of lifting units should be based on the real model of the mine sys-
tem functioning. At the same time, the model, which does not take into account the pe-
culiarities of the hoisting plant, does not meet the requirements for assessing the per-
formance of complex systems. 

The complex approach to the evaluation of the process of ensuring the serviceability 
of lifting units, based on the theory of random impulse flows, corresponds to the system 
approach to the design and operation of technical systems of a mining enterprise and 
allows evaluating the reliability of each technological link of a lifting unit step by step 
[32]. 

4. Influence of the Reliability of Individual Elements on the Operation of the Plant as a 
Whole 

To evaluate the measures aimed at improving the efficiency of lifting units, it is 
necessary to know the impact of equipment reliability on mine productivity and load 
flow parameters. To solve the task, we will represent the work of a unit of equipment 
(element) by a random flow of the unit height of impulses Xe (t). The pulse flow Xf (t) 
serves as a mathematical model of the cargo flow. In this case, we will assume that 
equipment failures always cause the cessation of cargo flow from the mine [33]. 

The impact of the reliability of the lifting equipment unit operation on the load flow 
is determined by subtracting the flow describing the equipment operation Xe (t) from the 
flow representing the load flow Xf (t). As a result, the newly formed flow X* (t) represents 
the load flow obtained during the absolutely reliable operation of the considered piece of 

equipment. The load on the lifting unit in this case increases e e

f f

1
1

x μ θ
μ θ
⋅= +

− ⋅
 times, 

and the change in the frequency and the average duration of the load will be equal to: 
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where *μ , *τ  are the frequency and average duration of cargo flow pulses in abso-
lutely reliable equipment under consideration. 

If we take into account the fact that the frequency is the ratio of probability to the 
average duration of pulses or pauses, respectively, then: 
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In mining mines, placing redundant equipment, which is known as structural re-
dundancy, next to non-redundant equipment, has become an active part of hoisting sys-
tems [34,35]. An important aspect of such redundancy is its influence on various com-
ponents of hoisting plants, such as a braking system, compressors, oil pumps, electric 
motors, magnetic starters, and circuit breakers. Equipment redundancy is a system of 
interaction between operating and spare pumping stations that affects the equipment 
recovery time [36]. With this structural redundancy, the recovery time is reduced by op-
timizing organizational processes and reducing the failure recovery time. If the recovery 
time of the main equipment exceeds the time of switching to the standby equipment, then 
in this case the structural redundancy of the system becomes justified [37]. 

The solution to the problem of determining the impact on the lifting unit operation 
of the equipment reliability with reserve allows for considering the example of the com-
pressor starters, providing the operation of the braking system of the lifting unit. For this 
system, we assume that the working starter function is the random pulse flow Хe(t), and 
the joint operation of the starters is described by the pulse flow Yo(t). Since switching 
from the working compressor to the standby compressor takes place during maintenance 
and is always accompanied by stopping the lifting unit, the pulse frequency of the sought 
flow is equal to the frequency of the original flow [38]. The duration of pulses in the flows 
Хe(t) and Yp(t) obey the same distribution law and the mean values of the flows also co-
incide. To determine the parameters describing the pauses Yp(t), we distinguish two 
types of pauses: the first type, q’, corresponding to the time of switching to standby and 
requiring the replacement of starters, and the second type, pauses q”, whose duration is 
less than the time of switching to standby equipment and not requiring the replacement 
of starters [39]. The average duration of pauses of the first type q’e can be determined 
from statistical data, using the arithmetic mean or density distribution of the replacement 
time of starters: 

( ) ,
e

e e d
θ

μ μ β θ θ
∞

′ =   (17)

where μ′  is the probability frequency for the pause of flow Xe(t); 
( )eβ θ    is the probability density function for the flow pause Xe(t). 

The frequency of the second type of pause is determined using the expression: 
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We will calculate the pause duration θ′′  using the probability addition theorem 
[40]. Using this theorem will lead to the following expression for determining the proba-
bility of failure of the starter: 

,e e e e eP θ μ θ μ′ ′ ′′ ′′= ⋅ + ⋅  (19)

where eP  is the probability of failure for a working starter; 

eθ ′  is the average value of the pause with a duration that is longer than the time 
required for a transfer to the standby equipment; 

eθ ′′  is the average value of the pause with a duration that is shorter than the time 
required to switch to the standby equipment. 

To calculate the average value of eθ ′ , we apply the δ-transformation. In addition, we 
will exclude from the analysis the durations of the source stream when their value is less 
than δ. We will also reduce the value of δ pauses whose duration is greater than δ. The 
expression for calculating eθ ′  will take the following form: 

( ) ( )
.

( )

e

e

e e e

e e

e

d

d

θ

θ

θ θ β θ θ
θ θ

β θ θ

∞

∞

−
′ = +



 (20)

For the flow in question, the average pause duration Xe(t) is equal to the average 
pause value eθ ′′ . The duration of pauses is calculated for those pauses that are shorter 
than the time of transition to the reserve. 

