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1 Introduction 

1.1 Electrical Machines 
Nowadays, electrical machines and drive systems are crucial across various applications 
and industries, playing a significant role in enhancing efficiency and productivity. Given 
their widespread use in diverse applications, ensuring proper maintenance is essential. 
Electrical machines are indispensable elements of daily life, powering a wide range of 
applications starting from small appliances like fans and refrigerators to large-scale 
industrial machinery such as pumps, compressors, and turbines. Moreover, many 
systems and devices, which are crucial for both industrial and residential applications, 
heavily rely on electrical machines. 

Their significance extends across various industrial sectors, including power 
generation, transportation, manufacturing, automation, and more. This widespread 
usage is attributed to their exceptional efficiency and reliability, making them 
indispensable in numerous industrial branches and applications. These systems serve in 
simplifying, securing, and enhancing convenience in daily life. Over the years, their 
importance has further escalated, owing to their reliability, speed range, efficiency, 
power density, and cost-effectiveness. Furthermore, electrical machines are indispensable 
components of renewable energy resources, such as wind turbines. 

Industrial motors are expected to possess specific characteristics to meet operational 
demands effectively. These include low maintenance requirements, cost-effectiveness, 
compact size, durability, variable speed control capability, and resilience to varying 
operational conditions. Among them, the induction motor is the most prevalent machine 
type in industrial settings today. Induction motors are well-suited to fulfill all these 
requirements [1]. Three-phase induction motors, known for their high efficiency and 
cost-effectiveness, are widely applied in domestic fields and industrial applications [2]. 

1.2 Faults in Electrical Machine 
Despite their advantages, different damages in combination with environmental 
conditions can impact induction machines during operation. It can significantly impact 
induction motors’ effectiveness, maintenance, and longevity. Given the pivotal role of 
these motors across various industrial sectors, such failures are undesired and must be 
diligently prevented. 

In general, stresses affecting the operation of electrical machines can be categorized 
into four main groups, commonly referred to as thermal, electric, ambient, and mechanical 
stresses [3]. These stresses often lead to the emergence of faults within the machine. 
The distribution of these faults is primarily influenced by the motor’s parameters, including 
machine type, size, and rated voltage. However, mechanical faults represent a significant 
proportion of overall faults, manifesting in various forms such as eccentricity, broken rotor 
bars, cracked end rings, damaged bearings, and more [4]. At the same time, bearing faults 
are the most prevalent type of fault, accounting for around 40% of all machine failures [5]. 

Detecting and diagnosing bearing faults in induction motors is crucial due to their 
prevalence and impact on motor performance. These faults can lead to severe operational 
issues and compromise the motor’s lifespan. Bearings, crucial components of rotating 
machinery, are susceptible to damage from various sources, including contamination, 
corrosion, and improper lubrication. Contaminants such as dust and moisture can infiltrate 
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the bearing, causing structural damage and corrosion, ultimately leading to premature 
wear and failure. 

Proper lubrication reduces friction, shields against corrosion, and prevents 
contamination, which is essential for preventing bearing faults. However, improper 
lubrication practices, such as insufficient or excessive grease application, can accelerate 
bearing wear and shorten its service life. Material fatigue, resulting from continuous 
loads that create cracks on the bearing’s surface, is another common cause of bearing 
failure. Mechanical damages, such as manufacturing defects or misalignment, can 
significantly impact bearing performance. 

In addition to bearing faults, other types of motor failures can occur, including rotor 
and stator faults. Rotor faults may involve broken rotor bars, end ring damage, or 
eccentricity, leading to uneven air gaps between the rotor and stator and motor instability. 
Stator faults, on the other hand, often stem from winding issues, such as short circuits or 
insulation degradation, which can result from thermal, electrical, ambient, or mechanical 
stresses. Monitoring and diagnosing these faults are essential for maintaining motor 
reliability and performance. 

1.3 Condition Monitoring 
Preventing induction motor failures is crucial, given their pivotal role in various 
industries. As presented in Figure 1, three main types of machine maintenance can be 
classified: corrective, preventive, and predictive maintenance [6]. 
 

a) 

 

b) 

 

c) 

 

 
Figure 1. Maintenance types: a) corrective, b) preventive, and c) predictive maintenance. (previously 
published in article V) 

As presented in Figure 1a, corrective maintenance, also known as reactive maintenance, 
involves repairing equipment after a failure has occurred [7]. This approach is suitable 
for small and less critical workstations where unexpected failures do not result in 
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significant economic or catastrophic consequences. On the other hand, as shown in 
Figure 1b, preventive maintenance aims to prevent failures by regularly inspecting and 
servicing the equipment according to a predetermined schedule [8]. While this approach 
can extend the lifespan of machines, it provides limited information on the remaining 
useful lifetime and lacks prognostic capabilities. Additionally, scheduled inspections 
often require partial or total shutdowns of production processes, leading to inefficiencies 
and increased operating costs. To mitigate these issues, manufacturers increasingly use 
predictive maintenance, which relies on condition monitoring to anticipate failures based 
on the equipment’s operational data [9]. This proactive approach helps reduce shutdown 
costs, minimize downtime, and optimize resource utilization. The predictive strategy is 
presented in Figure 1c. 

Various parameters, such as current, vibration, temperature, and magnetic flux, need 
to be continuously monitored to ensure electrical machines’ reliable and efficient 
operation. Moreover, specific fault patterns in the signals can indicate impending failure. 
Consequently, adopting condition-based monitoring becomes imperative for staying 
informed and making well-informed decisions regarding machine maintenance. 

1.4 Predictive Maintenance 
The possibilities arising from Industry 4.0, particularly cloud computing and the Internet 
of Things, result in more efficient diagnostics – predictive maintenance, thereby attracting 
big data and numerical models of the systems. As illustrated in Figure 2, this concept 
utilizes remote condition-based monitoring instead of scheduled maintenance routines, 
consequently reducing the utilization of logistic, energy, human, and material resources 
[10]. 

 

 
 

Figure 2. The concept of remote condition monitoring. (previously published in article VIII) 

Every energy system embodies a complex mechanism that needs monitoring of 
numerous parameters, demanding substantial computational resources. Given the vast 
amount of data involved, employing advanced diagnostic approaches based on artificial 
intelligence is a reasonable choice. These intelligent algorithms will not only facilitate 
fault detection but also enable the system to predict potential faults. The primary 
challenge lies in the quantity and quality of training data. To ensure effective training,  
it is crucial to thoroughly examine the nature of machine faults, including their causes 
and impacts on global parameters. 
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1.5 Aim, Hypotheses, and Research Questions 
The thesis hypothesizes that integrating fault representation, experimental data, and 
predictive models can significantly advance fault detection and prediction. This integrated 
approach is suggested to improve accuracy and optimize resources in identifying and 
forecasting potential faults within complex systems. Through these methodologies,  
the thesis aims to demonstrate how leveraging models alongside empirical data and 
machine learning algorithms can enhance fault detection capabilities and streamline 
maintenance processes. 

The research question of this thesis revolves around investigating fault patterns across 
various fault types, focusing on developing comprehensive methods for fault detection, 
segregation, and prediction. This study encompasses several key components: 
 

1. Development of a sophisticated test bench for implementing faults in a controlled 
environment. 

2. Testing of faults to replicate real-world scenarios and gather data essential for 
analysis and training. 

3. Exploration of faults representations to provide a deeper understanding of their 
characteristics and patterns. 

4. Devising methods for effectively segregating different fault types to enhance the 
accuracy of fault detection algorithms. 

5. Investigation of the utilization of machine learning and fuzzy logic algorithms for 
detecting, segregating, and predicting faults, thereby offering invaluable insights 
into optimizing maintenance strategies and improving system reliability. 

1.6 Contribution and Dissemination 
During the doctoral studies, the author contributed to 49 publications. The findings of 
this research have been disseminated through scientific publications, conferences, 
symposiums, doctoral schools, and other presentations. The dissertation is based on 10 
primary scientific publications, comprising 6 journal papers and 4 conference papers 
presented at international conferences. 
 
Scientific novelties: 

 
1. Methodology for data collection using the test bench with faults inside the 

induction motor under different operational conditions. 
2. Methodology for manual implementation of bearing current faults to healthy 

bearings for data collection. 
3. A comparative analysis of the fault patterns under different operational 

conditions based on input line current and frame vibration. 
4. Improvement in the definition of the transition state and data generation for 

effective fault prediction. 
5. Improvement on signal spectrum-based fault predictive algorithm for electrical 

machines. 
6. Development of a combination of machine learning algorithm and fuzzy logic 

for fault prediction. 
7. Development of a neuro-fuzzy logic algorithm for fault prediction. 
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Practical novelties: 
 

1. Development of the monitoring system to assess induction motor performance 
under different conditions, facilitating early fault detection. 

2. Development of the test bench for inducing various bearing faults manually, 
enabling efficient data collection for analysis. 

3. Development of the methodology for analysis of fault patterns based on 
current and vibration signals. 

4. Validation of improved signal spectrum-based fault predictive algorithm for 
electrical machines. 

5. Implementation of the combination of machine learning algorithm and fuzzy 
logic for fault prediction. 

6. Implementation of the neuro-fuzzy logic algorithm for fault prediction. 

1.7 Thesis Outline 
The thesis is structured into six chapters, each addressing crucial aspects of fault 
detection and prediction in electrical machines. 

Chapter 2 delves into the main faults of electrical machines, categorizing induction 
motor failures into three primary groups: stator, rotor, and bearing-related failures. 
Motor parameters such as type, size, and rated voltage influence the distribution of these 
faults. However, statistical analysis reveals that bearing faults account for most of the 
failures. 

In Chapter 3, the focus shifts to condition monitoring for electrical machines. 
Understanding that fault occurrence is determined by various motor parameters;  
the chapter emphasizes the importance of monitoring multiple parameters such as 
vibration, current, temperature, magnetic flux, and torque to enhance machine reliability. 
A comprehensive overview of the main faults and their corresponding signatures is 
provided. Besides, this chapter delves into intelligent algorithms, underscoring their 
significance in ensuring proper maintenance of electrical machines and drive systems 
across different applications. The chapter emphasizes the critical role of diagnostic 
methods in this context. 

Chapter 4 tackles data analysis and preprocessing, crucial for effectively training 
intelligent algorithms. It describes an experimental test bench setup, including 
components such as the testing machine, loading machine, and acquisition system. 
Various operational conditions and control environments are considered to gather 
accurate data for training purposes. 

Lastly, Chapter 5 focuses on classification and prediction techniques, including 
machine learning and fuzzy logic approaches. This chapter explores methodologies for 
leveraging collected data to classify and predict faults in electrical machines, aiming to 
enhance fault detection capabilities and streamline maintenance processes. 
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2 Faults in Electrical Machines 
Induction motor failures are classified into three main groups: stator, rotor, and bearing-
related failures. The distribution of these faults is contingent upon motor parameters 
such as type, size, and rated voltage. Low-voltage machines primarily experience bearing-
related faults, while high-voltage machines exhibit a higher portion of stator winding 
faults [11]. The general fault distribution in induction machines is presented in Figure 3, 
where, statistically, most of failures is related to bearing faults [12]. 

 

 
 

Figure 3. Distribution of faults in induction machines. 

2.1 Bearing faults 
Bearings are crucial parts of a rotating machine, yet they also account for the highest 
proportion of different damages. The production of bearings must follow strict 
standards. However, the actual lifespan of a bearing is often shorter than expected due 
to various stresses during operation, like unexpected overload, not enough lubrication, 
or incorrect installation [13]. Because electrical machines work in different conditions, 
bearings can be susceptible to many issues and damage. The causes of these problems 
are various environmental or manufacturing factors. 

2.1.1 Contamination and Corrosion 
When humid air enters the bearing, it compromises the lubricant properties at specific 
points of heightened load on the rings. Bearings are susceptible to pollution from dust, 
sand, and other abrasive particles, resulting in structural damage such as scratches and 
cracks. These pollutants can create significant dents when rolling elements push the 
debris into the rings. 

Additionally, lubricants can become contaminated by water or other chemical 
substances, leading to the onset of bearing corrosion. Corrosion is a process involving 
the interaction between materials and the environment, resulting in material dissolution. 
Proper lubrication is a crucial operational factor determining the durability of a bearing. 
A well-chosen lubricant forms a thin oil layer, mitigating the impact of rolling elements 
against bearing rings and cages. Figure 4 illustrates an example of bearing corrosion. 

