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Annotatsiya. Ushbu maqolada elektr uskunalarining ishonchliligini baholash va prognozlashning
matematik modellari tahlil qilinadi. Elektr energetika tizimlarida qo‘llaniladigan uskunalarning
uzluksiz va xavfsiz ishlashi wularning ishonchlilik darajasiga bevosita bog‘liq bo‘lib, bu
ko‘rsatkichlarni aniq baholash muhim ilmiy va amaliy ahamiyatga ega. Tadqiqotda ishonchlilik
nazariyasining asosiy ko‘rsatkichlari, jumladan, nosozlik ehtimoli, ishonchli ishlash ehtimoli,
nosozliklar intensivligi hamda o‘rtacha xizmat muddati matematik jihatdan ifodalanadi. Elektr
uskunalarining ishlash jarayonida yuzaga keladigan tasodifiy nosozliklar ehtimollar nazariyasi va
statistik usullar asosida modellashtiriladi. Shuningdek, eksponensial va Veybull taqsimotlari
yordamida uskunalarning ishonchlilik parametrlari aniglanib, ularning amaliy qo‘llanish imkoniyatlari
ko‘rib chiqiladi. Tadqiqot natijalari elektr uskunalarining texnik holatini baholash, profilaktik xizmat
ko‘rsatish muddatlarini optimallashtirish hamda ekspluatatsiya xarajatlarini kamaytirishga xizmat
qiladi. Taklif etilgan matematik model elektr energetika obyektlarida uskunalarning ishonchli
ishlashini ta’minlaydi.

Kalit so‘zlar: elektr uskunalar, ishonchlilik, matematik model, nosozlik ehtimoli, ishonchli
ishlash ehtimoli, Veybull tagsimoti, eksponensial tagsimot, nosozlik intensivligi, texnik diagnostika,
elektr energetika tizimi.

AHHOTauusi. B JaHHOW craThe aHATM3UPYIOTCS MaTEMaTHUECKUE MOJCIU JUIS OICHKH |
MIPOTHO3MPOBAHUS HAJISKHOCTH 3JIEKTPooOOopyaoBanus. HempepriBHAsS U Oe30MacHas dKCIUTyaTarlus
000pyI0BaHUs, HCIIOJIb3YEMOT'O B SHEPTrOCUCTEMAX, HANIPSMYIO CBSI3aHA C €0 HAJCKHOCTHIO, a TOUHAS
OILIEHKa ITHX TOKa3aTeneld mMeer OOJbIIOE HAYYHOE M IMPAKTHYECKOE 3Ha4YeHHWe. B mcciemoBaHuM
MaTeMaTHYECKH BBIPAKEHBI OCHOBHBIC IIOKA3aTelIM TEOPUHM HAJCKHOCTH, BKIIOYAs BEPOSTHOCTH
0TKa3a, BEPOSTHOCTh HAJECKHOW pPAaOOThl, WHTCHCHBHOCTH OTKAa30B M CPEIHUH CPOK CITYXKOBI.
CnyyaliHple  OTKa3bl, BO3HHMKAIOIIME B MPOLECCe OKCIUTyaTalldd  AIIEKTPOOOOpYyIOBaHMUS,
MOJICTTUPYIOTCSI HAa OCHOBE TEOPHUU BEPOSTHOCTEH M CTAaTUCTUYECKHMX METOAOB. Takke C
UCITIOJIb30BAHUEM OKCIIOHEHIIMAJILHOTO M paclpelesieHus BeiOymia ompeneneHbl mapamMeTpsl
HAJCKHOCTH OOOpYIOBAaHUS H PACCMOTPEHO WX IMPAKTUYECKOE TpUMEHeHue. Pe3ynbrarhl
UCCIICIOBAHMSI CITYXAaT JIJIsl OLIGHKA TEXHUYECKOTO COCTOSIHHUS AJIEKTPOOOOPYIOBAHHUS, ONITUMHU3AINH
NepruoaoB Hqu)I/IJIaKTI/ILIGCKOFO 06CJIY)KI/IBaHI/I$[ U CHHWIKXCHHA OKCIUIYaTAllMOHHBIX PaCXOd0B.
[IpemnoxkeHHass maremaTHueckash MOJENb OOECIIeYMBACT HAACKHYI paboTy 00OpyaOBaHUS Ha
YHEProoOBEKTAaX.

