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Abstract

:

The present work is devoted to the analysis of the most important reliability indicators of components of electrical devices of mining dump trucks, and analytical methods of their evaluation are proposed. A mathematical model for calculating the reliability of electrical devices integrated into the electrical systems of quarry dump trucks is presented. The model takes into account various loads arising in the process of operation and their influence on reliability reduction. Optimisation of maintenance and repair schedules of electrical equipment has revealed problems for research. One of them is the classification of electrical equipment by similar residual life, which allows the formation of effective repair and maintenance cycles. The analysis of statistical data on damages revealed the regularities of their occurrence, which is an important factor in assessing the reliability of electrical equipment in mining production. For quantitative assessment of reliability, it is proposed to use the parameter of the average expected operating time per failure. This parameter characterises the relative reliability of electrical equipment and is a determining factor of its reliability. The developed mathematical model of equipment failures with differentiation of maintained equipment by repeated service life allows flexible schedules of maintenance and repair to be created. The realisation of such cycles makes it possible to move from planned repairs to the system of repair according to the actual resource of the equipment.
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1. Introduction


Hitachi and other high-power electric dump trucks (EPDs) are currently used in the mining industry [1,2,3]. These systems, as a rule, have control apparatuses. Control apparatuses have rather high constructive complexity. In this connection, the operation of such technical systems is often accompanied by a significant number of failures of their constituent equipment. High quality, high efficiency, survivability, safety, stability, and good controllability of the system in general can be achieved with stable operation of its constituent elements. Each of these properties of equipment is ensured by high reliability [4,5,6].



In complex technical systems, such as electric dump trucks for coal mining and other installations with the number of subsystems of nodes and parts reaching several hundreds and thousands, it is very difficult to describe them in the form of block-functional decomposition [7,8] and to take into account the mutual influence of the components of the technical system [9,10]. Therefore, the proposed approach is to determine, first of all, the reliability of the weakest, frequently failing nodes, which account for the main flow of failures and increase the reliability of the entire system from them [11,12].



The aim of the research is modelling and determining the reliability of electrical apparatuses (EAs) of electric dump truck equipment, taking into account the parts that fail the most to justify the economic choice of costs for maintenance and improvement of operational reliability. The novelty of this work is not only the modelling of the current reliability of equipment, consisting of factory reliability and operational reliability, but also the forecasting of reliability for the future. Also this study takes into account in the model economically feasible levels of the technical reliability of equipment [13,14].



The objects for which the most important properties of all the above are the first three—failure-free, maintainability, and durability—are those that operate non-stop [15]. Mining equipment objects need to operate all year round. [16,17]. The limitation in time or economic indicators does not always allow in practice for correct and reliable evaluation of any object with the use of experimental data. When processing statistical data, reliability (its quantitative accuracy) is determined by the width of the confidence interval that covers the indicator. Quantitative indicators of reliability are the reliability of statistical estimation of an object and its accuracy of the same estimation of the object [18,19]. These indices are not determined in a direct way but in an indirect way. They are determined through the reliability of objects that should and can be tested. Reliability and accuracy are necessary quantities for the objects under investigation. These values show the difference between the principal probability of reliability quantification and the practical impracticability of obtaining it [20,21].



As studies have shown, the causes of various faults in apparatuses can be [22,23,24,25]:




	
Unsatisfactory care and maintenance of the apparatus;



	
Violation of the required modes of operation of the equipment [26];



	
Unfavourable operating conditions of the apparatus (high air humidity, elevated temperature, high content of substances in the air that have a harmful effect on live or insulating parts, if the apparatus is not designed to operate in such conditions) [27].








The occurrence of practical difficulties in quantification is due to cases where the object has very high reliability [28,29].



The authors suggested that two approaches should be used to obtain reliable indicators of facility reliability:



Approach No. 1 consists of high-cost testing. This method is characterised by special tests that determine the reliability of the object. The result of these tests is to obtain reliable indicators of the reliability of the object. It is the scientific and production enterprise manufacturer that carries out these activities [30]. Determination of the cause of product failures occurs when analysing the collected information during these tests. To determine quantitative reliability criteria, reliability prediction, and standardisation, it is necessary to have statistical data (especially concerning the causes of failure of parts and products). Such data are obtained by bench testing [31,32].



Approach No. 2 is based on the performance of the facilities. These results are obtained during the production operation of these facilities.



In both methods, both advantages and disadvantages can be found. When conducting reliability tests, one can encounter many difficulties that arise during the simulation of external conditions. The objects being tested are forced to operate in a real environment [33]. Other problems that can be found are the significant cost and duration of these tests. Moreover, in many cases, they simply cannot be carried out for a number of reasons. Most often, a correlation can be traced between the conducting of such tests and the experimenters themselves [34].



Each method has its advantages and disadvantages. Thus, the second method does not require additional costs, as the data are obtained as a result of operating equipment for its intended purpose. This method does not use simulation of external conditions [35]. The disadvantage of this method is the need for significant time required for the operation of the object and the development of statistical data. Also, the process of equipment operation does not depend on the observer. The method is applicable only for the evaluation of the finished object [36].



On this basis, both methods should be used for a comprehensive reliability assessment. This allows us to objectively determine reliability indicators for the object under study [37,38].




