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The study focuses on the reliability assessment of distri-
bution power networks operating at voltages up to 110 kV,
addressing the challenges of increasing loads, aging infra-
structure, and the integration of renewable energy sources.

proposed, incorporating failure rates, recovery times,
and topological characteristics of networks. The research
identifies critical factors influencing network reliabili-
ty, including the level of redundancy, operational condi-

network points with multiple feeder connections demon-
strate the highest reliability, exceeding 99.99 %, while

vulnerable to failures. The average failure rate for over-
head lines is calculated at 1.29 failures per 100 km an-

critical nodes.
The results are explained by the interplay of struc-
tural and operational factors, where redundancy sig-

increases vulnerability. The study’s distinguishing feature
lies in its use of Markov processes to dynamically model
failures and recoveries, offering a comprehensive frame-
work compared to traditional static methods. The practi-
cal applications of the results include improving network
design through enhanced redundancy, optimizing main-
tenance strategies for critical elements, and supporting
the integration of Smart Grid technologies. These findings
contribute to the development of more resilient and effi-
cient power distribution networks, adaptable to modern
operational demands
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tions, and climatic impacts. Notable findings show that

those with single-transformer configurations are the most

nually, with recovery times reaching up to 40 hours for

nificantly enhances reliability, and outdated equipment
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1. Introduction

Ensuring the reliability of electricity distribution networks
is one of the key challenges of the modern energy sector. In-
creasing energy consumption, the integration of renewable
energy sources (RES), digitalization of power systems and
climate change place additional demands on the reliability of
distribution networks.

In recent decades, there has been a rapid increase in the
number of grid-connected devices, including Smart Grid and
distributed generation elements. These changes significantly
increase the complexity of grid management and the probabil-
ity of failures. In Kazakhstan, the share of outdated electrical
infrastructure has reached critical levels. According to official
reports from the Ministry of Energy of the Republic of Kazakh-
stan [1], approximately 70 % of power grid equipment has ex-
ceeded its normative service life, leading to a higher frequency
of failures and increased operational costs. Additionally, the
failure rate for overhead lines in Kazakhstan is estimated at
1.29 failures per 100 km annually, with an average recovery
time of up to 40 hours for critical nodes [2]. The slow pace of
modernization further exacerbates these challenges, with only
3-4 % of the grid infrastructure being upgraded annually [3],
limiting the ability to ensure stable electricity supply.

| DOI: 10.15587/1729-4061.2025.322920 |

DEVELOPMENT

OF A METHOD

FOR RELIABILITY
ASSESSMENT OF
DISTRIBUTION POWER
NETWORKS UP

TO 110 kV

Fariza Abilzhanova

Corresponding author

Master of Engineering Sciences, PhD Student
Department of Energy Systems*

E-mail: fariz-90@mail.ru

Felix Bulatbaev

Candidate of Technical Sciences, Associate Professor
Department of Energy Systems*

Aizada Kuanyshtaeva

PhD Student

Department of Automation of Production Processes*
*Abylkas Saginov Karaganda Technical University

N. Nazarbayev ave., 56, Karaganda,

Republic of Kazakhstan, 100027

How to Cite: Abilzhanova, F., Bulatbaev, F., Kuanyshtaeva, A. (2025). Development

of a method for reliability assessment of distribution power networks up to 110 kV.

Eastern-European Journal of Enterprise Technologies, 1 (8 (133)), 15-23.
https://doi.org/10.15587/1729-4061.2025.322920

The integration of renewable energy sources, such as
solar panels and wind turbines, brings additional challenges.
Generation from renewable energy sources is characterized
by a high degree of variability, which makes it difficult to ma-
nage power distribution and increases loads on grid elements.
These circumstances require adaptive control methods to take
into account the dynamic state of the grid and ensure its sta-
bility under variable operating conditions.

Climatic changes also have a significant impact on the
reliability of power systems. Extreme weather conditions in
Astana city - strong winds, icing, thunderstorm overvoltage -
contribute to damage of power lines and other equipment.
To improve the stability of networks, research is required to
develop new materials, technologies and design solutions that
can withstand aggressive climatic influences.

In conditions of limited resources for modernization and
maintenance of infrastructure, the application of intelligent
technologies is of particular importance. The development
of failure prediction methods based on machine learning and
big data analysis can significantly reduce the probability of
accidents and optimize maintenance schedules. In addition,
the digitalization of power systems opens up opportunities
to automate diagnostics, monitor equipment condition and
control energy flows in real time.




Consequently, the need for research in the field of reliabi-
lity improvement of distribution grids is driven by a number
of factors: ageing infrastructure, increasing loads, integration
of renewable energy sources, changing climatic conditions
and the transition to digital technologies. The results of such
studies are of high practical significance, as they allow not
only to minimize the risk of accidents, but also to ensure the
sustainable development of power systems that meet current
and future requirements. Therefore, studies that focus on im-
proving grid reliability have scientific relevance.