Considering the above and based on the joint solution (17)–(20) with respect to eθ ′′ , 
we obtain: 
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The obtained expressions for the characteristics of eθ ′  and eθ ′′  make it possible to 
express the distribution law using (9)–(13). It is also possible to calculate the average 
pause for the flow under study: 

p ,e e
e e

e e

μ μθ θ θ
μ μ

′ ′′ ′′= +  (22)

If the pause duration for the original flow obeys an exponential distribution law, 
then the average duration will be: 

3
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 (23)
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where eθ  is the average pause of the stream Xe (t). 

The value eθ  will indicate the operation of the starter. 
The duration of flow pauses characterizes the joint operation of the components of 

the lifting unit. Changing the duration of these pauses, in relation to pauses Xe(t), changes 
the probability of pulses of the studied flow. The probability of pauses of the investigated 
flow also changes. Calculation of the probability values of these pauses and pulses is 
carried out using the average values of pauses and pulses Yр(t). They are calculated in a 
manner similar to Equations (17)–(19). In the case of the exponential distribution for the 
pauses of the initial flow, the following is true: 

3
p 1 exp ,e

e

P P θ
θ

  
= − −     

 (24)

where pP  is the pause probability of the desired flows; 

eP  is the probability of the pause of the original streams. 
The proposed approach is applicable in cases of redundancy, when the working 

equipment of the hoisting plant is automatically replaced by the reserve when it fails. To 
assess the reliability of a group of hoisting plant equipment with a reserve, it is reasona-
ble to study their joint operation, including from one to three units of equipment [41]. The 
increase in the reliability of the reserve requires the provision of two or three units of 
equipment identical in parameters. The units of equipment belonging to the same group 
are themselves connected in series in terms of reliability [42]. Despite the presence of 
three units of equipment, failures in the process of operation can lead to stoppages of the 
lifting complex. However, the use of redundant units of equipment allows them to be 
activated during the recovery of a faulty unit for a longer period of time than when 
switching to redundant equipment [43,44]. 

In the case of only one piece of equipment, its reliability and impact on the hoist and 
load flow are considered according to similar techniques (8)–(13). For the joint operation 
of two or three pieces of equipment, the total impulse flows Y1(t), Y2(t) and Y3(t) are used 
(Figure 1). The characteristics of such flows are calculated on the basis of reliability pa-
rameters of individual equipment units, which show the working and non-working pe-
riods of the equipment group caused by failures. 

In the analysis, the calculation should be performed with respect to the stoppages of 
the group units. The simultaneous stoppage of equipment of the group units, regardless 
of their number, always causes failure of the group as a whole. 
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Figure 1. Graphical representation of the joint functioning of two and three units of equipment of 
the CMP: (a)—joint functioning of two units of equipment; (b)—joint functioning of three units of 
equipment. 

The average pause of the flow Xg(t) describing the work of the group is equal to the 
average duration of the non-working states of the group. Its value is expressed by the 
equation: 

1

1

1 ,
n

g
i

θ
θ

−
 

=  
 
  (25)

where n is the number of units of the complex group; iθ  is the average equipment re-
covery time of the i-th unit. 

The probability of non-operational states of the group caused by equipment failures 
is as follows: 

1
,

n

g iP P= ∏  (26)

where Pi is the probability of failures of the equipment of the i-th unit. 
The group pause frequency is calculated similarly to (19). The distribution law of the 

pause duration can be found through the distribution laws of the equipment recovery 
time [45]. 

The non-operational states of a group are characterized by a number of average pa-
rameters. These parameters allow us to determine the periods of operation of this group. 
These are the periods to which the impulses gτ of the flows Xg(t) correspond. 

The probability of pulses Xg(t) is the opposite of the probability of pauses. For any 
random flow, the frequency of pauses is equal to the frequency of pulses. Taking into 
account all the above, the average duration of hydraulic system operation periods can be 
determined using the expression: 
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One of the key aspects in analyzing the characteristics of pulses Xg(t) is to identify 
the laws of their distribution. To achieve this goal, it is necessary to find out the parame-
ters of pulses and to determine the number of coincidences in each of them. Parameters of 
coincidences, when a unit of the group works together, can be calculated either by means 
of calculations or on the basis of time observations. In certain cases, when there are three 
pieces of equipment in a group if two of them fail, normal operation of the group is not 
guaranteed. This may result in the cessation of cargo flow into the system [46]. Similar to 
the group reliability assessment, in this context based on random impulse flows, the 
group reliability characteristics are also investigated (Figure 2). 

 
Figure 2. Graphical representation of the joint operation of three pieces of equipment and the hy-
draulic system with operating states caused by simultaneous switching on of at least two pieces of 
equipment of the CPSU. 