2. Methods


The reliability of the electrical apparatus of electric dump trucks depends on many factors. Plan of work: Section 2 considers the mathematical apparatus that allows you to determine the reliability and probability of failure-free operation to make a mathematical model of mining machinery equipment, taking into account the parts that fail the most to justify the economic choice of costs to maintain and improve operational reliability. With the help of this mathematical model, it is possible not only to model the reliability of equipment, consisting of factory reliability and operational reliability, but also to forecast reliability for the future in time. In Section 3, the mathematical modelling of reliability parameters with element-by-element estimation and identification of the units that fail the most in the reliability hierarchy is carried out. Section 4 optimises the reliability level of the equipment of the electrical complex maintenance system. Section 5 summarises the results of the work and highlights its main scientific achievements.



Mathematical analysis of reliability in many respects allows the physical nature of failures to be revealed and allows appropriate directions of work to be chosen, providing the growth of reliability of the complex and individual apparatuses, or components. The classification of factors that affect the object, according to the area of their action, includes constructive, operational (objective, subjective), and production [39]. In our work, through the hierarchy of reliability levels of elements with minimum reliability, we build a model of an economically feasible approach to the formation of a maintenance and repair system for complex electrical complexes.



2.1. Calculation of Reliability at Basic Connection of Elements in Electrical Apparatuses of Electric Dump Trucks


Consider a system consisting of N elements. Let us denote Ai as the event that the i-th element is operable and AS as the event that the whole system is operable.



Assume that the failures of the system elements are statistically independent, i.e., the failure of one element does not affect the performance of the others. Also assume that the system is such that, for its operability, it is necessary for all its elements to be operable. In other words, failure of any element leads to failure of the system. Such systems are called systems with a basic (sequential) connection of elements or simply sequential systems.



In this case, we can write:


   A s  =  A 1  ∩  A 2  ∩ …  A N  .  



(1)







The probabilities of events Ai and AS coincide with the definition of the probability of failure-free operation (PBO) of the i-th element and system, respectively, so let us denote the probability of event Ai by Pi, and the probability of event AS by PS, i.e.,


     P i  = Pr  {   A i   }  , i = 1 … N ;      P S  = Pr  {   A S   }  .    



(2)







Since the events Ai are statistically independent, we can write:


    Pr  {   A i   }  = Pr  {   A 1  ∩  A 2  ∩ …  A N   }  = Pr  {   A 1   }  ⋅ Pr  {   A 2   }  ⋅ … Pr  {   A N   }  =     =   ∏  i = 1  N   Pr  {   A i   }    ;    



(3)







Using Relations (2), we obtain:


   P S  =   ∏  i = 1  N    P i    .  



(4)







Thus, the BBR of a system with the main (series) connection of elements is equal to the product of the BBR of its constituent elements.



Expression (4) implies that the VBR is determined for some fixed moment in time. If, instead, it is necessary to find the time dependence of the CBR, one can write:


   P S   ( t )  =   ∏  i = 1  N    P i   ( t )    .  



(5)







Thus, since   0 ≤  P i  ≤ 1  , the CBR of a consistent system is less than the CBR of any of its constituent elements. Based on Formula (5), the CBR of a consistent system is less than the CBR of the least reliable element within it.



Let us now return to Expression (5) and consider a system consisting of N sequentially connected elements with certain failure rate functions    λ i   ( t )   .



Using Expression (5), we express the WBR of the elements through the intensity functions:


   P i   ( t )  =  e  −    ∫ 0 t    λ i   ( t )  d t      .  



(6)







Substituting this expression into Expression (5), we obtain:


   P S   ( t )  =   ∏  i = 1  N    P i   ( t )    =   ∏  i = 1  N    e  −    ∫ 0 t    λ i   ( t )  d t        =  e  −   ∑  i = 1  N      ∫ 0 t    λ i   ( t )  d t        =  e  −    ∫ 0 t    (    ∑  i = 1  N      ∫ 0 t    λ i   ( t )  d t       )       .  



(7)







Let us introduce the following notation:


   λ S   ( t )  =   ∑  i = 1  N    λ i   ( t )    .  



(8)







Then,


   P S   ( t )  =   ∏  i = 1  N    P i   ( t )    =  e  −    ∫ 0 t    λ S   ( t )  d t      .  



(9)







Thus, the failure rate of a sequential system is equal to the sum of the intensities of its elements. When deriving Formula (9), we did not imply that we know the specific reliability models of the elements. Consequently, this relation is also true in the general case.



The basic or series connection of the elements in the system is shown in Figure 1. In this connection, failure of the electrical apparatus occurs when any of the elements in the system fails.



Let us take into account that failures of elements are independent. Then, the probability of failure-free operation of an electrical apparatus of N elements will be determined by the following expression:


  P ( t ) =   ∏  i = 1  N    P i  ( t )   ,  



(10)




where   P ( t )   is the probability of failure-free operation of the i element. In our case of series connections, the failure flow is considered to be stationary. Then, the expression will take the following form:


   P i  ( t ) = e x p ( −  λ i  t ) .  



(11)






   P i  ( t ) =   ∏  i = 1   i = n    exp ( −  λ i  t ) =  (  − t   ∑  i = 1   i = N     λ i     )    .  