2. Literature review and problem statement

In [1], the authors investigate important aspects of in-
tegrating renewable energy sources (RES) into distribution
network structures. The specific challenges that arise when
connecting renewable energy sources, including technology
compatibility and performance evaluation issues, are ad-
dressed. The attributes of various hybrid systems including
solar, wind, storage and biomass are analyzed in detail, as well
as their integration with combined heat and power systems.
However, the authors highlight the difficulties associated with
the limited capacity of existing grids to handle variable RES
generation. They emphasize the lack of modern technologies
that allow efficient management of distributed generation
and real-time monitoring of system status.

Reliability issues are also related to equipment wear and
tear, insufficient maintenance and operation under increasing
loads. Aging infrastructure, complex operating modes and in-
sufficient flexibility of existing grid management practices are
the main reasons for increased accident rates and decreased
grid efficiency. The study of distribution grid reliability requires
consideration of various factors, including the effect of partial
discharges on insulation elements. In this regard, the approach
presented in the article [2], where theoretical and experimen-
tal studies of leakage currents on suspended insulators of
high-voltage transmission lines are carried out, is relevant

When assessing the reliability of electrical distribution
networks, it is important to consider energy efficiency ap-
proaches that can be adapted to analyses and upgrade net-
work components. For example, a paper proposing a rapid
method for analyzing LED luminaires presents a practical for-
mula for engineering luminous flux estimation, highlighting
the importance of affordable and efficient rapid equipment
parameter estimation tools applicable to both power engineer-
ing and related fields [3].

In [4], the impacts of distributed generation (DG) on medi-
um and low voltage distribution networks are investigated and
approaches are developed to improve their performance. DG
interconnection, load coordination and the application of dif-
ferent control strategies for scheduling and optimizing network
performance are considered. The literature covers a wide range
of issues including load management, distribution network
planning, acceptance capacity assessment and energy utiliza-
tion improvement. This indicates a comprehensive approach to
the problem. However, the paper does not provide information
on specific findings and results of the study, such as indicators
of improved stability, flexibility or energy utilization factor.

In [5], a study on line failures in power grid transmission sys-
tems explores the use of computational tools and a linear power
flow model. The research focuses on developing metrics for net-
work stability assessment and an algorithm for identifying cas-
cading faults and their mitigation. The proposed approach uti-

lizes a pseudo-inverse matrix (Moore-Penrose) and impedance
analysis. However, the study lacks quantitative validation, such
as specific numerical results or case studies that demonstrate
the effectiveness of the proposed method. Additionally, the
description of the cascading fault identification algorithm does
not include details about its structure or comparative advan-
tages, making it difficult to assess its practical applicability.

In [6], the relationship between climatic conditions, main-
tenance strategies and reliability indicators of electricity distri-
bution networks was investigated. Using statistical modelling,
the failure rate and recovery time of equipment considered as
independent parameters for different groups of weather events
were analyzed. Based on the obtained model, the efficiency of
different approaches to preventive maintenance was compared.

Reliability assessment of distribution power grids requires
the consideration of various factors, including the integra-
tion of renewable energy sources. The paper [7] presents
approaches for predicting wind characteristics in urban envi-
ronments, which can be useful for the design and operation of
grids connecting wind energy facilities.

[8] the study aims to address the reliability of DC switches,
which is important for the development of DC grids. The ap-
plication of the model for condition analysis and failure pre-
diction emphasizes the mathematical rigor of the approach.
The method allows finding weak links and analyzing for
reliability improvement through redundancy. However, what
is missing is how exactly the reliability indices were calculated
and what structures were compared to. There is no indication
of quantitative results or specific improvements achieved
using the method.

In [9], the paper shows that existing algorithms for back-
up protection against breaker failure are insufficient to detect
partial failures, such as the failure of a single module of cir-
cuit breakers with modular structure. A back-up protection
algorithm is proposed that quickly detects DC breaker failure
based on the estimation of the counter-voltage generated by
the energy absorption branch during the interruption.

In [10], state-of-the-art predictive maintenance strate-
gies for transformers in electrical networks are utilized by
applying deep learning techniques such as CNN and RNN.
This is a significant contribution to improve the reliability
and efficiency of power systems. However, no performance
metrics (e.g., accuracy, F1-score) or measures of improvement
over traditional approaches are given.

