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Abstract

With the increasing complexity of electrical equipment in mining enterprises, the development and analysis of methods
to enhance the reliability of technical devices within power supply systems are becoming increasingly relevant. This
article focuses on assessing the reliability parameters of workshop network circuits in mining enterprises equipped with
single-transformer substations operating at 10 and 0.4 kV, considering various redundancy methods. Research objective
is to evaluate the reliability parameters of different redundancy methods for power supply circuits in facilities with
transformer substations at medium voltage (MV) and low voltage (LV), with respect to low-voltage switchgear con-
sumers in mining operations. Research target is the power supply system of an auxiliary production workshop at a
mining enterprise (Kemerovo). The study examines the following network reliability parameters: probability of failure-
free (normal) operation, P(t); probability of failure occurrence, Q(t); failure flow rate, wcircuit; time between failures
(TBF), Trsr. The analysis covers the following circuit configurations: without redundancy; with redundancy at MV;
with redundancy at LV; with dual redundancy (at both MV and LV). Estimation results indicate that the TBF for the
nonredundant circuit is 2.04 times lower than for the LV redundancy circuit, 2.11 times lower than for the MV redun-
dant circuit, and 2.8 times lower than for the dual redundant circuit. Redundancy proves to be a technically and eco-
nomically justified method for improving the P(t) parameter of the facility’s power supply system. The obtained results
can be integrated into power supply system design (to optimize structural circuits and select rational redundancy
methods for components), maintenance program development (to develop justified maintenance and repair schedules),
reliability monitoring system development (to enable continuous monitoring of equipment status in mining enterprise
workshops).
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Introduction

With the increasing complexity of process and electrical equipment in mining enterprises, the
development and analysis of methods to enhance the reliability of technical devices within power
supply systems (PSS) become topical issues. The reliability of PSS equipment operation can be
assessed both at early stages (design, reconstruction) and after equipment commissioning [1-3].
A necessary condition for obtaining valid results in reliability parameter estimations is ensuring com-
pliance with methodological and informational error requirements [4]. It is known that electrical
equipment components of workshop PSS in mining enterprises can be either repairable after failure
or non-repairable [5].
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Ensuring the reliability and failure-free operation of electrical installations is achieved by com-
plying with regulated storage conditions, normal operating modes, and requirements for maintenance
and repair [6, 7].

The relevance of this issue stems from the continuous growth in electricity consumption at mining
and dressing enterprises, coupled with the increasing complexity of structural and topological charac-
teristics of PSS. This complexity manifests itself in a growing number of circuit elements and increa-
singly intricate functional interconnections between them. These factors create prerequisites for deve-
loping new methodologies to estimate the reliability of complex, highly interconnected systems [8, 9].
In particular, study [10] focuses on analysing the key reliability parameters and performance indica-
tors of electrical equipment at industrial facilities in Kazan.

Methodological foundations for reliability analysis of electrotechnical complexes applied to load
nodes involve developing algorithms to determine probabilities of failure occurrence and that of
failure-free system operation [11-13]. As structural interconnections between elements become
more complex, traditional methods of transforming design circuits into series-parallel or parallel-
series configurations become inapplicable [14-16].

Specific features are inherent to “bridge” [17] and “double bridge” circuit types, for which the
rules of series-parallel or parallel-series reliability circuit transformations do not apply. For such
cases, special analysis methods are required, including logical-probabilistic methods, graph theory,
matrix calculation methods, and numerical simulation via the Monte Carlo method [18, 19]. A promi-
sing direction is the development of combined algorithms that integrate analytical approaches and
mathematical modelling. This is especially relevant for complex, multi-level PSS at mining enter-
prises.

The development of electrical system equipment necessitates improving the reliability of elec-
trical installations and PSS as a whole [20]. This objective is achieved through refining design
methods using software solutions as well as developing new types of electrical installations.
An analysis of failure causes and defects in low-voltage equipment at mining enterprises reveals
that ~40-45 % of total failures result from design errors, 20 % from manufacturing errors, 30 %
are caused by harsh operating conditions, unacceptable operating modes, or improper maintenance,
~5-7 % are due to natural wear and equipment aging [9, 21].

