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VYcknagHeHHsT TEXHOJIOTTM Ha MIACTAHIISX NOTpedy€e BIOCKOHAIECHHS CUCTEM
TO. InTerpanis aBTOMAaTU30BaHUX CUCTEM YIPABIIHHSA Ta Cy4acCHUX MaTepialliB
nigBUIye €QeKTUBHICTh, ajie BOJHOYAC 30UIbIIIYE BUMOTH JI0 OOCIYyrOBYBaHHS.
[TpaBunbHO moOyn0Bana mporpama TO Ha 6a31 MSG-3 103BOJIsI€ 3MEHIIIUTH PU3UKU
BIJIMOB 1 aBapiil 3aBJSIKM BPaXyBaHHIO KPUTUYHOCTI 00JIaTHAHHS.

MSG-3 3abe3neuye 00CayroByBaHHS 3a MOTPeOU, 3MEHIIYIOUM BUTPATU HA
HEeMoOTPpiOHI NMEPEBIPKU Ta HABAHTAXKEHHSI HA MEepPCOHAJ. PerynsipHuili MOHITOPUHT 1
CBO€YACHE YCYHEHHS JAe(EeKTiB MiJBUIIYIOTh HAIIAHICTH POOOTH MIICTAHININ 1
3a0e3neuyoTh €)eKTUBHE BUKOPUCTAHHS pecypciB. 3aCTOCYBaHHS 1i€i METOJUKH
CIIpUsi€ 3HIDKCHHIO PHU3UKIB, MiJBUIICHHIO CTA0LILHOCTI €HEPrornoCcTavyaHHs Ta
€KOHOMI4HiH e()eKTUBHOCTI.

Meta pocaigaxeHHs — pO3pOOMTH METOAMKY cTBOpeHHs mporpam TO Ha
ocHoBl MSG-3 1 mizcTanuii 3 ypaxyBaHHsIM CTaHy 00JlaHaAHHS.

IIpeameTom nociimkeHHsi € mporec GOpMyBaHHS IporpaM TEXHIYHOTO
0o0CIIyroByBaHHS JUIsl OOJaJHAHHS CJICKTPUYHHUX TMIJACTaHIIN 3 BHKOPUCTAHHSIM
Metoauku MSG-3.

O0G’ekT HOCTITKEeHHST — CJICKTPUYHI IMiJCTaHIll, TMpPEeAMET — TIPOoLeC
ctBopeHHs nporpam TO 3 BukopuctanusimM MSG-3.

VY nociaigzeHHi 3acTOCOBAHO METOAM NMPOTHO3YBaHHSI, aHATI3Yy HAIHHOCTI,
MaTeMaTHYHE MOJICIIIOBAHHS ¥ ontumizairito nporecie TO.

[IpakTruHe 3HAYEHHS TOJISITAE B MOJKJIIMBOCTI ONTHUMIi3allii TEXHIYHOTO
0OCITyTOBYBaHHS, 30CEPEUKCHOTO Ha KPUTHYHUX EJIEMEHTaX, IO JJO03BOJISE
CKOPOTHTH BHUTpPATH Ta MIiABUIIUTA HAIIAHICTh. 3aMicTh OOCIyroBYBaHHS 3a
¢dikcoBaHUM rpad)ikoM BUKOPHUCTOBYETHCS IT/IXI/, OPIEHTOBAHUH Ha pEeaJIbHUM CTaH
oOJ1aTHaHHS.

HaykoBa HoBu3Ha monsrae B amantamii MSG-3 no ymMoB pobotm
CICKTPUYHUX TIJCTaHIKM. MeToauka T03BOJISIE CTBOPIOBATH IHIWBiTyallbHI
nporpamu  TO, 10 BIAMOBINAIOTH cHeHUdIl EHEPreTUYHOTO OO HAHHS,
MIABUIIYIOYM  €(QEKTUBHICTh TEXHIYHOTO YNPaBIiHHA Ta EKOHOMIYHICTH
00CITyrOByBaHHS.

ABSTRACT

Electric substations are critical components of power systems, and their
reliable operation depends on effective maintenance. One of the modern approaches
Is predictive maintenance, which involves performing maintenance tasks based on
the actual condition of the equipment. The MSG-3 methodology, which is based on
the analysis of technical characteristics and operating conditions, enables
optimization of the maintenance process.
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The increasing complexity of technologies at substations requires
improvement of maintenance systems. The integration of automated control systems
and advanced materials enhances efficiency but also raises maintenance demands.
A properly developed MSG-3-based maintenance program reduces the risk of
failures and accidents by taking into account the criticality of the equipment.

MSG-3 supports condition-based maintenance, reducing unnecessary
inspections and relieving personnel workload. Regular monitoring and timely defect
elimination improve substation reliability and ensure efficient resource utilization.
The application of this methodology contributes to risk reduction, greater power
supply stability, and economic efficiency.

The objective of the study is to develop a methodology for creating MSG-
3-based maintenance programs for substations, taking into account the condition of
the equipment.

The subject of the study is the process of forming maintenance programs
for substation equipment using the MSG-3 methodology.
The object of the study is electric substations; the subject is the process of developing
maintenance programs based on MSG-3.

The research applies forecasting methods, reliability analysis,
mathematical modeling, and maintenance process optimization.

The practical significance lies in the ability to optimize maintenance by
focusing on critical components, which allows for cost reduction and increased
reliability. Instead of a fixed maintenance schedule, the approach is based on the
actual condition of the equipment.

The scientific novelty lies in the adaptation of MSG-3 to the operating
conditions of electric substations. The methodology enables the creation of
customized maintenance programs tailored to the specifics of power equipment,
enhancing the efficiency of technical management and maintenance economics.

[TosicHIOBaNIbHA 3aMUCKA IO TUTIIIOMHOT poO0TH «DOpMyBaHHS Mporpam
TEXHIYHOTO 0OCIyTOBYBaHHS MOBITPSHOTO Cy/HA Ha 0a31 MSG-3»: 77 CTOpIHOK,
puc., 9 Tabin., 0 nonatkis, 11 mirepaTypHuX JKepe.
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INTRODUCTION

Modern electrical substations (SS) are integral components of power systems, and
their proper maintenance is essential for uninterrupted operation and energy
efficiency. One approach to planning and organizing maintenance is predictive
maintenance, which determines the optimal time for servicing based on the actual
condition of the equipment. A prominent predictive methodology is MSG-3, which
relies on analyzing equipment technical characteristics and operating conditions.
As the complexity and variety of substation technologies increase, maintenance
methods must evolve. Contemporary solutions—automation, computerized control
systems, advanced materials, and components—qgreatly enhance substation
performance. Yet their complexity also heightens the need for specialized servicing
to guarantee continuous and reliable operation of all equipment.

Properly designing a maintenance program using MSG-3 is a key factor in reducing
the risk of failures caused by inadequate or untimely servicing. With this approach,
each substation component is inspected and serviced according to its criticality and
probability of failure, ensuring safety and minimizing unforeseen breakdowns. Thus,
MSG-3 turns maintenance into a targeted, preventive process that addresses
potential failures before they lead to serious incidents.

MSG-3 helps create maintenance programs that not only secure stable and safe
equipment operation but also lower servicing costs by focusing on the actual
condition of substation elements. Tasks are performed only when needed, based on
real wear-and-tear data, reducing unnecessary replacements or inspections.
Optimized inspection intervals cut financial expenses and lighten personnel
workload.

Moreover, implementing an MSG-3-based program improves operational reliability.
Continuous monitoring and timely detection of potential issues allow defects to be
eliminated before they cause significant system disruptions. This boosts substation

reliability and ensures efficient resource use.
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Applying MSG-3 in forming substation maintenance programs therefore enhances
maintenance efficiency and reliability. Power companies can reduce accident risks,
optimize servicing costs, and guarantee uninterrupted grid operation—crucial for
power-supply stability and economic performance.

Aim of the work: to develop and implement a methodology for forming maintenance
programs for electrical substations based on MSG-3, enabling effective maintenance
planning that accounts for equipment specifics and condition.

Objectives:

1. Assess the condition of substation equipment and identify key parameters

influencing maintenance needs.

2. Develop an algorithm for MSG-3-based maintenance program formation.

3. Determine optimal intervals for maintenance tasks.

4. Evaluate the economic efficiency of implementing this methodology.
Subject of research: the process of forming maintenance programs for substation
equipment using MSG-3.

Object of research: electrical substations and their equipment requiring regular
maintenance.

The study employs reliability analysis, equipment condition prediction,
mathematical modeling, and maintenance-process optimization.

Practical significance: The proposed MSG-3-based maintenance-program
methodology offers significant benefits for power companies. By concentrating on
critical system elements and servicing them exactly when necessary, companies can
achieve substantial cost savings, reduce unnecessary checks and replacements, and
enhance overall system reliability. Maintenance based on actual equipment
condition cuts the likelihood of accidents or unforeseen failures, increasing
substation stability and mitigating risks associated with critical infrastructure
downtime.

Scientific novelty: The work refines existing maintenance-program formation
methods through modern approaches to forecasting and managing equipment

condition. A core contribution is adapting MSG-3 to the specifics of electrical
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substations, whose functional blocks differ from those of aviation equipment. This
adaptation enables tailored maintenance programs that lower costs while boosting
operational reliability. Thus, the methodology expands MSG-3’s applicability to the
energy sector, improving technical-state management of substations and making

their maintenance both economical and dependable.

CHAPTER 1. ANALYSIS OF AIRCRAFT MAINTENANCE SYSTEM
1.1 General characteristics of aircraft maintenance
Aircraft maintenance is an integral part of aircraft operation that ensures reliability,
safety, and efficiency. Modern aircraft are extremely complex systems with
numerous integrated components, each requiring regular servicing. Because aviation
demands the highest safety standards, maintenance is critical to sustaining
airworthiness, minimizing failure risks, and extending service life.
Aircraft maintenance comprises organized measures aimed at preserving and
restoring airworthiness. It includes preventive inspections, replacement of worn or
faulty parts, repairs, and checks of all primary systems: powerplant, avionics,
mechanical and hydraulic systems, and flight-control systems.
Maintenance also involves verifying and maintaining certified aircraft status in
accordance with international standards and regulations such as EASA, FAA, and
ICAO. Given the complexity and responsibility, maintenance must satisfy stringent
quality, safety, and personnel-qualification requirements.
Key maintenance types:

1. Scheduled maintenance — regular, time- or flight-hour-based tasks

(inspections, replacements, regulated checks).
2. Required maintenance — reactive servicing performed when malfunctions or
deviations occur, aimed at correcting detected defects.
3. Unscheduled maintenance — urgent work after accidents, failures, or severe

deviations to restore airworthiness promptly.
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Employing modern diagnostic and monitoring tools enables early fault detection and
risk minimization. Computerized maintenance-management systems automate
many processes, lowering error probability and boosting efficiency.