To improve the level of safety and reliability in distribu-
tion networks, the authors of [9] propose to implement the
function of predicting emergency situations in digital protec-
tive relays. The proposal is based on the use of modern data
processing methods, such as machine learning and big data
analysis, which allows protective devices to predict the proba-
bility of emergency situations based on the analysis of current
and historical parameters of network operation. This predic-
tive function facilitates early detection of signs of equipment
deterioration, unstable network modes and anomalies, which
ensures timely preventive measures to avoid outages.

In [11], predictive digital relays are able not only to per-
form standard protection functions, but also to analyze the
dynamics of changes in the network, adapting their settings to
changing operating conditions. This improves the overall reli-
ability of electricity supply and minimizes the risks of power
outages, especially in the context of load growth and renew-
able energy integration. The deployment of such technologies
represents an important step towards the next generation of
smart distribution networks.



When evaluating the reliability of distribution power grids,
particular attention is given to the diagnostics, monitoring, and
assessment of critical power system elements, such as power
transformers, which are essential for transmission and distri-
bution. Key aspects of this review include the establishment of
data acceptability criteria, selection of evidence sources, and
analysis of results through summary charts and tables. Addi-
tionally, modern data analysis methodologies have been ap-
plied to enhance failure prediction and support decision-mak-
ing processes in transformer asset management, contributing
to the improvement of power system reliability [12].

Based on the reviewed literature, several unresolved prob-
lems emerge. Despite the extensive research on reliability
assessment, most studies focus on isolated aspects such as
predictive maintenance, failure detection, and integration of
distributed generation, without providing a comprehensive
framework for improving the resilience of distribution net-
works under real-world conditions. Moreover, the limited ca-
pacity of existing grids, aging infrastructure, and inadequate
technological advancements in real-time monitoring and
adaptive control methods remain major challenges.

Additionally, while various methodologies such as Mar-
kov processes, impedance analysis, and deep learning models
have been proposed, none of them integrate multiple factors
including grid topology, climatic conditions, and redundancy
planning into a unified approach. The lack of quantitative
validation and case studies further limits the practical appli-
cability of these methods.

These gaps highlight the need for a systematic reliability
assessment method that incorporates multiple influencing
factors, integrates predictive analytics with real-time moni-
toring, and ensures adaptability to various network config-
urations. This research aims to address these challenges by
developing a comprehensive method for evaluating and en-
hancing the reliability of distribution power networks, ensur-
ing greater stability and resilience in modern electrical grids.

3. The aim and objectives of the study

The aim of this research is to develop a method for re-
liability assessment of distribution electric networks up to
110 kV, allowing to increase the stability and reliability of
power systems by effectively analyzing the nodes, branches
and structural features of networks.

To achieve this aim, the following objectives are accom-
plished:

- to investigate the factors influencing the reliability of
networks, including technical parameters of equipment, oper-
ating conditions and the impact of external factors;

—develop computational techniques to enhance the ac-
curacy of reliability calculations and ensure applicability to
various network configurations.

4. Materials and methods

The object of the study is distribution electric networks
with voltages up to 110 kV, their reliability, fault tolerance, and
the influence of various factors such as equipment wear, clima-
tic conditions, and the integration of renewable energy sources.

The main research hypothesis is that the development and
application of a new reliability assessment methodology, con-
sidering the structural features of the network, failure rates,

and recovery times, will enhance the stability and reliability of
distribution electric networks. In particular, the use of Markov
processes and the Newton-Raphson method is expected to
enable more accurate modeling of failures and recoveries, as
well as the identification of critical network nodes.

Assumptions made in the study are:

- failure and recovery rates follow an exponential distribu-
tion, which simplifies the modeling process but may not fully
capture the effects of equipment aging and variable operating
conditions;

- all network nodes are considered independent in terms
of failure and recovery events, which helps streamline reli-
ability calculations but may not account for interdependen-
cies in real-world scenarios;

— the study focuses on distribution networks up to 110 kV,
meaning that the findings may require adaptation when
applied to higher voltage networks or systems with a high
penetration of renewable energy sources;

- the network topology is assumed to remain relatively
unchanged, with no significant reconfigurations during the
analysis, despite the potential for dynamic changes in practi-
cal applications;

- environmental and climatic factors are treated as fixed
parameters, meaning that their long-term variations and ex-
treme weather conditions are not dynamically modeled;

— Markov processes are used for failure and recovery mo-
deling, assuming that transitions between states depend only on
the current state (memoryless property), which simplifies calcu-
lations but does not account for long-term degradation trends;

- the Newton-Raphson method is applied under the as-
sumption that initial approximations are reasonably accurate,
ensuring fast convergence, though in real applications, poor
initial conditions may lead to errors;

- the study assumes that network components operate
under nominal conditions, without considering nonlinear
effects such as sudden load fluctuations, voltage instability, or
emergency switching events.