The literature presents the following methods for assessing reliability parameters of single-
transformer substations: development of a system model that integrates economic indicators and
failure characteristics [22, 23]; method for evaluating the reliability of power supply to consumers,
enabling electricity quality management based on network equipment condition data [24]; quanti-
tative risk assessment method for power supply interruptions using Bayesian networks, which iden-
tifies factors affecting power system reliability [25]; implementation of automatic blocking in dis-
tribution networks through node optimization, along with reliability analysis of power supply in
distribution networks by blocks [26]; creation of a comprehensive reliability management model
for accurate prediction of power system behaviour [27]; optimization of PSS maintenance schedules,
accompanied by analysis of reliability parameters for distribution network components [28, 29]; statis-
tical method for power system reliability assessment, accounting for operational conditions through
Monte Carlo simulation and development of probabilistic reliability models [30, 31].

Energy and resource conservation are among the priority tasks [32, 33] in managing energy-
intensive mining production. Measures aimed at improving energy efficiency and conservation,
which are being implemented in PSS of mining enterprises [34, 35], can be conventionally catego-
rized into the following areas: electrical networks; electric drives; monitoring and accounting of elec-
tricity consumption [36, 37].

Research objective is to assess the reliability parameters of various redundancy methods for
power supply circuits in PSS of facilities with transformer substations operating at medium voltage

82
This is an open access article under the CC BY 4.0 license



Journal of Mining Institute. 2026. Vol. 277. P. 81-93
© Renata M. Petrova, Elena I. Gracheva, 2025

(MV) and low voltage (LV), with respect to low-voltage switchgear consumers in mining enter-
prises [38-40]. Scientific novelty of the proposed method introduces development and construction
of a reliability logic diagram that accounts for each type of equipment, simplification of the diagram
in accordance with reliability theory, incorporating statistical data on probabilistic characteristics of
each component, as well as estimation of the total failure flow rate and failure-free operation time for
the circuit that differs from existing methods by explicitly considering elements of the 0.4 kV net-
work, including low-voltage switching devices. Research target is the PSS of an auxiliary production
workshop at a mining enterprise (Kemerovo).

Methods

The study examines the following types of electrical circuits:

1. Without redundancy.

2. With LV redundancy (by installing a 0.4 kV bypass jumper).

3. With MV redundancy (by installing disconnectors, S), without LV redundancy.

4. With dual redundancy at both MV and LV levels.

Analysis of failure statistics leads to the conclusion that the reliability parameters of the circuit
conform to the exponential distribution law [5].

The key reliability indicators for PSS circuit elements include:

« failure flow rate
oft) = lim QLAY
At—0 At

defined by the probability of failure occurrence Q(t, At) in the time interval t, At;
» probability of failure-free (normal) operation

P= e*(ﬂ(t) .
« probability of failure occurrence;
Q=1-P=1-¢"",;
« time between failures
1
T =——.
TBF (,l)(t)

Discussion

The study examines the reliability parameters of four possible variants of circuit redundancy.

Diagram of the network section without redundancy (Fig.1, a). Figure 1, b, ¢ shows the struc-
tural reliability diagram without redundancy and its transformation. All elements are connected in
series, and the failure of any one element leads to loss of operability of the entire system. The
efficiency of such a circuit depends, firstly, on the initial state parameters and, secondly, on the
probabilistic sequence of element (node) failures.

Failure flow rate for the power supply source-to-load circuit (Fig.1, b, ¢) for the nonredundant
circuit section:

Ononred = O1 + @2 + @3 + ... + ®20 = ®vcey + O + OT) + OQF; T OQF, + OL; + WQF3 + ©Q + WQF, +
+ O3 + OkMmy T OQF5 + 0L, T OKM, + OQFg + WL + kM T OQF; T WLg + OKkM’, =
= oveB + OLygy T OT + 700F + 501 4y T ©Q + 200km + 200kMm-.