In sum, aircraft maintenance is vital for flight safety and reliability. Regular
scheduled and unscheduled servicing per established standards, combined with
advanced diagnostics and automation, reduces failure likelihood and enhances
equipment performance throughout its lifecycle.

1.2 Key maintenance regulations and standards (EASA, FAA, ICAO)

Aviation maintenance is governed by a suite of documents and standards to maintain
high safety and efficiency levels. The most important are issued by the European
Union Aviation Safety Agency (EASA), the U.S. Federal Aviation Administration
(FAA), and the International Civil Aviation Organization (ICAQO). These documents
set rules for operation, maintenance, inspection, and repair, as well as personnel-
training requirements. Their collective goal is to uphold aviation-transport safety,
ensure maintenance quality, and sustain high standards across all stages of aircraft
operation.

Tabmums 1.1 - OcHOBHI HOpMATHBHI JOKYMEHTH

Opranizanis | JlokyMeHT Onuc

EASA Part-145 Standards for organizations
performing aircraft maintenance
in Europe.

FAA 14 CFR Part 145 Regulates the activities of repair

organizations in the USA, defines

maintenance requirements.

ICAO Annex 6 (Operation of | ICAO international standard for
Aircraft) the operation and maintenance of

aircraft.
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FAA 14 CFR Part 43 Defines maintenance
requirements, including repairs,

inspections, and certification.

EASA Part-M Regulates the certification and
operation of aircraft, specifically
civil aircraft.

ICAO Annex 8 (Airworthiness of | Defines certification requirements

Aircraft) for aircraft and their technical

condition to ensure safety.

The European Union Aviation Safety Agency (EASA) is the primary authority
regulating aviation safety within the European Union. The main maintenance
regulations are Part-145 and Part-M. Part-145 sets requirements for organizations
that perform aircraft maintenance, including repairs, inspections, and other tasks; it
covers certification of repair facilities, personnel training, and workplace/equipment
standards. Part-M focuses on keeping aircraft in a certified airworthy condition and
sets overarching requirements for maintenance organization and operational control.
The U.S. Federal Aviation Administration (FAA) is one of the world’s largest civil-
aviation regulators. Title 14 CFR Part 145 is the core standard for certifying
organizations that maintain aircraft in the United States, specifying requirements for
repair, inspection, and continued airworthiness. Complementing it, 14 CFR Part 43
details maintenance procedures for aircraft and their components and the
qualification requirements for aircraft mechanics.

The International Civil Aviation Organization (ICAO) develops global standards
and recommended practices to ensure civil-aviation safety and efficiency. Annex 6
governs aircraft operations, including maintenance rules covering preventive work,
repairs, and inspections. Annex 8 sets safety and airworthiness-certification
standards, including requirements for regular technical checks and evaluation of

aircraft equipment condition.
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Regulations and standards issued by bodies such as EASA, FAA, and ICAO form
the foundation for organizing aircraft maintenance. They define requirements for
certifying repair organizations, qualifying personnel, and establishing core
maintenance principles. Adhering to these standards ensures a high level of safety
and reliability, guaranteeing timely and correct execution of required maintenance
procedures and enabling uninterrupted, safe operation of international air transport.
1.3 Methods for Developing Maintenance Programs: Comparative Analysis of
MSG-1, MSG-2, and MSG-3

Developing maintenance programs is crucial for aircraft reliability and safety. Key
methods—MSG-1, MSG-2, and MSG-3—evaluate maintenance needs and
determine optimal task intervals. Each reflects the evolution of aircraft-maintenance
management principles.
This section compares MSG-1, MSG-2, and MSG-3, highlighting their advantages,
limitations, and applications. Understanding these methods is essential for creating
reliable, cost-effective maintenance programs that ensure safety and economy in
aircraft operations.
Table 1.2 presents a comparative analysis of MSG-1, MSG-2, and MSG-3.

Metoa | Onuc IlepeBaru Oo0MekeHHS OcHoBHI

chepu

3aCTOCYBaHHS

MSG- | The earliest | Simple to | Not very flexible; | Older aircraft

1 version of the | apply; suitable | does not account | types and
method, which | for older | for the | systems  with
relies on expert | equipment equipment’s low complexity.
judgment to | types. actual condition.
define

maintenance

requirements.
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MSG- | A more | Takes specific | Requires detailed | Modern

2 advanced operating information and | equipment  of
method that uses | conditions resources for | medium
analysis of | into account, | implementation. | complexity.
technical increasing

characteristics to | accuracy.
develop

maintenance

programs.
MSG- | The most | Accurate, uses | Requires large | High-tech
3 modern method, | detailed data | volumes of data | aircraft and

based on the|on technical | and more complex | systems.
analysis of | condition, technologies for
technical minimizes implementation.
condition  and | maintenance
potential costs.

failures.

MSG-1 method was the first approach used for developing aircraft maintenance
programs. It was a fairly simple and general rule based on expert judgment and
reliability and safety requirements. This method allows determining, based on
operational experience, which aircraft components require maintenance at specific
intervals. It was primarily applied to older aircraft models when modern
technologies for accurate condition monitoring were not available.
The main advantage of MSG-1 is its simplicity and relatively easy application.
However, it does not take into account the actual condition of the technical
equipment, which may lead to performing unjustified inspections or, conversely,

missing necessary maintenance procedures.
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MSG-2 is an improved approach that precisely considers the technical
characteristics and operational conditions of the aircraft. This method focuses more
on collecting and analyzing data on the reliability of individual components and
systems. It allows determining necessary maintenance actions based on a detailed
failure analysis.
The advantage of MSG-2 is its ability to provide accurate predictions of maintenance
needs. However, its application requires detailed data on the operation and technical
condition of the aircraft. Thus, this method is more resource-intensive compared to
MSG-1.

MSG-3 is the most modern method, based on analyzing the technical condition and
potential failures of system components. It uses detailed data on the condition of
each aircraft element, which allows minimizing maintenance costs while enhancing
safety. A key aspect is the use of real-time monitoring and diagnostic technologies,
which enable forecasting the need for maintenance.
The main advantage of MSG-3 is a high level of accuracy and optimization of
maintenance costs. However, this method requires significant expenses for data
collection and processing, as well as technological infrastructure for condition
monitoring.

The MSG-1, MSG-2, and MSG-3 methods reflect the evolution of approaches to
aircraft maintenance. MSG-1 is a simple and general approach suitable for older
types of aircraft. MSG-2 improves this method by adding reliability analysis and
operational condition considerations, making it accurate but also resource-

demanding.

1.4. Impact of Maintenance Programs on Operational Safety and Economic
Efficiency

Aircraft maintenance (AM) is an integral part of aircraft operation, directly affecting
both flight safety and the economic efficiency of an airline. Regular and timely
maintenance activities ensure the proper technical condition of the aircraft, reducing

the likelihood of malfunctions and accidents. At the same time, optimizing
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maintenance processes helps to reduce maintenance costs, increase equipment
lifespan, and lower overall operational expenses.

This section analyzes how maintenance programs influence the operational safety of
aircraft and their economic efficiency. This is an important issue because well-
designed maintenance programs can not only ensure safe operation but also
significantly reduce maintenance costs.

Maintenance directly impacts the operational safety of aircraft. Regular AM allows
timely detection and elimination of faults or potential defects that could lead to
emergency situations. Maintenance programs control the condition of critical
systems such as the powerplant, flight control system, hydraulics, electronics, and
others. This helps avoid many emergencies and extend safe aircraft operation over
time.

Maintenance programs developed based on modern methods like MSG-3 take into
account the actual technical condition of the aircraft. This allows for more precise
determination of when maintenance is needed and when unnecessary checks can be
avoided, reducing the risk of faults due to premature or incorrect interventions. Such
an approach not only improves safety but also reduces the likelihood of human error
during maintenance.

From an economic perspective, maintenance programs significantly impact airline
costs. Optimally designed maintenance programs can reduce repair and servicing
expenses and extend the aircraft's service life. A key factor here is minimizing the
cost of unscheduled maintenance that may arise due to undetected faults.

Detailed and well-planned maintenance schedules help avoid unforeseen repair costs
often caused by untimely or inefficient maintenance. For example, premature
inspections may lead to the replacement of components that could still function
efficiently, while the lack of proper monitoring may result in costly and complex
repairs due to underestimated technical condition.

Maintenance programs also increase the number of aircraft available for operation

simultaneously. Regular and optimized maintenance ensures long continuous
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operation without prolonged downtime for repairs, enhancing fleet utilization and
reducing operating costs.

Maintenance programs play a key role in ensuring operational safety and economic
efficiency in aviation. They allow not only reducing the risk of accidents through
regular monitoring and servicing but also optimizing maintenance costs. Using
modern methods such as MSG-3, companies can cut unnecessary expenses, extend
equipment lifespan, and improve overall operational efficiency. In conclusion, well-
developed maintenance programs are not only a guarantee of safety but also a factor

of economic stability for airlines.

SECTION 2. MSG-3 METHODOLOGY IN THE DEVELOPMENT OF
MAINTENANCE PROGRAMS

2.1. Key Principles of MSG-3

The MSG-3 (Maintenance Steering Group-3) method is one of the modern
approaches to developing aircraft maintenance programs. It allows effective
planning of maintenance activities based on a deep analysis of the technical
condition of the aircraft and its operational environment. MSG-3 not only enhances
safety but also optimizes maintenance costs, providing maximum economic
efficiency.

The primary goal of MSG-3 is to minimize maintenance costs while ensuring a high
level of reliability and safety of the aircraft. This method allows determining as
accurately as possible when and what maintenance is necessary for specific
equipment, significantly reducing the likelihood of unnecessary or premature
inspections. MSG-3 considers all aspects of technical condition, from technical
specifications to operational conditions, enabling the development of effective
maintenance programs.

The MSG-3 method is based on several key principles that determine its
effectiveness.

Table 2.1 — Key Principles of MSG-3
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Principle Description

Functional Failure | Assessment of risks and potential failures of various
Analysis aircraft systems based on previous failure data and

operational conditions analysis.

Component Determination of the reliability of individual components
Reliability based on statistical data on their performance.

Assessment

Forecasting and Development of long-term maintenance plans based on the
Planning actual condition of the equipment, allowing optimization

of costs and reduction of unexpected repairs.

Flexibility The maintenance program allows adaptation to changes in
Principle equipment condition and operating conditions.