Periods of non-operational states of the group due to stoppages of units caused by 
equipment failures are as follows: 

30 31 1 2 3 1 2 3 1 2 3 1 2 3( ) (1 ) (1 ),gP P P PP P P P P P P P PP P= + = + + − + −  (28)

where P30 and P31 are failure probabilities of three and two units out of three, respectively; 

1 2 3, ,P P P  are failure probabilities of the equipment of the first, second, and third units. 
Taking into account the low probability of simultaneous failure of several units of 

equipment [47], the situation of coincidence of operation of two units, leading to the co-
incidence of failure of three units, is presented through the coincidence link of operation 
of one unit. Each coincidence moment τ30 is accompanied by two coincidence moments 
τ31. The frequency of these coincidences allows us to determine the frequency of pauses in 
the flow Xg(t). Knowing the frequency of pauses in the flow allows finding the frequency 
of periods of the operation of the group: 

31 30 ,gμ μ μ= −  (29)

where 31 30,μ μ  is the frequency of coincidences corresponding to failures of two and 
three units out of three. 

Calculations (13)–(19) allow us to find other characteristics of the group perfor-
mance, namely the frequency s and the probability P. A very important aspect of the 
methodology in this context is to analyze the distribution of the pause Xg(t) arising from 
coincidences of failures of two and three units. The frequency of pauses q’ caused by 
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coincidences τ31 is calculated as the difference between 31 30( 2 )μ μ− . Their distribution is 
determined by the duration of τ31. The pauses q” caused by coincidences τ30 and τ31 have 
frequency s’. The distribution q” is generated from the distributions of the single coinci-
dence τ30 and double coincidences τ31. After determining the frequencies and distribu-
tions q’ and q‘‘‘, it is possible to calculate the periods of non-operation of the hoist 
equipment group according to formula (22). 

In order to optimize the process of operation of the SNU systems, temporary re-
dundancy, which is based on the use of excess time, is actively used [48,49]. This mecha-
nism of temporary redundancy is implemented with the help of accumulators, which are 
represented in the form of hoppers at mines. Hoarders, by performing the function of 
temporary redundancy, help to reduce the impact of failures in the sub-bunker chain on 
the ore lifting process. They allow the flow of the material from the longwall face to con-
tinue even after the sub-bunker conveyors have stopped, until the hopper is filled with 
the material [50]. Therefore, the hopper provides temporary redundancy of the un-
der-hopper conveyor equipment, which eliminates the stoppage of the material flow due 
to failures in the conveyor equipment, whose failure duration is shorter than the hopper 
filling time, and reduces the material flow downtime caused by failures, whose duration 
is longer than the hopper filling time [51,52]. 

In order to assess the impact of temporary redundancy on the operation of lifting 
equipment and the material flow characteristics, the reliability of the equipment sub-
jected to temporary redundancy is replaced by a single equivalent element. It is im-
portant that this equivalent element has a similar impact on the operation of the process 
machines as the group of equipment does, which it replaces [53]. Provided that the fail-
ure of any piece of equipment causes the conveyors to stop, their reliability is related 
sequentially, and by modeling the operation of each piece of equipment as a random 
flow, we can define the characteristics of this equivalent element. The operation of the 
hoisting plant, as determined by the reliability of the sub-bunker conveyor equipment, 
will be illustrated by flow Xδ(t). Pauses in the flow Xδ(t), corresponding to downtime of 
the hoisting plant, occur only in case of conveyor equipment failure, whose duration ex-
ceeds the time of filling the hopper with the material. For the hopper volume V and the 
average capacity of the lifting machine in machine time, the value of δ can be determined 
using the equation: 

f f

,V
p q

δ =  (30)

where fp  is the probability of the mine cargo’s arrival. 
The presence of a hopper in the system of operation of the conveyor section reduces 

the frequency of its stops for the lifting unit. When excluding equipment failures with the 
duration 1eθ δ< , the frequency of pauses Xδ(t) will be equal to: 

( ) ,e e dδ
δ

μ μ β θ θ
∞

=   (31)

where eμ  is the frequency of the recovery time distribution for the equivalent element 
and βe(θ) is the density distribution of the recovery time for the equivalent element. 

The average duration of time delays for equipment recovery using 
δ-transformations will be defined as: 
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( ) ( )
,

( )

e e

e

d

d

δ
δ

δ

θ δ β θ θ
θ

β θ θ

∞

∞

+
=



 (32)

where eθ  is the time required to recover the equivalent element. 
The probability of pauses Xδ(t) for stopping the lifting unit due to failure of the 

conveyor equipment will be determined by taking into account expressions (6), (31) and 
(32). It will be equal to: 

( ) ( ) .e e eP dδ
δ

μ θ δ β θ θ
∞

= +  (33)

Considering (19), we can similarly find the average parameters that will characterize 
the operating states of the lifting unit. 

Pauses eθ δ>  of the flow Ye(t) can be expressed through the sum of time compo-
nents, the sum of idle time of the lifting rig, and the time to fill the hopper with the load. 
The distribution of these time costs with respect to their components will be 
two-dimensional. Then, the distribution of durations of stoppages caused by plant fail-
ures will be defined as: 

( )( ) ,
( )

e

e d

δ
δ

δ

β θ δβ θ
β θ θ

∞

+=


 

(34)

for the case when 0.δθ ≥  
The law of distribution of the trouble-free operation duration for the lifting unit will 

not change when the initial flow of the hopper input pulse duration obeys the exponen-
tial distribution [54]. In this case, for one switching on of the lifting unit, the duration of 
its operation will increase. The duration of this work is determined by the formula: 

1

exp ,
f f e

V
P qδτ

θ

−
  

= −      
 (35)

where τ is the average operating time of the hoisting unit during a single switch-on 
(without the hopper). 