 

41%

37%

12%

10%

Bearing faults Stator faults Eccentricity Broken rotor bars
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Figure 4. An example of corroded bearing. (previously published in article I) 

Lubrication serves to prevent premature wear and corrosion in bearings. Improper 
lubrication can manifest as either insufficient or excessive grease application. Insufficient 
lubrication induces friction and promotes crack progression, while excessive greasing 
may cause shaft slipping, leading to structural damage. Inappropriate bearing cage 
selection is a primary cause of such damages, as it fails to prevent the entry of particles 
into the bearing. To prevent these issues, corrosion-resistant lubricants can be 
employed. Additionally, maintaining a clean mounting process and refraining from using 
contaminated greases are vital preventive measures. 

2.1.2 Lubricant Issues 
Correct lubrication is a crucial operational aspect for bearings. The lubricant establishes 
an essential oil layer between working surfaces, simultaneously cushioning the impact of 
rolling elements on the rings and separator [14]. Lubrication is pivotal for ensuring the 
longevity of the bearing. Grease plays a key role in reducing friction, shielding the bearing 
from corrosion and wear, and preventing the entry of solid and liquid contaminants. 
Changes in the lubricant’s condition can also indicate motor issues, with darkening 
occurring due to electrical discharges, as shown in Figure 5. 

 
Figure 5. Improper lubrication of bearing. (previously published in article I) 

Improper lubrication can manifest as either insufficient or excessive lubrication, both 
of which inevitably lead to premature bearing wear and a shortened service life [15]. 
Insufficient lubrication may result from the use of low-viscosity grease or an insufficient 
quantity of grease. Conversely, excessive lubrication can induce shaft slipping, leading to 
crack formation and development. 

Furthermore, the improper selection of lubricants contributes to bearing 
contamination. Types of lubricants encompass plastic greases and various oil-based 
greases. Each lubrication method possesses unique characteristics, necessitating the 
selection of the method that best aligns with lubrication requirements. The choice of 
lubricant depends on the operating conditions of the bearing, particularly the 
temperature range, speed, and working environment. Bearings are mainly lubricated 
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with plastic grease, which, in contrast to oils, offers prolonged efficacy at friction points, 
thereby reducing economic costs. While oils excel in enhanced heat dissipation, they 
come with the drawbacks of higher cost and the risk of leakage compared to plastic 
grease. 

2.1.3 Wear and Material Fatigue 
Material fatigue typically arises from continuous loads that create cracks on the bearing’s 
surface [16]. The application of external forces to the bearing rings weakens the material, 
leading to cracking. With time, these cracks progress, rendering the bearing unsuitable 
for continued use. The durability of a bearing is measured by the number of revolutions 
it completes before the initial signs of material fatigue become evident on its rings and 
rolling bodies. Figure 6 presents an example of bearing material fatigue. 

 

 
 

Figure 6. An example of material fatigue on bearing ring. (previously published in article I) 

Continuous overloading, inadequate maintenance, and contaminated surfaces always 
contribute to material fatigue. Development and progression of this phenomenon are 
significantly influenced by the magnitude of the machine’s applied load and rotational 
speed. Initially, microcracks appear in the subsurface, evolving over time to larger surface 
cracks, resulting in a roughened bearing surface. This phase may be accompanied by 
additional noise and vibration, coupled with an increase in the operating temperature of 
the bearing. Regular inspections and proper lubrication are essential preventive measures 
to reduce the risk of material fatigue in bearings. 

2.1.4 Mechanical Damages 
The majority of bearing faults stem from mechanical damage, which may result from 
manufacturing defects or unforeseen conditions during motor operation. Typically, these 
mechanical damages affect components such as inner and outer rings, cages, and rolling 
elements. 

These mechanical damages may also arise from incorrect manufacturing or mounting 
processes, inadequate design, misalignment of bearing rings, or unequal proportions of 
rolling elements. Before installing the bearing, it is essential to inspect for manufacturing 
faults, including overall appearance, ease of rotation, and compliance with technical 
documentation requirements. In the case of open-type bearings, checks are necessary 
for contamination, corrosion, and the condition of the cage. For sealed-type bearings,  
an additional check on cages is crucial to prevent potential damage. 

2.1.5 Shaft Currents 
The extensive utilization of variable-speed drives in various motor applications has 
significantly heightened the impact of bearing currents [17]. Visually, damages caused by 
bearing currents exhibit distinct characteristics compared to other mechanical defects.  
It is crucial to visually inspect replaced bearings, especially if they have been changed 
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during maintenance, and there are suspicions of shaft currents being present. The impact 
of these currents on the bearing is influenced by various factors, including the type of 
lubricant, rotational speed, applied current, operating duration, and the condition of the 
material [18]. 
 

a) b) c) 

  
 

 
Figure 7. Common damages caused by bearing currents: a) fluting, b) frosting, and c) pitting. 
(previously published in article VI) 

Typically, damages induced by current are only noticeable in advanced stages when 
the bearing surface is already compromised. Faults resulting from bearing currents tend 
to appear in areas with the thinnest lubrication due to heightened stress in those regions 
[19]. This frequently leads to the formation of fluting on the bearing surface, as shown in 
Figure 7a, where multiple lines become apparent across the bearing raceways. Such 
damage is often associated with constant rotational speeds and low voltage. Another 
category of bearing current-related faults, observed when a motor operates at variable 
speeds, is known as frosting. Figure 7b illustrates the occurrence of frosting in practical 
situations. When a motor operates at low speed and receives power from a high-voltage 
source, a phenomenon of pitting can occur in the bearing. Pitting is typically observed in 
motors designed for DC applications, such as railway motors. In these instances, small 
craters appear on the bearing surface, as shown in Figure 7c. 

In addition to the previously mentioned bearing current faults, another type of 
damage known as dull-finish may occur. The primary distinction between dull-finish and 
pitting lies in the size of the craters on the bearing surface. In the case of dull-finish, these 
craters are significantly smaller, often requiring the use of a high-magnification microscope 
for proper examination. 

2.2 Rotor Faults 
Additionally, rotor faults can develop during the machine’s operation. A prevalent form 
of rotor damage involves broken rotor bars and end rings, typically stemming from 
natural degradation leading to rotor wear. Thermal expansion can exacerbate this issue 
by causing cracks in the rotor bars. The differential expansion rates of copper bars and 
steel laminates, with copper expanding faster at higher temperatures, contribute to 
these cracks. 
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2.2.1 Eccentricity  
Rotor damage induced by centrifugal force is often associated with eccentricity, defined 
as an uneven air gap between the rotor and stator. The air gap is defective if it exceeds 
10% of the nominal value [20]. Factors such as improper installation, missing bolts, shaft 
misalignment, and rotor imbalance contribute to eccentricity. An example of rotor wear 
is presented in Figure 8. 

 

 
 

Figure 8. Rotor wear caused by centrifugal forces. 

Motor eccentricity manifests in three main types: static, dynamic, and elliptical. Mixed 
eccentricity can also occur when the centers of the rotor and stator, along with the axis 
of rotation, are misaligned. In Figure 9, three main types of eccentricity are presented. 

 

a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

  

Figure 9. Rotor eccentricities: a) healthy, b) static, c) and d) dynamic, e) elliptic eccentricities. [21] 

Static eccentricity (SE) stands out as the most prevalent type of eccentricity in motors, 
characterized by a fixed rotation axis of the rotor parallel to the stator axis over time. 
Dynamic eccentricity (DE), on the other hand, involves a variation in air-gap length over 
time. Elliptic eccentricity (EE) occurs when the center points of the stator and rotor align, 
yet a non-uniform air gap persists due to the elliptical shape of the rotor and changes in 
angles over time. The air-gap width for various eccentricities can be determined using 
the following equations: 
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ωt
p

- β)�
2
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where g – air gap, RS – radius of the stator, Rr – rotor radius, d –deviation, β – initial 
eccentricity angle, Ow – rotational center, Os – stator symmetry center, p – number of 
poles [21]. 

2.2.2 Demagnetization of permanent magnets 
Permanent magnets commonly fail due to demagnetization, which involves a partial or 
complete loss of magnetization [22]. Overloading and thermal expansion, particularly in 
machines operating at high temperatures without proper cooling, significantly elevate 
the risk of demagnetization. Electrical stress, such as short circuits, is another 
contributing factor. It is advisable to monitor magnet manufacturing for defects and signs 
of corrosion to prevent demagnetization. Partial demagnetization that produces 
additional harmonics in the stator currents can be found at the following frequencies: 

fpdem= ff �1 ± 
k
p
� (4) 

where fpdem – faulty frequency, ff – fundamental frequency, k – integer, and p – number 
of poles [23]. 

 
Demagnetization of permanent magnets is often attributed to machine overload and 

thermal expansion [24]. Operating in high-temperature ranges without a proper cooling 
system significantly elevates the risk of demagnetization. Electrical stresses, including 
short circuits, are another factor that can impact magnet properties [25]. It is also 
advisable to monitor magnets during manufacturing for defects and signs of corrosion. 

2.3 Stator Faults 
Issues with the stator typically stem from problems with the windings, which are not only 
crucial but also highly sensitive in any motor. This percentage underscores the importance 
of prioritizing the protection of the windings in motor design and operation. Before a 
motor is commissioned, thorough checks are imperative to ensure that the windings are 
undamaged, correctly connected, and adequately insulated. 

2.3.1 Winding failures 
Among the most prevalent winding failures is a short circuit, typically starting from  
turn-to-turn short circuit [26]. Without prompt intervention, this issue can escalate into 
phase-to-phase or even phase-to-ground short circuits. Detecting inter-turn faults in 
their early stages is particularly challenging in the electrical machine industry. Even in the 
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initial phase, an inter-turn short circuit can cause substantial damage, ultimately leading 
to machine breakdown. Different modes of short circuit are shown in Figure 10. 

 

 
Figure 10. Common modes of short circuit in wye-connected stator. 

The degradation of winding insulation can be attributed to various factors, with four 
primary stresses, collectively known as TEAM stresses, significantly influencing the 
degradation rate: thermal, electrical, ambient, and mechanical stresses [27]. 
 

• Thermal stresses: Among the most prevalent stresses affecting machines are 
thermal stresses. Induction motors experience high starting currents, causing 
the temperature to surpass threshold values and leading to a decline in the 
insulation system. 

• Electrical stresses: Insulation susceptibility arises from unstable supply voltage, 
transient voltages, unstable grounding, and incorrect rated values of the 
machine. Electric motors, especially those exposed to fast-switching inverters, 
are vulnerable to these stresses. 

• Ambient stresses: This encompasses environmental factors impacting the 
motor, such as moisture, humidity, aggressive chemicals, dirt, and other 
particles. Each element can affect the machine and its insulation system 
differently, either individually or in conjunction with other stress types. 

• Mechanical stresses: Various forces, including centrifugal and magnetic forces, 
influence machine operation. While numerous studies focus on monitoring and 
reducing these forces, limited research addresses quality control monitoring 
during production and the damage incurred on electrical machines during 
installation.  
 

Special attention has been directed towards manufacturing faults, often overlooked 
but with the potential to evolve during motor operation, resulting in undesirable 
consequences. Ideally, machines should exhibit symmetry in all aspects, featuring 
sinusoidally distributed windings on both the stator and rotor sides, a smooth and 
consistent air gap, and uniformly distributed current in the stator and rotor windings to 
mitigate skinning and proximity effects. These ideal characteristics aim to achieve  
ripple-free speed and torque production without vibrations. 
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However, practical machines face limitations that prevent the realization of these 
ideals. Despite testing measurements falling within defined limits, visual inspections 
frequently reveal various damages in the motors. An example of some manufacturing 
damages is presented in Figure 11. 

 

  
a) b) 

 
Figure 11. Manufacturing damages on induction motors: a) overheated winding insulation,  
b) improper winding placement. (previously published in article II) 

Manufacturing faults, typically neglected during the design phase, tend to manifest 
during machine exploitation. These asymmetries can lead to heightened vibrations, 
causing friction among copper conductors and resulting in insulation damage. 
Asymmetrical faults, such as winding faults, induce additional sideband harmonic 
components at the fundamental frequency and can be defined by the following 
frequencies: 

fh= fs(1 + 2sk); k = 1, 2, 3,…; k ∈ N (5) 

where fh – harmonic frequency, fs – supply frequency, s – slip [28].  
 