Maintenance plans can be adjusted based on real

indicators.
Safety Impact Analysis of how different types of maintenance affect
Assessment equipment safety, including identifying critical

components where failures could lead to accidents.

Risk assessment of failures is an integral part of MSG-3, as it allows the
identification of potential issues at the earliest stages of operation. For this
purpose, statistical data on previous failures and calculations based on real
operating conditions are used. Each system within the aviation equipment is
analyzed in terms of how often it fails and what the possible consequences of
these failures might be. Determining the reliability of components and systems
Is another element of the MSG-3 methodology. Based on statistical data
regarding the service life of each component, engineers can conclude how long

each element can operate without maintenance. This enables adjustment of
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the maintenance schedule so that component replacements occur only when

truly necessary.

Condition forecasting is a key aspect because it allows determination of the
optimal time for performing maintenance activities. Taking into account all
collected data on reliability and failures, a maintenance plan is developed that
covers all necessary inspections and repairs for the upcoming years, allowing
for the advance determination of required resources and avoiding operational
interruptions. Maintenance programs developed by the MSG-3 method can be
adjusted depending on operating conditions and changes in the technical
state. This provides flexibility and adaptability of the maintenance system,
since if the equipment operates under more challenging or adverse conditions,

the program can be revised to ensure maximum efficiency.

One aspect of MSG-3 is the evaluation of how each maintenance element can
impact the safety of equipment operation. Moreover, the method allows
considering which systems are critical to flight safety and whose failure can
lead to accidents. This approach makes it possible to prioritize maintenance

precisely for those components that are necessary from a safety perspective.

The MSG-3 method is a modern and effective approach to developing
maintenance programs because it is based on a detailed analysis of the
technical condition of aviation equipment and its operating conditions. The
main principles of MSG-3 — analysis of functional failures, reliability
assessment of components, forecasting and maintenance planning, flexibility
of maintenance programs, and consideration of safety impact — allow the
creation of efficient and optimized maintenance programs that ensure not
only high safety but also significant economic benefits. The use of this method
helps reduce maintenance costs and increase the reliability and service life of

aviation equipment.
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2.2 Algorithm for the Functional Systems Analysis of Aircraft according to MSG-3

The algorithm for analyzing the functional systems of aircraft (AS) according to
the MSG-3 (Maintenance Steering Group-3) methodology is one of the main tools
for developing maintenance programs that ensure the appropriate level of safety
and economic efficiency in the operation of aviation equipment. The MSG-3
method is applied to determine the necessary maintenance actions for each
functional system and component depending on their technical condition and

probability of failure.

MSG-3 allows optimizing maintenance programs by increasing operational safety,
reducing repair costs, and extending the service life of aviation equipment. The

algorithm involves a detailed analysis of all functional systems and components of
the aircraft considering various factors such as failure probability, consequences of

malfunctions, and safety requirements.

The analysis of the functional systems of the aircraft according to MSG-3 consists
of several consecutive stages, allowing comprehensive evaluation of each system
and component, as well as determining optimal maintenance measures. The
reliability and maintenance assessment algorithm for the functional systems of the
aviation equipment includes several key stages, each important for ensuring safety

and operational efficiency.

The first stage is the identification of all functional systems on board the aircraft.
This necessary step allows creating a complete picture of which systems interact to
ensure flight safety. Such systems include not only primary ones like the
powerplant or flight control but also auxiliary systems, for example, hydraulic,
electrical, or conditioning systems, since even minor malfunctions in these systems

can lead to serious consequences.
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The next step is the assessment of the criticality of each identified system. At this
stage, systems are classified according to their importance for flight safety. For
each system, components whose failure could cause catastrophic consequences and
those with less impact are determined. This allows prioritizing inspections and

maintenance.

After that, the reliability of systems and components is analyzed. Based on
historical data or tests, the failure probability of each system under different
operating conditions is determined. This allows forecasting the frequency of

malfunctions, which facilitates effective planning of maintenance measures.

Failure consequence assessment is the next stage, where possible failure scenarios
and their impact on flight safety are analyzed. For example, if the flight control
system fails, it may lead to serious consequences for the crew and passengers,

making it a maintenance priority.

Based on the results of reliability and criticality analysis, the maintenance
frequency is calculated. These calculations allow determining how often scheduled
inspections and technical reviews should be performed to prevent failures while

avoiding excessive maintenance costs.

Then, the type of maintenance required for each system is defined. This could be
component replacement, inspections, or technical checks, each with its own

procedure considering the system’s criticality.

The final stage is adjusting the maintenance plan. At this stage, based on the
analysis and calculations performed, the timing, methods, and frequency of
maintenance are refined to ensure the reliability of all systems and reduce overall

maintenance costs.

Table 2.2 — Key Stages of the MSG-3 Algorithm
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Algorithm Stage Description
Identification of Determining all systems and subsystems of the
functional systems aircraft to be analyzed.

Criticality assessment of | Determining the significance of each system for

components flight safety and maintenance effectiveness.

Reliability analysis Assessing the probability of failure of each

component based on statistical data.

Failure consequence Determining the consequences of failures for the

assessment safety and operation of the aircraft.

Maintenance frequency Determining the optimal maintenance frequency for

calculation each system to minimize costs.

Determination of Defining the necessary maintenance actions

maintenance type (replacement, inspection, check).

Adjustment of the Updating the overall maintenance plan to

maintenance plan incorporate analysis results and reduce failure
risks.

The algorithm for analyzing functional systems using the MSG-3 method is a
complex and detailed process that provides a systematic approach to planning
the maintenance of aviation equipment. Key stages of this process include
identifying systems, assessing their criticality and reliability, and determining
optimal maintenance actions based on failure probabilities and safety
consequences. Thanks to this approach, aviation companies can optimize
maintenance costs by reducing unnecessary inspections and lowering overall
operational expenses of the aircratft.

2.3. Methods for Failure Criticality Assessment and Risk-Based Approach
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Failure criticality assessment and the risk-based approach are key elements in
developing maintenance programs for aviation equipment, as they help reduce the
likelihood of serious accidents and ensure flight safety. These methods assist in
understanding which systems or components are essential for safety and reliability,
and determining how frequently and under what conditions these elements require
maintenance or replacement.

Failure criticality assessment enables identification of failures that could lead to
severe consequences and require special attention during maintenance. Meanwhile,
the risk-based approach allows for a comprehensive evaluation of the probability of
failure and its consequences, helps prioritize maintenance actions, and optimize
costs related to aviation equipment maintenance.

FMEA (Failure Modes and Effects Analysis) is one of the main methods used for
failure criticality assessment. It involves a detailed analysis of all possible failures
in functional systems and components, as well as an evaluation of their impact on
flight safety and operational characteristics. When assessing failures in aircraft
systems, three main factors should be considered to fully analyze the risks and
consequences of each possible failure. Here is how each factor influences the overall
assessment:

1. Probability of failure — the first parameter that determines how often a
particular failure might occur within a given time period or number of flights.
Probability is based on statistical data, testing, and analysis of previous failure
cases. It is necessary to evaluate whether the failure is rare or could happen
with some regularity, allowing the need for preventive measures or the
frequency of system maintenance to be assessed.

2. Severity of consequences — assessing the severity helps determine how
critical the failure consequences could be for the safety and operational
efficiency of the aircraft. This can range from minor impacts (e.g., slight
malfunction not affecting the overall system condition) to catastrophic

situations where failure could lead to an accident or life-threatening risks for
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crew and passengers. Severity assessment helps prioritize issues by
identifying failures that require immediate intervention.
3. Detectability — this factor determines how easily a failure can be detected

before it causes serious consequences. If a failure can be quickly detected
(e.g., through system monitoring or automatic indicators), the risk can be
reduced and measures taken before the problem becomes critical. If the failure
Is difficult to detect or has no obvious signs, this significantly increases the
risk and necessitates developing additional control or monitoring means for
timely detection.

These three factors — probability of failure, severity of consequences, and

detectability — interact and help assess the risks for each system. As a result of a

comprehensive evaluation, critical systems and components can be identified, for

which additional safety, monitoring, and maintenance measures should be

implemented.

Each element is then assigned scores based on these three criteria, followed by the

calculation of an overall failure criticality index. This allows prioritizing

maintenance actions focusing on critical components.

FMECA (Failure Modes, Effects, and Criticality Analysis) is an extension of the

FMEA method and includes an additional assessment of the criticality of each

failure. This enables not only evaluating the consequences and probability of failure

but also determining the degree of criticality of a specific component or system.

FMECA helps identify whether a failure is a serious incident that could lead to an

accident or significant disruptions in system functionality.

Risk Assessment (RA) is a systematic approach to determining the likelihood that a

specific failure may lead to hazardous consequences. Several models are used to

estimate the probability and severity of failure consequences. Risk analysis allows

evaluating the current safety level and developing strategies to reduce risks.

The risk-based approach in aviation maintenance is a tool for ensuring safety and

operational efficiency. It provides a systematic and scientific evaluation of potential
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failures, their probability, and consequences, as well as developing strategies to

mitigate risks. The main stages of this approach are:

Risk Identification: Conduct a thorough analysis of all functional systems of
the aircraft, including both primary and auxiliary systems, their subsystems,
and possible failures. This involves assessing all potential malfunctions that
may occur during operation to identify potential hazards. Operating
conditions must also be considered to cover all possible failure scenarios.
Failure Probability and Consequence Assessment: Determine how
frequently failures in each identified system may occur, using historical data,
previous failure statistics, and reliability models to predict the probability of
specific problems. Simultaneously, assess the severity of each failure's
consequences for safety and operational efficiency to understand which
failures may result in catastrophic outcomes and which in less serious
damages.

Risk Prioritization: Assign priority to each risk based on the assessment of
failure probability and consequence severity. High-probability and severe-
consequence risks must be addressed first, while low-probability risks can be
deferred. This prioritization allows efficient resource allocation for
maintenance and component replacement, reducing overall maintenance
costs.

Risk Mitigation Strategies Development: Develop comprehensive
measures aimed at reducing the likelihood of critical failures and minimizing
their consequences. Risk mitigation may be achieved by optimizing
inspection frequency, improving monitoring and control procedures, and
enhancing system designs to lower failure probabilities. For example, new
technologies can be implemented to improve reliability or maintenance rules
adjusted to be more responsive to critical situations.