(12)







Other quantitative characteristics of the electrical apparatus reliability, taking into account these transformations, will be determined by the following formulas:




	
Failure rate of the electrical apparatus:










  Λ =   ∑  i = 1   i = N     λ i    ;  



(13)







	
Average time to failure of an electrical apparatus:







    T  av   =   1 Λ   =   1    ∑  i = 1   i = N     λ i       ;   



(14)





	
Density of distribution of failure-free operation time of an electrical apparatus







   f ( t ) = Λ exp ( − Λ t ) =   ∑  i = 1   i = N     λ i    exp  (  − t   ∑  i = 1   i = N     λ i     )  .   



(15)





This method of calculation of reliability indices of electrical apparatuses is relatively simple. The simplicity of the calculation is accompanied by a number of disadvantages. The operation of the elements of an electrical apparatus depends on a number of external factors. These factors include pressure, load factor, air humidity, etc. Also, when elements are connected in series, it is difficult to make calculations at the first stages of system design [40,41].



The duration of operation of an electrical apparatus for time t is usually divided into three stages. These are the development of electrical apparatus components, normal operation, and ageing [42].



The probability of failure-free operation for the electrical apparatuses under study is calculated as follows:


  P ( t ) =  P 1  ( t ) ⋅  P 2  ( t ) ⋅  P 3  ( t ) .  



(16)




where    P 1  ( t )   is a function describing the probability of failure-free operation, and the index indicates the number of the section. For the third section, the wear of the arc suppression device is taken into account, and the same goes for the main arc suppression contacts [43].



The role of approximate calculation is that at the first stages of object design it is possible to assess the reliability of various circuit variants and to fix changes in the structural scheme in a timely manner while achieving an increase in reliability. The following simplifying assumptions were made to assess the reliability of electrical equipment: The number of elements of each type is known and constant; all elements operate in normal mode, without deviations from the design parameters; and the probability of failure of individual elements is known and constant [44]. Elements of the same type have comparable reliability and are characterised by similar failure rates. In this case, the average value of the failure rate is taken as representative for all elements of a given type [45].



By the term “failure model” we mean the characterisation by mathematical methods of the failure process. The failure model depends on the load factor    K l   , which represents the ratio between the operating value of the load and the nominal value of this load. Load factor is a coefficient that takes into account the possible deviation of loads to an unfavourable (greater or lesser) side from the normative values under the conditions of normal operation of a technical system. In reliability calculations, the load factor is used to take into account the operating mode of the elements. At    K l  = 1  , the failure rate   λ =  λ 0   . The function   λ = λ (  K l  )   will increase monotonically.



Cyclic operation of electrical equipment of mining machines leads to an increase in the intensity of failures [46,47]. This is due to two main factors: The first is increased load during switching on and off. Cyclic operation entails repeated switching on and off of the equipment, which creates increased load on its components. Cyclic operation also causes temperature fluctuations inside the equipment, which leads to instability of thermal processes and additional stress on components [48].



The combination of these factors leads to a gradual decrease in the reliability of electrical equipment and an increase in the probability of failures.


  λ =  λ w  −  λ c  ⋅ I .  



(17)




where    λ w    is the failure rate in the case of continuous operation of the object under study;



	
   λ c   —the failure rate per switched-on cycle;



	
I—average frequency of inclusions for the object under study.






The application of the coefficient method of reliability calculation is suitable in those cases when new types of EAs are designed, taking into account the fact that information on the failure rate of any elements is not available. According to the authors, the method of calculating the reliability of electrical apparatuses is applicable when the following conditions are fulfilled:




	
Failures of electrical apparatus occur according to the simplest flow, i.e., the probability of failure per unit time is independent of the time of its operation.



	
The failure rate of each element of the electrical apparatus varies to the same extent depending on the operating conditions.








Using the proposed method, let us define the stages of calculating the reliability of electrical apparatuses:




	
Definition of electrical apparatus failure;



	
Construction of the scheme of calculation of reliability of the electrical apparatus with an indication of the operating time of each of its units;



	
Selection of the method of calculation of the reliability indices;



	
Drawing up a table for calculating the reliability parameters;



	
Determination of the reliability characteristics of the electrical apparatus;



	
Formulation of conclusions and recommendations to improve the reliability of the electrical apparatus.









2.2. Reliability Calculation Considering Recovery and Different Depth of Control


The recoverable elements of complex EAs account for the most significant part of their total number. At the same time, the maintainability and organisation of EA restoration are the main conditions affecting the speed and quality of restoration. Restoration of an electrical apparatus allows the place of occurrence of the failure to be detected and the fact that failure did occur. Also, EA restoration gives good adaptability to the replacement of failed elements [49].



The time after the failure occurs can be divided into three parts. The first part of the time is related to the moment of occurrence of the failure and lasts until this fact is recognised by the monitoring system (tf). The second part of the time is the time from the moment the failure occurs until the location of the failure is detected (t0). That is, it is actually the time it takes to find the location of the failure after its occurrence. The third part is the time from the time of detection of the failure location to the time of replacement of the failed element (trep). That is, this part comes after the second part and is pumped by replacement of the failed element.



Electrical apparatus recovery includes the following stages: failure detection, in which the control system detects the fact of electrical apparatus failure and searches for the failure location [50]. This identifies the specific component or element of the electrical apparatus that caused the failure. This is followed by replacement of the failed element, in which the failed component or element is replaced by a serviceable one [51]. The electrical apparatus recovery process can be divided into three stages in terms of time:




	
Failure detection time (tf): This is the time from when the failure occurs until it is detected by the monitoring system.