The hoist system is designed with reliability in mind, combining both series and 
parallel connections of equipment [55]. To ensure continuous operation, structural re-
dundancy is used to compensate for equipment failures and maintain the technological 
process. The integration of storage tanks into the transport system mitigates the impact of 
failures on the hoisting plant operation and material flow [56]. Consequently, the occur-
ring failures have different degrees of influence on the system operation and material 
handling parameters. Obviously, the hoisting plant belongs to the category of complex 
systems and has redundancy as well as performance reserve. It has characteristic features 
of complex systems, such as the interaction between equipment, the complexity of func-
tions performed, the ability to be divided into subsystems, and the presence of a control 
system, etc. [57,58]. The use of random impulse flow theory in analyzing the influence of 
individual equipment elements helped to evaluate their influence on the plant operation 
and to represent the system as a serial connection [59]. Taking into account the probabil-
ity of downtime of the lifting unit caused by equipment failures in accordance with rela-
tions (31)–(34), it is possible to determine the following: 
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с ,r psP P P P Pδ= + + +    (36)

where P  is the probability of downtime due to failure of critical equipment (any failure 
of this equipment leads to stoppage of the entire hoisting unit); 

Pδ —probability of downtime due to failure of the sub-bunker transport system; 

psP —probability of downtime due to failure of pumping station subsystems; 

rP —probability of downtime due to redundant equipment; 
Based on Equation (36) and taking into account expressions (24), (28) and (33) for the 

lifting unit, the probability of failure is defined as: 

с
1 1 1 1 11

11 exp exp
mn k s r r

r
i j j

j f f

VP P P P P
P qη

η

θ
θ θ

    
= + − − + + −            
    ∏  (37)

where P  is the probability of failure of the equipment under study; 
θ  is the average recovery time of the equipment under study; 
Pf is the probability of the cargo’s arrival; 

rθ  is the average duration of standby redundant equipment; 

fq  is the average capacity of the used lifting unit, in tons per day; 
V is the volume of the hopper used at the site, m3; 
n is the number of equipment units causing stoppage of the hoisting unit in use; 
m is the number of subsystems under study; 
r is the number of transport line equipment to the hopper; 
k is the number of equipment provided with reserve; 
S is the number of subsystem equipment. 
The stopping frequency for the investigated lifting unit will be equal to: 

с
1 1 1 1 1 11

1 1exp ,
mn s m s r r

i j
j f f

VP
P qη

η

μ μ μ
θ θ

  = + + −       
    ∏  (38)

where µ is the failure rate of the considered unit of equipment. 
Taking into account expressions (37) and (38), the average duration of stops of the 

hoisting unit is equal to: 

11

1 1 1 1

с 1
с

1 1 1 11

1 1 exp
1 .

1 1exp

n n k k
r

i j j
i j

m s r r r

r
f f

VP
P qη

η η

θμ θ μ
θ θ

θ
μ

μ
θ θ

−−

−

     + − − +           =  
   

+ −           

   

   ∏
 (39)

Based on the calculated values of probabilities and frequencies, the average operat-
ing time (time-in-operation coefficient) of the hoisting unit is analyzed. The determina-
tion of regularities of the distribution of operating time and recovery time indicators is 
reduced to calculations. The use of the theory of random impulse flows helped to sim-
plify the complex system of the hoisting plant in the context of reliability, presenting it in 
the form of a serial connection [60]. The operability of the lifting unit was assessed on the 
basis of reliability indices of individual components of the equipment, and the imple-
mentation of measures to improve the reliability of the system was analyzed [61,62]. 
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5. The Impact of Power Supply Reliability on the Operation of the Mine  
Hoisting Plant 

The efficiency of hoisting plant operation is influenced by the electrical equipment of 
both the hoisting plant itself and the main transport equipment [63]. In addition, the dis-
tribution of recovery time of electrical equipment of underground power supply systems 
is described not only by the exponential law. It has been established that exponential 
distribution is inherent in the equipment of advanced mines with a high level of labor 
organization and qualification of operating personnel [64,65]. On average, for mines, for 
example, in the Kuzbass basin, the logarithmic-normal distribution is characteristic. At 
the lagging mines, the recovery time obeys the truncated-normal law. Therefore, the 
method discussed in the previous section should be extended to the general case of as-
sessment of the power supply provided for hoisting plants [66]. 