Monitoring and Adjustment: After implementing risk mitigation strategies,
continuous monitoring of the aircraft’s condition is necessary to verify the

effectiveness of the measures taken. Monitoring helps detect new risks that
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may arise over time and allows adjusting strategies by updating maintenance
procedures and technical specifications accordingly. This enables adaptation
to changing operational conditions and minimizes the chance of new problems
occurring.
Failure criticality assessment methods and the risk-based approach are tools for
developing aviation maintenance programs. They enable the most accurate
estimation of failure probabilities and their impacts on flight safety. Applying these
methods allows prioritizing components and systems that require intensive
maintenance and optimizing maintenance costs. The risk-based approach provides a
comprehensive strategy to reduce risks and improve equipment reliability,

ultimately contributing to enhanced flight safety and reduced operational expenses.

2.4. Formation of Control Tasks and Maintenance Plan

The formation of control tasks and the maintenance (M) plan are key stages in
ensuring the appropriate level of safety, efficiency, and cost-effectiveness in
operating aviation equipment. The maintenance plan contains a list of actions to be
performed to maintain the technical condition of the aircraft, while control tasks
provide monitoring of these actions' execution and timely identification of the need
to adjust maintenance programs.

The maintenance plan formation is based on data about the reliability and criticality
of aircraft systems, which determine when and what maintenance actions are
necessary to prevent failures. Control tasks help systematize the maintenance
process, reducing the likelihood of malfunctions and improving flight safety.

When forming the maintenance plan, it is important not only to consider the
technical condition specifics of each aircraft but also to maintain a balance between
safety requirements and economic efficiency, so maintenance is performed at
necessary times without excessive costs from unnecessary inspections or
replacements.

Control tasks are part of maintenance because they ensure systematic monitoring

and assessment of maintenance effectiveness. Each control task includes several key



30

aspects that ensure the appropriate technical condition of aviation equipment and

timely problem identification. A detailed description of each element of control tasks

is as follows:

1.

Definition of inspection types — the first step in creating a control task. For
each system or component, it is essential to clearly define the type of
inspection required. This may include checking physical parameters (e.g.,
system pressure), replacing components (e.g., filters or oil), or complex
procedures such as structural inspections or system diagnostics. Defining the
inspection type allows precise formulation of work requirements.

Frequency of task execution — depending on the significance and condition
of equipment elements, and based on statistical data and manufacturer
recommendations, the frequency for each control task is determined.
Frequency may vary; for critical systems, inspections may be more frequent,
while less critical components require fewer checks. Frequency determination
relies on reliability analysis, previous inspection results, and operational
experience.

Methods for performing control tasks — each control task should have a
clear execution methodology including instructions for using tools,
equipment, and technical condition inspection techniques. This ensures
consistent standards of work regardless of the performer and circumstances.
The methodology may also include requirements for instrument calibration,
safety techniques, and result documentation.

Documentation of results — every completed control task must be
documented to track the equipment's condition throughout its service life.
This includes records of what was checked, obtained results, detected defects
or deviations, and corrective actions taken. Documentation enables prompt
response to technical condition changes and facilitates analysis of
maintenance effectiveness.

Task adjustments — if deviations from standards or faults are detected

during control tasks, adjustments must be made accordingly. This may
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involve changing inspection frequency, updating execution methods, or
modifying control measures. For serious faults or systemic problems,
adjustments may include changes to the overall maintenance plan to eliminate
risks and enhance aircraft reliability.
Ensuring effective execution of these elements is necessary to maintain high
standards of safety and reliability in the aviation industry.
The aircraft maintenance plan is a tool to ensure system reliability and safety
throughout their lifecycle. Its formation is based on the analysis results of the
reliability and criticality of various components and systems of the aircraft. Creating
such a plan requires considering several key elements that ensure effective
maintenance execution.
The first step is identifying all necessary maintenance actions for each aircraft
system. This includes scheduled inspections and replacement of components with
limited service life or potential failure causes. For example, the flight control system
may require scheduled performance and accuracy checks, while the power system
might need filter or pump replacements. Each system has its maintenance
requirements defined by component criticality analysis and their impact on flight
safety.
The second step is prioritizing maintenance actions. Each action must be assessed
regarding its importance for safety and flight efficiency. Critical systems such as the
powerplant, flight control, or electrical systems have higher maintenance priority
because failures in these systems can have severe safety consequences. Conversely,
components not directly affecting safety may have lower maintenance priority.
Prioritization helps allocate resources effectively and focus on the most important
tasks.
Third, the maintenance plan specifies the intervals and timing of each maintenance
action. Intervals depend on component reliability data, manufacturer
recommendations, and operational experience. Maintenance intervals must balance

between minimizing failure risk and reducing excessive costs due to frequent
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inspections. The plan should allow adjusting intervals based on new information or
equipment condition changes.

Fourth, the plan includes the procedures and tools for performing maintenance
actions. These procedures must be clearly described and standardized to ensure
consistent and high-quality work. They include instructions for inspection, testing,
adjustment, replacement, and repair, as well as requirements for tool calibration and
safety measures during work.

Finally, the maintenance plan must include provisions for documenting all
maintenance actions, recording defects, and corrective measures taken. Proper
documentation allows tracking the technical condition of each system, analyzing
maintenance effectiveness, and making data-driven decisions about future
maintenance strategies.

Overall, the formation of control tasks and the maintenance plan ensures systematic,
effective, and safe operation of the aircraft. Applying reliability data and failure
criticality assessment methods allows focusing on critical systems, optimizing
maintenance schedules, and reducing operational costs while maintaining a high

level of flight safety.

Table 2.3 — Structure of Inspection Tasks and Maintenance Plan

Maintenance Plan | Description
Element
Identification of Determining the necessary technical actions for each
Maintenance Actions system (inspection, replacement, review).
Prioritization of Defining the priority of actions based on their
Maintenance Actions criticality to flight safety.
Timing for Actions Establishing the time interval for performing each
maintenance task.
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Resource Provision

Allocating necessary resources for task execution,

including equipment and personnel.

Monitoring of

Execution

Observing the implementation of the maintenance

plan and making adjustments if necessary.

Documentation of

Results

Recording the outcomes of performed actions for
further analysis and assessment of equipment

condition.

The development of inspection tasks and the maintenance plan are key stages in

ensuring the efficient and safe operation of aircraft. This process enables the

systematization of maintenance activities, optimization of costs, and ensures high

reliability and flight safety. Proper prioritization, scheduling, and resource allocation

guarantee that maintenance is performed at the appropriate level, with minimal

expenses and without compromising safety.

CHAPTER 3. DEVELOPMENT OF A MAINTENANCE PROGRAM FOR A
SPECIFIC AIRCRAFT (CASE STUDY)

3.1. Selection of Aircraft and Its Characteristics

The development of a maintenance program for a specific aircraft is a key step in

ensuring the safety, reliability, and efficiency of aviation operations. Selecting a

specific aircraft for maintenance program development involves a thorough

analysis of its technical specifications, operational requirements, and usage

conditions. Based on this analysis, a tailored maintenance program is created to

ensure the optimal condition of the aircraft throughout its operational life.
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This chapter focuses on the selection of a specific aircraft, which will be used as a
case study for maintenance program development. Once the aircraft is selected, its
technical characteristics are analyzed, which form the foundation for determining

the specifics of its maintenance procedures.

Choosing the type of aircraft is a crucial stage in defining the approach to its
maintenance. The type of aircraft—whether it is a passenger, cargo, or military
aircraft—affects the complexity of maintenance, the required resources, and the
qualifications of personnel. These aircraft types have varying design and functional
features, which lead to significantly different maintenance requirements. For
example, passenger aircraft include systems for passenger comfort and safety that
require frequent inspections and servicing, while military aircraft are often

equipped with combat systems that necessitate a different maintenance approach.

Furthermore, the specific model of the aircraft should be considered. Aircraft of
the same type can differ in structural features, technologies, or equipment
depending on the model. Even within a single model series, there can be
significant differences in configuration, leading to varying maintenance needs. For
example, some models may feature newer systems requiring specialized
maintenance or updated components, while older models may require more

frequent inspections and repairs.

Model series can also impact maintenance due to differences in equipment or
technical characteristics. This means that servicing one aircraft series may require
specific tools or methods different from those used for another series, even if they

belong to the same category (e.g., passenger or cargo aircraft).

Therefore, proper selection of aircraft type and model, including consideration of
the series, is essential for effective maintenance planning and execution, ensuring

the safety and reliability of the aircratft.
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Analyzing the operational history of a specific aircraft is an important phase in
maintenance planning. The operational history provides valuable insights into
previous failures, repairs, and maintenance actions, which help to more accurately
forecast future inspection, component replacement, and repair needs. This allows
for identifying patterns of frequent failures in specific systems or components,

indicating potential issues requiring special attention.

Failure and repair history can also highlight particular systems or components that
need increased monitoring and help identify critical systems affecting safety. For
instance, if there have been recurring issues with a specific engine or electrical
system, these components would warrant extra attention during scheduled

maintenance.

Technical characteristics of the aircraft—such as size, weight, engine power,
system types and quantities, and design features—directly influence maintenance
requirements. For example, large aircraft with powerful engines and complex
systems typically require more intensive maintenance than smaller ones.
Parameters like system types (e.g., hydraulic, electric, pneumatic), number of
components, and their configuration determine the inspection frequency and part

replacement schedules.

Resource estimation for servicing a specific aircraft is a crucial part of
maintenance planning, as it ensures efficient use of time, personnel, and
equipment, while optimizing costs and efforts. Resource requirements depend on
various factors, including the type and model of the aircraft, maintenance

requirements, and specific characteristics of each system and component.
Key aspects of resource estimation for aircraft maintenance include:

« Time estimation for each system or component to perform inspections,

diagnostics, cleaning, part replacement, or repair. This allows for planning
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the required labor hours and determining the number of crews or technicians
needed.

« Personnel allocation, determining the number and types of qualified
specialists (mechanics, engineers, diagnostic technicians, electronics
experts) involved in each maintenance activity. Additional staff may be
required for safety assurance, inventory control, or documentation review.

« Specialized equipment, including diagnostic tools, measuring devices,
repair equipment, and part removal tools (e.g., for engine removal). This
may also include electronic system testing technology or specialized tools
for hydraulic and mechanical systems.

« Spare parts and consumables, such as mechanical parts, electronic
components, fluids (hydraulic, lubricants), filters, and sensors. An effective
inventory management system is necessary to ensure timely part availability.

« Maintenance intervals, which determine how frequently each system or
component needs to be checked, diagnosed, or replaced. For example, flight
control systems may require daily inspections, while hydraulic system
components might only need servicing every few hundred hours.

« Infrastructure requirements, such as hangars with the necessary tools and
equipment, diagnostics and repair zones, and storage areas for spare parts.
Specialized transport may also be needed to move heavy components or

aircraft within the airport.