	
Failure location search time (t0): The time from the moment the failure is detected until its location is determined.



	
Failed component replacement time (trep): This is the time from the time the location of the failure is detected until the faulty component is replaced.








The probability density of the random variables t0 and trep is defined as follows:


  f ( s ) =    ∫ 0 s    f 1  (  t 0  )  f 2  ( s −  t 0  ) d  t 0  =       ∫ 0   t y      f 1  (  t y  )  f 2  (  t  r e p   ) d  t  r e p      ,  



(18)




where


   f 1  (  t 0  ) =  μ 0  e x p ( −  μ 0  t ) ;    f 2  (  t  r e p   ) =  μ  r e p   e x p ( −  μ  r e p   t ) .  



(19)







At    μ 0  =  μ  r e p   = μ  , we obtain the following equation:


   P b  ( t ) = 1 − ( 1 − μ t ) e x p (  μ  r e p   t ) .  



(20)







This feature allows you to determine the time it will take to repair the damaged unit.




2.3. Reliability Assessment Using Parallel–Sequential Structures


For parallel–sequential structures, the authors propose carrying out the reliability calculation step by step:




	
Calculation of the reliability of elementary units: Reliability indices of individual components forming the minimum functional blocks of the system are determined.



	
Analyses of more complex units: The reliability of units consisting of several elementary nodes connected in series or parallel is assessed.



	
Calculation of the reliability of the whole system: Reliability indices of the whole system are calculated on the basis of the reliability characteristics of its individual sections.








An example of a parallel–sequential connection of elements is shown in Figure 2. A node consists of two parts: an elementary node (1-2) and a complex node (1-2-3-4).



In an equivalent form, the structure in Figure 2 can be collapsed and these elements can be connected in series. For a parallel connection, a failure of the elements can only occur as a result of a failure of all the elements that make up the node (Figure 3).



For further calculations, the following condition of operability is accepted: The system is considered operable if at least one of elements a, b, or c, or joint elements a, b and c; b and c; a and c; or a and b, are operable.



The following function of logic algebra (FAL) corresponds to this performance condition:


  F  (  a ,   b ,   c  )  = a + b + c + b c + a b + a c .  



(21)




where a, b, and c are events describing the performance of elements a, b, and c, respectively.



The serviceability function F(a, b, c) is a FAL that establishes the relationship between the states of individual elements and the serviceability of the whole system.



This function shows the operability of the system for a given state of its elements.



The probability of failure-free operation of a system of serially connected elements will be defined as the product of the probabilities of its elements:


    P  (  t h e   s y s t e m   i s   f a u l t l e s s  )  = P  (  e l e m e n t   1   i s   f a u l t l e s s  )    ⋅           ⋅   P  (  e l e m e n t   2   i s   f a u l t l e s s  )    ⋅   …   ⋅   P  (  e l e m e n t   n   i s   f a u l t l e s s  )     











The probability of failure of a system is equal to the sum of the probabilities of failure of the elements:


  P  (  t h e   s y s t e m   w i l l   f a i l  )  = 1 − P  (  t h e   s y s t e m   i s   f a u l t l e s s  )   











An example of a serviceability calculation for a system of three elements connected in series would be as follows:


  F  (  a ,   b ,   c  )  = a   ⋅   b   ⋅   c .  



(22)







This function is equal to one (true) when all elements are operable. It is equal to zero (false) when at least one of the elements is inoperable.


   F  f a l s e   = a ⋅ b ⋅ c .  



(23)







The arithmetic and logical representations of the function coincide:


   F a  = a ⋅ b ⋅ c .  



(24)







The probability for failure-free operation of the system under study is equal to:


   P C  =  P a  ⋅  P b  ⋅  P c  .  



(25)









3. Mathematical Modelling of Reliability Parameters with Element-by-Element Estimation


As an example object of study in this paper, we considered a reversible magnetic starter of an electric mine hoist, most often used as electrical equipment for quarry dump trucks. The magnetic starter consists of the following main elements: an electromagnetic coil, armature, main contacts, and block contacts [52].



When voltage is applied to the solenoid coil, a magnetic field is created that attracts the armature. The armature, in turn, closes the main contacts, which supply power to the motor. At the same time as when the main contacts close, the block contacts are also closed, which are used for interlocking and signalling circuits [53,54].



When the voltage is removed from the solenoid coil, the magnetic field disappears and the armature is released by the spring. The main contacts open, disconnecting the motor from the mains. The block contacts also open, opening the blocking and signalling circuits [55].



Magnetic starters are widely used to control electric motors of electric dump trucks. For the operation and control of magnetic starters, a reversible magnetic starter includes two control buttons: “forward” and “back”. The “forward” button closes the contacts, starting the motor in the forward direction. At the same time, it closes the contacts, energising the contactor coil Kfw. It opens the contacts, breaking the supply circuit of the contactor coil Kb. The “back” button opens the contacts, de-energising the contactor coil Kfw, and closes the contacts, energising the contactor coil Kb, which switches on its power contacts Kb by closing its contacts. As a result, the motor power supply phase sequence is reversed [56].



The circuit diagram of the reversing magnetic starter is shown as follows (Figure 4).