KawueBble cioBa: DIeKTpoOOOPYAOBaHHE, HAIACKHOCTb, MaTeMaTH4YeCKash  MOJICIb,
BEPOSITHOCTh OTKAa3a, BEPOSITHOCTh HAJICKHON pabOThI, pactpeeneHie BeiiOyia, 3KCIOHSHIINAIBHOES
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pacnupeaciicHue, HWHTCHCHUBHOCTbL OTKa30B, TCXHHUYCCKAA JUArHOCTHKA, OSJICKTPOIHCPTICTUUCCKAA
CHUCTCMA.

Abstract. This article analyzes mathematical models for assessing and forecasting the reliability
of electrical equipment. The continuous and safe operation of equipment used in power systems is
directly related to their reliability, and accurate assessment of these indicators is of great scientific and
practical importance. The study mathematically expresses the main indicators of reliability theory,
including the probability of failure, the probability of reliable operation, the intensity of failures, and
the average service life. Random failures that occur during the operation of electrical equipment are
modeled based on probability theory and statistical methods. Also, using exponential and Weibull
distributions, the reliability parameters of equipment are determined and their practical application is
considered. The results of the study serve to assess the technical condition of electrical equipment,
optimize preventive maintenance periods, and reduce operating costs. The proposed mathematical
model ensures reliable operation of equipment at power facilities.

Keywords: electrical equipment, reliability, mathematical model, failure probability, probability
of reliable operation, Weibull distribution, exponential distribution, failure intensity, technical
diagnostics, electric power system.

Determining the reliability of electrical equipment is a complex process, and in order to
determine it at a high level, it is necessary to conduct research on one or more electrical equipment
elements for a certain period of time. Determining reliability can cause certain difficulties in the
conditions of water management enterprises. Therefore, in order to speed up this process and increase
the level of accuracy, reliability improvement studies are conducted using mathematical modeling.
Using mathematical models, the quantitative relationship between the reliability criteria being studied
(objective functions) and other important factors (independent variables) describes the real process
with a high level of accuracy. When building a model, the problem is solved through a certain
idealization. Of the total reliability parameters of electrical equipment, only the necessary one was
selected for the study. Thus, the model is a simplified representation of a specific object or process,
reflecting its most important characteristics [1].

Two types of models are used to calculate reliability indicators: reliability and failure model. The
simplest failure model is a failure model, which is a mathematical description of the reliability
determination process. In most cases, a failed device is repaired and it is possible to restore the
operability of electrical equipment without the use of spare parts. Bringing electrical equipment to a
working state does not completely eliminate the possibility of its failure. However, it significantly
reduces the probability of failure and increases reliability. The general mathematical description of
this process is called a reliability model. The most common in reliability theory are failure models
based on the use of probability theory and the laws of mathematical statistics, with the help of which
they establish relationships between the probability of a certain state of elements and the events and
conditions of the system.

If the probability of any future state of the system for each second of time depends only on the
current state of the system and does not depend on how the system arrived at this state, then such a
process is called a Markov process (or a flow without consequences). Such processes are characteristic
of elements with constant failures. Recovery A, =const, u, =const (i.e., with an exponential law of

the time distribution between failures and recovery times). Failure model of non-repairable electrical
equipment. Some types of electrical equipment, parts and low-voltage power transmission devices in
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power supply systems can be considered as non-repairable elements, the cost of repairing which is
comparable to the cost of a new element. Let us consider the simplest case in which a sudden failure
of electrical equipment can occur. This is the operating and non-operating state of electrical equipment.
The transition from the operating state to the non-operating state is determined by the intensity of the
failures A and is not possible to return [3; 4].
The probability of failure-free operation and the probability of failure during the transition are
expressed by the differential equations:
dpr . dQ _ :
" = ﬂP(t), " = ﬂP(l‘), (1)
in this P(¢) — probability of trouble-free operation, Q(¢) — possibility of breakdown. P(0) =1

and Q(0)=0 The solution to the differential equations under initial conditions will take the following
form:

P(t) = exp(—A0); O(t) =[1-exp-A1)] 2)
[-/ dt

/\' Adt
(7).

Figure 1. Reliability model for sudden failure of a non-recoverable element
If the intensity of the failures 1 =0,0005 1/year if accepted, m=6 for a year 0,4 kV To

determine the probability of failure-free operation and the probability of breakdown of a high-voltage
electromagnetic contactor, we use formula (2) above: P(6) = exp(—At) =exp(-0,005 6)=10,997;
0(6) =1 - exp(—At) = 1 — exp(—0,0005 6)=0,003.