The aircraft type and model directly affect resource selection. For example, newer
aircraft may require different tools and specialized equipment than older models.
Manufacturers often provide recommendations on service intervals and required
tools for specific models. Operational conditions—such as climate, usage intensity,
and flight types (short-haul vs. long-haul)—also influence resource needs. Aircraft
operating in hot or humid climates may need more frequent filter cleaning or

lubricant replacement due to accelerated wear.
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Effective aircraft maintenance requires coordination with other departments, such
as logistics (for spare parts supply), management (for workforce and scheduling),
and regulatory authorities (for safety compliance). Clear coordination among all

stakeholders prevents delays and ensures safe, reliable maintenance operations.

Accurate estimation of all required resources enables efficient maintenance
planning, cost and time reduction, and ensures appropriate safety and reliability
levels. This process includes considering time, staff, tools, spare parts,
infrastructure, and adapting the program to operational conditions for optimal

results.

In general, a detailed analysis of operational history and technical specifications is
essential for developing an effective maintenance strategy that ensures the

reliability and safety of the aircraft throughout its entire service life.

As an example, the Boeing 737 can be selected for the maintenance program

development. Below are some technical specifications of this aircraft:

Aircraft type: Medium-class passenger airplane
Maximum takeoff weight: 79,000 kg

Engines: Two CFM56-7B turbofan engines
Maximum speed: 850 km/h

Range: 6,000 km (depending on modification)

Maximum passenger capacity: 189 persons

N o a0 D e

Main systems:
o Power systems: hydraulic, electric
o Flight control: autopilot, navigation systems
o Safety systems: emergency exits, oxygen masks, fire suppression

o Engine control: FADEC system

The Boeing 737 was chosen due to its widespread use in commercial aviation,

allowing access to a vast dataset regarding its reliability and technical condition.
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This aircraft type features a well-developed maintenance support structure, and
although its maintenance program has already undergone numerous improvements,
there is still room for optimization and the application of modern maintenance

methodologies.

The selection of a specific aircraft, such as the Boeing 737, is a foundational step
In maintenance program development, as it defines the maintenance specifics
based on technical features, operational history, and system reliability. With this
knowledge, an optimized maintenance program can be developed that addresses
both safety requirements and economic efficiency. In the following stages of the
project, based on this aircraft’s characteristics, the necessary inspection tasks will

be identified and a detailed maintenance plan will be created.

3.2. Analysis of Functional Systems According to MSG-3

The analysis of an aircraft’s functional systems using the MSG-3 method is a key
stage in the development of a maintenance program for a specific aircraft. The
MSG-3 (Maintenance Steering Group-3) methodology enables an effective
assessment of the technical condition of systems and components, as well as the
development of maintenance strategies based on the criticality of failures and
associated operational risks. This method helps reduce the number of unnecessary
Inspections and repairs, optimizing maintenance costs without compromising

safety.

The analysis of functional systems using MSG-3 involves identifying each aircraft
system, its functions, and the corresponding critical elements. According to the
MSG-3 methodology, based on failure analysis and its impact on operational

safety, the necessary maintenance actions for each system are determined.
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The first step in the MSG-3 method is to divide the aircraft into functional systems.
For each system, its components that may fail and affect the overall condition of
the aircraft are identified. These may include power supply systems (hydraulic,
electrical), flight control systems, engine systems, fire protection systems, and so

on.

The next step is to assess the functions of each system. The importance of each
system for the safety and normal operation of the aircraft must be determined. If a
system failure can lead to catastrophic consequences, its criticality is considered
high. Such systems require frequent and detailed inspections. In the case of less
significant systems, where failure does not lead to major consequences, less

frequent inspections or replacements may be planned.

Based on the criticality assessment of failures, risk analysis is conducted. For each
functional system, the maintenance approach is selected depending on the
identified risk level. If the risk of failure is high, the maintenance may include
frequent inspections, component replacements, as well as the use of continuous
monitoring techniques. In the case of low risk, the maintenance program may be

less intensive, involving scheduled inspections at longer intervals.

After analyzing functional systems and determining the criticality of failures, the
maintenance interval for each system is established. These intervals depend on
many factors: system type, its importance, reliability, manufacturer
recommendations, and operational conditions. All these factors help create a

balance between safety and cost-effectiveness of maintenance.

The MSG-3 method is a tool for determining aircraft maintenance intervals and
inspection tasks based on functional system analysis and their criticality. Let us

consider three systems of a Boeing 737 aircraft analyzed using this method:

The Flight Control Unit (FCU) is responsible for controlling the aircraft during

flight, ensuring stability, maneuverability, and directional control. Given its
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criticality for flight safety, failure of this system can lead to loss of control, which
Is unacceptable in flight. To maintain its efficiency, a functional check must be
performed before each flight. As part of regular maintenance, the system is
inspected every 200 flight hours or every 6 months, which helps identify any

malfunctions or deviations in a timely manner.

The Hydraulic system on board is essential, as it powers major mechanisms such
as the braking system, landing gear, and rudder. Failure in this system can lead to
serious malfunctions in other systems, rendering the aircraft inoperative. To
prevent failures, it is necessary to regularly check fluid levels, clean filters, and
inspect pipelines for cracks or leaks. The maintenance interval for this system
varies depending on the type of inspection: fluid level checks every 100 flight

hours and full system inspection every 500 hours.

The Fire suppression system plays a vital role in aircraft safety, preventing the
spread of fire in engine compartments and other critical areas. Failure of this
system can lead to serious emergencies, so regular checks are essential. Sensor
inspections are conducted every 500 flight hours, and extinguishing bottles are
replaced every 3 years to keep the system in proper working order and ensure

reliable protection when needed.

These systems are only examples of how the MSG-3 method enables the
assessment of functionality and criticality of various aircraft systems, which in turn
defines the maintenance requirements. Proper planning of maintenance intervals is
essential for ensuring the aircraft's safety and reliability throughout its operational
life.

The analysis of functional systems according to MSG-3 is an effective method for
optimizing the maintenance process of aircraft. This approach considers the
criticality of system and component failures and allows for the development of a

customized maintenance program that minimizes risks and ensures maximum
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flight safety. The determination of maintenance intervals and methods for each
system depends on its importance, characteristics, and operating conditions,

providing an optimal balance between maintenance costs and a high level of safety.

3.3. Development of the Maintenance Map and Service Intervals

The development of a maintenance map and the determination of service intervals
are key stages in creating a maintenance program for an aircraft. The maintenance
map is a tool for organizing all actions required to keep the aircraft in operable
condition and for determining the frequency of maintenance for each system or
component. Service intervals help plan when specific tasks should be performed to

ensure the safety and reliability of the aircraft’s operation.

This section discusses the process of creating a maintenance map and the criteria
that affect the determination of service intervals. These include the technical
condition of systems and components, their criticality for safety, and the
recommendations of the manufacturer and regulatory authorities. This allows the
creation of an optimal maintenance schedule that meets safety requirements

without exceeding economically justified costs.

The first stage in developing the maintenance map is the identification of all
systems and components of the aircraft that require maintenance. These may
include mechanical, electrical, hydraulic systems, and individual components that

need to be inspected or replaced during operation.

Determining the necessary maintenance for each system or component is part of
the planning process in accordance with the MSG-3 methodology. This ensures
proper aircraft operation, reduces failure and accident risks, and promotes efficient

resource use and preservation of the aircraft’s technical condition.
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For each system, the types of required maintenance are identified. These can

include several main aspects:

« Functionality checks — these involve testing the operability of the system or
component. For the hydraulic system, this may include checking fluid levels,
pump performance, or pipeline integrity. For the flight control system, this
involves testing the software and electronic components responsible for
flight stability and control. These checks are routine and must be performed
at set intervals, such as before each flight or after a defined number of hours.

« Component cleaning — this includes procedures to remove contaminants,
dust, oil, or other residues that may reduce system efficiency. For filters,
pipelines, and electronic components, cleaning is critical for maintaining
functionality and preventing failures. This may involve cleaning air filters,
lubricating bearings, cleaning sensors, or removing dust and moisture from
electronics. These procedures are usually scheduled periodically or after a
certain number of flight hours.

« Replacement intervals — defined based on the service life, wear level, or
threshold of operational characteristics. For example, replacing oil,
hydraulic fluid, worn bearings, or other mechanical parts. These
replacements require precise calculations and adjustments based on
operating conditions such as climate, flight style, and more.

« Overhauls or major component replacements — performed after
inspections or when serious defects are detected. These may involve
complex components like engines, suspension elements, fuselage structural
parts, or control mechanisms. Such tasks require significant time and

resources, as well as specialized equipment and personnel.

According to the analysis of functional systems, service intervals are determined
for each system depending on their criticality and safety importance. Systems with

high criticality, such as the flight control or hydraulic system, will have shorter
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intervals, as failures may lead to serious accidents. For less critical systems, like

sensors or auxiliary systems, the intervals may be longer.

Manufacturer recommendations and international standards such as those from
EASA, FAA, or ICAO must also be taken into account, as they define the
minimum intervals for maintenance and inspection. These regulatory requirements

may include mandatory intervals for servicing at each stage of aircraft operation.

The final step is compiling the maintenance map, which is a clear and convenient
tool for maintenance personnel. The maintenance map should contain all necessary
information about each system, its components, required maintenance types,
intervals, and the procedure for execution. It is a key element for organizing
maintenance operations, planning, and control. The map ensures continuous

aircraft operation and maintains flight safety.

Table 3.1 — Example of a Maintenance Task Card for Boeing 737

System / Type of Maintenance | Notes
Component Maintenance Interval
Flight  Control | Functionality Before each | Functionality test after
System (FCU) check flight each flight
Hydraulic Fluid level check | Every 100 hours | Filter cleaning — every
System 500 hours; fluid
replacement — every
2000 hours
Fire Sensor and bottle | Every 500 hours | Replacement of fire
Extinguishing inspection extinguisher bottles —
System every 3 years
Electrical System | Component Every 1000 | Inspection for corrosion
cleaning hours and damage
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Engine Visual inspection | Every 200 hours | Check for fuel/oil leaks

Compartments and physical damage

Development of the Maintenance Card and Determination of Service

Intervals

The development of a maintenance card and the determination of maintenance
intervals are essential steps to ensure the effectiveness of maintenance and the
safety of aircraft operations. A properly designed maintenance card enables the
optimization of maintenance processes, reducing the likelihood of system failures
and lowering maintenance costs, while maintaining a high level of reliability and
safety. The determination of service intervals should be based on the analysis of

system failure criticality, operating conditions, and regulatory requirements.