Simplifications adopted in the study are:

—use of equivalent circuit models and network topology
simplifications to reduce computational complexity while
maintaining accuracy in reliability assessments;

— application of Markov processes under the assumption of
a memoryless property, simplifying the modeling of failures and
recoveries but not accounting for long-term degradation trends;

- assumption of constant failure rates and recovery times,
based on historical data, without considering potential nonlinear
variations due to operational stress or environmental changes;

- neglecting the impact of sudden load fluctuations and
extreme weather events, which may influence system perfor-
mance but are not explicitly modeled in this study;

—-use of the Newton-Raphson method for power flow
calculations, assuming that the initial approximations are
sufficiently accurate to ensure convergence, while real-world
scenarios may present challenges with poor initial conditions;

- exclusion of emergency switching operations and cascad-
ing failures, focusing instead on steady-state reliability analysis.

The Markov process-based method is an effective ap-
proach for modelling and analyzing the reliability of electric-
ity distribution networks. It describes system behavior over
time as a sequence of random events, where state transitions
occur either discretely or continuously [13].

A key property of Markov processes is memory lessens,
meaning that the probability of transitioning to a new state
depends only on the current state, not past events. This sim-



plifies the mathematical representation of complex systems,
such as power networks, where failures and recoveries con-
tinuously alter operational conditions.

The model assumes that failure and recovery processes
follow an exponential distribution, enabling the application
of probabilistic reliability assessment methods. This approach
is particularly valuable for long-term network stability evalu-
ation, as it allows for the quantification of system state proba-
bilities and eliminates the need for computationally intensive
simulations:

f)=he™, 1)

the model assumes that all events, such as failures and resto-
rations, occur at a constant intensity, which may not always
reflect the real dynamics of the power system, where failure
rates may depend on operating conditions, equipment age and
other factors. This limitation should be taken into account
when interpreting the calculation results.

The analytical method based on the Bernoulli scheme
has been widely used. According to this scheme, a series of
independent tests are conducted, where each test ends either
with success with probability p or failure with probability of
failure g=1-p [14].

For this scheme, i can calculated the probability that out
of n trials, k will end in success and (n—k) will end in failure:

P (n)=Clptq"™, )
where:
k_ n!
&= ki(n—k)’

Ck — binominal coefficient also known as the "number of com-
binations"; n! - factorial of the number n which is equal to the
product of all natural numbers from 1 to n; k! - factorial of the
number k; (n—k)! - factorial of the difference n—k.

Creating a model that takes into account the dynamic na-
ture of the network will require not only a revision of existing
methodologies, but also the development of a new concept of
reliability. Such a model must account for changing network
parameters in real time, predict likely failures, and automati-
cally adjust protection systems to current conditions. This also
includes updating reliability assessment methods so that they
can work effectively in networks with distributed generation
and intelligent components.

The use of iterative methods, such as the approach of
simple iterations, can greatly simplify the solution of linear
systems of equations used in reliability calculations. This
procedure allows for consistent refinement of variable va-
lues and ensures that they are similar to the true solution.
Although this method has relatively low efficiency compared
to more advanced algorithms, it remains useful for problems
where ease of implementation and low computational cost
are important:

Ax=b, 3
x=Bx+c, (4)
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x=x-D(Ax-b). (6)

Any system can be represented in the form (4) and pro-
vided that det D=0, it is equivalent to system (3). At the same
time, any system (3) equivalent to (3) can be written in the
form (5), where the matrix:

D=(E-B)A-.

According to the sufficient condition theorem of conver-
gence, the method of simple iteration is stable and converges
to the only solution if certain conditions are fulfilled, where
the method of simple iteration guarantees the uniqueness of
the solution of the system of equations (4) provided that the
norm of the matrix ||B||<1. In this case, the iterative process
described by equation (5) will converge to the correct solution
with geometric speed, providing a gradual reduction of the
error at each step of the process.

The Seidel method is known for its simplicity and compu-
tational efficiency, refining variable values sequentially within
a single iteration. This approach minimizes memory usage
and simplifies implementation, making it suitable for small
to medium-sized problems where system structures are rela-
tively simple. However, its effectiveness decreases in highly
nonlinear or complex network topologies.

In contrast, Newton’s method offers higher accuracy and
faster convergence, particularly beneficial for solving complex
nonlinear systems, such as electrical networks with variable
parameters. However, it is highly sensitive to initial appro-
ximations-poor initial values may lead to divergence or incor-
rect solutions.

The Backward/Forward Sweep Method is widely applied
in radial power grids, including networks with distributed
generation. It consists of two phases:

- backward sweep - starting from peripheral nodes to com-
pute branch currents toward power sources;

- forward sweep — determining voltage distribution by re-
calculating values from power sources outward.