Elements included in the system include:




	
FU1, FU2, FU3—fuses;



	
KK1, KK2—thermal relays;



	
Kfw, Kb—contactors;



	
M—induction motor;



	
Sw—control button








Numerical values of the probability of failure-free operation of elements of a reversible magnetic starter were obtained as a result of experimental statistics of failures of equipment of mining dump trucks, obtained during 2023 in an open coal mine in Kemerovo, Russia. Since the probability theory and mathematical statistics are used to determine the reliability of a reversible magnetic starter, we assumed that the cases of equipment failure are independent phenomena and do not influence each other. A more complex model taking into account mutual influences can be built with the help of Markov processes, first determining the correlation links of mutual influence of failures of some equipment elements on others, and then building a regression model of the mutual influence of the reliability of some types of equipment on others.



The next action is calculations of reliability, using the probability of failure of these elements. To carry out such calculations, it is necessary to divide the above-shown struc-tural diagram into separate blocks.



The first block looks as follows (Figure 5):



Further, it is necessary to reduce the number of elements included in this block. For this purpose, it is necessary to combine the elements Kfw and Kb, having previously calculated the reliability, fault tolerance, and failure probability of these elements [57].



[image: Wevj 15 00365 i001]





        P A  = 1 −  (  1 −  P 1   )   (  1 −  P 2   )  = 0.44 ;        Q A  =  (  1 −  P 1   )   (  1 −  P 2   )  = 0.56 .       











Hereinafter,    P i   —probability of failure-free operation of i—element,    P A   —total probability of failure-free operation of the structural chain of elements in the scheme, and    Q A   —total probability of failure of the structural chain of elements in the scheme.



It is reasonable to apply these formulas for elements with parallel connection. After combining the blocks with contactor elements, it is necessary to consider and perform calculations for the following elements:



[image: Wevj 15 00365 i002]





        P A  =  P 1  ⋅  P 2  ⋅  P 3  = 0.0055 ;        Q A  = 1 −  P A  = 1 − 0.0055 = 0.9945 .       











It is reasonable to apply these formulae to elements with a series connection. The second block looks as follows (Figure 6):



Further, it is necessary to reduce the number of elements included in this block. For this purpose, it is necessary to combine the elements Kfw and Kb, having previously calculated the reliability, fail-safety, and failure probability of these elements.



[image: Wevj 15 00365 i003]





        P A  = 1 −  (  1 −  P 1   )    ⋅    (  1 −  P 2   )  = 0.44 ;        Q A  =  (  1 −  P 1   )    ⋅    (  1 −  P 2   )  = 0.56 .       











It is reasonable to use these formulae for elements with parallel connection. After combining the blocks with diverter switch elements, it is necessary to consider and perform calculations for the following elements:



[image: Wevj 15 00365 i004]





        P A  =  P 1  ⋅  P 2  = 0.44   ⋅   0.05 = 0.022 ;        Q A  = 1 −  P A  = 1 − 0.022 = 0.978 .       











It is reasonable to apply these formulae for elements with a series connection. The third block looks as follows (Figure 7):



By collating the elements included in this block, we calculate the probability of its failure-free operation.



[image: Wevj 15 00365 i005]





        P A  = 1 −  (  1 −  P 1   )    ⋅    (  1 −  P 2   )  = 0.44 ;        Q A  =  (  1 −  P 1   )    ⋅    (  1 −  P 2   )  = 0.56 .       











It is reasonable to apply these formulae for elements with a parallel connection. After combining the blocks with diverter switch elements, it is necessary to consider and perform calculations for the following elements:



[image: Wevj 15 00365 i006]





        P A  =  P 1  ⋅  P 2  ⋅  P 3  = 0.0055 ;        Q A  = 1 −  P A  = 0.9945 .       











It is reasonable to apply these formulae for elements with a series connection. After the calculations with the first, second, and third blocks, it can be said that these blocks are in parallel with each other:



[image: Wevj 15 00365 i007]





        P A  = 1 −  (  1 −  P 1   )   (  1 −  P 2   )   (  1 −  P 3   )  = 0.033 ;        Q A  =  (  1 −  P 1   )   (  1 −  P 2   )   (  1 −  P 3   )  = 0.967 .       











After combining the three units into one, we can say that the resulting single unit is in a series connection with an element that goes by the name “induction motor”.



[image: Wevj 15 00365 i008]





        P A  =  P 1  ⋅  P 2  = 0.2838 ;        Q A  = 1 −  P A  = 0.7162 .       











The fourth block is as follows (Figure 8):



In the block shown in Figure 8, we combine the serial and parallel elements and calculate the overall probability of their failure-free operation.
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        P A  =  P 1  ⋅  P 2  = 0.0625 ;        Q A  = 1 −  P A  = 0.9325 .       











Similar actions should be carried out with the elements of Kb.



[image: Wevj 15 00365 i010]





         P A  =  P 1  ⋅  P 2  = 0.0625          Q A  = 1 −  P A  = 0.9325 .        











After combining the blocks with the contactor elements, we can say that the resulting blocks are parallel to each other.
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        P A  = 1 −  (  1 −  P 1   )    ⋅    (  1 −  P 2   )  = 0.121 ;        Q A  =  (  1 −  P 1   )    ⋅    (  1 −  P 2   )  = 0.879 .       