3.4. Implementation and Optimization of the Maintenance Program

The implementation of a maintenance program (MP) is a crucial step in ensuring
the reliable operation of an aircraft. Once a detailed program is developed, which
includes the definition of service intervals, types of tasks, and required resources,
the next step is its integration into actual operation. However, the effectiveness of a
maintenance program can only be achieved through continuous monitoring,

analysis of results, and optimization.

The goal of maintenance program optimization is to improve task planning, reduce
maintenance costs, minimize aircraft downtime, and increase safety. This may
involve adjusting maintenance intervals, updating maintenance methods,
integrating modern diagnostic and repair technologies, and improving resource

utilization efficiency.
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Implementing a maintenance program requires thorough preparation of the
personnel responsible for performing the tasks. This includes training the technical
staff in all aspects of the program, such as maintenance intervals, inspection
methods, and required tools and equipment. It is essential that the personnel
understand not only the technical aspects but also the importance of maintenance

for aircraft safety.

The maintenance program should be integrated into the overall management
system of the airline or operator. This includes monitoring task completion,
ensuring compliance with maintenance deadlines, and providing access to the
necessary documentation. Specialized software systems are often used to plan

maintenance activities and maintain records of completed tasks.

Following implementation, continuous monitoring of program execution is
necessary. This includes verifying whether all planned activities are completed
within the established timeframes. It is also necessary to analyze the time and costs

associated with each type of task to identify potential problems or inefficiencies.

Evaluating the effectiveness of the maintenance program is a key stage in ensuring
aircraft reliability, safety, and cost-efficiency. This evaluation involves collecting
data on various aspects of program performance, particularly its impact on safety,

reliability, and maintenance costs. Key aspects of evaluation include:

« Safety Impact: Evaluation of the safety impact involves analyzing the
frequency of system failures and the number of incidents caused by
technical issues. Reviewing failure and malfunction data helps determine
whether the maintenance program provides an adequate level of safety.
Frequent failures or serious technical incidents may indicate the need for
program adjustments.

« Reliability: Program reliability is assessed based on the frequency of

required repairs and component replacements. High frequency of repairs or
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replacements may indicate that certain procedures or maintenance intervals
are ineffective. These indicators help identify systems or components that
require design improvements, better servicing, or revised inspection
intervals.

. Cost Evaluation: Maintenance cost assessment includes expenses for spare
parts, materials, labor, and other resources associated with maintenance.
Comparing costs with expected outcomes helps determine whether the
program is economically efficient and whether there is room for cost

reduction without compromising safety or reliability.

Maintenance personnel, who are directly involved with technical systems, can
often identify practical issues or deficiencies in the program. Their feedback
provides insight into how effectively certain procedures are executed, whether
there are challenges in completing tasks, and whether diagnostic or maintenance
methods need to be changed. Personnel may also offer suggestions for optimizing

service intervals or modifying equipment.

Feedback from pilots and operators is also necessary for program evaluation, as
they can detect system performance changes during real flight conditions. Pilot
reports on system malfunctions or irregularities help identify areas of the program
that require attention. For example, a pilot may report issues with flight control
systems or cockpit interfaces that indicate a need to revise maintenance

procedures.

By collecting such data and performing in-depth analysis, weak points in the
maintenance program can be identified, and appropriate corrective actions can be
taken. This may include changes to service intervals, improvements in diagnostic
techniques, or even adjustments to the types of maintenance performed. The
program should also be adapted to regulatory updates, technological advances, or

changing operating conditions.



47

Through such adjustments, the maintenance program can become highly effective,
ensuring a high level of safety, reliability, and cost-efficiency in the long term. One
of the key aspects of optimization is revising the maintenance intervals. If the
program includes overly frequent checks that do not significantly impact safety or
system performance, their frequency can be reduced. Conversely, if certain
components prove to be less reliable than expected, maintenance intervals may

need to be shortened to ensure greater safety.

Optimization also includes the use of advanced technologies such as Al-based
diagnostics, real-time condition monitoring of components, and automated
maintenance planning systems. These technologies allow for precise determination
of maintenance needs, reducing costs and minimizing aircraft downtime. Over
time, after collecting extensive data on failures, repairs, and expenses, a
performance analysis of the program can be conducted. This enables updates to the
maintenance plan based on statistical and real-world data. For instance, if a
particular system consistently requires maintenance earlier than scheduled, its

service interval may need to be shortened.

Maintenance program optimization also involves improving the availability of
resources, particularly personnel and materials. Employing highly qualified staff
and using modern equipment and tools for maintenance can significantly reduce
the time required for task completion and enhance work quality. Another
component of optimization is the use of predictive maintenance methods, which
allow failures to be anticipated based on sensor data, statistics, and past repairs.
This enables maintenance to be carried out only when necessary, reducing the need

for preventive checks.

The implementation and optimization of a maintenance program are crucial steps
to ensure efficient and cost-effective aircraft maintenance. Proper implementation
ensures the required level of aircraft safety and reliability, while also optimizing

maintenance expenditures. Continuous monitoring, effectiveness analysis, and



integration of modern technologies help improve the maintenance program and
adapt it to changing operational conditions, ensuring maximum economic benefit

and minimal failure risks.

48
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CHAPTER 4. ECONOMIC AND OPERATIONAL ASSESSMENT OF THE
MAINTENANCE PROGRAM

4.1. The Impact of the Maintenance Program on Airline Costs

Maintenance (MRO) is an integral part of aircraft operation and has a direct impact
on an airline’s expenditures. Since regular maintenance ensures the safety and
reliability of aircraft operation, optimizing the maintenance program can
significantly reduce operating costs, enhance efficiency, and contribute to long-
term economic stability. This section explores various aspects of how the
maintenance program influences airline expenses, analyzes the main cost-driving

factors, and provides a sample table for detailed analysis.
The maintenance program can affect an airline’s costs in several ways:

1. Direct maintenance costs include the wages of technical personnel, costs of
spare parts, expenses for tools and equipment, as well as maintenance
materials (such as oils, fluids, and consumables). The cost of maintenance
also depends on service intervals—the more frequent the inspections or
replacements, the higher the expenses.

2. Aircraft downtime resulting from frequent or prolonged maintenance—
such as in-depth inspections or major repairs—can lead to additional costs.
These may include flight cancellations, revenue loss from grounded aircraft,
and increased expenses for deploying substitute aircraft.

3. Deferred or insufficient maintenance can result in serious technical issues
requiring emergency repairs. Such repairs are typically far more expensive
than preventive maintenance and may incur not only financial costs but also
time lost on recovery, further affecting company revenue.

4. Optimizing the maintenance program by adjusting service intervals can
significantly reduce costs. This might involve reducing service time without
compromising aircraft reliability, improving resource planning, and

minimizing the need for extra expenses on spare parts or technical work.



50

5. Implementing a new maintenance program may require additional

spending on training technical personnel and certifying maintenance

specialists. These costs may include both initial training and ongoing

qualification upgrades.

6. Long-term cost implications of a maintenance program are also significant,

particularly in relation to component wear and replacement needs. Regular

maintenance helps identify components that need to be replaced before they

cause serious failures, potentially reducing replacement costs in the long run.

Table 4.1 — Maintenance Cost Assessment for the Airline

Maintenance

parts, personnel labor,

frequency, type of

Cost Type Impact on Expenses Key Factors Estimated Impact
on Airline
Direct Expenses for spare | Maintenance High, depends on

scope of work

after major failures

system failure rate

Costs tools, and materials work, cost of parts
and labor
Aircraft Revenue loss due to | Duration of | Medium, depends
Downtime flight  cancellations, | maintenance, type | on frequency and
Costs need to replace aircraft | of repair duration of
during repair downtime

Emergency Significantly  higher | Timeliness of | High, can be a
Repair Costs costs for recovery | maintenance, significant source

of financial loss

Training and
Certification

Costs

One-time costs for
preparing personnel to
work under the new

maintenance program

Airline size,
number of
personnel

Low to medium,
depends on

company scale
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Wear and | Expenses for replacing | Maintenance Medium, reduced
Replacement | failed components intervals, through effective
Costs component age maintenance

The maintenance program has a significant impact on an airline’'s costs,
particularly in terms of direct maintenance expenses, aircraft downtime, emergency
repair costs, and overall operating expenditures. Proper maintenance planning and
optimization of service intervals can substantially reduce costs, improve
operational efficiency, and minimize unforeseen expenses. At the same time,
insufficient maintenance or improper planning can lead to considerable economic
losses due to flight cancellations, increased emergency repair costs, and overall

wear of aircraft components.

4.2. Comparison of Economic Indicators Before and After MSG-3

Implementation

The implementation of a Maintenance Steering Group-3 (MSG-3)-based
maintenance program can substantially change the financial dynamics within an
airline, offering cost optimization and increased aircraft operational efficiency.
Before adopting MSG-3, airlines often rely on less effective maintenance planning
methods, which can lead to excessive expenditures and reduced aircraft reliability.
MSG-3 implementation enables precise determination of maintenance intervals,
allowing for cost optimization, reduced downtime, and improved economic

performance.

This section presents a comparison of economic indicators before and after the
implementation of MSG-3, focusing on maintenance costs, aircraft downtime,

safety, and operational efficiency.

Traditionally, prior to MSG-3 adoption, airlines frequently used fixed maintenance

intervals based on manufacturer recommendations or standard procedures, without
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considering the actual condition of systems and components. This often led to
excessive costs due to frequent inspections, premature replacement of still-
serviceable parts, and high expenditures on personnel and tools for maintenance

execution.

After implementing MSG-3, thanks to detailed analysis and optimization of
maintenance intervals, maintenance costs typically decrease. A thorough
assessment of component and system criticality enables more effective planning of

inspections and repairs, reducing the need for spare parts, labor, and materials.

Before MSG-3, aircraft downtime could be substantial, as service intervals were
often too frequent or not aligned with the actual condition of systems. This resulted
in frequent and lengthy checks, leading to revenue loss from grounded aircraft.
With optimized maintenance intervals and better planning, aircraft downtime is
significantly reduced. MSG-3 allows for condition-based maintenance, minimizing

operational interruptions and losses from flight cancellations.

Without detailed system condition analysis and forecasting, airlines may face an
increased risk of emergency situations due to component failures not detected in
time. This can result in costly emergency repairs, requiring both high financial
outlays and extended recovery time. MSG-3 facilitates accurate criticality analysis
of components, reducing the likelihood of emergencies. Preventive maintenance
based on real data significantly lowers the probability of serious failures and

reduces emergency repair costs.