Additionally, the thermal profile of the machine becomes uneven, giving rise to hot 

spots at specific locations. Consequently, monitoring and predicting potential fault 
occurrences can markedly mitigate the adverse impact of damage on motor maintenance. 

2.4 Summary 
The chapter provides a comprehensive overview of the classification and causes of 
failures in induction motors, categorizing them into three main groups: stator, rotor, and 
bearing-related failures. Bearing faults, being the most common, are attributed to 
various factors such as contamination, lubrication issues, wear, and material fatigue. 
Contamination and corrosion, inadequate lubrication, and improper lubrication selection 
contribute significantly to bearing failures. Furthermore, material fatigue and mechanical 
damages are prevalent issues affecting bearing longevity. Additionally, the text discusses 
rotor faults, including broken rotor bars, end ring damage, and eccentricity, which can 
result from thermal expansion and improper installation. Stator faults, primarily related 
to winding issues such as short circuits and insulation degradation, are also highlighted, 
with emphasis on the importance of detecting and addressing these faults early. To sum 
up, to improve the machine’s reliability, it’s crucial to oversee numerous parameters. 
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3 Condition Monitoring using Artificial Intelligence 

3.1 Global Parameters’ Monitoring 
As previously stated, the occurrence of faults is primarily determined by the motor’s 
parameters, including machine type, size, rated voltage, and so forth. To enhance the 
machine’s reliability, it is essential to monitor multiple parameters. 

3.1.1 Vibration Monitoring 
Vibrations within an electrical machine can originate from various sources, including 
magnetic fields, fluid flow, imbalances, and particularly from rotating elements like 
bearings, gearboxes, or rotors [29]. Currently, there is a diverse range of sensor types 
available for measurement technology, such as piezoelectric [30], capacitive [31], 
inductive [32], piezoresistive [33], and strain gauge [34] sensors. 

Vibration analysis is a valuable tool for assessing the condition of electrical equipment 
and is extensively employed for diagnostic purposes [35]. It involves tracking changes 
through defined vibration signatures and identifying deviations within the system. These 
deviations manifest in alterations to acceleration amplitude, frequency values, and 
intensity. Detecting failures in a timely manner requires careful attention to specific 
frequency components within the harmonic spectrum [36]. These components can be 
identified in the frequency domain by performing Fourier transforms on the signals 
coming from the machine. 
 

a) 

 

b) 

 
c) 

 

d) 

 
 
Figure 12. Fourier spectra of healthy and faulty bearings. (previously published in article IV) 
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As presented in Figure 12, in traditional diagnostic methodologies, vibration signals 
from both healthy and faulty bearings are utilized to compare them and detect a faulty 
pattern. The identification of specific frequencies on the FFT spectrum enables the 
observation of frequency variations in harmonic amplitudes, especially within fundamental 
components. This variation serves as a fault indicator. 

3.1.2 Wear Monitoring 
Wear condition monitoring in electrical machines plays a pivotal role in ensuring their 
optimal performance and longevity [37]. As these machines operate over time, various 
components, such as bearings and gears, are subjected to wear and tear. An example of 
stator wear is shown in Figure 13. Monitoring the wear condition involves assessing 
factors like vibration, temperature, and lubrication [38]. Vibration analysis helps detect 
irregularities in rotating elements, while temperature monitoring identifies potential 
overheating, which can accelerate wear. 
 

 
 
Figure 13. Wear of stator. 

The bearing is a crucial component of a rotating machine and is subject to various 
loads and forces, leading to a decrease in the motor’s intended lifespan. In general, most 
friction losses in rotating machines are attributed to bearings. Consequently, monitoring 
the wear of bearings can greatly impact the proper functioning and overall reliability of 
the machine. The most frequent causes of bearing wear are high friction loads and 
insufficient lubrication. Bearing faults typically arise in areas where the lubricant coating 
is at its thinnest. 

Additionally, monitoring lubrication levels is crucial as insufficient lubrication can lead 
to increased friction and wear [39]. By employing advanced sensing technologies and 
data analysis techniques, engineers can gather valuable insights into the wear patterns 
of critical components. Timely detection of wear allows for proactive maintenance, 
reducing the risk of unexpected breakdowns and enhancing the overall reliability and 
efficiency of electrical machines. 
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3.1.3 Electrical and Electromagnetic Monitoring 
Monitoring the magnetic flux has become a widely used and effective method for 
detecting faults in electrical machines, given that many early failures result in a 
detectable magnetic asymmetry [40]. Electromagnetic measurement serves as an 
efficient means to monitor the electrical machine, either as an additional or alternative 
tool to stator current monitoring. In essence, an electric machine generates 
electromagnetic flux, and any minor imbalance in the magnetic or electric circuit is 
reflected in some of the transmitted fluxes [41]. Numerous studies have explored the 
monitoring of bearing damages [42], rotor faults [43], short circuits [44], and magnet 
problems [45] through the analysis of stray magnetic flux. 

In most rotating electrical machines, which are typically symmetrical, magnetic flux is 
uniformly distributed. Any fault in the machine leads to an asymmetrical flux distribution, 
resulting in more localized magnetic stresses. The flux density across the broken bar 
increases, magnifying the peak induced current in subsequent rotor bars. This heightened 
current, along with increased magnetic forces, renders the affected components 
susceptible to faults, initiating a chain reaction. An example of flux distribution in the 
case of healthy and faulty rotor bars is presented in Figure 14. 

 

 
 

Figure 14. Flux distribution of healthy and faulty rotor bars in an induction motor. [46] 

Crucially, the performance parameters of machines, such as torque, speed, voltage, 
and currents, are influenced by flux distribution. Analyzing these performance parameters 
enables the detection of any alterations in flux distribution due to a fault. These 
characteristics render diagnostic algorithms non-invasive and open a wide array of signal 
processing techniques for the condition monitoring of electrical machines. 

3.1.4 Temperature Monitoring 
Thermal monitoring is a crucial aspect of ensuring proper functionality. Elevated 
temperatures can significantly reduce the lifespan of electrical machines, causing 
damage to winding insulation, short circuits, accelerated aging of bearings, and 
degradation of rotor permanent magnets [47]. Common factors contributing to 
temperature increase include cooling system malfunctions and excessive currents 
flowing through windings [48]. 

In general, temperature-based monitoring can be categorized into two approaches: 
thermal image analysis and local spot measurement. An alternative method for thermal 
monitoring in rotating machinery is thermal imaging, which is presented in Figure 15. 
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Figure 15. Thermal image of working induction motor. 

For local thermal measurement, resistance thermometer detectors and thermocouples 
are commonly employed. However, using thermocouples or resistance temperature 
detectors for local monitoring may have limitations in safety applications, primarily due 
to the use of electrically conductive materials in the sensor structure [49]. Consequently, 
they may not be positioned in the hottest spots. 
 
Table 1. Signatures of main faults in electrical machines. (previously published in article V) 

Fault signatures 

Winding short 
circuit 

[50], [51] 

Rotor broken bars 

[52] 

Eccentricity 

[53], [54] 

Bearing faults 

[55] 

Vibration 
 

⃝ ⃝ ⃝ ★ 

Current 
 

★ ★ ⃝ ★ 

Temperature 
 

⃝ ⃝ ⃝ x 

Magnetic flux 
changes ★ ★ ★ ⃝ 

Chemical 
analysis ⃝ x x x 

Torque changes ★ ★ ⃝ x 

★- the most preferable parameter for condition monitoring; ⃝ - parameter can be used 
for condition monitoring; x- parameter cannot be used for condition monitoring. 
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3.2 Artificial Intelligence in Condition Monitoring 
Nowadays, electrical machines and drive systems are extensively used across various 
applications and hold a significant role in industries. Given their diverse usage, ensuring 
proper maintenance is crucial. For this reason, the clever choice of diagnostic method is 
extremely important. 

3.2.1 Machine Learning 
A wide range of condition monitoring methods are available today to detect failures in 
electrical equipment. Many literature resources on intelligent health monitoring refer to 
machine learning. It is a field of study in computer science and artificial intelligence that 
does not directly solve problems but learns from applying solutions to similar problems 
[56]. Typical machine learning tasks include classification, regression, learning associations, 
clustering, and other machine learning tasks like reinforcement learning, learning to 
rank, and structure prediction [57]. Machine learning is closely related to data mining, 
which can discover new data patterns in large datasets. The main difference is that 
machine learning focuses on adaptive behavior and practical usage, while data mining 
concentrates on processing extensive amounts of data and discovering unknown 
patterns. Based on the dataset, known as training data, machine learning algorithms can 
build a model to predict and make decisions. There are many types of those algorithms, 
including supervised, unsupervised, semi-supervised, and reinforcement learning [58]. 
Figure 16 illustrates the most common methods used in machine learning. 
 

 
 
Figure 16. Common algorithms of machine learning.[59] 

The basic paradigms of machine learning comprise supervised and unsupervised 
algorithms. Supervised machine learning, also referred to as “learning with a teacher,” 
involves learning from examples where both a training set (situations) and a test set 
(required solutions) are provided [60]. Obtaining these training sets poses challenges, 
particularly in industry and laboratories. Due to scheduled maintenance in industries and 
limited destructive testing in laboratories, acquiring enough faulty machines for training 
purposes is restricted. Additionally, collecting data with multiple faults (composite faults) 
in the same machine is non-trivial in both scenarios. At the same time, unsupervised 
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machine learning, also known as “learning without a teacher,” involves discovering 
patterns from unknown data [61]. Here, only training data is available, and the objective 
is to cluster objects and/or reduce the volume of the given data. Some industrial systems 
utilize semi-supervised algorithms to achieve more precise outcomes. In such cases, 
some instances have both training and test sets, while others only have training data. In 
contrast to basic methods, reinforcement machine learning focuses on recognizing 
patterns in repetitive scenarios and generalizing from them [62]. The objective is to 
minimize errors and enhance accuracy by analyzing information before each step. 
Furthermore, the algorithm aims to maximize rewards (benefits) set in advance, such as 
minimizing resource expenditure, achieving desired values, or reducing analysis time. 
One widely used group of intelligent condition monitoring methods applicable to various 
machine parameters is artificial neural networks. Neural networks can be supervised, 
unsupervised, or reinforced. Many studies incorrectly categorize neural networks as 
distinct from machine learning. However, neural networks and deep learning are directly 
interconnected with computer science, artificial intelligence, and machine learning. 

Supervised machine learning encompasses a wide range of functional algorithms 
capable of mapping inputs to desired outputs. Figure 17 illustrates the general algorithm 
of supervised learning. 
 

 
 
Figure 17. Concept of supervised learning. (previously published in article III) 

Typically, supervised learning is used in classification and regression tasks: classifiers 
map inputs to predefined classes, whereas regression algorithms map inputs to a real-
value domain. In essence, classification predicts the input category, while regression 
predicts a numerical value based on collected data. Supervised learning aims to identify 
features from labeled examples, thereby allowing for the analysis of unlabeled examples 
with potentially high accuracy. Essentially, the program establishes rules according to 
which the data is processed and classified. For the condition monitoring and diagnostics 
of electrical machines, decision trees [63] and support vector machines [64] are recognized 
the most suitable supervised algorithms. 

Decision Trees: A decision tree is a decision support tool widely utilized in data 
analysis and statistics, with particular emphasis in artificial data mining. The objective of 
a decision tree is to construct a model that predicts the value of a target variable based 
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on multiple inputs. The structure of a decision tree can be illustrated through branches 
and leaves. Branches contain attributes upon which the function relies, while leaves hold 
the values of the function. The remaining nodes encompass attributes that differentiate 
decision cases. An example of the decision tree algorithm is illustrated in Figure 18. 
 

 
 
Figure 18. Diagram of decision tree. (previously published in article III) 

Among other decision models, decision trees are the simplest and require minimal 
data to achieve success. Additionally, this algorithm can be combined with another 
decision model as a hybrid approach to achieve more accurate outcomes. However, 
these models are inherently unstable. A small amount of input data can lead to 
substantial changes in the decision tree structure, resulting in inaccurate results. 
Furthermore, regression algorithms may fail in the case of decision trees. 