In order to evaluate the impact of the power supply system on the operation of 
mining machines, where each failure of electrical equipment leads to machine stoppage, 
it is necessary to determine the parameters of joint operation of the system [67]. For a se-
ries of connections of equipment, the frequency of stoppages is equal to the sum of fre-
quencies of electrical equipment failures, i.e.: 

ser
1 1

1 .
n n

i
i i i i

μ μ
τ θ= =

= =
+   (40)

The average duration of machine stoppage over the time interval under considera-
tion, using the failure rates of electrical equipment and the values of the average time of 
its recovery, is calculated as follows: 

ser
1ser

1 .
n

i i
i

θ μθ
μ =

=   (41)

Taking into account Formulas (40) and (41), and similarly to (22), the probability of 
operation, stoppages, and MTBF are determined by the expressions: 

ser
1

ser
1

1
ser

1

;

1 ;

1
.

n

i
i

n

i
i
n

i i
i
n

i
i

P P

P P

μ θ
τ

μ

=

=

=

=




= 

= − 



− 
=











 (42)

By investigating the partitioning of pulses into components and analyzing the dis-
tribution laws of MTBF and recovery time, we can find similar solutions to those de-
scribed in [68,69]. 

When studying the impact of the reliability of electrical equipment using structural 
redundancy on load flow parameters, we determine the average duration and frequency 
of pauses whose length is shorter than the time of switching to standby via θr–θ’ and µ’, 
and large θr–θ” and µ”. 

Taking into account (17)–(22), the probability of interruptions in power supply for 
machines caused by failure of electrical equipment with reserve will be generally less 
than the probability of failures of electrical equipment without reserve by: 
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p ( ) ,
r

e e eP P P P d
θ

β θ θ
∞

Δ = − =   (43)

where , ( )e eP β θ  are the probability and density of the distribution of failures of the 
considered unit or group of equipment. 

Then, the probability of machine stoppages caused by power interruptions will be 
equal to: 

p
0

( ) ( ) .
r

e e e e eP P P d P d
θ

β θ θ β θ θ
∞ ∞

= − =   (44)

Reducing the probability of эP  is carried out by reducing the duration of interrup-
tions in the power supply of hoisting installations. The assessment of the influence of 
electrical equipment failures on the operation of hoisting installations can also be per-
formed by the pause durations of the flow describing the operation of the hoisting in-
stallation [70]. The average duration of pauses of the required flow is determined based 
on expression (22); taking into account (20), (17), (18), and (44), it will be equal to: 

p
0

( ) ( ) .
r

e e e e ed d
θ

θ θ θ β θ θ θ β θ θ
∞ ∞

= − =   (45)

Using Equations (44) and (45), based on similar dependencies, the calculation of the 
probability and average duration of flow pulses, which describe the operation of the 
plant, is made. The integrals in Formulas (44) and (45) reflect the level of independence of 
the lifting unit operation from possible failures in the electrical equipment. Their values 
indicate the degree of reduction in the duration of downtime of the lifting rig due to 
failures in the electrical equipment when equipped with redundancy in relation to the 
stoppages of lifting rigs caused by failures in the electrical equipment without redun-
dancy. Similarly, let the integral be the coupling coefficient of the structural redundancy. 
Then: 

c
0

( ) .
r

eK d
θ

β θ θ=   (46)

Taking into account the coupling coefficient, we express the parameters of the 
hoisting unit operation due to the reliability of the electrical equipment with structural 
redundancy in the form of: 

с

с

с

с

;
;

1 ;
(1 ).

r e

r e

r e

r e e

P PK
K

P PK
K

θ θ

τ τ θ

=


= 


= − 
= + − 

 (47)

 

By introducing temporary redundancy into the system, created, for example, by in-
troducing a transport chain storage hopper, the frequency of machine stoppages will be 
reduced by: 

0 0

( ) 1 ( ) ,
r r

e e e ed d
θ θ

μ μ β θ θ μ β θ θ
 

Δ = = −  
 

   (48)
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where eμ  is the frequency of the distribution of flow pauses corresponding to the re-
covery time of electrical equipment of the sub-bunker system; 

( )eβ θ  is the density distribution of flow pauses corresponding to the recovery time 
of the same system; 

δ  is the time required to fill the hopper. 
Exclusion of failures with duration eθ δ<  leads to an increase in the value of the 

probability of machine operation by the value determined by the expression: 

0

( ) .e e eP d
δ

μ θ β θ θΔ =   (49)

The average duration of operation of the above hopper system equipment per one 
switching on becomes equal to: 

1 ( ) ( )
.

( )

e e e

e e

d

d

δ
δ

δ

μ θ δ β θ θ
τ

μ β θ θ

∞

∞

− −
=




 (50)

Similarly to (46), in expressions (48)–(50), let us denote the integral as follows: 

( )pr eK d
δ

β θ θ
∞

=   (51)

and call it the time redundancy coupling coefficient. 
In this case, Kpr shows how many times the probability of pauses of the flow repre-

senting the operation of the lifting unit is less than the pauses of the flow describing the 
operation of the equipment of the sub-bunker system. 

