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Abstract

The reliability of substation power supply systems is a critical factor in ensuring the stability and
uninterrupted operation of modern power grids. This paper examines advanced quantitative failure
analysis methods that incorporate physical degradation processes, component interdependencies,
and time-dependent failure characteristics. An integrated approach is proposed, combining
structural redundancy, digital condition monitoring, thermal management, and predictive
maintenance strategies. Modeling and statistical analysis confirm that implementing these
comprehensive measures can increase system availability to 0.999 and reduce failure rates by 25—
40%. The methodology is applicable to both new substation designs and upgrades of existing
infrastructure, supporting improved technical reliability and economic efficiency in operation.
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I. Introduction

Substations are critical infrastructure in electric power systems, responsible for voltage
transformation, energy distribution, and coordination between transmission and distribution
networks. Their operational reliability directly affects the stability and continuity of power supply
to industrial, commercial, and residential consumers. Any failure within a substation's power
supply system can lead to significant technical disruptions, cascading outages, and economic
losses.

With growing energy demands, stricter reliability standards, and increasing integration of
renewable energy sources, ensuring the dependable operation of substations has become a priority
for utility companies and system operators [1]. Modern substations are complex cyber-physical
systems consisting of transformers, circuit breakers, protection relays, automation systems, and
real-time monitoring technologies. The failure of a single critical component may compromise the
entire power delivery path.

Therefore, the evaluation of power supply reliability must go beyond individual equipment
failure rates and consider system-wide behavior under various failure scenarios. This includes the
modeling of redundancy schemes, fault tolerance mechanisms, and the probabilistic analysis of
system performance under operational uncertainties. This paper explores quantitative methods for
assessing the reliability of substation power supply systems, proposes approaches to enhance
system robustness through redundancy and predictive maintenance, and presents models that
account for equipment interdependencies and failure probabilities. The focus is on applying both
analytical and simulation-based techniques to support reliability-centered design and operation of
substations.
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II. Methods

The key phenomenon studied in reliability theory is failure — the event where a system or
component ceases to perform its intended function. In the context of substation power supply
systems, a failure may represent the sudden or progressive degradation of a component's
condition beyond acceptable operational boundaries. These conditions are determined by
functional parameters, which are themselves time-dependent [2]. As such, the operability of any
system is inherently dynamic and subject to change over time.

Ensuring uninterrupted and reliable power supply to substations is vital for maintaining
power system stability. However, operational experience and incident statistics indicate a
persistent occurrence of failures stemming from various causes — from component aging and
manufacturing defects to improper operating conditions and environmental impacts.

Despite the criticality of the issue, many existing reliability assessments of substation power
systems are limited in scope. They tend to treat failures as isolated events without sufficiently
modeling their interdependence, cumulative effects, or propagation through the system. Moreover,
modern substations often lack real-time analytics capable of predicting slow-developing faults,
which leads to an over-reliance on reactive maintenance. Failures in technical systems exhibit
considerable variety in nature and cause. To enable systematic analysis, failures are classified by
several characteristics (table 1).

Table 1.: Classification of failures based on several characteristics

Classification Criterion Failure Types
Nature of parameter change Sudden (catastrophic), gradual (degradational)
Causality Independent, dependent
Post-failure usability Complete, partial
Resolution behavior Stable, self-recovering, intermittent, transient
Detectability Obvious (manifest), latent (hidden)
Cause Design-related, manufacturing-related, operational
Origin Natural, artificial

In substation systems, sudden failures typically occur without prior indicators and are often
considered random events caused by uncontrollable fluctuations of critical parameters (e.g.,
insulation breakdown, contact welding in switches). Gradual failures, on the other hand, are
results of wear, corrosion, thermal aging, or environmental degradation [3]. These can, to some
extent, be predicted and mitigated through diagnostics and preventive maintenance.

The degree of parameter deviation due to failure leads to further subclassification:

e Functional failures: Total loss of intended function (e.g., a relay failing to trip).
e Parametric failures: Performance degradation beyond acceptable limits (e.g., voltage drop
exceeding tolerance).