Next, a calculation must be completed to connect the elements in series.
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        P A  =  P 1  ⋅  P 2  ⋅  P 3  ⋅  P 4  = 0.53   ⋅     10   − 3   ;        Q A  = 1 −  P A  = 0.99 ;       











The relationship between the first and second fuses and the simplified fourth block of the structural diagram must then be established.
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All elements are in a series connection.


       P A  =  P 1  ⋅  P 2  ⋅  P 3  = 0.16   ⋅     10   − 5   ;        Q A  = 1 −  P A  = 0.99 ;      








where    P 1  =  P 2  = 0.055   is for the first and third blocks, and    P 3  = 0.53   ⋅     10   − 3     is for the fourth block.



Further, using the Mathcad program, it is necessary to construct graphs of the reliability of the elements and determine the least reliable element.


        t =  (    0.05     0.1     0.15     0.2     0.25     0.3     0.35     0.4     0.45    )                                    l = 0.2      P 1  =  e  − l t   =  (    0.988     0.975     0.963     0.951     0.939     0.928     0.916     0.905     0.894    )           l 2  = 0.44 ⋅ 0.05 = 0.022            P 2  =  e  − l 2 t   =  (    0.999     0.998     0.997     0.996     0.995     0.993     0.992     0.991     0.99    )           l 3  = 0.05 ⋅ 0.44 ⋅ 0.25 = 0.55 ⋅  10  − 3                                P 3  =  e  − l 3 t   =  (    1     0.999     0.999     0.999     0.999     0.998     0.998     0.998     0.998    )         











The graphs show that the contactor is the least reliable element. Thus, the realisation of the reliability model (Figure 9) shows that the reliability of the magnetic starter elements gradually decreases with time. This is due to wear of mechanical units, contact corrosion, and other factory and operational factors [58,59]. It can be seen from the graphs in Figure 9 that the least reliable element is the contactor. The probability of failure-free operation of the contactor decreases faster than that of relays and interlocking contacts. This is due to the fact that the contactor performs heavier work, including switching the load current [60]. The most reliable element is the interlocking contact. The probability of failure-free operation of the interlocking contact remains high throughout the entire period of operation. The relay and contactor have comparable reliability. However, the contactor is slightly less reliable than the relay. This is due to the fact that the contactor is subjected to higher loads.



Taking into account the obtained results of the modelling, it is possible to estimate the economically justified level of reliability, which is the main criterion for the formation of the system of maintenance of mining machinery of electrical apparatuses.




4. Optimisation of the Reliability Level of the Maintenance System of the Electrical Complex


When forming the system of maintenance of electrical equipment of mining machines, it is extremely important to take into account the economic component. The resulting reliability level should be economically justified [61]. The reliability of EA is one of the key indicators of vehicle reliability. In this regard, the choice of the optimal reliability level is of particular importance. It is necessary to implement reliability programmes for the operated equipment and its electroautomatics. This is especially relevant when the system of repairs on demand (ROD) prevails [62]. For the coal mining industry, failures of electrical apparatuses during equipment operation lead to downtime and reduced coal production. Low reliability of electrical equipment (EE) yields significant material losses. In some cases, it leads to irreversible consequences associated with the destruction of equipment. Improving the reliability of electrical equipment has an economic effect by increasing the duration of useful operation of EA, reducing the need for spare parts, materials, and energy resources [63,64].



Since failures of electrical equipment during operation mean a reduction in the efficiency of its operation, it is critical to determine the required level of equipment reliability. This determination is based on comprehensive feasibility studies that take into account not only current costs but also potential risks associated with operation. Inadequate EE reliability during operation can lead to significant material losses and, in some cases, irreparable consequences such as damage to infrastructure or jeopardising the safety of mining workers. Vehicle failures can cause not only direct financial losses but also indirect losses, such as reduced customer confidence, increased waiting times, and a deterioration in service quality. These factors, in turn, can negatively affect the company’s reputation and its competitiveness in the market. From the economic point of view, the effect of improving the reliability of electrical equipment is manifested in an increase in the useful operation duration of mine plants, which directly affects the volume of transportation performed. More reliable equipment leads to lower repair and maintenance costs, which reduces the need for rolling stock, materials, and energy. This optimises operating costs and increases the profitability of the company.



Additionally, increased EE reliability contributes to more efficient planning of movement schedules and better overall logistics. As a result, companies can use their resources more efficiently, minimising downtime and maximising the capacity of the transportation network. In the long term, this creates a sustainable basis for business growth and development, allowing investment in new technologies and improvements that will further enhance the reliability and safety of mining machines. In this way, the issue of electrical equipment reliability is not only a technical challenge but also a strategic focus for improving the overall efficiency of the mining system.



Thus, determining an economically feasible level of EA reliability is critical to ensure efficient operation of mining machines and optimise maintenance costs.



Ensuring the required level of reliability is achieved by the following target function:


   Z = f   (   The   structure   of   the   maintenance   and   repair ,   The   Parametres   of   the   maintenance   and   repair   )   








where the structure of the maintenance and repair (MR) system includes the types, frequency, and volumes of maintenance and repair.



The parameters of the MR system include reliability standards, cost of MR works, cost of downtime, etc.