Without MSG-3, resource costs may not be optimized due to overly frequent
maintenance, the need to stockpile large quantities of spare parts, or the use of
expensive tools for frequent inspections. Implementing MSG-3 significantly
reduces costs for spare parts, materials, and human resources by ensuring precise
maintenance intervals and minimizing part replacement frequency. This leads to

cost savings and improves the overall economic efficiency of the airline.
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Implementation
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Indicators Before and After MSG-3

Economic Before MSG-3 | After MSG-3 | Change
Indicator Implementation Implementation
Maintenance | Higher due to excessive | Reduced due to | Cost

Costs maintenance intervals | optimized intervals and | reduction of
and inefficient resource | precise planning 15-30%
use

Aircraft Greater due to frequent | Downtime reduced | Reduction

Downtime maintenance and | through optimization | of 10-20%
unnecessary inspections

Emergency Higher due to inefficient | Reduced thanks to | Reduction

Repair Costs | maintenance and | preventive checks and | of 25-40%
unexpected failures improved monitoring

Operational Low due to significant | High due to more |Increase of

Efficiency time and resource losses | efficient use of | 10-15%

resources and

maintenance time

Before the implementation of the MSG-3 program, airlines operating the

Boeing 737 typically followed standard maintenance intervals based on the

manufacturer’s recommendations and general procedures for aircraft of a particular

class. Maintenance costs before MSG-3 included regular inspections of all aircraft

systems regardless of their actual condition, which often led to excessive expenses.

Component replacements and inspections were carried out at uniform intervals for

all aircraft, regardless of actual wear levels or system failure risks.

After the implementation of MSG-3, the program allows for optimization of

maintenance intervals by conducting a detailed evaluation of the aircraft’s
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functional systems. This enables inspections and component replacements only
when critical wear thresholds or potential issues are identified, significantly
reducing unnecessary checks and replacements. As a result, after MSG-3
implementation, the Boeing 737 can operate more efficiently with lower

maintenance costs, since maintenance actions are taken only when truly necessary.

Thanks to this optimization, spare parts costs are significantly reduced, as
components are replaced only based on objective assessments of their condition. In
addition, the time required for maintenance also decreases, as the MSG-3 program
enables servicing based on the actual needs of the aircraft rather than following

standard intervals.

Before MSG-3, maintenance costs for the Boeing 737 included regular checks of
all major systems such as engines, hydraulic systems, electrical networks, as well
as additional inspections for corrosion, structural components, and other systems.
These inspections were performed according to standard requirements, which did

not always reflect the aircraft's actual condition.

After the implementation of MSG-3, the program helps to reduce unnecessary
inspections and minimize component replacements, as maintenance is
performed based on the actual state of the systems. This leads to cost savings,

since replacements are done only when necessary rather than at fixed intervals.

Implementing the MSG-3 program for the Boeing 737 allows for significant
reductions in maintenance costs by thoroughly assessing the functional systems
of the aircraft. Instead of performing standard checks at fixed intervals, MSG-3
helps determine the most effective maintenance intervals, leading to substantial
savings in both spare parts and time spent on inspections and repairs. This, in turn,
improves the economic efficiency of Boeing 737 operations and enables airlines to

reduce long-term maintenance costs.
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The introduction of MSG-3-based maintenance programs significantly optimizes
airline maintenance expenditures, reduces aircraft downtime, and decreases the
likelihood of emergency situations. This is achieved through precise maintenance
planning, criticality analysis of systems and components, and better resource
utilization during maintenance operations. As a result, airlines benefit from not
only reduced costs but also increased operational efficiency, which is essential for

maintaining competitiveness in the air transport market.

4.3. Assessment of Aircraft Efficiency and Durability

The assessment of aircraft efficiency and durability is a crucial stage in
planning aircraft operation and maintenance, as it determines how economically
viable a particular aircraft type is throughout its life cycle. For aircraft like the
Boeing 737, the evaluation criteria include maintenance costs, component service
life, and operational efficiency under various conditions. In this section, we will
examine the key factors that influence the efficiency and durability of the Boeing
737, including engine service life, system reliability and maintenance, as well as

the overall economic performance of the aircraft.

The Boeing 737 has multiple variants in airline fleets, but for this evaluation, we
will focus on one of the most popular versions — the Boeing 737 Next

Generation (NG), specifically the 737-800 model. This aircraft is known for its
fuel efficiency, operational performance, and reliability, making it cost-effective

throughout its service life.
The main performance parameters of the Boeing 737 include:

1. One of the key factors determining the efficiency of the Boeing 737 series is

fuel economy. Thanks to the improved CFM56-7B engines, fuel
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consumption per passenger per 100 km is reduced compared to previous
models, making the aircraft economically viable on medium-haul routes.

2. Due to the reliability of systems and engines, maintenance costs for the
Boeing 737 are not excessive. The aircraft has dependable systems that
perform at a high level with regular servicing. A key aspect is the optimized
intervals for scheduled inspections, which help reduce the cost of
unscheduled repairs.

3. The Boeing 737 is recognized for its high reliability, which minimizes
expenses for repair and maintenance. Thanks to high-quality manufacturing
and materials, most critical aircraft components have a long service life,

which positively impacts overall maintenance costs.
The durability of Boeing 737 aircraft is ensured by several factors:

1. The engines used on most Boeing 737 models have a service life of 20,000—
30,000 hours, depending on operating conditions. This means that even with
intensive use over 15-20 years, the engines can handle a high volume of
flights, reducing overall replacement costs.

2. The Boeing 737 is designed for a high number of flight hours and cycles.
The projected number of operating cycles for this aircraft is between 50,000
and 75,000 (takeoff/landing), allowing it to remain in service for a long
time, provided proper maintenance is carried out.

3. The aircraft is manufactured using high-strength materials, ensuring
durability and high resistance to wear. The corrosion protection system
and anti-corrosion coatings allow the aircraft to remain in good technical

condition for decades.

The assessment of Boeing 737 efficiency and durability shows that it is a highly
effective and economical aircraft capable of reliable operation over an extended
period. With reliable engines, optimized fuel and lubricant usage, and well-planned

maintenance intervals, maintenance costs remain at an acceptable level.
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Due to its high durability and ability to endure a large number of flight hours and
cycles, the Boeing 737 has great potential for long-term operation, making it
one of the most attractive options for airlines on medium-haul routes. Overall, the
aircraft is an excellent example of high-performance aviation technology that

combines low operating costs with outstanding reliability and longevity.

The evaluation of aircraft efficiency and durability highlights the significant
benefits of implementing an MSG-3-based maintenance program. Through
optimized maintenance intervals, enhanced accuracy in servicing, and a
preventative approach, airlines can achieve greater operational availability,
reduced aircraft downtime, and extended aircraft lifespan. This not only
reduces maintenance costs but also ensures the reliability and safety of aircraft,
which is essential for successful fleet operation and maintaining high

competitiveness in the aviation market.

4.4. Long-Term Maintenance Cost Forecasting

Long-term forecasting of maintenance (MRO) costs for aircraft is a crucial
planning element for airlines. It enables the estimation of overall fleet maintenance
expenses, ensures financial stability, and supports strategic decision-making aimed
at optimizing resources and expenditures. Considering the high cost and intensive
use of aircraft, accurate MRO cost forecasting is a key factor in maintaining

efficiency and uninterrupted airline operations.

Cost forecasting is based on data analysis regarding the current technical condition
of aircraft, maintenance progress, and predictions related to wear and the need for
component replacement. The implementation of modern maintenance management

methods such as MSG-3 significantly enhances forecast accuracy.
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Determining optimal maintenance intervals is a primary factor affecting costs.
MSG-3-based programs can accurately predict when scheduled maintenance is
required, helping reduce unnecessary inspections and minimizing material and
labor expenses. Evaluating the wear of key aircraft components—such as engines,
control systems, and structural parts—enables estimation of their lifespan and
replacement needs. Regular maintenance based on component condition analysis

helps optimize replacement costs.

The incorporation of new aviation maintenance technologies is also important. For
example, advanced materials or improved diagnostic methods can reduce MRO
expenses, enhance forecast accuracy, and decrease the need for repairs. Aircraft
utilization intensity has a direct impact on maintenance costs. Higher utilization
leads to faster wear, increasing the need for frequent inspections and component

replacements. Forecasting these factors helps accurately plan maintenance budgets.

Spare parts costs can vary significantly depending on the aircraft type and
component. Forecasting expenditures on spare parts and analyzing their usage

efficiency help optimize inventory and reduce costs.

Maintenance cost forecasting is a critical aspect of effective asset and resource
management. It enables budgeting, process optimization, and system reliability

assurance. Let’s examine the main forecasting methods in detail.

Mathematical models form the foundation of accurate MRO cost forecasting, as
they account for various factors affecting technical condition and expenditures.

Key models include:

« Regression models — Statistical methods used to establish relationships
between MRO costs and different variables, such as operating hours,
maintenance intervals, parts and repair costs. For example, a model could
link component replacement costs to the number of flight hours. This allows

for precise cost predictions based on historical trends.



59

« Probability-based models — These account for the likelihood of failure in
different systems and components. For example, if the failure of a
component like an engine or hydraulic system results in high repair costs,
such models help determine when and which parts are most likely to require

replacement or repair. This enables planning under uncertainty.

Mathematical models provide accuracy and reliability in cost planning by using

historical data to compute probable future expenses.

Statistical analysis methods help identify patterns in MRO expense data,
allowing for forecasts that consider various factors and changes. These are

particularly valuable when large datasets are available over extended periods.

« Time series analysis allows tracking MRO cost trends over time. For
instance, analyzing expenses from recent years can help detect seasonal
variations or trends related to specific maintenance types. This method
supports future cost forecasts based on historical changes.

« Correlation analysis reveals relationships between MRO costs and other
factors, such as equipment usage intensity, operational conditions, or the
number of failures. For example, analyzing how changes in operational
conditions or increased loads affect maintenance costs helps predict future

expenditures.

With the development of technologies for collecting and processing large datasets,
It has become possible to use vast amounts of real-time information from various
sources—such as onboard sensors, monitoring systems, and maintenance and
operation reports. These technologies support precise maintenance cost

forecasting:

. Data on aircraft condition, performance parameters, and past maintenance

can be automatically collected using sensors or monitoring systems,
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providing a real-time picture of the aircraft’s condition. This helps detect
potential issues that could lead to additional repair costs.

« Machine learning algorithms can uncover hidden relationships between
factors affecting MRO costs. For example, algorithms may identify which
specific operating conditions or parameters contribute to high service

expenses and detect patterns not immediately obvious.

Big Data technologies enable highly accurate cost forecasting by considering a
vast number of parameters and dynamically adapting to changes in equipment

condition.