Importantly, in complex systems like substations, dependent failures are common — a fault in
one component (e.g., transformer) can trigger a chain of failures in relays, circuit breakers, or
auxiliary power supplies. Recognizing this dependency is crucial for accurate reliability modeling.

The probability of failures over a system's lifecycle typically follows a “bathtub” curve,
segmented into (figure 1):

1.Burn-in period — higher failure rate due to latent design or manufacturing defects.
2.Normal operation — relatively constant failure rate, typically dominated by random
(sudden) faults.

346



Rahila Muradova
AN INTEGRATED APPROACH TO ENHANCING THE RELIABILITY RT&A, No 3 (86)
OF SUBSTATION POWER SUPPLY SYSTEMS Volume 20, September 2025

3.Wear-out phase — increasing failure rate due to aging and material degradation.
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Figure 1.: Evolution of failure rate under normal (A) and stressed (B) conditions

For power supply systems, the normal operation phase is of greatest importance, as it is not
only the longest in duration but also the most statistically representative in terms of reliability
analysis. During this phase, the majority of failures can be attributed to three primary sources:
design, manufacturing, and operation. Research indicates that 40-50% of failures arise from design
shortcomings, 30-40% are due to manufacturing defects, and 15-25% result from improper
operation or maintenance. Each of these failure categories has specific implications for reliability
management [4-6]. Design-related failures typically necessitate comprehensive reengineering or
the introduction of robust design validation protocols to detect and correct flaws before
deployment. Manufacturing-induced failures underscore the need for enhanced quality control
measures throughout the production process to ensure component integrity. Operational failures,
on the other hand, highlight the importance of improving personnel training, refining maintenance
procedures, and establishing clear operational guidelines. A targeted approach to each failure
source can significantly improve the overall reliability and performance of power supply systems
during their critical phase of normal use.

Substation equipment is subjected to a complex mix of mechanical, thermal, electrical,
climatic, and chemical stresses. For instance:

¢ Transformers may fail due to dielectric breakdown under thermal stress.

¢ Circuit breakers are susceptible to mechanical wear and arc erosion.

e Relay systems can fail due to EMI (electromagnetic interference) or power supply

instability.

Figure 2 illustrates the generic mechanism of failure initiation, triggered by either overload or
the crossing of degradation thresholds.

To prevent failures, several key conditions must be maintained. First, the loads on the
equipment must not exceed the design thresholds, thereby avoiding critical overloads and
excessive stress on components. Second, aging processes—whether thermal, mechanical, or
chemical —need to be continuously monitored and managed to slow down the degradation of
materials and parts [7-9]. Third, any emerging damage should not escalate to the point of
impairing the essential functions of the system. Finally, all critical operational parameters must
remain within specified limits to ensure continued functionality and reliability.

347



Rahila Muradova
AN INTEGRATED APPROACH TO ENHANCING THE RELIABILITY RT&A, No 3 (86)
OF SUBSTATION POWER SUPPLY SYSTEMS Volume 20, September 2025

Load or enrergy
exceeds permissible
level

v

. Load causes
Limitload ------ > undesirable processes
: !
Slow down | _____ »|  Processes lead
aging processs to damage
' v
Diagnose | _____ »| Damage causes
and repair parameters to change

v

Parameters exceed
allowable limits

Figure 2.: Flowchart of failure mechanism from overload or degradation

However, traditional failure modeling methods, such as calculating Mean Time Between
Failures (MTBF), are insufficient to accurately capture the dynamic and complex real-time
behavior of substation systems. An effective reliability analysis requires a comprehensive approach
that includes time-dependent modeling of key parameters, statistical analysis of historical failure
data, and simulation of dependent failures using tools like fault trees or Markov chains.
Additionally, it is essential to quantitatively assess failure risks throughout the design,
maintenance, and operational phases.

Given the diversity and interdependence of failure causes in substation power supply
systems, developing a thorough classification and modeling framework is crucial for designing
more robust and fault-tolerant substations. The next section proposes solution methodologies
based on this integrated approach.