The failure flow rate of the cable line wi4q,, (SKI-10kV) depends on its length and is estimated
based on the specific parameter per 1 km: @i, = 0.01(100 m/1000 m) = 0.001 failures/year.
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a
G 10 kv
VCB;
L. Fig.1. Diagram of a network section without redundancy (a),
logical reliability diagram without redundancy (b), and its transformation (c)
T
The failure flow rate of the miy 4., Cable line (AVVG-0.4 kV) is esti-
QF: mated similarly:
0.4 kV ° for L2
oF ® =0.026 (10 m/100 m) = 0.0026 failures/year;
. o for Ls...Ls
’ ® =0.026 (5 m/100 m) = 0.0013 failures/year.
QF;
Q ﬁ Table 1 presents the basic and estimated characteristics of the equipment
R

(Fig.1, a), based on an analysis of product catalogues from companies manu-
facturing high-voltage electrical equipment and apparatus: Vysokovoltnyy

L e ks [Le Soyuz LLC; Unkomtech Trading House LLC (cable and wiring products);
gMgMZ%;MQ;M’Z ELTECHKOM LLC (high-voltage equipment); KEAZ JSC (electrical pro-

QF4 3, QFs 3, QFs |QF7

ducts); “Absolutenergo” (electrical products); EXPERT CABLE (cable and
wiring products).

Table 1

Specifications of the equipment and estimation results for the failure flow rate o of the circuit elements

Elements Grade, manufacturer o, failures/year
VCB:1 VRS-10, Vysokovoltnyy Soyuz LLC! 0.015
L1 SKI-10kV, cross-section 70 mm?, length 100 m, Unkomtekh Trading House LLC? 0.001
T1 TM-1600/10/0.4, ELTECHKOM LLC? 0.015
QF1, QF2, QF3 VA51-39, Kursk Electrical Equipment Plant JSC (KEAZ)* 0.051
QF4, QFs, QFs, QF7 | VA51-35, KEAZ JSC* 0.051
Q ShRS-1, “Absolutenergo’™® 0.001
L2 AVVG-0.4 kV, cross-section 16 mm?, length 10 m, EXPERT CABLE® 0.026
L3, Ls, Ls, Ls AVVG-0.4 kV, cross-section 4 mm?, length 5 m, EXPERT CABLE® 0.0013
KMi, KM2 PML-1100, KEAZ JSC* 0.095
KM’1, KM’z KT-6000, KEAZ JSC* 0.098
Thus,
®nonred = 0.015 + 0.01 + 0.015 + 7-0.051 + (0.0026 + 4-0.0013) + 0.001 + 2-0.095 + 2-0.098 = 0.7828;
1 1

=1.2775.

T —_—— =
P o 0.7828

Diagram of a network section with LV redundancy (with a 0.4 kV bypass jumper) (Fig.2). Re-
dundancy is a method for increasing the reliability of electrical installations, based on replacing
a failed unit with a backup one. The main redundancy methods:

* Element-level (component-level) — redundancy of individual system components (transformers,
circuit breakers, cable lines, etc.).

1 Vysokovoltnyy Soyuz LLC catalogue. URL: https://www.vsoyuz.com/ (accessed 31.01.2025).

2 Unkomtekh Trading House LLC catalogue. URL.: https://www.uncomtech.ru/ (accessed 31.01.2025).

3 ELTECHKOM LLC catalogue. URL: https:/eltexkom.com/silovye-transformatory/ (accessed 31.01.2025).

4 KEAZ JSC catalogue. URL: https://keaz.ru/catalog (accessed 31.01.2025).

5 Absolutenergo LLC catalogue. URL: https://absolutnrg.ru/catalog/elektrochit/nickovol.html (accessed 31.01.2025).
6 EXPERT CABLE catalogue. URL: https://expert-cable.ru/catalog/ (accessed 31.01.2025).
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VCB, VCB,
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QF A QF
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QF; 2 QFs
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Fig.2. Diagram of a network section with LV redundancy

* Group (modular) — redundancy of functional equipment groups (transformer, circuit breaker,
cable line).

* General (system-wide) redundancy — full duplication of the PSS.

For the electrical supply circuit of the first bus section with an installed LV 0.4 kV bypass jumper
(b/jump) (Fig.2), the reliability logic diagram consists of two series operational circuits connected in
parallel by the b/jump element (Fig.3).