Then, taking into account (45), the characteristics of the flow describing the opera-
tion of machines in the case of temporary redundancy of electrical equipment are as fol-
lows: 

1 1
pr

1 ;
;

(1 ).

e pr

e pr

e e pr

P P K
K

K K

δ

δ

δ

μ μ

τ τ θ− −

= −
= 
= − − 

 (52)

The law of the distributions of pulse durations and pauses of the flow describing the 
operation of the lifting unit when introducing temporary redundancy in the power sup-
ply system is determined in accordance with the schedule of its operation. 

Along with structural and temporary redundancy, preventive maintenance is one of 
the most important means of improving equipment reliability and the efficiency of sys-
tem operation. The probability and frequency of failures decrease in the case of applica-
tion. The mean time between failures (MTBF) and the probability of operation increase 
[71]. At mining enterprises, there are special shifts or inter-shift times for maintenance 
and elimination of equipment failures, which makes it possible to ensure the probability 
of failure-free operation of systems close to one by the beginning of the main shifts [72]. 

Carrying out repair and preventive maintenance of electrical equipment with in-
ter-repair periods pT  will cause a decrease in the frequency eμ  of its failures to the 
value of: 
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rpm
0

( ) .
pT

e eX dμ μ τ τ=   (53)

where ( )eX τ is the probability density of MTBF values of the power supply system 
under study. 

Taking into account the fact that failures are an event opposite to operable states of 
the equipment, the probability of operation is equal to: 

0
rpm

1 ( )
,

rT

e e e

e e

d
P

τ θ α τ τ

τ θ

 
+ −  

 =
+


 

(54)

and the mean time between failures is as follows: 

r

0
rpm

0

1 ( )
.

( )
r

T

e e e

T

e

d

X d

τ θ α τ τ
τ

τ τ

 
+ − 

 =



 (55)

 

Equations (53)–(55) are a function of the integral that shows how many times repair 
and preventive maintenance reduces the number of failures. Let us denote it by the co-
efficient of the coupling of repair and preventive maintenance efficiency: 

rpm
0

( ) .
rT

eK X dτ τ=   (56)

Then, the expressions representing the parameters of the considered system will 
take the form: 

rpm rpm

rpm rpm

rpm
rpm

rpm

;

(1 );

(1 )

e

e e

e e

K

P P P K

K
K

μ μ

τ θ
τ


= 
= + − 
+ − = 


 (57)

The operation of redundant systems is mainly determined by the frequency of 
changeover from the main to the standby electrical equipment. When the working system 
stops, the standby system is switched on automatically or, as a last resort, by mainte-
nance personnel. Since the equipment is not absolutely reliable, even the presence of two 
redundant systems does not guarantee the exclusion of all failures. As a result, the oper-
ating time of the hoist system is shortened. The delay time can be longer than the time 
between failures of the power supply systems. As a result, the frequency of switching on 
the hoisting systems will not be equal to the frequency of electrical equipment interrup-
tions. Its value will be equal to: 

otm obb obb obb
0

1 ( ) ,x d
ν

μ μ τ τ
 

= − 
 

  (58)
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where obb obb,μ τ  are the frequency and average duration of operation between breaks 
of electrical equipment. 

Partial overlap in the timing between operating delays reduces the otmτ  operating 
time of the machines. Overlapping occurs between breaks of the shorter duration ν  
and switching on the hoisting machines with a delay in operating hours between breaks 
of the longer duration ν . In order to calculate the density distribution of the values 

otmτ , we remove from the analysis the hours of operation rpmτ ν<  and reduce the 

hours of operation rpmτ ν>  by the value ν . In this case, we obtain an expression of 
the form: 

otm
otm

obb obb
0

( )( ) ,
1 ( )x d

ν
α τ να τ

τ τ

+=
− 

 
(59)

where otm obb.τ ν τ+ =  
According to (42) and (59), the average operating time of the lifting units per 

switch-on is: 

obb obb obb

otm

obb obb
0

( ) ( )
.

1 ( )

x d

x d

ν
ν

τ ν τ τ
τ

τ τ

∞

−
=

−




 (60)

The duration of stoppages of hoisting systems θotm is determined by interruptions in 
equipment operation and delays in the load arrival. 

Delays in switching on the lifting units are caused by unloading the working bodies 
of conveyors, rail cars, intermediate storage hoppers, etc. Delays shorten the operating 
time of machines, increasing the number and duration of stops. Similarly to (46), (51), and 
(56), let us introduce the concept of the delay coefficient: 

o

otm obb obb
0

( ) .K x d
θ

τ τ=   (61)

The dependencies representing the operation of the lifting units in this case will be 
as follows: 

otm obb otm

obb
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obb obb
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obb otm
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;
1
1 ( ) .
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K
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K
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μ θ ντ
μ


= − 
+ = − 
− +
=

− 

 (62)

There are two possible cases of load shifting from the operating equipment to the 
standby equipment that occur during the operation of the standby equipment. 

The first case of such switching occurs when the operating equipment fails. In the 
second case, an independent switchover from the main equipment to the standby 
equipment is performed. The equipment is switched on after a certain period of opera-
tion of the main equipment, and if the main equipment fails, the standby equipment is 
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switched on. Switching on the standby equipment occurs in parallel. That is, there is no 
waiting for the end of the main equipment operation. 