Support Vector Machines: Another widely used machine learning algorithm in 
condition monitoring is the support vector machines. In classification tasks, support 
vector machines are preferred as they can handle both linear and non-linear cases.  
For linear classification, each dataset is represented as a vector in an n-dimensional 
space, belonging to two classes. The algorithm’s focus is on separating these data points 
to create a maximum gap between them. In non-linear classification, the kernel machine 
operates similarly to linear algorithms but applies to different datasets. The process of 
support vector machines is outlined in Figure 19.  

 

 
 
Figure 19. Concept of support vector machines. (previously published in article III) 
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Generally, support vector machines are an optimal tool when there is limited initial 
information about datasets. Like decision trees, they require less computational power 
to provide accurate results. However, processing particularly large datasets can be  
time-consuming. Additionally, managing the kernel machine for non-linear processes can 
pose a challenging task. 

Unsupervised machine learning comprises algorithms capable of autonomously 
learning to perform a given task without the intervention of a teacher. It is commonly 
confronted with supervised learning, where the outcome is known, and the goal is to 
uncover relationships between system responses. In unsupervised learning, shown in 
Figure 20, the program endeavors to identify similarities between objects and categorize 
them into groups if similar patterns are detected. These groups are referred to as clusters.  
 

 
 

Figure 20. Concept of unsupervised learning. (previously published in article III) 

In the diagnosis of electrical machines, principal component analysis is the most used 
algorithm [65]. 

Principal Component Analysis: More frequently, datasets are so vast that interpreting 
and discerning essential information becomes challenging. Principal component analysis 
stands out as one of the most prevalent algorithms for reducing the dimensions of data 
while retaining the least amount of information. Geometrically, principal component 
analysis can be interpreted, as demonstrated in Figure 21. The algorithm of principal 
component analysis unfolds as follows: 

 
a) Points with specific coordinates are designated on the plane. 
b) The direction of maximum data change is identified, and a new axis of principal 

component analysis is drawn through the experimental points. 
c) Experimental points are projected onto the axis of principal component analysis. 
d) It is assumed that all the points were initially projected on the axis of principal 

component analysis, and any deviations from this axis can be regarded as noise. 
 
One of its key advantages is the independence of its components, with no correlation 

between them. This independence can notably expedite training time. However, these 
independent values may become less interpretable. There is still some degree of 
information loss, resulting in relatively less precise data analysis compared to the original 
values. 
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a) 

 

b) 

 

c) 

 

d) 

 

 
Figure 21. Support vectors and optimal hyperplane in non-linear classification: a) initial dataset,  
b) optimal vector determination, c) projection of initial dataset on the vector, d) new data parameters 
definition. (previously published in article III) 

Reinforcement learning is a machine learning method in which the system (agent) 
learns through interaction with an environment. The general algorithm of reinforcement 
learning is depicted in Figure 22.  
 

 
 
Figure 22. Concept of reinforcement learning. (previously published in article III) 

Unlike supervised algorithms, reinforcement learning does not require labeled data 
pairs. Its primary focus is on striking a balance between navigating an unknown 
environment and leveraging existing knowledge. The genetic algorithm stands out as the 
most frequently used reinforcement algorithm in condition monitoring [66]. 
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Genetic Algorithm: This algorithm serves as a tool for solving optimization problems 
and emulates natural selection mechanisms in the environment through random 
selection modeling. A distinctive aspect of genetic algorithm is its reliance on the 
“crossing” operator, inspired by its instrumental role in wildlife. In genetic algorithm,  
the problem is typically formalized so that its solution can be encoded as a vector of genes 
(genotype), with each gene possessing a certain value. In classical implementations,  
the genotype is assumed to have a fixed length. However, there are variations of genetic 
algorithm that are free from this limitation. The general diagram of genetic algorithm is 
illustrated in Figure 23. The optimization process employing genetic algorithm is as 
follows: 

a) A task is defined, and numerous genotypes of the initial population are created. 
b) This initial dataset is evaluated using the “fitness function,” which assesses how 

effectively each genotype in the initial population addresses the task. 
c) The best matches in the population are selected for the subsequent generations. 
d) The top matches generate new solutions, and this process iterates until the task 

is accomplished, yielding a resultant population. 
 

a) 

 

b) 

 

c) 

 

d) 

 
 
Figure 23. Genetic algorithm diagram: a) creation of initial population, b) application of fitness 
function, c) selection of the best coincidences, d) creation of resultant population. (previously 
published in article III) 

One of the primary advantages of genetic algorithm is its independence from specific 
domain knowledge. The algorithm generates solutions through genetic operators, and 
multiple suitable solutions can be obtained. However, genetic algorithm may encounter 
degeneracy issues, where multiple chromosomes represent the same solution, leading 
to repeated occurrences of similar chromosome shapes. In such cases, the optimal 
solution is not guaranteed. 

Neural Networks: Artificial neural networks have been proved as highly effective tools 
for condition monitoring and predicting remaining useful life due to their adaptability, 
nonlinearity, and ability to approximate functions [67]. One of the primary advantages 
of neural networks is their capability to outperform nearly every other machine learning 
algorithm. These algorithms are used to analyze and model processes of damage 
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propagation and predict further failures based on collected data. The main tasks tackled 
by neural networks include classification, prediction, and recognition [68]. 

As shown in Figure 24, artificial neural networks are inspired by the biological nervous 
system's ability to learn and correct errors, aiming to replicate the brain's low-level 
structure. Neural networks are composed of machine learning algorithms that mimic the 
human brain, consisting of interconnected signals known as neurons. Both biological and 
artificial neurons comprise the cell body, dendrite (input), synapse (connection), and 
axon (output). The simplest model of an artificial neural network typically includes three 
layers of neurons: the input layer connected to a middle (hidden) layer, which is further 
connected to the final (output) layer. 

 

 
Figure 24. Neuron structure. 

To achieve artificial intelligence, a system with a similar architecture needs to be 
constructed. The architecture of artificial neural networks is presented in Figure 15. 
Solving problems using neural networks necessitates collecting training data, which 
comprises observations with defined input and output variables. Neurons transmit 
signals from the input layer to the output, receiving data from the external environment 
(e.g., measuring systems, sensors), processing it, and transmitting signals through 
synapses to the hidden layer. The hidden layer processes these signals and forwards 
them to the output layer. Neurons act as computing units, receiving information, 
performing simple calculations, and transferring them further. 
 

 
 

Figure 25. Architecture of artificial neural network. 
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Fast learning is one of the main advantages of neural networks over traditional 
algorithms. Training involves determining the coefficients of connections between 
neurons. Through training, neural networks can identify complex dependencies between 
input and output data and generalize it. Successful training enables the network to return 
correct results based on data absent in the training sample or incomplete or partially 
distorted data. When a neural network comprises more than three layers, a phenomenon 
known as deep learning or deep neural network arises. Deep learning, a subset of 
machine learning techniques within neural networks, analyzes large-scale machinery 
data, yielding more precise results. Overall, neural networks are considered a versatile 
tool for solving a wide range of problems. 

However, each method has its limitations. Firstly, achieving precise results and making 
accurate predictions heavily depends on the quantity and quality of data – the challenge 
lies in striking a balance between underfitting and overfitting. Another common 
limitation for neural networks is the black box phenomenon. As previously mentioned, 
deep learning effectively learns the hidden layers of the architecture, mapping inputs to 
outputs. However, this process of approximating the function renders it difficult to gain 
insights into the structure and understand the cause of errors. 

3.2.2 Fuzzy Logic 
Fuzzy logic is another algorithm that finds successful application in various control 
systems of energy systems, closely resembling human perception processes and 
cognition [69]. Both fuzzy logic and machine learning are sub-fields of artificial 
intelligence. The primary distinction between fuzzy logic and traditional logic lies in their 
representations: traditional logic is limited to true or false values (1 or 0), while fuzzy 
logic can accommodate values ranging between 1 and 0 (including true, false, partially 
true, etc.). The primary configuration of the fuzzy logic block is depicted in Figure 25. 
 

 
 

Figure 26. The structure of the fuzzy logic block. (previously published in article VIII) 

It consists of fuzzification, where linguistic variables undergo transformation into fuzzy 
sets using membership functions. Fuzzy linguistic variables are used to express qualities 
across a specific spectrum. The rule base utilizes linguistic sentences to perform logic 
operations within the fuzzy block. The inference engine executes fuzzy implications to 
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arrive at solutions. Defuzzification then converts variables from fuzzy sets into tangible, 
real values. The central component of the fuzzy logic block consists of fuzzy rules or 
sentences, constructed in the form of IF-THEN rules: 

IF x is A, THEN y is B (6) 

Fuzzy logic offers distinct advantages in decision-making. Firstly, fuzzy logic employs 
rule-based sentences, making them readable and accessible for process operators. These 
rules can be constructed using everyday vocabulary, enabling operators to apply their 
practical experience directly. Its interface with natural language sets it apart from other 
methods, enhancing accessibility and user-friendliness. Furthermore, fuzzy logic allows 
decision-makers to incorporate multiple inputs, leveraging the advantage of including 
expert knowledge in the decision-making process. Operating as a nonlinear system,  
the fuzzy logic block can handle multiple inputs and outputs, providing recommended 
actions even in case of conflicts. However, there are several disadvantages. Fuzzy logic 
decisions involve more tuning parameters than classical approaches, potentially increasing 
complexity. Tracing data flow during execution can be challenging, complicating error 
correction. Fuzzy logic lacks a straightforward equation and mathematical apparatus due 
to its structure, making system analysis challenging and system stability assurance 
complex. 

3.3 Summary 
Besides, this chapter highlights the critical role of proper maintenance for electrical 
machines and drive systems due to their extensive usage across industries. It delves into 
the importance of selecting appropriate diagnostic method. The text provides a 
comprehensive overview of advanced diagnostic methodologies for ensuring the 
reliability and optimal performance of electrical machines. Table 2 provides a concise 
overview of the benefits and drawbacks of each diagnostic technique discussed above. 
 
Table 2. Benefits and drawbacks of intelligent diagnostic techniques. 

Diagnostic technique Advantages Disadvantages 

Decision Trees 

Small computational power, 
simple structure, data pre-
processing is not needed, 

easy interpretation 

Prone to overfitting, not 
suitable for regression tasks 

Support Vector 
Machines 

High dimensionality, 
operated with non-linear 

processes, small 
computational power, no 

needed in data specification 

No ability to filter 
unnecessary information, 
complicated managing of 

kernel machine, overlapping 
risk 

Principal Component 
Analysis 

No overlapping, good 
visualization 

Possible loss of information, 
reduced accuracy 

Genetic Algorithm 
Adaptive algorithm, rapid 

processing, multiple 
solutions 

Can suffer from degeneracy, 
overlapping risk, may require 

significant computation 
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Artificial Neural 
Networks 

Versatile, learns complex 
dependencies, fast learning 

Need of qualitative data, 
black box phenomenon, 

overtraining risk 

Fuzzy Logic 
Flexible algorithm, no 

needed in specific hardware, 
easily reprogramming 

Requires tuning parameters, 
inaccurate data lead to poor 

results 
 

This chapter discussed various monitoring techniques for ensuring the reliability of 
electrical machines. Employing advanced sensing technologies and data analysis 
techniques enables proactive maintenance, reducing the risk of unexpected breakdowns 
and enhancing the efficiency of electrical machines. To ensure effective training of the 
intelligent algorithm, it is crucial to thoroughly investigate the nature of machine faults, 
their causes, and their impacts on global parameters. The primary challenge lies in the 
quantity and quality of training data.  
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4 Data Acquisition and Pre-Analysis 
To gather qualitative and accurate data, an experimental test bench was constructed,  
as presented in Figure 27. As shown, the setup comprises a testing machine, loading 
machine, acquisition system (Dewetron). The tests were conducted at the rated speed. 
The parameters of the testing motor are presented in Table 3. 

 

 
 

Figure 27. Experimental test bench. (previously published in article VII) 

Table 3. Parameters of testing and loading motor. 

Parameter Value 
Voltage, V Y 690 D 400 D 460 
Frequency, Hz 50 50 60 
Speed, r/min 1460 1460 1760 
Power, kW 7.5 7.5 7.5 
Current, A 8.8 15.3 12.9 
Power factor 0.79 0.79 0.81 

 
To ensure the accuracy of fault patterns for training purposes, various operational 

conditions of the rotating machine were considered. Signals were extracted from 
parameters such as current, voltage, torque, speed, and vibration to analyze the impact 
of faults. Testing was conducted under different motor loads, ranging from 0% to 100%. 
Additionally, data collection took place in diverse control environments, including  
grid-fed, scalar control, and direct torque control systems. 