The first stage involves transforming the series branches (Fig.3, b).

The failure flow rate for the G1-b/jump circuit is:

MGy -bljump = @1 t ... + 08 = Wvce; T O + ©T; + OQF; T WQF, T WL, T WQF; + Qg =
=0.015 + 0.001 + 0.015 + 3-0.051 + 0.0026 + 0.001 = 0.1876.
The failure flow rate for the Gz-b/jump circuit is
WGy-bljump = @21 + ... + 28 + Ob/jump.

The bypass jumper includes two automatic circuit breakers and a 0.4 kV cable line. The failure
flow rate of the b/jump is:

Ob/jump = OQF + ®Lg 4kv + OoF = 2(,0QF + OLg gy = 2:0.051 + 0.0013 = 0.1033;
WGy-bljump = WVCBy T WLz + OT, + WQF, + WQF5 + WL, + WQFg + WQ + Wbjjump =

=0.015+0.001 + 0.015 + 3-0.051 + 0.0026 + 0.001 + 0.1033 = 0.2909.
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o]

9 10 11 12 13 14 15 16 17 18 19 20
QF H Ls H KM1HQF8 H Ls H KMzHQF9 H Ly HKM’1H QFmH Lg HKM’Z"

1 2 3 4 5 6 71 8
Gi HVCBlH L HT Hor Hor Hi: HorH @

21 22 23 24 25 26 27 28
Gz FVCBzH L HT Hor Hos H L Hor H @

29 30 31 32 33 34 35 36 37 38 39 40
QFu H Lo H KMaH QF12 H Lo H KMg H QF13 H L1 HKMaH QF14 H L1z HKM’A}—

G1 }—I:’—> Load 1 G1 }—l:’—l Load

Fig.3. Logical reliability diagram for a network section with LV redundancy (a),
transformation stages: first (b), second (c), and third (d)

Failure flow rate of the b/jump-load; circuit:
Ob/jump-load; = @9 + ... + 020 = OQF; + WL + OKM; + OQFg T WLg T WKM, T WQFg T ®L; + KM’ + OQF T+
+ 0Lg + Okm’, = 4ogF + 4oL + 20km + 2o0kme = 4:0.051 + 4-0.0013 + 2-0.095 + 2:0.098 = 0.5952.
Failure flow rate of the b/jump-load> parallel circuit:
Ob/jump-loady = W29 + ... + @40 = 0.5952.

The second stage is presented in Fig.3, c.
Failure flow rate of the Gi-load circuit:

(©G;-load; = MGy-bljump + Ob/jump-load; = 0.1876 + 0.5952 = 0.7828.
Failure flow rate of the G2-load parallel circuit:
OGy-loady = MGy-bljump + Wb/jump-load, = 0.2909 + 0.5952 = 0.8861.

At the third stage, it is necessary to estimate the probabilities of failure occurrence for the series
branches. Probabilities of failure-free operation of the circuits:

PGy-load; = € 07828 = 0.4571;
PGy-load, = € 08881 = 0.4123.
Probabilities of failure occurrence for the circuits:
Qo-loady = 1 — ¢ 07828 = 0.5429;
QGy-loady = 1 — 708861 = 0,5877.

The third stage involves transforming the parallel branches Gi-load: and G.-load>.
Probability of failure occurrence for a circuit with two parallel-connected elements:
Qucircuit = QG1-load; QGy-loady, = 0.5429-0.5877 = 0.319.
Probability of failure-free operation of the circuit:
Peircuit=1 — Qcircuit =1-0.319 = 0.681.

Knowing Pcircuit, ONe can determine the failure flow rate for a system with two parallel-connected
elements, as well as the time between failures:

Mcircuit — —In(Pcircuit) = —In(0681) = 03842,
Tter=1/0.3842 = 2.6028.
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Gy 10 kV G, 10 kV

VCB; VCB;,
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T T2

h QFI %\ QF4
0.4 kV 0.4 kV
———
% QR A QFs
Lz I—4
ﬂl QFs *’] QF:
Q Q
QF; QFs QF, QF1o QF11 &, QFp2 % QFis & QFy
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KM, KM, % KM’1 % KM’ KM3 KMg Y KM’3 % KM’y
M

Fig.4. Circuit with MV redundancy and no LV redundancy

Logic diagram with redundancy at the MV line (with disconnectors Sz and S installed), without
redundancy at LV. Figure 4 shows a looped circuit variant. In cases of low power supply source (G)
capacity, remote location, or uneconomical operation, the power supply source is considered a backup
one and is activated when the main power source is disconnected. If the power sources are equivalent,
power is supplied from each source.