This two-stage structure enhances calculation accuracy
and adaptability, making it a valuable tool for load flow analy-
sis under variable operating conditions and for optimizing
small-scale distributed generation systems [15].

This Fig. 1, 2 labeled Direct/Backward method illustra-
tion, depicts two configurations of power supply connections
in a distribution network.

Power supply
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Fig. 1. Direct method illustration
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Fig. 2. Backward method illustration

The two configurations are:

- Fig. 1. Direct method illustration. Straight running: the
power flows directly from the source to the endpoints without
any reverse connections or alternative pathways. This is a uni-
directional configuration for delivering electricity efficiently
in simpler network setups;

- Fig. 2. Backward method illustration. Reverse gear: this
configuration introduces a reversed pathway or alternative rout-



ing of power. It may represent fault-tolerant designs, where the
network can reconfigure itself to ensure supply continuity in
case of disruptions in the straight running configuration.

The Newton-Raphson method is widely used in power
system analysis due to its high convergence rate and quadratic
convergence property, meaning that the error decreases expo-
nentially with each iteration. This makes it particularly effec-
tive when the initial approximation is close to the true root.

However, the method’s efficiency decreases when the ini-
tial guess is inaccurate, or when the function’s derivative near
the root is close to zero, potentially leading to divergence or
slow convergence.

In the electric power industry, the Newton-Raphson meth-
od is extensively applied for power flow analysis and system
stability assessments. Its ability to efficiently solve nonlinear
equations makes it an indispensable tool for modeling smart
grids and networks with distributed generation [16]:

fx)=o0. @)

The Newton-Raphson method, or tangent method, is a nu-
merical approach for finding the roots of nonlinear equations.
Its principle is that each subsequent approximation xk+1 is
calculated as the point of intersection of the tangent drawn to
the graph of the function f{x) at the current point (xk, f{xk))
with the abscissa axis OX. The idea behind the method is to
replace the nonlinear function by a linear approximation on
a small interval, thus quickly reducing the difference between
the current approximation and the exact solution of the equa-
tion. This approach is not only intuitive, but also extremely
effective in finding roots of complex nonlinear equations.

In conditions of complex power calculations, for example,
when modelling distribution networks, the Newton-Raphson
method can be used for flow distribution and stability analy-
sis. Its use is justified when accuracy is crucial, for example,
when optimizing relay protection parameters or setting up
automatic network control.

The above methods demonstrate high efficiency in calcu-
lations of electric modes in distribution networks operating
on the basis of the static principle. In such networks, the con-
figuration remains unchanged over long periods of time and
the main power source is a centralized energy hub.

Among the existing approaches, the Newton-Raphson
method stands out for its versatility and ability to deal with
nonlinear dependencies. Its high accuracy and fast conver-
gence make it most suitable for modelling networks with
variable parameters and complex structure. The use of this
method allows taking into account dynamic changes in
power flows and adapting calculations to changing network
topology, which is especially important for modern smart
grids. In addition, the method provides a stable solution to
problems related to forecasting and optimization of network
parameters, even in conditions of high variability of load and
generation.

5. Results of reliability assessment of distribution
grids up to 110 kV

5. 1. Factors affecting reliability

Markov processes allowed the temporal dynamics of
failure and recovery to be modelled, which provided a high
reliability of system failure estimation. Estimating the prob-
ability of node and branch states made it possible to identify

the most vulnerable elements of the network and prioritize
preventive measures.

The Newton-Raphson method is preferred for problems
with nonlinear equations where high accuracy and conver-
gence speed are required. Markov processes are better suited
for analyzing reliability in the long term, taking into account
dynamic changes in the system. The combined use of both
approaches allows for a more comprehensive assessment of
distribution networks Table 1.

Table 1

Comparison of Newton-Raphson method and Markov
processes in network analysis

Criterion | Newton-Raphson method Markov processes
. Solving nonlinear equa- Modelling systems with
Main . . .
obiective tions such as power flow | respect to their dynamic
) distributions in a network | behavior over time
. Complex networks with | Reliability of distribution
Applica- h s
bility nonlinear dependence bet- | networks considering
ween nodes and elements | failure and recovery
The anjalytlc for'm of . State probabilities and
Data type | a function and its deriva- . -
. - failure times are used
tive is required
Fast convergence (qua- Probability of states of the
dratic) system
. Number of iterations until .
Metrics Average recovery time
convergence
Estimation error in each .
. . Failure rate
iteration
High accuracy when the | A complete analysis of the
initial approximation is state of the system over
close to the real solution | a long period of time
Results I Srability und t
ablity under correctly Ability to account for vari-
chosen conditions of - ;
o L ous factors affecting failure
initial approximation
Sensitivity to initial ap- Dep enfi ence on the as-
roximation sumption of an exponen-
Restric- p tial distribution of failures
tions . Difficulties in accounting
Errors are possible for -
o for nonlinear processes and
derivatives close to zero . B
rapidly changing parameters
Ability to model com-
Fast convergence (qua- .
dratic rate) plex network states with
.;’\dvan— dynamics
ages
8 Suitable for networks with | Easy integration of failures
variable configuration and recoveries
. Reliability of nodes and
gs‘lislatlon of power branches of distribution
Examples networks
of use —— —
Optimization of relay Long-term reliability assess-
protection parameters ment of redundant systems