In the industrial sector, electrical machines are expected to exhibit high efficiency, 
manageable control, and cost-effectiveness. Consequently, three-phase induction 
motors are the predominant choice [70]. There are primarily two algorithms for 
controlling induction machines: scalar-based and vector-based. Scalar control adjusts the 
motor's speed by varying stator voltages and frequency while maintaining a constant air 
gap flux [71]. However, this method is most suitable for applications with static dynamics 
and uniform loads. An alternative to conventional pulse width modulation (PWM) motors 
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is direct torque control (DTC) [72]. DTC enables direct regulation of motor parameters 
such as torque and flux, eliminating the need for additional hardware like modulators. 
This technique is widely adopted in manufacturing due to its ability to meet industrial 
requirements effectively. 

For early fault detection, it is reasonable to consider small frequency components in 
the spectrum. This can be achieved by taking Fourier transforms of the incoming signal. 
For the ideal Fast Fourier Transform (FFT) with an infinite signal, the following equation 
holds: 

f(t)=� Cneinωt≅∞
n=-∞ � CneinωtN

n=1 ; ω = 2π f
fs

; (7) 

𝐶𝐶𝑛𝑛 =  1
2𝜋𝜋 ∫ 𝑓𝑓(𝑥𝑥)∞

−∞ 𝑒𝑒−𝑖𝑖𝑛𝑛𝑖𝑖𝑑𝑑𝑥𝑥, 𝑛𝑛 = 0, ±1, ±2, … (8) 

where f(x) is the signal under investigation, Cn is the complex Fourier, and fs is the 
sampling frequency (100 kHz). Evaluating the entire signal is not necessary, as it cannot 
save training time and simplify the training process. Instead, algorithm training will focus 
on areas where the fault's impact is most significant. 

4.1 Broken rotor bars 
The current spectrum is essential in this analysis since damaged rotor bars initially affect 
the current. Faults cause ripples in speed and torque on the frequency spectrum. Due to 
the dispersed layout of the rotor and stator windings, the frequency spectrum of the 
stator and rotor current contains several harmonics even under optimal supply and in 
healthy motor cases. The stator current undergoes modification at specific frequencies 
when a fault occurs. For this reason, emphasis was placed on analyzing the current 
spectrum in detecting rotor faults. In this study, various conditions of rotor bars in 
induction machines were examined, including both healthy and faulty states, with faults 
ranging from one to three broken rotor bars. For current measurements, Fluke current 
clamps were used. The rotor with three broken rotor bars is shown in Figure 28. 

 
Figure 28. Rotor with three broken bars. [74] 
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The harmonics of a broken rotor bar can be quantitatively represented using the 
following equations in the frequency spectrum: 

fBR = fS ± 2ksfS (9) 

fBR = �(
k
p

) (1-s) ± s� fS (10) 

where k = 1, 2, 3, ..., fs is the supply frequency, p is the number of pole pairs, and s is the 
slip of the machine [73].  

In Figure 29, the spectra of healthy and faulty rotor bars are presented, where 0BRB 
means heathy rotor, 1BRB – one broken rotor bar, 2BRB – two broken rotor bars, and 
3BRB – three broken rotor bars. The fault notably influences the range of 0 to 1000 Hz 
most prominently. At the same time, the most significant range, particularly for 
algorithm training, lies within 0 to 500 Hz. For the training, the most significant values 
are 50 Hz, 250 Hz, and 350 Hz. 

 
Figure 29. Frequency current spectra of healthy and faulty rotor bars. 

From the spectra, it is evident that the fault development has a considerable impact 
on side harmonics. As the level of damage escalates, there is a corresponding rise in the 
amplitude of the side harmonics. Consequently, the spectrum of a rotor with three 
broken bars exhibits the highest side harmonics at the fundamental frequency. The 
performance of current signals at the frequency of 50 Hz is presented in Table 4. 

 
Table 4. Current signals at frequency 50 Hz in different fault states. 

State  Axis Value 

0BRB 
Frequency (Hz) 50 
Amplitude (p.u.) 1.513 

1BRB 
Frequency (Hz) 49.99 
Amplitude (p.u.) 1.496 

2BRB Frequency (Hz) 49.99 
Amplitude (p.u.) 1.297 

3BRB Frequency (Hz) 49.99 
Amplitude (p.u.) 1.425 
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To ensure effective training, it is important to consider various conditions [75]. 
Comparison of spectra shows that grid-fed and scalar modes exhibit similar behavior,  
as presented in Figure 30. The primary distinction becomes evident in the behavior of 
side frequencies. However, the main observation centers on the frequency spectrum in 
the case of DTC, where a significant shifting in frequency components becomes apparent. 
Specifically, when a fault arises during operation under DTC, a discernible shift in the 
fundamental component within the frequency domain is evident. This phenomenon 
remains absent in both grid and scalar control modes. 

 
Figure 30. Frequency current spectra of rotor with three broken bars in different control modes. 

The reason behind this phenomenon is that the net generated torque diminishes as 
the number of broken bars increases. In contrast, within the DTC environment,  
the controller endeavors to sustain a constant torque output by reducing the speed.  
This reduction in speed is achieved by decreasing the frequency of the fundamental 
component. In the case of different control modes, the performance of current signals 
at the frequency of 50 Hz is presented in Table 5. 

 
Table 5. Current signals at frequency 50 Hz in different control modes. 

Control  Axis Value 

Grid Fed 
Frequency (Hz) 49.99 
Amplitude (p.u.) 1.425 

Scalar control 
Frequency (Hz) 50 
Amplitude (p.u.) 1.8 

DTC 
Frequency (Hz) 51.12 
Amplitude (p.u.) 1.71 

 
For algorithm training, it is crucial to incorporate all operational conditions. This study 

specifically addresses the impact of loads, which is essential for comprehensive analysis 
[76]. 
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Figure 31. Frequency current spectra of rotor with three broken bars under different loads. 

Load variations sometimes result in frequency shifts. Moreover, higher loads cause a 
greater influence on side harmonics. Like previous instances, the fault demonstrates its 
greatest impact within the frequency range of 0 to 500 Hz. All these aspects will be 
considered during algorithm training. In the case of different loads, the performance of 
current signals at the frequency of 50 Hz is presented in Table 6. 

 
Table 6. Current signals at frequency 50 Hz under different loads. 

Load  Axis Value 

0%  
Frequency (Hz) 50.02 
Amplitude (p.u.) 0.77 

25%  
Frequency (Hz) 50.03 
Amplitude (p.u.) 0.7992 

50%  
Frequency (Hz) 50.02 
Amplitude (p.u.) 1.068 

75%  
Frequency (Hz) 50.03 
Amplitude (p.u.) 1.219 

100%  
Frequency (Hz) 49.99 
Amplitude (p.u.) 1.425 

4.2 Bearing faults 
This study investigated various mechanical damages of bearings, including damage to the 
inner or outer raceway, as well as faults in the cage. Additionally, the study examined 
damages caused by bearing currents. The vibration spectrum plays a pivotal role in the 
analysis of damaged bearings. For the experiments, vibration measurements were 
conducted using a triaxial accelerometer with a range of +/-100 g, positioned over the 
shaft. Bearing damages can be mathematically described using the following equations, 
which pertain to the natural frequencies of faulty bearings. Fault frequencies can be 
defined for the outer ring (11), inner ring (12), rolling elements (13), and cage (14).  
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for = 
Nb

2
n �1 - 

Db

Dc
cos β� (11) 

fir = 
Nb

2
n �1 + 

Db

Dc
cos β� (12) 

fb = 
Dc

2Db
n�1 - �

Db

Dc
cos β�

2

� (13) 

fc = 
n
2
�1 - 

Db

Dc
cos β� (14) 

where Nb – number of rolling elements, Db – diameter of rolling element (mm),  
Dc – bearing pitch diameter (mm), β – contact angle (degrees), n – mechanical rotor 
speed (Hz) [77]. 

4.2.1 Mechanical damages 
As shown in Figure 32, the study focused on the most common mechanical bearing faults, 
including faulty inner ring, faulty outer ring, and damaged cage. In this case, both healthy 
and faulty bearings were installed and tested in the test motor. 
 

 

a) b) c) 
 
Figure 32. Mechanical bearing faults: a) fault in the outer ring, b) fault in the inner ring, and  
c) damaged cage. (previously published in article VIII) 

Figure 33 presents a comparison of various mechanical faults on the vibration 
spectrum, indicative of potential bearing issues. Noticeably, certain regions exhibit the 
most significant impact of faults. It is reasonable to investigate how these damages affect 
side harmonics. By comparing the fault patterns extracted from each signal with those 
of a healthy signal, it becomes feasible to discern specific fault signatures. 
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Figure 33. Frequency vibration spectra of damaged bearings. 

These patterns will then be utilized for system training. The performance of signals at 
the frequency of 100 Hz in the case of damaged bearings is presented in Table 7. 
 
Table 7. Vibration signals at frequency of 100 Hz in different fault states. 

State  Axis Value 

Inner raceway 
Frequency (Hz) 100 
Amplitude (p.u.) 6.436e-05 

Outer raceway 
Frequency (Hz) 100 
Amplitude (p.u.) 5.795e-05 

Damaged cage 
Frequency (Hz) 100 
Amplitude (p.u.) 6.922e-05 

 

 
 
Figure 34. Frequency vibration spectra of bearing with fault in inner raceway in different control 
environments. 
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As shown in Figure 34, various control environments of the motor were compared, 
highlighting their influence on the vibration spectrum. It is crucial to take this into 
account during system training, as evident from the distinct behaviors observed in the 
signals. Particularly noteworthy is the substantial impact of DTC on side harmonics, as 
indicated by the graph. The comparison of spectra for different control environments in 
the case of a bearing fault in the inner raceways is presented in Table 8. 

 
Table 8. Vibration signals at frequency of 100 Hz in different control environments. 

Control  Axis Value 

Grid Fed 
Frequency (Hz) 100 
Amplitude (p.u.) 6.436e-05 

Scalar control 
Frequency (Hz) 100 
Amplitude (p.u.) 3.229e-05 

DTC 
Frequency (Hz) 99.95 
Amplitude (p.u.) 1.559e-05 

 
Furthermore, the impact of the load on machine performance was investigated. Tests 

were conducted across various load levels ranging from 0% to 100%. As illustrated in 
Figure 35, slight frequency shifts were observed depending on the load level. 

 

 
Figure 35. Frequency vibration spectra of bearing with fault in inner raceway under different loads. 

Additionally, notable differences inside harmonics were evident under different load 
conditions. This disparity will also be taken into consideration for the implementation of 
predictive maintenance strategies. In the case of different loads, the performance of 
vibration signals at the frequency of 100 Hz is presented in Table 9. 
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Table 9. Vibration signals at frequency of 100 Hz under different loads. 

Load  Axis Value 

0%  
Frequency (Hz) 100 
Amplitude (p.u.) 5.402e-05 

25%  
Frequency (Hz) 100 
Amplitude (p.u.) 5.004e-05 

50%  
Frequency (Hz) 100 
Amplitude (p.u.) 5.307e-05 

75%  
Frequency (Hz) 99.96 
Amplitude (p.u.) 6.442e-05 

100%  
Frequency (Hz) 100 
Amplitude (p.u.) 6.436e-05 

 

4.2.2 Bearing currents 
Currently, the most economical and straightforward approach to ensuring the optimal 
performance of electrical machines involves employing frequency converter control. This 
method has been widely embraced worldwide, leading to increased adoption of power 
electronics. However, such solutions often result in shaft currents induced by the 
frequency converter, presenting a growing challenge in modern industry. Despite the 
longstanding recognition of bearing currents in electrical machines, which spans almost 
a century, it remains a significant area of research [78]. Failures arising from bearing 
currents cause substantial mechanical damage to electrical machines. In modern drive 
systems, the utilization of converters contributes to a phenomenon where current flows 
through the circuit comprising the bearings, the frame, and the machine shaft [79]. While 
mitigation solutions are increasingly being implemented to address bearing currents,  
it is important to acknowledge that they may inadvertently lead to reliability issues and 
require additional maintenance [80]. 