In case of a fault on one of the lines, power to the consumers of that line is disconnected via
disconnectors Sz and Ss, while the adjacent sections of the circuit remain operational.

The reliability probabilistic logic diagram (Fig.5) comprises two series operational circuits
(Gi-loads, Gz-load?) connected by a parallel branch of elements Sz-L-Sa.

The reliability logic diagram and transformation stages are similar to those presented in Fig.3.

Redundancy of the MV line is provided by two disconnectors (Ss, S4) and a cable line (L). The
failure flow rate of the bypass jumper (b/jump):

Oredund = 45 + W46 + 047 = ©S3 + OL + ®S4.
The probabilities of failure occurrence and failure-free operation for the circuit (Fig.5, c):
Qcircuit = Q6-1oad; QGy-load, = 0.5371-0.5773 = 0.31;
Peircuit= 1 — Qcircuit= 1 — 0.31 = 0.69.
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10 11 12 13 14 15 16 17 18 19 20

28 2 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44

G1 Load 1 G1 }—I:’—> Load 1 G1 H:F Load
G }—I:’—> Load 2
Gz Load 2

Fig.5. Reliability logic diagram for a network section with MV line redundancy and no LV redundancy (a),
transformation stages: first (b), second (c), and third (d)

The failure flow rate and time between failures:
Mcircuit — —In(Pcircuit) = —In(069) = 03711,

Trer=1/0.3711 = 2.6947.

Diagram of a network section with double redundancy (with redundancy at MV and LV, instal-
lation of disconnectors Sz and Ss, and a 0.4 kV bypass jumper). Figure 6 shows a section of a circular
circuit. The circular circuit must be connected to at least two geographically remote, independent
power sources. The circular circuit ensures reliable power supply and allows for future network ex-
pansion as consumer loads increase. For power supply to consumers of reliability categories I and II,
looped, circular, and combined circuits are used; a single transformer may be installed at the trans-
former substation (Fig.6, T1, T2). For power supply to areas with consumers of reliability category I
and I1, a combined loop circuit is recommended; for areas with consumers of category III, a looped
circuit is used (see Fig.2, 4).

In the normal operation mode of the circular circuit (Fig.6), the MV line is open via disconnectors
Sz and S, and each section of the circuit is powered independently from the power source. The 0.4 kV
bypass jumper must remain energized when the MV section is open.

Figure 7 shows the reliability logic diagram for the double-redundancy configuration.

The first transformation stage consists of equivalent substitution of the series branches of the
original circuit (Fig.7, a):

WG-L1 = W1 T W2,
MGy-redund = 023 + W24 + Oredund = W23 + 024 + W45 + W46 + M47;
®s1-Q = W3 + W4 + w5 + W6 + @7 + w8 + W9 + M10;

WSp-bljump = 025 + W26 + 27 + 28 + 29 + W30 + W31 + W32 + Wh/jjump =
=25 + 26 + W27 + W28 + W29 + W30 + W31 + W32 + W48 + W49 + W50,
Ob/jump-load; = W11 + ®12 + ... + W22,

Ob/jump-loady = W33 + W34 + ... + W44.

The probability of failure-free operation is then estimated:
PGl—Ll = e_(DGl_Ll;

PGy-redund = e—mGZ-redund’
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Fig.6. Diagram of a network section with dual redundancy at MV and LV

then the probability of failure is:
QGl—Ll =1— e et
QGz—redund =1 — ¢ ©czredund,

The probability of simultaneous failure of the parallel elements Gi-L1 and Gz-redund (Fig.7, d)
is determined as the product of the probabilities of failure of these elements

Q* = QGl—LlQGz—redund-
The probability of failure-free operation of the parallel elements Gi-L1 u Go-redund is:
P* =1- QGl-LlQGZ—redund,

then the failure flow rate is:
o =-In(P").