III. Problem solving

Enhancing the reliability of substation power supply systems requires a comprehensive
approach that integrates structural redundancy, digital monitoring technologies, and methods for
managing equipment aging. According to reliability theory, a failure is defined as the transition of
a technical object into an inoperative state caused by one or more parameters exceeding
permissible limits [10-11]. Failures may occur suddenly or gradually, and in most cases, they can
be analyzed using probabilistic models and the physical laws of degradation.

One of the most effective ways to ensure uninterrupted power to critical components is the
implementation of redundancy, i.e., duplication of key system elements. The effectiveness of this
method can be assessed using the availability coefficient Kg, which reflects the proportion of time
the system remains operational. For a single power source with reliability Kg=0.95, the total
availability of a system with nnn independent sources is calculated as:

Ky,=1-(1-Kgp)"

As shown in Graph 1 (see Fig. 3), increasing the number of independent power sources to just
three results in a system availability exceeding 99.9%. This confirms the high efficiency of
redundancy, especially in systems where even short-term failures are unacceptable (e.g., in relay
protection and automation or power supply to pump aggregates) [12].
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Figure 3.: Increase in system availability K depending on the number of independent power sources

In addition to redundancy, the implementation of predictive monitoring systems significantly
reduces the probability of failures associated with component degradation. These systems rely on
continuous control of condition parameters (temperature, partial discharge levels, leakage
currents, etc.) to detect early signs of failure [13]. Based on failure statistics from a major
distribution node, the introduction of an intelligent monitoring system led to a reduction in failure
rate by over 40% (see Fig. 4).
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Figure 4.: Decrease in failure rate after implementing a digital equipment monitoring system

This is attributed to the fact that timely identification of critical deviations allows preventive
maintenance before complete failure occurs.

Another crucial factor is thermal load management, since temperature critically affects
insulation lifespan. As temperature increases, aging processes accelerate, as confirmed by the
exponential decrease in residual insulation strength. Graph 3 (see Fig. 5) shows how degradation
rate increases significantly at higher operating temperatures (e.g., 90 °C compared to 60 °C).

V(t) = Ve *t
where V(t) is the residual dielectric strength, Vo is the initial strength, and k is the temperature-

dependent aging coefficient.
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Figure 5. Comparison of insulation degradation rates at different operating temperatures

Thus, effective thermal management, including ventilation, transformer cooling, and load
optimization, helps extend equipment life and reduces the probability of sudden failures .

To justify design decisions and evaluate reliability at the modeling stage, Markov state chains
and Weibull distributions are used, which account for both sudden and gradual failures. For
example, modeling the mean time to failure (MTTF) of a substation transformer with a backup
connection shows a 65% increase in MTTF when automated transfer switching (ATS) and
intelligent monitoring are applied.

IV. Results

1. Comparison of models and methods

The comparative analysis of probabilistic, statistical, and physical models of system reliability
clearly demonstrates that each method captures distinct aspects of substation operation.
Probabilistic models, such as those based on Bernoulli schemes and Markov chains, allow for a
structural evaluation of system availability, particularly in scenarios involving redundancy. For
example, the analysis showed that by introducing triple-redundant power sources, each with
individual availability of 0.95, the overall system reliability increased to over 0.999 — a level not
achievable through single-channel architectures. In contrast, statistical degradation models,
including those using Weibull distributions and empirical failure rate trends, are better suited for
describing time-dependent wear mechanisms such as insulation aging or contact corrosion. The
use of physical models, based on the Arrhenius law or electrical-thermal stress analysis,
supplements this picture by enabling predictions of the rate of deterioration under elevated
temperatures or overloads. These three categories of models, when considered in isolation, provide
valuable but limited insights. Their combination, however, results in a multidimensional
understanding of failure mechanisms and response strategies, thereby enabling more effective
decision-making regarding maintenance and design.
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2. Justification of the integrated approach