If gradual failures occur in an element, they E|,E,,...E, represented by a set of conditions in

which the system gradually approaches a state of obsolescence, N At this stage, the element wears out

completely and a malfunction occurs. [2; 5].
A, dt @ A dt @
— —_—
dl l

Ay dt AOdtl

dw l
Figure 2. Reliability model of a system that is not subject to uniform wear and tear

When determining the instantaneous parameter of the flow of influences, the wear element 1/ N
part A, is taken to be equal to:

. B(tt+Ar)
A= &)
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in this B(¢,7+ Af) — probability of passing once. In addition to the gradual wear and tear on the

system, the intensity A, Random failures can also be observed. As a result, each k - The differential
transition equations for the case will have the following form:

"P =~y + WB0)+ 24P (0

@
di:—(ﬂ X0

If the system performance E|, E,,..E, If we consider the sum of the states, then the probability

of continuous operation is equal to:
N

P)= R,

k=1

dP N dP
dt o dt _ﬂ'lp(t) ﬂ0 P(t)_ j‘IP(t) ﬂOP(t) (6)

P(0) =1 va F,(0)=0 Under initial conditions, equatlon (6) has the following form:

At -7,
TR cpN_ o

A general conclusion is made on the repair of a low-oil circuit breaker after 6 years of continuous
operation or after 2000 switching cycles. After 4 years after the installation of the circuit breaker, if it
has completed 200 switching cycles at the same time, the probability of its failure is determined.
According to the data provided, the switching intensity of the circuit breaker (intensity of sudden
failure) is:

©)

P(t)=exp(-,0) 1— exp(-A1)

200
4 2000

A() = = 0,025 year -1

Intensity of gradual deterioration:
1
20 :_6 = 0,167 year -

According to the formula, the probability of working continuously for 4 years is equal

’ (40"
P(4)=exp(-=1.t) 1— exp(-At) ——dt =
() =expl=Aof) 1= exp(=A) o0
to: ) o
=exp(—0,025 4) 1— exp(-0,167 4) (_()’(le)‘t)dt =0,864
. _

Reliability model of renewable electrical equipment. Renewable elements of electrical equipment
are considered as a complex case. The complexity lies in the fact that their reliability depends on the
speed of creating a spare part stock and the speed of its restoration. Analysis of the simplest case

shows that an element without a spare part can be in two states: £, — fit for work and E, — unusable.

Fault current parameter of the recoverable system @ is equal to and the intensity of regeneration is
u(u =1/7) If so, then the transition from one state to another can be represented graphically [6].
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Figure 3. Reliability model of the simplest renewable system
Differential equations for transition probability:

dR,
7; =—R (1) + pF,(0);
dp, ®)
— = 0R(t)— uby(0);
dt
in this B(¢) — of the equipment E, probability of occurrence, P,(¢) — equipment E, probability
of finding in the situation. £(0)=1, P,(0) =0 in the initial conditions and E, va E, Considering the

state, the state of the equipment represents complete groups of events, i.e. Py (t)+ F(¢)=1 (8) the
differential equation will take the following form:

__H w _ )
R(t)_a)+,u 1+ﬂ exp[ t(a)+,u)] ; )

P(1)= Fwﬂ(l —exp[-1(@+ w))) (10)

Let us consider some special cases arising from expressions (9) and (10):

a) instantaneous automatic recovery (o/u=0) F(t)=1, that is, at any arbitrary moment in time,
the element is considered completely operational;

b) when recovery does not occur (w/pu= ) : PB(f)=expaxt)=exp(-At), that is E, The
probability of the state is equal to the probability of continuous (failure-free) operation;

v) big enough #(+ — ) for P (¢) The probability does not depend on time (see Figure 4).

H Ip
P = = :k .
10 O+ttt (1)

It is clear from expression (11) above that, P,( ) The value of is equal to the readiness

coefficient. Therefore, the probability of failure-free operation of an electrical equipment element
without a backup does not increase, and restoration only increases reliability from the point of view of
readiness [8].
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Figure 4. Graph of the relationship between the probability of a serviceable state and
different recovery intensities over time
For two different options # =35 during the year We determine the probability of a 10 kV cable
network operating without failures: a) average recovery time =24 hour; b) the network is not
restored. According to the fault flow parameter spravochnik @ =0,20 year " . We determine the

recovery intensity over a given time period using the following formula:

i=87602365u1
T, 24 uun

The probability of failure-free operation for the first option is determined by the formula (9):

P(5)=—— 1+2 expl-t(w+w)] =
o+u  p

365 0,2
= 1+
0,2+365 365
For the second option, we use a simpler formula: P, (5) = exp(—wt) = exp(—0,2 5)=0,368.

exp[-5(0,2+365)] =0,9995.