Similar estimations are performed for the parallel branch S;-Q and S,-b/jump.
After transforming the series elements of the circuit (Fig.7, e, f), the failure flow rate is:

Ocircuit = 0.2794.
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Fig.7. Reliability logic diagram of a network section with dual redundancy (a), transformation stages: first (b), second (c),
third (d), fourth (e), fifth (f)

Time between failures is:
Tter=1/0.2794 = 3.5791.

Table 2 presents the data for determining the failure flow rate and time between failures
(see Fig.1, a, 2, 4, 6).

Table 2
Data for determining the failure rate parameter and time between failures
Type of circuit redundancy Wircuit, Tailures/year Trer, Year
Without redundancy 0.78280 1.27750
With 0.4 kV b/jump connection 0.38420 2.60280
With 10 kV b/jump connection, without 0.4 kV b/jump 0.37110 2.69470
With both 10 and 0.4 kV b/jump 0.27940 3.57910

The data in Table 2 show that the wcircuit rate of the nonredundant circuit is 0.78280. It decreases
by a factor of 2.04 when a 0.4 kV bypass jumper is connected, reaching a value of 0.3842. When the
MV circuit is redundant, wcircuit = 0.3711. With double redundancy, the failure flow rate decreases to
ocircuit = 0.2794, which is nearly three times lower than for the nonredundant circuit. These results
demonstrate the high reliability of the double-redundant circuit with the same number of element
connections to the line.

The time between failures (7gF) is inversely proportional to the circuit’s failure flow rate (wcircuit).
The research results showed:

« the ratio of Tter for the LV-redundant circuit to Trer for the nonredundant circuit is
2.6028 : 1.2775 = 2.0374;

« the ratio of Tter for the MV-redundant circuit to Ttsr for the nonredundant circuit is
2.6947 : 1.2775 = 2.1093;

« the ratio of Trer for the double-redundant circuit to 7ver for the nonredundant circuit is
3.5791:1.2775 = 2.8016.

These results are recommended for use in the feasibility study when selecting workshop power
supply circuits.
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Conclusion

To improve the accuracy of determining reliability parameters for assessing power supply systems
at mining industry facilities, it is necessary to consider the causes of potential equipment failures; pre-
ventive measures (eliminating known failure causes, optimizing equipment load characteristics); and
dependencies between external impacts and reliability indicators.

Redundancy of any electrical equipment elements enhances power supply reliability. However,
for the industrial facility under study in Kemerovo, this solution is being proposed for the first time.
Similar redundant circuits are used for thermal power plant auxiliary systems, where medium-voltage
redundancy is particularly relevant. The estimations proved that redundancy allows increasing the
time between failures by a factor of 2.11 with low-voltage or medium-voltage redundancy and by
a factor of 2.8 with double redundancy.

The research showed that the failure flow rate for the low-voltage redundant circuit (ocircuit =
= 0.3842) is higher than that for the double-redundant circuit (MV and LV, circuit = 0.2794), with
the same number of element connections to the line. We found that the reliability of the redundant
circuit is significantly higher than that of the nonredundant circuit (wcircuit = 0.7828) under the
same load.

The time between failures reaches its maximum value with double redundancy (7rer = 3.5791)
and its minimum value for the nonredundant circuit (7rsr = 1.2775). The estimation data show that
the TBF of the nonredundant circuit is 2.04 and 2.11 times less than for circuits with redundancy
on the low voltage and medium voltage, respectively, and 2.8 times less than for a circuit with
double redundancy.

The obtained results can be applied in the design and reconstruction of power supply systems;
for feasibility study when selecting optimal circuit variants, including comparative analysis of circuit
variants considering capital and operating costs; for estimation of the economic benefit from imple-
menting redundant systems; assessment of the equipment’s life cycle cost, considering reliability
indicators; in developing measures to improve the quality and efficiency of electrical equipment
operation at mining enterprises.
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