The results obtained confirm the strategic necessity of a comprehensive approach to
improving system reliability. While redundancy alone can temporarily mask component-level
weaknesses, and monitoring systems may detect faults only after their onset, neither approach
individually ensures sustainable reliability growth. However, when architectural redundancy is
combined with predictive diagnostics, thermal protection, and adaptive switching logic, the
system's ability to prevent, isolate, and recover from faults increases nonlinearly. The case studies
of real-world substation upgrades support this conclusion: in systems where isolated measures
were implemented (e.g., only introducing backup power), fault frequency and mean time to repair
improved only marginally. Conversely, substations that adopted an integrated approach —
encompassing automatic transfer switching, thermal regulation, predictive analytics, and modular
architecture — experienced significant reductions in unplanned outages, with fault incidence rates
dropping by 30-40% within the first year. This convergence of measures not only increases
technical reliability but also strengthens economic efficiency, as it enables targeted investments
and reduces maintenance downtime. Therefore, the integrated methodology must be viewed not
as a collection of unrelated tools, but as a systemic strategy built upon interdependent mechanisms
of control, diagnostics, and prevention.

3. Identification of the most effective engineering solutions

Among the variety of engineering measures evaluated in this research, certain solutions
consistently demonstrated a higher impact on overall system performance. Notably, intelligent
condition monitoring — particularly through the use of thermal imaging, partial discharge
detectors, and insulation resistance tracking — proved essential in identifying early-stage
degradation processes that would otherwise remain latent. These technologies facilitated the
timely scheduling of maintenance interventions, thereby minimizing the risk of sudden equipment
failures. Furthermore, the implementation of automated switching devices with fault-tolerant
algorithms significantly improved the system's responsiveness to dynamic load changes and short
circuits. When coupled with real-time load balancing and thermal relief protocols, these systems
not only mitigated the risk of cascading failures but also prolonged the life span of critical
components. In test environments and field applications, substations equipped with these
technologies showed markedly reduced temperature gradients and current imbalance, directly
correlating with extended insulation life and reduced arc events. The integration of these
engineering solutions under a unified digital control framework provides a scalable model for
next-generation power supply infrastructure, ensuring long-term reliability in line with modern
regulatory and operational standards.

V. Conclusions

The conducted research provides a comprehensive understanding of the current state,
challenges, and prospects of ensuring the reliability of substation power supply systems. Through
a thorough analysis of reliability models, practical engineering solutions, and real-world
operational data, it has been established that the resilience of substation-level energy systems does
not depend on a single technical or organizational factor, but rather on the balanced interaction of
architectural, technological, and information-analytical components.
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One of the most significant outcomes is the quantitative confirmation of the effectiveness of an
integrated approach to reliability enhancement. In particular, the combination of structural
redundancy, real-time equipment condition monitoring, adaptive control logic, and preventive
maintenance demonstrates a consistent reduction in failure rates and a measurable increase in the
mean time between failures. Mathematical modeling and empirical data show that, under such an
integrated approach, the average failure intensity can be reduced by 25-40%, while the probability
of critical incidents leading to feeder center outages decreases by more than half. This not only
improves the technical resilience of the system but also significantly reduces economic losses
associated with emergency maintenance and downtime.

These results have direct practical applications in both the design of new substations and the
modernization of existing ones. The integration of intelligent diagnostic systems, digital load and
thermal management algorithms, and high-reliability materials and components should become a
standard part of engineering practice. Moreover, power supply systems should be architected with
modular scalability in mind, ensuring the seamless integration of new protective mechanisms and
rapid response capabilities to external changes. This is particularly crucial in the face of increasing
loads, tighter power quality requirements, and a growing degree of digitalization and automation
within the energy sector.

Future research should expand the methodological framework by incorporating factors not
traditionally considered in reliability modeling. Foremost among these is the assessment of
resilience against cyber threats, which are becoming increasingly relevant as substation
management systems are digitalized. Disruptions caused by external network intrusions, logic
manipulation, or data spoofing necessitate the development of hybrid reliability models that
integrate both physical-technical and cyber-informational parameters. Furthermore, the impact of
natural disasters—such as extreme temperatures, flooding, or earthquakes—on substation
infrastructure must be accounted for. Developing adaptive models that incorporate the
probabilistic nature of such external destructive forces will significantly enhance overall fault
tolerance.

In conclusion, this study lays a scientific and practical foundation for transitioning to reliable,
intelligent, and adaptive power supply systems capable of operating under multi-factor
uncertainty and increased resilience demands.
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