Typically, damages caused by electrical currents only become apparent in later stages, 
after the bearing surface has already been compromised. Faults resulting from these 
currents tend to emerge in areas with the thinnest lubrication layer, which experience 
heightened stress. Usually, as presented in Figure 36, these damages are classified into 
three categories: fluting, frosting, and pitting. 

 
a) b) c) 

   
 
Figure 36. Common faults caused by bearing currents: a) fluting, b) frosting, c) pitting. (previously 
published in article IX) 
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One common manifestation is “fluting,” shown in Figure 36a, where multiple lines 
form across the bearing raceways. Fluting is often associated with constant rotational 
speeds and low voltage. Another type of fault, known as “frosting,” occurs when a motor 
operates at variable speeds, as illustrated in Figure 36b. In situations where the motor 
operates at low speeds with high-voltage power, “pitting” can arise in the bearing,  
as seen in Figure 36c. Pitting is commonly observed in DC motors, such as those used in 
railways, and manifests as craters on the bearing surface. Changes in the lubricant's 
condition can also indicate motor issues, with darkening occurring due to bearing 
currents. Sparking can lead to lubricant oxidation and darkening due to electrical 
discharges, as observed during the experiments shown in Figure 37. 

 

 
 

Figure 37. Lubricant darkening due to discharges. 

An experimental test bench for fault implementation was meticulously constructed to 
facilitate this investigation. Faults were induced in healthy bearings to obtain faulty 
bearings for experimentation, as shown in Figure 38. 

 

 
 
Figure 38. Experimental test bench for implementation of bearing current faults: 1) non-drive end 
bearing, 2) drive end bearing, 3) belt, 4) servo drive, 5) power supply. (previously published in article VI) 

A diverse range of failures caused by bearing currents were successfully replicated 
through experimentation. Each fault type including fluting, frosting, and pitting was 
intentionally induced under controlled conditions. Table 10 provides an analysis of all 
studied cases involving shaft current faults. 
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Table 10 Faults implemented under different current levels and rotational speeds. 

Conditions Results 
Drive end bearing 

Speed, r/min Current, A Inner ring Outer ring Balls 
100 10 Darkened race Darkened race No changes 
100 20 Slight fluting Darkened race Darkened balls 
500 10 Fluting Darkened race Darkened balls 

800 10 Fluting Darkened race / 
slight fluting Darkened balls 

800 20  Fluting/pitting Slight fluting Darkened 
balls/pitting 

Non-drive end bearing 
Speed, r/min Currents, A Inner ring Outer ring Balls 

100 10 Darkened race Darkened race Slightly 
darkened balls 

100 20 Slightly 
darkened race Darkened race Darkened balls 

500 10 Darkened race Darkened race / 
slight fluting Darkened balls 

800 10 Slightly 
darkened race 

Darkened race / 
slight fluting Darkened balls 

800 20  Frosting Frosting Darkened 
balls/frosting 

 
As an example, the case of fluting is studied, which is presented in Figure 39. 
 

 

 
 

 
Figure 39. Bearing with fluting used in experiments. (previously published in article VI) 

The vibration spectra of healthy and faulty bearings with fluting shown in Figure 40. 
Remarkably, the amplitude of the faulty bearing significantly exceeds that of the healthy 
one. This difference arises because the damaged bearing encounters difficulties in 
rotation due to surface damage. 
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Figure 40. Frequency spectra of healthy bearing and bearing with fluting. 

The fault exerts its most notable influence on the spectrum within the 0-500 Hz range, 
affecting even harmonics, particularly at 100 and 300 Hz. In the 500-1000 Hz range, there 
are no prominent harmonics except for the 700 Hz frequency, which warrants examination 
for potential patterns during training. Frequencies beyond 1000 Hz do not significantly 
impact the analysis. The spectra comparison of healthy bearing and bearing with fluting 
is presented in Table 11. 
 
Table 11. Vibration signals at frequency of 100 Hz in case of healthy bearing and bearing with fluting.  

State  Axis Value 

Healthy 
Frequency (Hz) 100 
Amplitude (p.u.) 0.0001902 

Fluting 
Frequency (Hz) 100 
Amplitude (p.u.) 0.0005269 

4.3 Summary 
To mitigate severe consequences and economic losses in production, it is advisable to 
implement strategies related to predictive maintenance. The provided information 
outlines a comprehensive experimental study on detecting various faults in electrical 
machines, focusing on both rotor bars and bearings. Acquiring the necessary training 
datasets poses a significant challenge in implementing. Accurate forecasting requires 
gathering a large quantity of high-quality datasets. Therefore, various faults were 
intentionally induced in laboratory settings to facilitate this process. The study provides 
valuable insights into fault detection methodologies for electrical machines, highlighting 
the importance of considering operational conditions, control modes, and load variations 
for effective training of intelligent algorithms aimed at predictive maintenance. Fault 
patterns extracted from experimental data are utilized for system training purposes. 
However, when it comes to analysing vibration spectra, visually discerning differences in 
amplitudes can be challenging. To address this issue, artificial intelligence techniques 
were employed to accurately identify and define these variations. 
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5 Fault Classification and Prediction 
Implementing trained models is a pivotal aspect of predictive maintenance and condition 
monitoring. The accuracy of these models is primarily contingent upon the quality and 
diversity of the training data employed. Therefore, it is imperative to utilize high-quality 
data samples encompassing various scenarios and an optimal number of features to 
achieve enhanced results. 

The focus of this chapter is on predictive approaches, specifically targeting bearing 
faults. Three distinct methodologies are presented. This study evaluates three approaches 
to examine the accuracy of machine learning models and explore the potential 
improvement by incorporating fuzzy logic alongside machine learning. The initial phase, 
which involves the acquisition and pre-processing of the collected data to prepare it for 
training, is described in Chapter 4. Data acquired via the acquisition system is initially in 
the time domain, necessitating conversion into the frequency domain using the Fast 
Fourier Transform (FFT).  

 
a) b) 

  
c) d) 

  
Figure 41. Selected frequency components for healthy and faulty bearings: a) healthy bearing,  
b) bearing with the damaged outer raceway, c) bearing with the damaged inner raceway,  
d) bearing with a damaged cage. 

This approach prioritizes analyzing the vibration signatures of electrical machines and 
the impact of faults on them. Given the broad spectrum of frequency components,  
the primary objective is to pinpoint the most prominent ones and eliminate insignificant 
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ones. By doing this, the resulting frequency components are reduced, facilitating the 
identification of distinct features. In this instance, the frequency range was capped at 
500 Hz, as beyond this threshold, the amplitudes of frequency components become 
negligible and do not significantly contribute to the analysis.  

Following this, the data undergoes further processing to evaluate the amplitude of 
these frequency components under both healthy and faulty conditions. This step is 
carried out across multiple samples collected from different induction machines to verify 
that the identified components are universally applicable to this specific fault. To ensure 
consistent results, all amplitudes are normalized to range between 0 and 1. Figure 41 
illustrates an example of a frequency spectrum displaying both healthy and faulty 
scenarios, presenting frequency components alongside their corresponding amplitudes.  

After analyzing numerous samples, the variations in the amplitude of frequency 
components for both healthy and faulty conditions are characterized. By conducting a 
thorough analysis, the range of amplitudes for the significant frequency components that 
indicate fault occurrence is established, as presented in Table 12.  
 
Table 12. Frequency amplitude range for fault occurrence. 

Fr
eq

ue
nc

y 
(H

z)
 

Amplitudes  

Healthy Signal Inner Outer Damaged Cage 

Min Max Min Max Min Max Min Max 

36.01 1.77e-07 8.66e-06 1.27e-07 6.31e-06 5.69e-06 1.27e-07 6.25e-
06 

5.69e-
07 

42.11 4.51e-08 9.65e-06 2.85 e-06 8.12e-05 1.34e-07 7.59e-06 1.32e-
07 

5.14e-
06 

90.94 1.72e-07 7.68e-06 1.94e-07 7.36e-06 6.43e-08 1.94e-07 1.60e-
07 

7.74e-
06 

151.97 1.34e-07 9.37e-06 8.19e-09 6.13e-06 1.63e-07 5.01e-06 1.63e-
07 

5.01e-
06 

213.01 7.84e-08 5.23e-06 6.71e-08 4.85e-06 4.82e-08 5.39e-06 1.73e-
07 

5.67e-
06 

304.56 5.85e-08 1.46e-05 1.47e-07 1.04e-05 8.54e-08 5.71e-06 4.27e-
08 

1.07e-
05 

426.63 7.48e-08 4.27e-06 6.28e-08 4.23e-06 5.02e-08 3.45e-06 8.15e-
08 

4.15e-
06 

 
After pinpointing the ranges for specific components, it is possible to create various 

potential combinations of these transition layers. The transition layer represents the 
condition of the electrical machine as it moves from a healthy state to a faulty one. 
Figure 42 provides a visual representation of the distinctions between each stage. Every 
conceivable combination of frequency component values within the identified range for 
each fault is considered during the training of the machine learning model. 
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Figure 42. Illustrative diagram of states. 

To define the transition state, three scenarios are considered. In the first scenario, the 
healthy and faulty cases share the same frequency component but differ in amplitudes. 
Here, the transition region is defined between the maximum healthy and minimum faulty 
amplitudes, with 10% added to each side. In the second scenario, the amplitudes of 
healthy and faulty cases overlap. In this scenario, the transition region is defined 
between the minimum faulty and maximum healthy amplitudes, again with 10% added 
to each side. In the third scenario, the healthy frequency component is absent in the 
faulty case. Therefore, the transition state is considered between the minimum and 
maximum amplitudes, with 10% added in each direction. Additionally, 10% above zero 
indicates a healthy component in case this component is present in other samples. 

 

   
a) b) c) 

 
Figure 43. Three scenarios of transition state: a) healthy and faulty components have different 
amplitudes, b) healthy and faulty frequency components overlap, c) healthy component is not 
presented in the faulty case. 

Once the frequency components and their amplitude ranges for both healthy and 
faulty cases are identified, the trend of amplitude change is documented. This 
documentation aids in generating data and forming combinations necessary for training 
machine learning models for fault prediction. 
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5.1 Machine Learning Trained Model 
The first method describes the training of the purely machine learning model. Artificial 
neural networks stand out as the prevailing models for fault detection classification. 
Typically, these models are trained using high processing power systems or cloud 
systems to minimize training time. The general overview of the proposed method is 
presented in Figure 44. 

 

 
 

Figure 44. Overview of the proposed method with trained machine learning model. 

Following the preparation of the data samples, they are classified into seven distinct 
states, encompassing healthy conditions, various faults, and the likelihood of these faults 
occurring. The fault classification is detailed in Table 13. Once the data is appropriately 
classified and labeled, it is primed for the training of machine learning models to predict 
faults. 
 
Table 13. Assigned classification. 

State of Data Assigned Label 
Healthy State 0 
Chance for Inner Bearing Fault to occur 1 
Chance for Outer Bearing Fault to occur 2 
Chance for Damaged Cage Fault to occur 3 
Inner Bearing Faulty State 4 
Outer Bearing Faulty State 5 
Damage Cage Fault State 6 

 
Table 14 displays the various numbers of layers and neurons considered for the neural 

network models. 
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Table 14. Neural network models. 

Machine Learning Model Number of Neurons Number of Layers 
Narrow Neural Network 32 1 
Medium Neural Network 64, 128 2 
Wide Neural Network 128, 128 2 
Bilayered Neural Network 256, 128 2 
Trilayered Neural Network 128, 256, 128 3 

 
Figure 45 illustrates a selection of accuracy validation results for the trained models. 
 

a) 

 

b) 
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c) 

 

 
Figure 45. Machine learning results: a) Narrow Neural Network, b) Medium Neural Network,  
c) Bilayered Neural Network. 

The figure above demonstrates that the accuracy of detection varies depending on 
the combination of states. A higher number of states typically results in a more complex 
model, where the accuracy for later stages may decrease. The results for predictions in 
case of vibration signals for different bearings states are shown in Table 15.  

 
Table 15. Comparison results for vibration spectra. 