The target function of the task of mining equipment operation with the required level of reliability in modern economic market conditions is a complex and multilevel dependence of annualised present costs on the desired structure and parameters of the system. In the context of this problem, it is necessary to take into account many factors that affect the efficiency of equipment operation, including its technical characteristics, operating modes, and operating conditions, as well as maintenance and repair costs. The presented costs are the authors’ concept of considering all costs associated with equipment operation, reduced to a single time scale. This includes both current costs (fuel, electricity, materials, and wages) and capital costs (investment in equipment acquisition and modernisation). The present-value cost method allows for a more accurate assessment of the economic feasibility of various decisions and the selection of an optimal equipment management strategy. The economic criterion behind this task is to minimise the present costs. This means that it is necessary to find a set of parameters and structural solutions that will provide the greatest efficiency at the lowest cost. This approach requires a comprehensive analysis, including life cycle analysis, reliability assessment, maintenance optimisation, technology investment, and financial analysis, taking into account all possible risks and uncertainties associated with equipment operation, including fluctuations in resource prices and market conditions.



As a result of applying the present value method, it is possible not only to reduce the total cost of operating mining equipment but also to increase its productivity, which in turn contributes to improving the company’s financial performance and its competitiveness in the market. This approach allows informed decisions on resource allocation to be made, as well as investment strategies to be optimised, which is extremely important in conditions of constant changes in the market.



Thus, the target function of the task of mining equipment operation with the required level of reliability becomes not just a tool for calculating costs but also a powerful tool for strategic management, allowing companies to adapt to modern challenges and achieve sustainable growth in a dynamic market.



In this paper, the period of realisation of measures to improve the reliability of mining equipment was small and did not exceed one year, so we did not carry out economic planning for several years; only the annual inflation component was taken into account. For complex technical systems, these terms can reach 4 years and more; at the same time, it is undoubtedly necessary to take into account the risks of technical modernisation of equipment and the production as a whole.



The purpose of the optimisation of a maintenance and repair (MR) system is to find the structure and parameters of the system that minimise the value of the target function and provide the required level of equipment reliability.


  Z = a ⋅ K + C → min ,  



(26)




where K is the capital investment;



	
a is the conversion factor;



	
C is the annual costs.






The dynamic target function is reduced to static form by the procedure of discounting the reduction factor a:


  a =   1    ( 1 + r )   − 1   +   ( 1 + r )   − 2   +   ( 1 + r )   − t      ,  



(27)




where t is the number of the current period of expenditures, and r is the discount rate, which can be real interest on capital.



Improving the reliability of electrical equipment requires investment of funds and resources. As a rule, the operation of equipment with high reliability is accompanied by high costs [65]. But at the same time, there is a decrease in costs associated with maintenance. At the same time, the cost of operation grows faster than the increase in reliability. Reliable equipment is cheaper to maintain, as it requires less expenditure to maintain its serviceability. On this basis, the optimal level of reliability is achieved when the present costs of operating the equipment are minimised [66].



The optimal level of reliability is determined by balancing between the reduction in operating costs and the costs of reliability improvement [67]. Let us denote the dependence of the reduced capital investment in the reliability function P as   a K ( P )  . Let us show the operating costs as a reliability function   C ( P )  . Let us denote Z(P) as a reliability function for the present value of costs.


  Z ( P ) = a K ( P ) + C ( P ) ,  



(28)




where a is the discounted conversion factor.



Using differentiation, the condition for determining the economically optimal reliability level can be shown as:


     Z ( P )   d P    =    d  [  a K ( P ) + C ( P )  ]    d P    = 0 .  



(29)







The root of this equation yields Popt; the solution to the equation is shown in Figure 10 for electrical equipment from 100 mining machines over three years of maintenance. As a rule, if we are not talking about catastrophic man-made accidents, it is the economically optimal reliability of the equipment that is the main criterion for maintaining the level of operational reliability for the enterprise.



When determining the value of reliability indicators, it is necessary to take into account not only economic aspects but also the responsibility of electrical equipment elements. Striving for absolute reliability of mining machine components will be ineffective in the case when failures of these components do not affect traffic safety. For such assemblies, it is important to be guided by the minimisation of present costs. Nodes of mining machines that affect driving safety should have absolute reliability. Such units include batteries, motion control systems, starting and braking rheostats, etc. [68].



Costs to improve reliability   a K ( P )   consist of costs to improve diagnostic processes and costs to expand volumes. Also, these costs include the modernisation of equipment and an improvement in diagnostics. A reduction in the costs of operation (  C ( P )  ) is carried out at the expense of a reduction in the number of unscheduled repairs [69]. It is also due to the growth of time between repairs and the introduction of differentiated routine maintenance. The implementation of the task of cost optimisation for predicting the serviceability of electrical equipment of mining machines and assessing the reliability of its components allows repair and maintenance costs to be reduced [70]. The choice of the optimal maintenance strategy allowed us to calculate and establish the target levels of equipment uptime. Based on the results obtained, a method for determining the frequency of maintenance based on the probability of failure-free operation was applied.



Based on the collected technical and economic information on the operation of 37 coal dump trucks at the Bachatskoye coal mine, Kemerovo, Russia, in 2023, information was collected on equipment failures, repair technology and maintenance, and financial costs. The results of the mathematical processing of the data are shown in Figure 10 and Figure 11.



