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ABSTRACT: The article analyzes the traditional schedule system for the operation and repair of electrical
equipment at substations of mining and metallurgical enterprises. It is noted that changes in load, temperature,
and the state of contact connections can cause repair stages to lag behind the real technical condition. The process
of transmitting electrical energy to consumers through functional connections at the substation is considered as a
single technological chain. It shows that in current preventive maintenance, decisions are made mainly based on
calendar intervals, and periodic inspections do not fully reflect the real dynamics of defects and wear.
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L. INTRODUCTION

Traditional approaches to repairing electrical equipment are often based on the rich experience and unique practical
methods of craftsmen accumulated over the years.These approaches are aimed at ensuring the reliability of
electrical equipment, extending its service life and increasing operational efficiency through proper maintenance.
In the mining and metallurgical industry, the operation and repair of electrical equipment of substations is carried
out mainly based on traditional approaches[1-2]. These processes are based on the general structure of the
substation, the main electrical equipment and their interconnection, and the repair process is regulated by many
years of practical experience and regulatory documents[3]. The structural connection diagram of the substation is
shown in Figure 1. This diagram shows the main functional connections between the high-voltage side and the
step-down side of the power transformer[4].
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Figure 1. Structural connection scheme of the substation
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The transformer includes the process of switching devices and the transmission of electrical energy to subsequent
consumers through buses to the step-down part. The traditional repair process is focused on these elements as a
single technological chain. Of course, their technical condition is assessed not from the point of view of a separate
part, but from the point of view of the overall operational function. The process of repairing and maintaining the
electrical equipment of the substation at the mining enterprise is carried out on the basis of a traditional plan -
schedule[5].

II. RELATED WORK

The logical sequence of this process is detailed in Figure 2, which reflects the process from the commissioning of
electrical equipment to the next scheduled repair measures. At the initial stage of the process, electrical equipment
is put into operation and operated in the specified operating modes. During this period, the equipment operates
under load, and its commissioning and daily operation are regulated by current technical standards. The next stage
is scheduled inspections, which examine the external condition of electrical equipment. This includes checking
the integrity of housings, insulators, fasteners, contact connections, and mechanical parts. Scheduled inspections
are usually carried out without a complete shutdown of the equipment or with short-term interruptions, or with
partial interruptions of the substation process[6-7].
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Figure 2. Functional scheme of the electrical equipment repair process
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Thus, this process, carried out on the basis of a traditional plan - schedule, is aimed at maintaining the overall
operability of the substation electrical equipment, which ensures the sequential and systematic implementation of
operational and maintenance work [8]. However, the organization of a repair system based on such a schedule has
a number of methodological and practical limitations. As we know, this process is based primarily on the results
of periodic inspections and inspections of the technical condition of electrical equipment at specified intervals.
This limits the possibility of fully reflecting the dynamic development of defects and wear processes occurring in
electrical equipment [9].

The planned preventive approach is not always sufficient for the effective organization of the repair process due
to external uncertain influences and limited possibilities of efficiency control. Therefore, it is necessary to deeply
analyze and evaluate the current operational reliability of substation electrical equipment such as transformers,
circuit breakers, power transmission lines, electrical devices in the main circuit of electrical installations, cable
systems, electrical equipment intended for domestic needs, contact connections, current and voltage transformers,
and measuring devices [10]. In the traditional maintenance cycle, we know that decision-making processes are
mainly performed on calendar time intervals. However, in real operating conditions, defects and wear processes
occurring in electrical equipment are not evenly distributed over time. Therefore, the risk of failure of electrical
equipment does not remain at the same level over time, but changes dynamically [11].

II1. SIGNIFICANCE OF THE SYSTEM

However, decision-making in this scheme is mainly based on calendar time, and the continuous and uneven
changes in the technical condition of electrical equipment are not sufficiently taken into account. In real operation,
the technical condition does not change at the same rate over time as a result of the wear process, load changes,
temperature effects and deterioration of the contact condition. Therefore, the stages of repair provided in the

functional scheme often lag behind the real technical condition (Table 1) [12].

Table 1
Changes in the technical condition of electrical equipment in the traditional repair cycle
Operating . Te.c‘hnlcal. The content of the Critical
No. . Repair phase condition / risk R oo
period (years) level technical condition commentary
Operation (without The unit is started, Risk is not

1 0-1 . Low .

maintenance) wear starts monitored

) 1 Technical Low — medium Visual and external Hidden defects

inspection (TC) control only are not detected
Load and . .