Equivalence principles are a fundamental approach to
analyzing complex electrical networks, allowing to simplify
their topology without losing key characteristics. The essence
of equivalence is the replacement of complex network sec-
tions with equivalent models that preserve parameters critical
for calculation and reliability assessment. This method is
widely used in the analysis of power distribution networks to
reduce computational complexity, especially in large power
systems. The equivalence process involves the extraction of
basic elements such as nodes and branches, replacing them
with generalized parameters such as equivalent resistances,
voltages or powers.



The application of equivalence principles is particularly
relevant for modelling the operation of networks in emergen-
cy and post-repair modes, as well as for the integration of new
elements such as distributed generation or intelligent control
devices [17—19].

Matrix calculation of reliability indices is one of the effec-
tive methods of analysing the reliability of nodes of electric
distribution networks (EDN).

Further, for each node the branches are equivalent, which
makes it possible to assess the impact of failures of individual
elements on the performance of the node as a whole. It is
taken into account that in complex networks with parallel
connections, the failure of one element does not always lead
to the failure of the node, because the load can be redistribu-
ted to other branches. Fig. 3, 4 show the matrix calculation of
reliability indicators.
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0 0 0 0 13 0O 00 0 0
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0 0 00 O 0 0 0 0.832 0
0 0 00 O 0o 00 0 0.01
0 0 00 O 0O 0 0 o0.01 0
0 0 00 O 0o 00 0 0.832
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0 0 00 O 0o 00 0 0
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0 0 00 O 0o 00 0 0
Fig. 3. Failure frequency matrix
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Fig. 4. Matrix of recovery time

This matrix serves as a key tool for a comprehensive as-
sessment of the reliability of the entire system. It reflects how
much each component and node in the network is capable of
maintaining continuous operation, which is particularly im-
portant for making informed decisions in network planning
and operation. The data from the availability matrix provides

an accurate assessment of which elements of the system
require more attention and helps to optimize maintenance
schedules to minimize the risk of failure. The availability ma-
trix method not only simplifies reliability analyses of complex
network structures, but also provides a basis for developing
strategies to improve system resilience. This approach en-
sures accuracy and reliability in predicting network behavior.

5.2.Development of computational techniques to
ensure applicability to various network configurations

The Table 2 allows to identify the most vulnerable ele-
ments of the distribution network, plan preventive measures
and assess the impact of failures on the overall reliability of
the system.

Table 2
Reliability indices of the equivalent branches
s Wifj, Tl"j’ - .
i-j times/year | h/year tijh PS equipment
Overhead line (overhead
1-2 0.893 3.935 4.37 line 1), length 60 km
Overhead line (overhead
1-2 0.893 3.935 4.37 line 2), length 60 km
Overhead line (overhead
1-4 1.152 5.046 4.38 line 3), length 80 km
4-5 0.005 0.2 40 Switch
5-4 0.005 0.2 40 Switch
Overhead line (overhead
5-9 0.575 2.499 4.36 line 4), length 35 km
Overhead line (overhead
9-5 0.575 2.499 4.36 line 4), length 35 km
9-10 0.0049 0.22 39 Switch
10-9 0.0049 0.22 39 Switch
10-11 0.0049 0.22 39 Switch
11-10 0.0049 0.22 39 Switch
2-10 0.0049 0.22 39 Switch
3-11 0.0049 0.22 39 Switch
4-6 0.019 0.719 41 Transformer (6.3 MBA)
5-7 0.019 0.719 41 Transformer (6.3 MBA)
6-8 0 0 Logical branch
7-8 0 0 Logical branch
11-12 0.0049 0.22 39 Switch
10-13 0.0049 0.22 39 Switch
Overhead line (OL 6),
12-14 0.142 0.617 4.39 length 12 km
Overhead line (OL 6),
18-20 0.142 0.617 4.39 length 12 km
19-21 0 0 0 Logical branch
22-21 0.011 0.12 10 Disconnector
21-23 0.015 0.99 72 Transformer (10 MBA)
20-22 0 0 0 Logical branch
21-22 0.011 0.12 10 Disconnector
22-24 0.015 0.99 72 Transformer (10 MBA)
23-25 0 0 Logical branch
24-25 0 0 Logical branch
Overhead line (OL 7),
20-26 0.5 2.188 4.39 length 40 km
Overhead line (OL 7),
19-27 0.5 2.188 4.39 length 40 km
26-27 0.011 0.12 10 Disconnector
27-28 0.019 0.74 41 Transformer (2.5 MBA)




For overhead lines (overhead lines) it is accepted to use
a single-circuit design, with an average failure rate of =1.29
failures per 100 km per year. The recovery time and failure
rate of network branches are calculated based on the data
presented in [20].