Interruptions in operation occur in case of repair, preventive maintenance or failure 
of the operating power supply system. The interruption of the operation is also possible 
in case of failure of the backup system. This occurs when the MTBF орτ  of the redundant 
system does not cover the duration of the interruptions θo of the power supply of the 
working system. The average duration of such events Pop is equal to: 

o

o

ор ор ор
0

ор

ор ор
0

( )
,

( )

x d

x d

θ

θ

τ τ τ
τ

τ τ
=



 (63)

where ор( )x τ  is the distribution density of the standby power system pulses corre-
sponding to the MTBF. 

The probability of occurrence of MTBF τор < θo for the standby system and power 
interruptions of the working system is calculated using the formula: 

c o op.P PP=  (64)

The probability Pc characterizes the events that precede power interruptions. These 
events occur when the systems under consideration are functioning together. The fre-
quency of interruptions in the operation of these systems will be defined as: 

o
o

obb ор ор
ор ор 0

( ) .P x d
θ

μ τ τ
τ θ

=
+   (65)

By analogy with the coupling coefficients of structural and temporary redundancy, 
preventive maintenance, and delays, let us denote the integrals of Formulas (60) and (65) 
by contK  and call it the coupling coefficient of the control strategy: 

o

cont ор ор
0

( ) .K x d
θ

τ τ=   (66)

It shows how many times the probability of the hoist system stopping because of 
power interruptions is reduced by applying the first system operation control strategy. 

The parameters characterizing the operation of the power supply system for the 
control strategy, when the standby equipment is switched on only in case of failure of the 
working one, will be equal to: 

ор р cont

ор р cont

p cont р
ор

р

;

;
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.

P P K

K

P K
P

θ θ

θ
τ


= 
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− = 


 (67)

The integral parameters in the distribution density of the equipment recovery time 
in the system are described by various formulas. These parameters include the coupling 
coefficients of structural and time redundancy. The type of formulas for their determina-
tion depends on the distribution function of the sub-equipment recovery time and is 
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characterized by the specific distribution law β(θ). These are exponential, logarith-
mic-normal, truncated-normal, and other laws. The coupling coefficients of preventive 
maintenance, delays, and the control strategy are described by the Weibull law. This is 
due to the fact that the durations of the operating time to failure of mine electrical 
equipment obey, as statistical studies [73] have shown, the Weibull law. In Figure 3, the 
dependences show the change in the control coefficient contK for different values of β. At 
the same time, the efficiency of repair and preventive maintenance, the control strategy 
turns out to be a variable value based on the ratio of: 

о

ор

.r

e

TStrategy f θ
τ τ

 
=   

 
 (68)

It is also influenced by the asymmetry parameter of the distribution β Weibull law. 
The larger the asymmetry parameter, the more reasonable it is to carry out the mainte-

nance at small values of the ratio r

e

T
τ

. The linearity of contK  is seen to increase along 

with the decrease. 

 
Figure 3. Graphs of coupling coefficients in case of MTBF distribution according to the Weibull law 
and recovery time according to the exponential law. 

6. Discussion 

In nature, the effect of otmK  delays on machine uptime is similar to the effect of 
temporary redundancy on equipment failures. The difference is that the delays overlap 
the time between failures. At the same time, the duration of the delays is less than ν  
and reduces the time between failures with the duration greater than ν . In relation to 
the overlapping of failures with temporary redundancy, the interruption of operating 
hours is insignificant. There is no significant impact on the process flow of such inter-
ruptions. With the exponential law, the coupling coefficient of structural redundancy is 
shown in dependence 7 above at β = 1 (Figure 3). The coupling coefficient of temporal 
redundancy is shown in dependence 3 (Figure 3). The highest redundancy efficiency is 
achieved when the increment of the coupling coefficient value is in the range from 0 to 0.6 
(for structural redundancy) and from 1 to 0.3 (for temporary redundancy). This change in 
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the coupling coefficient corresponds to the change of values for the relation ,e
e

θ δ
θ θ

 

from 0 to 0.8. The parameters of the log-normal distribution law are the mathematical 
expectation of the quantity under study and the mean square deviation of the quantity 
under study. If the truncated-normal law is used, a normalizing factor is added to the 
specified mathematical expectation and quadratic deviation. It is rather difficult and 
time-consuming to determine the coupling coefficients analytically. A simpler way to 
determine the coupling coefficients is to use graphical integration. Graphs of coupling 
coefficients were plotted using expressions (46)–(67) (Figure 4). The graphs are plotted for 
the coupling coefficients of structural and temporary redundancy under the logarith-
mic-normal distribution law. 

 
Figure 4. Graphs of structural and temporary redundancy coefficients under the logarith-
mic-normal law of recovery time distribution: 1—structural redundancy; 2—temporary redun-
dancy. 