3 1-3 Operation Medium environmental The risk begins
. . to accumulate
impact increases

. Influence the
Current . . Minor faults are
4 3 Maintenance (JT) Medium — high eliminated effect, not the
cause
. The aging process is | The repair cycle
> 3-6 Operation Up accelerated is behind
The risk
6 6 Next JT Up Partial restoration reduction is
temporary
Up — Insulation agin, The risk of:an
7 6-10 Operation P gine, accident
dangerous contact heating .
increases
Medium Deep techmcgl Repairs are
8 10 . Dangerous intervention is
maintenance (MT) delayed.
necessary

9 10— 16 Operation Dang.erlous - Resource depletion Risk grows out

critical stage of control

10 16 Overhaul (CT)* Critic The resource is CT is a delayed
almost exhausted measure

11 16 — 20 Operation Medium Partial recovery after The C}{cle

repair repeats itself
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The table shows that in the traditional repair cycle, the technical condition continuously deteriorates, and repair
measures are carried out mainly after reaching high or critical risk levels. This indicates that the repair process is
not preventive, but reactive in nature [13]. Conditional wear index as a general indicator of the technical condition
of electrical equipmentW (t)is entered [14]. This index expresses the degree to which the electrical equipment's
efficiency is lost and can be given as follows:

o<W <1, w() =0, —>0 (1)
HereW (t) = OIt means the state of an electrical device that is new or fully functional, and the state where its
resource is almost exhausted [15]. The process of obsolescence is expressed as a simple, but physically valid
value, as follows:W (t) = 1
Wi)=1—e* )

where k is the coefficient of wear rate depending on operating conditions, which includes factors such as load
level, temperature effects, environmental conditions and quality of service. In traditional repair systems, this
coefficient is usually taken as constant, which leads to the fact that the variability of wear rate in real operation is
not taken into account.

IV. METHODOLOGY
One of the important indicators for assessing the reliability of electrical equipment is the intensity of the risk of
failureA(t)is considered It is defined according to classical reliability theory as follows:
PG 3)
1-F(t)

heref (t) —density function of failure distribution, distribution function. This expression describes the degree of
tendency of electrical equipment to fail at a certain time. In practice, especially for substation electrical equipment,
it is desirable to use the intensity function based on the Weibull distribution due to its sensitivity to wear
processes:F (t) —

_B .t “4)
At) = " (77)

here B —The parameter of the nature of wear, the resource parameter. If it is, the risk of failure increases rapidly
over time, which corresponds to the sharp increase in the allowance on the eve of medium and major repairs
shown in the tablen — f > 1
The probability of an accident occurring during a certain period of time is expressed as follows: At

t+At (5)
P, (t,At) =1 —exp (—f A(r)d)
t

V. EXPERIMENTAL RESULTS AND DISCUSSION

This expression shows that the probability of an accident is cumulative over time. In the traditional maintenance
cycle, decisions are made only based on the current situation in most cases, and the future operating
periodP,, increase in value is not taken into account. Therefore, expressions (1 — 5) constitute the theoretical basis
of the cases presented in the table and quantitatively confirm that the dynamic change of the technical condition
and the accident accumulation are not sufficiently taken into account in the traditional repair system [16].
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Figure 3. Dynamics of technical condition in the traditional repair cycle

1.4. — The curve shown in the figure reflects the integral effect of the conditional wear index W(t) and the
associated risk of failure. According to expressions (1) and (2), the wear index W(t) has a graph-increasing
character over time. Therefore, the line representing the technical condition in the graph grows continuously and
does not change sharply at the points of calendar repairs. This indicates that in the traditional repair system, the
wear process does not correspond to the repair times. The types of repairs in the graph are indicated by points
determined by calendar time: technical inspections (TI) - annual control measures, current repairs (RM) - service
work repeated at a certain interval, intermediate repairs (MR) - deep intervention in the middle stage of the
resource, major repairs (MR) - restoration measures close to the end of the resource. The analysis of the graph
shows that, despite the frequent repetition of technical inspection (TI) points, the tendency of the technical
condition curve to grow remains almost unchanged. This means that in practice, technical inspections perform a
more “detective” function, but their impact on risk reduction is limited.

V. CONCLUSION AND FUTURE WORK

The overall increase in risk does not stop at current maintenance (RM) points either, that is, these measures are
often limited to local and short-term impact. It is observed that medium and capital repair points coincide with the
time when the technical condition is high or has entered the critical zone. This reveals a fundamental flaw in the
traditional plan-schedule system. Therefore, the functional scheme of the traditional repair approach does not
sufficiently take into account dynamic changes in the technical condition of electrical equipment. Inspection and
repair measures organized on a calendar basis can be a delayed reaction to the real risk accumulation, which can
lead to an increase in the probability of an accident and a decrease in operational reliability.
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