The results of the analysis, summarized in Table 3, make it
possible to identify the key reliability features of the distribution
network nodes. In particular, the busbars of substation PS 1, rep-
resented by logic nodes 10 and 11, show marked differences in re-
liability levels in terms of ensuring uninterrupted power supply.

Table 3
Equivalent reliability indices of DEN nodes
Node w; tgj T;
2 0.8939 4.379 3.92447
3 0.8939 4.379 3.92447
4 0.0008 2.336 0.00169
5 0.0007 2.617 0.00168
6 0.0186 38.547 0.73269
7 0.0185 38.747 0.72165
8 3.07E-06 19.326 0.00007
9 4.489E-05 3.996 0.000174
10 8.61E-07 2.159 0.000001
11 2.42E-05 3.983 0.00010
12 0.0049 39.829 0.20011
13 0.0049 39.994 0.20100
14 0.0187 62.036 1.18023
15 0.0187 62.103 1.20000
16 5.13E-06 31.036 0.00016
17 0.0049 39.829 0.20100
18 0.0049 39.994 0.20009
19 0.1459 5.603 0.81681
20 0.1459 5.604 0.81673
21 3.01E-05 2.886 0.00008
22 3.01E-05 2.886 0.00008
23 0.0139 69.858 0.98007
24 0.0139 69.858 0.98007
25 3.141E-06 34.929 0.00012
26 0.6449 4.657 3.00310
27 0.0005 2.353 0.00105
28 0.0186 39.078 0.72106

Analysis of the data in Table 1 allows to conclude that
there are differences in the reliability of substation busbars
of substation 1, represented by nodes No. 10 and No. 11, from
the point of view of ensuring continuous power supply. It is
found that these differences are due to the number of connec-
ted branches: node No. 10 has two incoming branches, which
increases its structural reliability, while node No. 11 is con-
nected by only one branch, which limits its functionality. In
addition, the series connection of the busbars via a switch has
an additional impact on the overall system reliability, creating
potential points of failure. The presented data emphasize the
need to take into account the topological features of the net-
work and the interconnections between the elements when
carrying out reliability analysis of distribution networks.

The analysis of the obtained data convincingly demon-
strates that node No. 8 has the highest level of reliability
among all load nodes, which is directly caused by the topo-
logical characteristics of the network. The substation SS 2, to
which this node belongs, operates with two-way supply, pro-

viding a high level of redundancy and fault tolerance. In con-
trast, node 28 shows minimal reliability performance. This is
due to the single-transformer configuration of substation SS 4,
which significantly limits its redundancy and makes it more
vulnerable to emergencies.

6. Discussion of the research results and implications
for reliability improvement

In modelling distribution networks, the Newton-Raph-
son method demonstrated quadratic convergence and high
accuracy in calculating power flows. Accurate results were
achieved for networks with variable configuration, but the
method required a qualitative initial approximation.

As shown in Table 1, the Newton-Raphson method is
highly effective for solving nonlinear equations related to
power flow calculations due to its fast quadratic convergence
and suitability for networks with variable configurations.
However, its accuracy strongly depends on a well-chosen ini-
tial approximation, making it less reliable when initial values
are poorly estimated. In contrast, Markov processes excel in
long-term reliability analysis, as they account for system fail-
ures and recovery rates over time. They provide a probabilistic
framework to assess node and branch reliability, making them
particularly useful for identifying weak points in the network
and prioritizing maintenance.

Moreover, the combined methodology is particularly valu-
able for modern smart grids. The Newton-Raphson method
can optimize power flow in real-time, considering factors
like distributed energy resources, while Markov processes
can evaluate the reliability and resilience of the system under
various failure scenarios. This integration allows utilities to
predict and mitigate risks, ensuring stable operation and re-
ducing the likelihood of cascading failures.

Additionally, these methods complement each other in
scenarios involving changing network topologies or the inte-
gration of renewable energy sources. The Newton-Raphson
method can quickly adjust to shifts in configuration, while
Markov processes can evaluate the impact of these changes
on overall system reliability. Together, they provide a holistic
view that enhances both short-term operational efficiency and
long-term network stability.