Machine Learning Algorithm Accuracy (Validation) 
Narrow Neural Network 93.90% 
Medium Neural Network 96.10% 
Wide Neural Network 96.30% 
Bilayered Neural Network 92.80% 
Trilayered Neural Network 90.20% 

 
The table above illustrates that among the combinations involving three faults,  

the Wide Neural Network model exhibits the highest accuracy. However, other neural 
network trained models also demonstrate close accuracies. Conversely, for scenarios 
involving two faults or a single fault, the accuracy surpasses that of the Wide Neural 
Network model. This trend suggests that as the complexity of the model increases,  
its accuracy tends to decrease. Besides, there exists a risk of over-training the model, 
underscoring the importance of determining the optimal number of samples required 
and fine-tuning the machine learning algorithm for optimal performance. 
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5.2 Machine Learning Trained Model with Fuzzy Control System 
For this approach, the same configuration for different neural network models,  
as outlined in Table 14, is utilized. Each model is trained separately for every case, and 
the one exhibiting the best average accuracy is chosen for integration with fuzzy logic. 
While it’s possible to employ different trained models for fuzzy logic combination, this 
study opts for using the same neural network trained model. The neural network models 
are trained for various combinations to encompass all potential scenarios of error 
detection. The fuzzy logic system functions as a control system, determining appropriate 
actions based on results and delivering a final decision for incoming signals. Figure 46 
provides a general overview of this methodology. 

 

 
Figure 46. Overview of proposed method with trained machine learning model and fuzzy control 
system. 

Table 16 presents different combinations of neural network cases considered for 
training and integration within the fuzzy logic control system. 

 
Table 16. Neural network and fuzzy logic combination cases. 

Combination Type Combination 
Case 1 Inner Raceway Fault 
Case 2 Outer Raceway Fault 
Case 3 Damage Cage Fault 
Case 4  Inner and Outer raceway Fault 
Case 5 Outer and Damaged Cage Fault 
Case 6 Inner and Damaged Cage Fault 
Case 7 All three faults 

 
The results for the trained neural network model across different cases are depicted 

in Figure 47. 
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b) 
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c) 

 
 

Figure 47. Machine learning results for different cases: a) Inner-Outer Combination, b) Inner-
Damage Combination, c) Outer-Damage Combination. 

Table 17 displays the accuracy results of various neural network trained models for 
each case, along with their average accuracy, providing a comprehensive understanding 
of the outcomes. 
 
Table 17. Neural network trained models. 

Machine Learning Model  Accuracy 
Medium Neural Network Case 1 99.80% 
Wide Neural Network Case 2 99.40% 
Bilayered Neural Network Case 3 99.90% 
Bilayered Neural Network Case 4  97.90% 
Medium Neural Network Case 5 98.50% 
Narrow Neural Network Case 6 99.30% 
Wide Neural Network Case 7 96.30% 

 
Once the neural network trained model is selected, a straightforward fuzzy logic 

statement is devised for the incoming signal, integrating these trained models. This aids 
in determining the scenario with the best detected or predicted state, achieving higher 
accuracy than before. It’s worth noting that during the training of each case, particular 
attention was paid to ensure that the conditions of each case were distinct from one 
another, minimizing overlap during separate detection attempts, albeit there may be 
some occurrences of false positives. Table 18 summarizes the results from neural 
network trained model accuracies compared to the outcomes from the combination of 
fuzzy logic with neural networks. 
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Table 18. Validation accuracy results for algorithms. 

Algorithm  Accuracy 
Neural Network 96.30% 
Fully Logic and Neural Network Combination 100.00% 

 
As it can be seen from the above results, combining different sets of neural network 

trained model can increase the overall accuracy of fault detection as compared to the 
training a single machine learning model for multiple faults. Although the execution time 
increases a little and it needs training of more models, the end schematics are more 
accurate and sustainable for longer period. This can help omit even a slight possibility of 
missing a fault that might result in being fatal for the system. 

5.3 Neuro-Fuzzy Trained Models 
In this approach, the methodology involves comparing a standard neural network 
algorithm with a fuzzy neural network algorithm. Here, a fuzzy logic layer is incorporated 
between the neural networks to refine the results and increase accuracy. Figure 48 
provides a general outline of the training algorithm. The training and testing procedures 
are conducted using Python. 
 

 
Figure 48. General overview of the approach with neuro-fuzzy trained model. 

The training process for machine learning algorithms follows a similar structure, with 
the primary difference being the incorporation of the fuzzy layer as one of the hidden 
layers in the algorithm. In the initial study, the neural network training consists of 5 
hidden layers, in addition to one input and one output layer. The number of neurons in 
each layer of the neural network is detailed in Table 19 for each case, enabling a 
comprehensive comparison. Moreover, fine-tuning the algorithms through adjustments 
in the number of neurons did not result in noticeably different outcomes. An early stop 
function is integrated to monitor for overtraining and ensure the achievement of the 
most optimized outcome for the trained algorithm. 
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Table 19. Number of neurons per layer for both neural network and fuzzy-neuro network training. 

 Number of Neurons 
Layers Neural Network Fuzzy-Neuro Network 
Hidden layer 1 128 128 
Hidden layer 2 256 256 
Hidden layer 3 512 512 (fuzzy layer) 
Hidden layer 4 256 256 
Hidden layer 5 64 64 

 
Below is presented the pseudo code for the algorithm’s implementation, outlining 

each step including the hidden layers. In the second case, a fuzzy layer is utilized instead 
of the conventional neural network layer. This approach provides additional flexibility for 
weight adjustment of the neural network hidden layers and introduces a control layer in 
between to enhance results. 
 
1. Prepare the training dataset by filtering out noise from the collected data samples. 

2. Partition the dataset into training and testing subsets, allocating 70% for training 
and 30% for testing. 

3. Construct the neural network model utilizing TensorFlow’s Keras API. 

4. The model will consist of five hidden layers, each with varying numbers of neurons 
and employing a sigmoid activation function. 

5. Introduce a hidden layer designated as a fuzzy layer in the case of the fuzzy-neuro 
algorithm. 

6. Configure the output layer to contain a single neuron with a linear activation 
function. 

7. Compile the model employing the Adam optimizer and mean squared error loss 
function. 

8. Train the model on the training dataset, utilizing a batch size of 5 to 50 and 
conducting training for a maximum of 350 epochs. 

9. Generate predictions on the testing dataset using the trained model. 

10. Assess the predicted accuracy by comparing the predicted labels with the actual 
ones. 

11. Visualize the results utilizing matplotlib, presenting two lines representing the 
actual and predicted values, respectively. 

 
Once the model is trained, blind validation is performed using the test data samples 

that were initially separated during training. The validation accuracy is computed for 
both the trained neural and fuzzy neural networks. In this instance, Figure 49 displays 
the validation outcomes for both models. 
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a) b) 

Figure 49. Validation results from a) machine learning algorithm, and b) neuro-fuzzy machine 
learning algorithm.  

The results for the test data samples are shown in Table 20. 

Table 20. Validation accuracy results for algorithms. 

Algorithm Accuracy 
Neural Network 94.34% 
Fuzzy-Neuro Network 99.40% 

As shown in Table 20, the fuzzy-neuro network trained model outperforms the 
traditional neural network model for the same set of data samples. While this instance 
represents a relatively straightforward case, the 5% difference in accuracy suggests that 
the fuzzy-neuro network is poised to deliver superior accuracy for more complex 
combinations, encompassing various types of faults within the same trained model. 
Introducing multiple fuzzy logic layers into the combination can further refine weight 
adjustments, potentially leading to even better results. 

5.4 Summary 
The implementation of trained models is crucial for predictive maintenance and 
condition monitoring, with accuracy heavily reliant on high-quality and diverse training 
data. This study focuses on predictive approaches, particularly targeting bearing faults, 
evaluating three methodologies to examine the accuracy of machine learning models, 
and exploring the potential improvement by incorporating fuzzy logic alongside machine 
learning. Artificial neural networks are prominent for fault detection classification, but 
over-training risks underscore the necessity of optimal sample sizes and algorithm 
fine-tuning. Following data preparation, including conversion to the frequency domain 
and subsequent processing to identify significant frequency components, neural network 
models are trained for various fault combinations. Combining different sets of trained 
models can enhance fault detection accuracy compared to a single model. The inclusion 
of fuzzy logic further refines weight adjustments, potentially reducing false positives.  
This comprehensive approach minimizes the possibility of missing critical faults, ensuring 
system safety. 
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6 Conclusion and Future Work 
This chapter concludes the results of the work. Besides, there are suggestions related to 
future work. 

6.1 Conclusion 
In the modern industrial landscape, electrical machines and drive systems play a pivotal 
role, powering various applications across industries and ensuring enhanced efficiency 
and productivity. From small household appliances to large-scale industrial machinery, 
electrical machines are indispensable elements of daily life. Their significance spans 
across sectors like power distribution, transportation, manufacturing, and automation, 
owing to their exceptional efficiency and reliability. 

Despite their advantages, all electrical machines are prone to various faults, including 
bearing faults, rotor faults, and stator faults, which can significantly impact their 
performance and lifespan. Detecting and diagnosing these faults are crucial for ensuring 
operational reliability and preventing costly downtime. To address these challenges,  
the implementation of predictive maintenance strategies is crucial. Predictive 
maintenance, enabled by condition monitoring, allows for the prevention of failures 
based on the operational data of electrical machines. This proactive approach helps 
reduce shutdown costs, minimize downtime, and optimize resource utilization. 

The main objective of this work was to develop the methodology for detection and 
prediction of the potential faults in electrical machines. First and foremost, the main 
faults of electrical machines, categorizing induction motor failures into primary groups, 
were discussed. A comprehensive overview of the main faults and their corresponding 
signatures was provided. It is important to monitor multiple parameters such as 
vibration, current, temperature, magnetic flux, and torque to enhance machine 
reliability. When it comes to data analysis, the role and choice of diagnostics method can 
be critical. An overview of advanced diagnostic methodologies and discussion of the 
benefits and drawbacks of each diagnostic technique were presented. However, success 
in implementing these approaches hinges on the careful curation of training data and a 
deep understanding of the underlying factors contributing to machine faults. 

In the practical part of the study, data collection and pre-analysis, which is crucial for 
effective training of intelligent algorithms, was presented. A detailed description of an 
experimental test bench setup is provided, including components such as the testing 
machine, loading machine, and acquisition system. Various operational conditions and 
control environments are considered to gather accurate data for training purposes. Data 
acquisition was conducted under controlled conditions. Parameters including current, 
voltage, torque, speed, and vibration were meticulously monitored to capture the impact 
of faults on machine performance. Tests were conducted under different motor loads, 
ranging from 0% to 100%, and in diverse control environments including grid-fed, scalar 
control, and direct torque control systems. 

Another crucial aspect of the experimental study was the investigation of bearing 
current faults. These faults, including fluting, frosting, and pitting, were induced under 
controlled conditions. Vibration spectra of healthy and faulty bearings were compared 
to identify significant differences, providing valuable insights into bearing fault detection 
methodologies. 

The implementation of trained models is pivotal in predictive maintenance and 
condition monitoring, where accuracy is intricately linked to the quality and diversity of 
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the training data. This study presented predictive approaches, specifically targeting 
bearing faults, and has evaluated different methodologies to assess the accuracy of 
machine learning models. Additionally, it explores the potential enhancement achieved 
by integrating fuzzy logic alongside machine learning. 

As a result, artificial neural networks emerge as the predominant models for fault 
detection classification, leveraging high processing power systems or cloud systems to 
expedite training. However, the risk of over-training necessitates the consideration of 
optimal sample sizes and algorithm fine-tuning. Combining different sets of trained 
models proves to be advantageous, as it enhances fault detection accuracy compared to 
relying on a single model. Including fuzzy logic further refines weight adjustments, 
potentially mitigating false positives and increasing overall accuracy. 

After thorough investigation and analysis, the findings of this research unequivocally 
support the main hypothesis proposed at the outset. It has been demonstrated that 
integrating fault representation, experimental data, and predictive models can make 
significant advancements in fault detection and prediction. Thus, this study substantiates 
the validity of the main hypothesis and contributes to the body of knowledge in 
diagnostics of electrical machines. 

6.2 Future Work 
In future work, a detailed comparative study between different fault detection and 
prediction models is essential to comprehensively understand each approach’s strengths 
and weaknesses. By systematically analyzing various models, including machine learning 
algorithms and traditional methods, we can identify the most suitable techniques for 
specific applications, considering factors such as accuracy, computational efficiency, and 
ease of implementation. 

Furthermore, neuro-fuzzy logic algorithms for fault detection and prediction need to 
be improved and validated. Enhancing the performance and reliability of these algorithms 
through validation processes will contribute to their wider adoption in real-world 
applications. Developing a web-based application for user-friendly use to train model 
results would enhance accessibility and usability for practitioners and end-users. 
Providing an intuitive interface for data input, model training, and result visualization can 
streamline the process of implementing fault detection and prediction systems in 
industrial settings. 