Thus, the lack of restoration under given conditions reduces the reliability of electricity supply to
consumers by 60%. Studies show that the mathematical model of electrical equipment reliability, the
failure model of non-restored electrical equipment, and the reliability model of these regenerative
electrical equipment paragraphs require a systematic approach to the problem of predicting the repair
or replacement of spare parts. Ensuring the reliability of electrical equipment is closely related to the
problem of predicting the repair or replacement of spare parts. A systematic approach to predicting the
repair or replacement of spare parts involves making decisions based on the condition and availability
of spare parts to ensure the reliability and efficient operation of electrical equipment or systems. The
specific sequence of implementing such predictions may vary depending on factors such as the type of
equipment, maintenance or repair practices, and objectives. A systematic approach to predicting the
need for repair or replacement of spare parts is presented in the following sequence:

1. Data collection: Historical and real-time data about the electrical equipment is collected,
including maintenance or repair and operation history. Data sources can include monitoring and
control, maintenance logs, and inspection reports.

2. Condition assessment: The current condition of the equipment is assessed using the following
methods: a) Visual inspection: Visible wear, damage, or deterioration is identified. b) Fault testing:

Page 177 Vol 12.No 5. May 2026



‘A/A HSR (LONDON),

/\ HOUGHTON STREET REVIEW JOURNAL

v,
|3

Methods such as ultrasonic inspection, thermal imaging, and vibration analysis are used to identify
hidden problems. c) Oil analysis: The condition of lubricants is checked to detect contamination or
excessive wear. d) Electrical and electronic testing: Electrical parameters are measured to assess the
integrity of components.

3. Failure Mode and Effect Analysis: The causes of potential failures and their consequences for
the operation and safety of electrical equipment are analyzed. A criticality rating is assigned to each
failure mode based on its impact.

4. Spare Parts Inventory Assessment: The availability of spare parts in the inventory is reviewed.
Factors such as purchase dates, storage conditions, and part costs are determined.

5. Data Analysis: Data analysis and machine learning techniques are used to process and analyze
electrical equipment condition, maintenance, and repair data. Conditions, trends, and anomalies that
may lead to potential failures are identified.

6. Predictive Maintenance Models: Predictive maintenance models that take into account
condition data and other factors are developed or implemented to predict electrical equipment failure.
These models include: a) Time-based maintenance: Scheduling repairs or replacing parts at
predetermined intervals. b) Condition-based maintenance: Maintenance or replacement is performed
based on a real-world situation. ¢) Predictive maintenance: Innovative analytics are used to predict
when a failure will occur.

7. Decision-making: Based on predictive maintenance models, decisions are made to repair or
replace parts. Factors such as the criticality of the electrical equipment, the severity of potential
failures, and the cost-effectiveness of replacement are considered.

8. Scheduling: Based on the decision, the repair or replacement activities are planned. This
includes purchasing parts and allocating resources.

9. Execution: Based on the decisions, the planned maintenance and repair or replacement are
carried out. This is done by following established procedures and safety protocols.

10. Post-service inspection: After a part is repaired or replaced, the equipment is checked to
ensure it is back in optimal working condition. Tests and inspections are performed to ensure proper
operation.

11. Continuous monitoring: The condition of the equipment and the effectiveness of maintenance
decisions are continuously monitored. Predictive maintenance models and parts management
strategies are updated based on new data and insights.

12. Documentation and reporting: All maintenance and replacement activities, including the
reasons for the decisions and results, are documented. They are retained for audit and future reference.

13. Continuous improvement: The process of repairing or replacing parts is regularly observed,
monitored, and opportunities for improvement are sought.

14. Performance evaluation: The performance of predictive maintenance models is reviewed and
reported by maintenance teams.

This sequence provides a systematic approach to making informed decisions about the repair or
replacement of parts. The focus is on optimizing equipment reliability and reducing downtime. The
specific steps and criteria may vary depending on the equipment, industry, and organizational
requirements.

In conclusion, by dividing electrical equipment parts into conditionally repairable and non-
repairable types, it was determined that the reliability of electrical equipment depends on various
random factors, and it was possible to take into account all factors affecting reliability and track
changes in reliability over time until the system is put into operation.
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In order to make decisions about the repair or replacement of electrical equipment parts and

ensure reliable and efficient operation of electrical equipment, a systematic approach to predicting the
repair or replacement of parts was developed. The probability of random failures over time, which
takes into account the probability of failures of electrical equipment parts, was determined.

In order to prevent long-term downtime of electric motors in the event of a failure, a reliability

model of single- and multiple-reserve backups was developed. A method and algorithm for creating a
reliable spare parts reserve were created in order to implement a systematic approach to ensuring the
availability of spare parts necessary for maintenance and repair or to eliminate unexpected equipment
failures.
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