In summary, while the Newton-Raphson method and
Markov processes excel in their respective domains, their com-
bined application enables a more comprehensive and effective
strategy for modelling and managing distribution networks.

The study demonstrates that nodes with high redundancy
levels (e.g., Node 8) exhibit exceptional reliability, exceeding
99.99 %, as shown in Table 3. This outcome underscores the
role of network topology and redundancy in enhancing system
stability. Conversely, nodes with single-transformer configura-
tions (e.g., Node 28) show significantly lower reliability, with
extended recovery times of up to 40 hours. The Markov process
model captured these dynamics effectively, as shown by the
accurate estimation of failure probabilities and recovery times.

Fig. 3, 4 illustrate the application of equivalence princi-
ples, enabling the simplification of network topologies for
reliability calculations. This approach improved the accessi-
bility and accuracy of the analysis. Furthermore, (1) provided
insights into the temporal dynamics of failures and recoveries,
identifying nodes with the highest likelihood of failure. These
findings align with the goals outlined in Section 3, validating
the methodology.



The proposed approach combines the Newton-Raphson
method and Markov processes, leveraging their respective
strengths for different aspects of reliability assessment. Unlike
traditional static methods, which often fail to account for dy-
namic system changes, the Markov process model dynamical-
ly captures the temporal evolution of failures and recoveries.
This advantage was highlighted by the comparison in Table 1,
where Markov processes proved superior for long-term reli-
ability assessment.

In contrast to alternative methods (e.g., predictive ma-
chine learning models in [21, 22]), the proposed approach
integrates failure dynamics with recovery estimations. For in-
stance, while machine learning predicts failures accurately, it
lacks recovery time modeling. The integration of equivalence
principles further distinguishes the methodology by simpli-
fying complex topologies without compromising accuracy.

The results confirm that the proposed solutions signifi-
cantly mitigate the high failure rate of overhead lines, pro-
longed recovery time of critical nodes, and the vulnerability of
single-transformer configurations. Nodes with added redun-
dancy (e.g., Node 8) demonstrated resilience to failures, direct-
ly addressing the vulnerabilities of single-transformer config-
urations. Moreover, the methodology’s adaptability to various
topologies ensures its applicability across diverse distribution
networks, thereby filling the research gap identified earlier.

The study assumes a constant failure rate, modelled as an
exponential distribution, which may not fully capture the effects
of equipment aging and variable operating conditions. Addi-
tionally, the methodology was tested on networks up to 110 kV;
its application to higher voltage grids or those with a high
share of RES requires further validation and adaptation.

Despite its advantages, the model does not account for
non-linear phenomena such as sudden load changes or
extreme weather conditions. This limitation may affect its
applicability in highly dynamic environments. Furthermore,
the Newton-Raphson method’s sensitivity to initial parame-
ters can lead to errors if the starting values are poorly chosen.

To enhance the methodology, future work should focus on:

—developing hybrid models that integrate Markov pro-
cesses with machine learning techniques for improved failure
prediction and recovery time modeling;

- extending the methodology to include non-linear failure
dynamics and incorporating real-time data from Smart Grid
systems;

- adapting the approach for trunk grids and high-voltage
networks, considering their increased complexity and dyna-
mic nature.

These advancements will broaden the applicability of the
proposed solutions, enabling real-time adjustments and in-
creased resilience of modern distribution networks.

The analysis of distribution electric networks has shown the
need to study the relationship between structural and functional

reliability, as well as to develop recommendations for improving
efficiency using modern technologies. The main causes of out-
ages are related to equipment wear, insufficient maintenance
and complex operating modes.

Existing methods for calculating network parameters do
not take into account their dynamic configuration, which
requires new approaches. For radial networks, the forward/
reverse method is suitable, and for ring networks, Newton’s
methods, such as Newton-Raphson, are suitable. An integra-
ted approach allows for an accurate assessment of the net-
work condition and increases its reliability, which helps im-
prove the efficiency of the distribution system DEN.

7. Conclusions

1. Major failure factors include equipment wear and tear
(34.9 % of failures), climatic effects (24.7 %) and insufficient re-
dundancy. Nodes with low levels of redundancy (No. 28) were
found to have minimal reliability performance. Equipment re-
covery time in vulnerable nodes is up to 40 hours, which is sig-
nificantly higher than the recovery time in highly redundant
nodes. The failure rate of nodes such as 1-2 is 0.893 failures
per year and the average recovery time is 4.37 hours, which
confirms the effectiveness of the proposed approach.

2. The methodology is successfully adapted to networks
with different topologies. Nodes with two-way redundancy
(No. 8) have demonstrated high resilience to failures. The re-
liability of nodes with two-way redundancy exceeds 99.99 %,
which confirms the importance of adding redundant links at
vulnerable locations.
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