Integrated software solutions for maintenance management combine all
necessary data and tools for cost planning and forecasting. These systems store
information about all stages of maintenance—from planning to execution—and

perform automatic MRO cost forecasting:

« Integrated systems automatically gather data from various sources, such as
sensors, maintenance reports, and records of repair and spare part costs. This
ensures accurate and timely expense forecasting.

« These systems can autonomously schedule maintenance based on acquired
data and forecast future costs, considering past indicators and operating
conditions. They also adapt forecasts based on changing conditions or

unexpected issues.

Integrated systems help reduce MRO costs by enabling efficient resource

management, expense control, and optimized maintenance schedules.

All these methods provide accurate MRO cost forecasts, allowing for effective

budget planning, cost reduction, and maintaining a high level of aircraft reliability.

Table 4.3 — Comparison of Maintenance Cost Forecasting Methods

Method Description Advantages Disadvantages
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Mathematical

Forecasting

Use of models to

predict costs based on

Accuracy, ability to

consider multiple

Requires large

amounts of data

operational factors. and complex
parameters and calculations.
technical condition.
Statistical Use of statistical | Easy May be inaccurate
Analysis methods to study | implementation, under unstable
historical effective for large | operating
maintenance data and | datasets. conditions.
costs, allowing future
cost forecasting.
Big Data | Collection and | Can reveal hidden | Requires
Analysis processing of large | patterns. significant
volumes of data on resources for data
aircraft technical processing and
condition and storage.
maintenance  using
Big Data
technologies.
Integrated Use of specialized | Convenience, High
Management | software products to | reduced forecasting | implementation
Systems monitor  equipment | errors, process | and maintenance
condition and | automation. Costs.

forecast maintenance

costs in real time.

For an airline, forecasting maintenance (MRO) costs several years ahead is a

strategic planning aspect that allows for cost optimization and ensures the
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uninterrupted operation of the fleet. This task can be accomplished through a

comprehensive approach that takes into account several key factors.

First of all, it is necessary to analyze current MRO costs, which include routine
inspections, part replacements, and repairs. This analysis helps establish a baseline
of expenses and identify key areas for optimization. Current costs also allow for
estimating the average expenditure across various types of maintenance, such as
minor or major repairs, component replacements, and both scheduled and
unscheduled inspections. Determining these expenses serves as the foundation for

forecasting future requirements.

Another crucial aspect is assessing the technical condition of the fleet. Accurate
forecasting requires evaluating the state of major aircraft components such as
engines, control systems, avionics, and fuel systems. If certain components are
nearing the end of their service life, replacement or repair costs must be
incorporated into the forecast. Considering this data helps develop accurate MRO
cost projections, as older or worn-out components may require more frequent

servicing, thereby increasing expenses.

The fleet's operational intensity also significantly affects cost forecasting.
Evaluating the number and frequency of flights over the coming years helps
understand how often maintenance will be required. If an increase in the number of
flights or fleet utilization is anticipated, more frequent maintenance may be
necessary, which will raise overall MRO costs. Conversely, if aircraft usage

decreases, maintenance costs are expected to decline.

Equally important is the assessment of innovations in maintenance practices.
Continuous advancements in diagnostic technologies, materials, and maintenance
methods can significantly impact MRO costs. For example, new diagnostic
techniques can reduce the number of unscheduled repairs, while new materials

used in spare parts manufacturing may be more durable and reduce replacement
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costs. Implementing such innovations enables airlines to lower long-term

maintenance costs and improve fleet efficiency.

By considering these factors, an airline can create more accurate maintenance cost
forecasts for several years ahead, allowing for better budget planning and increased

reliability of fleet operations.

Maintenance cost forecasting is a component of efficient aircraft operation
planning. For airlines operating the Boeing 737, this task is particularly relevant
due to the aircraft’s high flight intensity and the constant need to keep the aircraft
in airworthy condition. Such a program helps accurately assess long-term
maintenance costs, including repairs, part replacements, and routine inspections
necessary to ensure aircraft safety and reliability. In this section, we will examine
how MRO cost forecasts for the Boeing 737 can be developed based on its
technical characteristics, operational usage, and the specific features of its systems

and components.

The Boeing 737 is one of the most widely used aircraft globally due to its
efficiency and reliability. Since the aircraft has a long service life and a high
utilization rate, planning MRO costs becomes critical to ensuring long-term and
safe operation. In this context, it is essential to consider not only standard
maintenance costs but also potential expenses related to unexpected repairs and

part replacements that may arise during operation.

To forecast MRO costs for the Boeing 737, several core factors must be
considered, including the aircraft's technical specifications, flight intensity, aircraft
age, and types of maintenance performed within the MRO program. One key
element of forecasting is determining maintenance intervals—such as periodic
checks every 100, 500, or 1000 flight hours—and major overhauls based on time

in service.
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Another important factor is the wear and tear of the aircraft's systems and
components. For instance, depending on the operational intensity of the CFM56-
7B engines, they require regular inspections and servicing, which may include
component replacement or major overhauls. Forecasting such expenses also
involves analyzing spare part costs, which will be required for replacing worn-out

components.

Additionally, the use of hydraulic and electrical systems in the Boeing 737 requires
special attention during maintenance. MRO costs for these systems depend on their

condition and operational duration.

Forecasting Boeing 737 MRO costs includes analyzing historical maintenance data
for similar aircraft, as well as using statistical methods to estimate costs based on
operational information. Mathematical models can help predict average expenses
for component replacements and regular inspections, taking into account usage

intensity and the aircraft’s age.

More precise forecasting can be achieved using statistical analysis methods, which
help identify patterns between MRO costs and influencing factors. Using such data
allows the airline to estimate the average annual maintenance cost per aircraft and

understand how these costs may change over the aircraft's lifecycle.

Forecasting also considers the cost of components, spare parts, and labor. These
figures can be derived from historical maintenance data of similar aircraft and

information provided by manufacturers and parts suppliers.

Forecasting MRO costs for the Boeing 737 is a vital tool for airlines operating
this type of aircraft. Through careful analysis of aircraft characteristics,
maintenance intervals, component wear, and operating conditions, airlines can
effectively plan long-term MRO expenditures. Considering a broad range of
factors—such as engine usage, hydraulic and electrical systems, and standard

maintenance costs—enables an airline to obtain accurate forecasts, optimize
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resources, and ensure the aircraft's reliability throughout its entire operational

lifespan.
CONCLUSIONS AND RECOMMENDATIONS

The assessment of the condition of electrical substation equipment is a crucial
stage in the development of a maintenance (MRO) program, as it allows for the
identification of critical components and devices that require attention. This
process involves not only inspecting the physical condition of the elements but also

evaluating their functional capabilities, level of wear, and potential failure risks.

Key parameters to consider during equipment condition assessment include the
technical state of transformers, circuit breakers, switchgear, cable networks,
generators, and backup power sources. The assessment is carried out by analyzing
wear, material degradation, and inspecting for signs of corrosion or mechanical
damage. Special attention should be given to components under high load, such as

transformers and switchgear, as their failure could lead to severe incidents.

Additionally, it is necessary to monitor parameters such as temperature, humidity,
load, and vibration, as these factors impact equipment lifespan and the likelihood
of failure. Assessing these parameters helps determine inspection and replacement
intervals, forming the basis for a tailored MRO program for each type of

equipment.

The algorithm for forming an MRO program based on the MSG-3 methodology is
a key part of maintaining efficient and safe operation of technical equipment. This
algorithm includes several stages, each aimed at identifying components and

determining optimal maintenance intervals.

The first stage involves the analysis of functional equipment systems. This requires
a thorough study of the technical descriptions of substation elements and

identification of all functional blocks. Their criticality and interdependencies
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between different systems must be evaluated. This helps understand how each
component interacts with others and what the consequences of specific component

failures might be for overall substation operation.

The second stage is assessing the probability of failure for each component during
operation. This takes into account not only historical failure data but also the
likelihood of critical situations arising due to certain malfunctions. Evaluating
failure probability helps identify vulnerable elements and determine how much

time can elapse before the next necessary inspection.

The third stage involves defining the frequency of inspections and replacements.
Through analyzing wear and load on components, the optimal time for
maintenance activities is established. This not only conserves resources but also

ensures the safety and efficiency of all systems.

The next stage is modeling scenarios based on mathematical models, which help
predict the need for maintenance considering various factors such as operational
load, wear, and failure probability. Modeling enables accurate forecasting of when

maintenance is required to prevent unexpected breakdowns and reduce costs.

The final stage is evaluating MRO costs. For each component, costs for
maintenance, part replacement, and labor are determined. This helps develop a
cost-effective MRO program that minimizes expenses while ensuring the necessary

reliability and safety.

To maximize the effectiveness of the MRO program, it is important to precisely
determine the intervals for performing maintenance. The most effective intervals
are based on statistical data analysis, which helps forecast failure rates and
component wear. Collected data on equipment condition and operational loads aid

in defining optimal maintenance schedules.
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In cases of variable operating conditions, such as increased load or adverse
weather, maintenance intervals may need adjustment. This approach allows for
flexible adaptation of the work schedule and ensures proper servicing even if

equipment usage conditions change.

A risk-based approach underpins the determination of maintenance frequency.
Components critical to substation safety and stability should be inspected more
frequently. For certain elements, longer maintenance intervals may be appropriate,

reducing costs without compromising system reliability.

The implementation of an MSG-3-based MRO program provides significant
economic benefits. Maintenance costs are reduced through accurate determination
of inspection and replacement intervals, avoiding unnecessary part usage and
redundant work. Defining optimal service intervals also helps lower labor costs by

reducing the need for frequent checks.

Reducing downtime is another advantage. Minimizing periods when equipment is
offline due to repairs or inspections increases substation efficiency and reduces

financial losses from non-operational systems.

By lowering the number of emergency situations, the company also saves on
emergency maintenance and recovery costs. As a result, the implementation of the
MSG-3 methodology yields tangible economic effects through reduced overall

maintenance expenses and improved operational profitability.

Implementing an MRO program based on MSG-3 significantly reduces
maintenance costs while ensuring the required reliability and safety of the
equipment. Assessing the technical condition and analyzing functional systems
enable more accurate forecasting of servicing and replacement needs, thereby

lowering the likelihood of unexpected failures.



68

Developing a maintenance algorithm based on MSG-3 enables the creation of
individualized service programs, allowing the strategy to be adapted to the real
condition of each equipment component. Defining effective timeframes for
maintenance helps optimize costs, improve operational efficiency, and reduce

equipment downtime.

In the long term, this methodology will deliver economic advantages and enhance
operational performance, making technical maintenance cost-effective, reliable,

and safe.
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