BELAZ quarry dump trucks with payloads of 180 tons and 280 tons are equipped with two electric traction motors, ED-132 and EDP-800, manufactured by Sibelectroprivod LLC (Novosibirsk, Russia), or DK-724, manufactured by PTFK ZTEO CJSC (Naberezhnye Chelny, Russia). Electric traction motors DK-724 (TEM) were used and installed in the crankcases of the unified driving axles of dump trucks according to the design scheme, which is traditional for serial dump trucks. They transfer the onboard gearbox to the motor-wheel hub from the side opposite to the TEM collector. In this case, maintenance of the TEM brush manifold assembly was limited by the dimensions of the drive axle, and dismantling of the TEM was impossible without complete disassembly of the motor-wheel. The nominal motor speed was 910 rpm.



Figure 11 shows the results of modelling the mining machinery equipment by the reliability level and the probability of failure-free operation for optimisation of the mining machinery maintenance system.



For an item of electrical equipment, an acceptable level of uptime is considered to be the level (  P ( L )  ) that guarantees its failure-free operation until the next maintenance. The proposed methodology of fail-safe assessment takes into account the current level of equipment reliability, which is determined on the basis of MTBF. At present, there are no normative values of probability of failure-free operation for mining machines [71]. Therefore, using the developed optimisation methodology, we established several levels of equipment uptime. These levels were introduced in order to be able to determine both the gamma percentage life and the frequency of equipment maintenance.



Figure 11 shows the reliability levels. The values for the high level are   P ( L ) = 0.95 , 0.96 , … 0.98  . This level of reliability is required for those elements, failures of which threaten traffic safety. Such elements include electric brake motors of power steering, rheostats, and contactors.



The values for the average level are   P ( L )   ≥   0.9  . This level of reliability is required for elements whose failures lead to mining machine returns, long downtime, and high costs. Such elements include motors, current collectors, auxiliary motors, generators, controllers, and control systems.



The values for the low level are   P ( L )   ≥   0.8  . This level of uptime is required for elements whose failures are eliminated during repair and maintenance. These failures do not occur between overhauls. Such elements include rechargeable batteries.



The values for the minimum level are   P ( L ) = 0.3 , 0.4 , … 0.7  . This failure rate is required for elements whose failures allow temporary operation of the machines. Such elements include loudspeakers, lighting systems, and heating systems.



The required number of repairs of electrical equipment is calculated using the laws of change of the probability of failure-free operation. The same laws are used to divide the equipment into groups. By supplementing the laws of change of the probability of failure-free operation with the calculated levels of failure-free operation, it is possible to draw up maintenance schedules for each mining machine [72]. This approach will take into account not only the technical condition of the mining machine but also the economic possibilities of the repair enterprise [22,73].



Thus, the apparatus that allows for the determination of the reliability and probability of failure-free operation to compile a mathematical model of mining machinery equipment, taking into account the parts that fail the most to justify the economic choice of costs to maintain and improve operational reliability, has been proposed and tested. With the help of this mathematical model, it is possible not only to model the reliability of equipment, consisting of factory reliability and operational reliability, but also to forecast reliability for the future in time. Mathematical modelling of reliability parameters with element-by-element estimation and identification of the nodes that fail the most according to the reliability hierarchy has been carried out. The reliability level of the equipment of the maintenance system of the electrical complex of mining machines was optimised using the hierarchy of reliability levels of elements with minimum reliability for an economically feasible approach to the formation of a maintenance and repair system for complex electrical complexes.



Thus, the application of mathematical apparatuses made it possible to divide the maintained equipment into groups according to the residual technical resource makes it possible to realise repair and maintenance cycles. The use of such cycles allows the transition from a planned repair system to repairs on demand, based on the technical condition.




5. Conclusions


In this work, the main reliability parameters of electric apparatus elements of electric dump trucks and methods of their calculation have been considered. A mathematical model for calculating the reliability of electrical apparatuses included in the electrical circuits of dump trucks is proposed. The model takes into account the most and least probable loads influencing the equipment in the process of operation and leading to a decrease in its reliability. By combining electrical equipment into groups with approximately equal remaining life, it is possible to optimise maintenance and repair (MR) cycles, similar to existing systems, such as preventive maintenance systems. In the proposed model, MR is performed on demand or depending on the technical condition of the truck’s equipment.



The statistical analysis is used to determine the probability of damage to the electrical equipment elements of mine dump trucks, which is an important parameter for assessing the reliability of electrical systems of mining machines. As a quantitative characteristic of statistical series of failures, it is proposed to use the mathematical expectation of mileage. The relative characteristic of failure-free performance of electrical equipment is estimated as the main component of its reliability. It is determined through the indicator characterising the number of equipment failures per unit mileage, i.e., through the intensity of failures.
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Figure 1. Basic connection of elements in EA. 
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Figure 2. Structure diagram of reliability determination for a mixed connection of electrical apparatus elements. 
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Figure 3. Diagram of a parallel connection of elements. 
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Figure 4. Structure diagram of a reversible magnetic starter. 
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Figure 5. First block of the structural diagram. 
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Figure 6. Second block of the structural diagram. 
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Figure 7. Third block of the structural diagram. 
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Figure 8. The fourth block of the structural diagram. 
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Figure 9. Dependences of variation of reliability of magnetic starter elements on operation time with determination of the least reliable element during the overhaul period (   P 1   —contactor,    P 2   —relay,    P 3   —blocking contacts). 
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