The use of coupling coefficients makes it possible to analyze and establish the cor-
relation between the reliability of power supply systems, the reliability of electrical 
equipment, and the operating modes of technological machines. Comparison of the cou-
pling coefficients of these systems allows evaluation of their interrelation and influence 
on each other in the context of general reliability and efficiency of technical system func-
tioning. The reliability of the mine’s system functioning depends on the nature of the 
operation and the degree of interaction with the equipment of its own and other systems. 
Then, the E-transformation of flows due to the unreliable functioning of power supply 
systems can be represented in the general form: 

c c c c rpm otm( ; ; ) Э :[( ) ( ; ; )],pr cont i i iP K K K K K Pτ μ τ μ= + + + + ⋅  (69)

where c c c; ;P τ μ  are reliability parameters of the system taking into account failure-free 
performance of its equipment. 

Considering the coupling coefficients, we determine the working characteristic of 
the reliability parameters under study: 
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where 1 1 1, ,P τ θ  are reliability parameters for the used electrical equipment; 

Kc1, Kpr1, Krpm1, 1contK , 1otmK  are electrical equipment coupling factors. 
The coupling coefficients are shown for electrical equipment, the influence of fail-

ures of which is to be established. The influence of its failures on the operation of mine 
hoisting installations is established. 

, ,i i iP τ θ  are parameters of the i-th unit of equipment of the SNU systems; 

Kci, priK , Krpmi, contiK  are communication coefficients of the i-th unit of the equip-
ment of the SNU systems. 

The considered power supply system is quite complex in terms of reliability. The 
proposed approach allows this rather complex system to be brought in the form of a se-
quential connection of elements for this system to determine the influence of the func-
tioning of its subsystems and electrical equipment on the technological process of cargo 
lifting in a coal mine. 

The impact of the proposed approach on complex coal mine power systems has been 
analyzed. The key aspects of the approach have been highlighted, allowing the complex-
ity of the system to be reduced to a series of elements. This allows the impact of system 
operation and electrical equipment on the coal mine lifting process to be determined in 
more detail. The results of the study will provide a deeper understanding of the rela-
tionship between electrical supply reliability and mining machine performance that will 
measure the effect of process improvements and contribute to improved safety in mining. 

Coal mine power supply systems are extremely complex and are characterized by 
the presence of many components: power sources (transformers, generators), power 
transmission lines (aboveground, underground), switchgears (panels, stations), and 
electrical equipment (electric motors, pumps, fans). This complexity is due to the re-
quirements for high reliability due to the need to ensure continuous operation of mine 
equipment, which is critical to the safety of miners and environmental protection. The 
proposed approach to improving equipment reliability allows for simplifying the analy-
sis of a complex power supply system by representing it as a series of connection of ele-
ments. This is achieved by dividing the system into subsystems (underground and 
aboveground power lines, switchgears), establishing links between the subsystems, sim-
plifying the connection scheme and functional dependencies, and determining the in-
fluence of subsystems and electrical equipment. The model of the power supply system 
allows for determining the impact of subsystems and electrical equipment on the tech-
nological process of cargo lifting in a coal mine by assessing the impact of subsystem and 
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equipment failures on the operation of electric lifting equipment, the impact of power 
supply interruptions on the rate of cargo lifting, the interdependence between the relia-
bility of power supply and mine productivity. 

Key aspects of this approach include breaking down a complex system into con-
trollable components, establishing the relationships between these components, simpli-
fying the wiring diagram to facilitate analysis, and analyzing failures and the impact on 
the lifting process. The results of the study highlight the relationship between power 
supply reliability and mining machine performance, allowing us to evaluate the effect of 
improving production processes by improving power supply reliability and safety in 
mining by minimizing the risks associated with power outages and improving the 
management of mining equipment operation. 

7. Conclusions 
1. When analyzing the performance assurance of mine hoisting machines and the 

quality of performance of the functions under consideration, it is proposed to assess the 
quality of technical system functioning through a set of properties of the cargo lifting 
process, which meet specified requirements in accordance with the purpose and evalu-
ated performance indicators. In this case, the quality of function fulfillment depends not 
only on the elements, which in the process of system functioning worked correctly or 
failed, but also on the moments of time when some or other changes of system states 
occurred. The proposed approach allowed for bringing the complex system of power 
supply of mine hoisting installations to the form of the sequential connection of system 
elements. For this system, the influence of the functioning of its subsystems and electrical 
equipment on the technological process of cargo lifting in a coal mine was determined. 

2. The coefficients of the relationship between the time-to-failure distribution and 
the recovery time of the technical system were determined, allowing for the prediction of 
the state of technical system elements at any point of its life cycle, including the most 
important conditions, such as operation, repair, and maintenance. 

3. The presented mathematical concept of increasing the reliability and failure-free 
operation of mine hoisting plants with the help of the developed mathematical model 
allowed investigation of the reliability indicators of the hoisting plant operation and re-
serving the equipment most effectively to increase reliability. The determination of cou-
pling coefficients in this study made it possible to analyze the impact of the reliability of 
electrical equipment and power supply systems on the operation of technological ma-
chines to improve the mining equipment reliability and the most effective equipment 
redundancy. 
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