Another important aspect of future work involves adding complex scenarios for fault 
detection and prediction in industrial environments in real time. Industrial systems often 
operate under dynamic and unpredictable conditions, necessitating the development of 
robust algorithms capable of effectively handling various fault scenarios. 
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Abstract 

Intelligent Condition Monitoring Methods for Electrical 
Machines and Drive Systems 
Nowadays, electrical machines and drive systems are indispensable and used in 
numerous applications across industries. From household appliances to industrial 
machinery, these machines are vital for enhancing efficiency and productivity in sectors 
like power distribution, transportation, manufacturing, and more. However, despite their 
significance, electrical machines are prone to various faults, including bearing faults, 
rotor faults, and stator faults, all of which can significantly impact their performance and 
longevity. Detecting and diagnosing these faults are critical for ensuring operational 
reliability and minimizing costly downtime. To address these challenges, implementing 
predictive maintenance strategies is paramount. 

This study aimed to develop a methodology for detecting and predicting potential 
faults in electrical machines. Initially, the main faults of electrical machines were 
discussed, categorizing induction motor failures into primary groups, and providing an 
overview of their corresponding signatures. Monitoring multiple parameters such as 
vibration, current, temperature, magnetic flux, and torque is crucial for enhancing 
machine reliability. Various advanced diagnostic methodologies were reviewed, 
considering their benefits and drawbacks. 

In the practical part of the study, emphasis was placed on data collection and  
pre-analysis as crucial steps for effectively training intelligent algorithms. A detailed 
description of an experimental test bench setup, including the testing machine, loading 
machine, and acquisition system, was provided. Data acquisition was conducted under 
controlled conditions, considering various operational conditions and control 
environments to gather accurate data for training purposes. Additionally, bearing current 
faults, including fluting, frosting, and pitting, were induced under controlled conditions, 
and vibration spectra of healthy and faulty bearings were compared to identify significant 
differences. 

The study also explored predictive approaches targeting bearing faults and evaluated 
different methodologies to assess the accuracy of machine learning models. Artificial 
neural networks emerged as predominant models for fault detection and classification, 
leveraging high processing power systems or cloud systems to expedite training.  
The inclusion of fuzzy logic further refined weight adjustments, potentially reducing false 
positives, and increasing overall accuracy. 

In future work, a detailed comparative study among fault detection and prediction 
models is vital for a comprehensive understanding of their strengths and weaknesses. 
Additionally, improving and validating neuro-fuzzy logic algorithms for fault detection 
and prediction is crucial for wider adoption in real-world applications. Developing a user-
friendly web-based application to train model results would enhance accessibility and 
usability for practitioners and end-users, streamlining the implementation process in 
industrial settings. Furthermore, future efforts should focus on incorporating complex 
scenarios for fault detection and prediction in real-time industrial environments. 
Industrial systems often face unpredictable conditions, necessitating the development 
of robust algorithms capable of handling various fault scenarios effectively. 
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Lühikokkuvõte 

Elektrimasinate ja ajamisüsteemide intelligentsed 
seisundiseire meetodid 
Tänapäeval kasutatakse elektrimasinaid ja ajamisüsteeme paljudes tööstusharudes. 
Kodumasinatest tööstusmasinateni on need masinad üliolulised tõhususe ja tootlikkuse 
suurendamiseks sellistes sektorites nagu elektrijaotus, transport, tootmine ja teised. 
Vaatamata nende olulisusele on elektrimasinad aga altid mitmesugustele riketele, 
sealhulgas laagri-, rootori- ja staatoririkketele, mis kõik võivad oluliselt mõjutada nende 
efektiivsust ja talitlust. Nende rikete tuvastamine ja diagnoosimine on töökindluse 
tagamiseks ja kulukate seisakuaegade minimeerimiseks ülioluline. Nende probleemide 
lahendamiseks on äärmiselt oluline rakendada ennustavaid hooldusstrateegiaid. 

Antud uurimistöö eesmärk oli välja töötada metoodika elektrimasinate võimalike 
rikete tuvastamiseks ja prognoosimiseks. Kõigepealt käsitleti elektrimasinate peamisi 
rikkeid, kategoriseerides asünkroonmootori rikked põhirühmadesse ja andes ülevaate 
nende vastavatest signatuuridest. Mitme parameetri, nagu vibratsioon, vool, 
temperatuur, magnetvoog ja pöördemoment, jälgimine on masina töökindluse 
suurendamiseks ülioluline. Vaadati läbi erinevad täiustatud diagnostikameetodid, võttes 
arvesse nende eeliseid ja puudusi. 

Uuringu praktilises osas pandi rõhku andmete kogumisele ja eelanalüüsile kui 
olulistele sammudele intelligentsete algoritmide tõhusaks treenimiseks. Esitati 
eksperimentaalse katsestendi seadistuse üksikasjalik kirjeldus, sealhulgas testimismasin, 
laadimismasin ja kogumissüsteem. Andmete kogumine viidi läbi kontrollitud tingimustes, 
võttes arvesse erinevaid töötingimusi ja juhtimiskeskkondi, et koguda treenimise  
jaoks täpseid andmeid. Lisaks indutseeriti kontrollitud tingimustes laagrivoolu  
rikked ning oluliste erinevuste tuvastamiseks võrreldi tervete ja vigaste laagrite 
vibratsioonispektreid. 

Uuringus uuriti ka ennustavaid lähenemisviise, mis on suunatud laagrite riketele, ja 
hinnati erinevaid metoodikaid masinõppemudelite täpsuse hindamiseks. 
Tehisnärvivõrgud tõusid esile vigade tuvastamise ja klassifitseerimise valdavate 
mudelitena, kasutades suure töötlusvõimsusega süsteeme või pilvesüsteeme, et 
kiirendada treenimist. Hägusloogika kaasamine täiustas veelgi kaalu kohandamist, 
vähendades potentsiaalselt valepositiivseid tulemusi ja suurendades üldist täpsust. 

Tulevases töös on rikete tuvastamise ja prognoosimise mudelite võrdlev uuring 
ülioluline, et mõista nende tugevaid ja nõrku külgi. Lisaks on tõrgete tuvastamise ja 
ennustamise närvi-hägusloogika algoritmide täiustamine ja valideerimine tähtis laiemaks 
kasutuselevõtuks reaalmaailmas. Mudelite tulemuste koolitamiseks kasutajasõbraliku 
veebipõhise rakenduse väljatöötamine parandaks praktikute ja lõppkasutajate 
juurdepääsetavust ja kasutatavust, lihtsustades rakendusprotsessi tööstuslikes 
tingimustes. Lisaks peab keskenduma keerukate stsenaariumide kaasamisele rikete 
tuvastamiseks ja prognoosimiseks reaalajas tööstuskeskkondades. Tööstussüsteemid 
seisavad sageli silmitsi ootamatu tingimustega, mistõttu on vaja välja töötada tugevad 
algoritmid, mis suudavad tõhusalt toime tulla erinevate rikete stsenaariumitega.
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>�LL��M��N�M���@4)�118(�A��� .)�1�"�����W!)/�1C!�4��%D!;����S"2�C0��"�!C+�"(-(!)�"#.!�/0*(0(C0��";G�(!"1��%0!0�10�C!/Q)�C(11�"#��0+(%0)!G./�J�(!1�)(9("0�f���g�d��[f�k[�b�]a�=�[�	
n�oT����ON�����@4)�118(�A�O� S99�5�//��.��-�!"C+�"��4����)("D!"��:��-(//�"��I��.�)"!1�()��:�:5!/�!0��"��4�9;�"(28(�()("C(.)!9(P)!"1��)9!0��"��)S"0()0�)".!�/0*(0(C0��"�"Q()9!"("0F�!#"(0��/0�3+!1(�!C+�"(1�f���g�d��[f�k[�b�]a�=�[�	
n�oT�����N�����@4)�118(�A��� %!3("!F-!"��I��Q�"(2!F%!"C+(D����Q�C+(FQ!"!2()��8��Q()(DF4)�D� ��8�#()F.�/C+� ��8�()!F��!13�����!)0�"(DF8�9!"� �W!)9�"�Cp)2()P)!C'�"#I"!/G1�1qI6�5(/�(0+�2��).!�/0*�!#"�1�1�"S"2�C0��"�!C+�"(1�f���g�d��[�����rs=�t���[�	
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����������	�
������� ����������������������� ������!"�#$%%&'($)&*+���,-.������������!/0*$1#0�234*(&$2*5�(�56'(#��'5#*2*3#+7������.���+ 8$'9$55�:+/+;<�)2$�=+;>*&$0(*5�=+;?$33@&A'5�B+;?�&$A�=+;C$&&$3#*�=+D541(#'�59$(0'5*�$1&#4*#*(#'�513'5E39$2#%0�5*2*(�24*4$14')&*5�'3*+FGH����IJKL�HJ�MNO���	
P��Q�RRSTR�U+VW2�33?*�X+ 8$'9$55�/+;>*&$0(*5�=+;C$&&$3#*�=+"*(*33'#Y��2'9%&*9*5#$#'�5��'5Z*23*%2�)&*9#0*�2Y'5*&*(#2'(9$(0'5*�$1&#4'$E5�3'3+D5[2�(**4'5E3��#0*U�RD\\\�U#0D5#*25$#'�5$&<Y9%�3'19�5]'$E5�3#'(3��2\&*(#2'($&B$(0'5*3�[�̂ *2\&*(#2�5'(3$54]2'Z*3_<]\B[\]̀�a1$24$�[�2#1E$&��TS<*%#*9)*2U�R+b+ "$54'�<+;/�&'Y$#�c+=+;d'�e+W�54'#'�59�5'#�2'5E$54�$1&#4'$E5�3'3��*&*(#2'($&9�#�23f=2*Z'*̂+FGGGHgKNL�GNJghijONkJgL��		l�Qm����T��+VW2�33?*�XS+ n2�)*&�?+;B*(2�̂ �>+W+=W�9%2*0*53'Z*2*Z'*̂ ��$44'#'Z*9$51�$(#12'5E'5(�53#21(#'�5��*&*(#2'($&9$(0'5*3+FGGGHgKNL�GNJghijONkJgL��	�	�op��URST�U�S+VW2�33?*�XR+ D$A�Z&*Z$�B+\+;>*&�Z$�B+;<�$2*3�=+<%*('q(�*$#12*3��9$%%'5E&$2E*4'3(�5#'51�13�$1&#3)Y#0*9*#0�4��*&*(#2�r9$E5*#'(*9'33'�5+sJLOtg�JL�	�	�u��bR+VW2�33?*�X�+ <$2A0$5&���B+<+;a0$&&*4$2�]+;=v'v'$5�B+?+]'$E5�3'3��3#$#�2̂ '54'5E#125#�#125�$1&#��'541(#'�59�#�213'5E3%$(*Z*(#�2%$##*25)$3*4�55*12$&5*#̂�2A+D5[2�(**4'5E3��#0*b24W�5�*2*5(*/0*29$&[�̂ *2[&$5#3�/*02$5�D2$5��wT��x(#�)*2U��;%%+�T�+�+ B1&y$4'�\+;<$9$$5�"+;a*Z�2E'$5�8+;d'�:+;[$31%1&$#'�<+W'2(1'#(122*5#(�5#2')1#'�5��24'��*2*5#̂ '54#12)'5*E*5*2$#�2#Y%*3+D5[2�(**4'5E3��#0*D\\\[\<a*5*2$&B**#'5E[\<U�U�]*#2�'#�BD�z<=�RT�:1&YU�U+w+ C14*&'5$�C+;=3$4�>+;8$'9$55�/+;?$33@&A'5�=+;C$&&$3#*�=+[2�41(#'�5{1$&'#Y2*&$#*4%2�%$E$#'5E�$1&#3��'541(#'�59$(0'5*3+D5[2�(**4'5E3��#0*UUeDD5#*25$#'�5$&W�5�*2*5(*�5\&*(#2'($&[�̂ *2]2'Z*<Y3#*93_DW\[]<̀�<$'5#r[*#*23)12E�?133'$�RT�x(#�)*2UU+�+ =3$4�>+;8$'9$55�/+;?$33@&A'5�=+;C$&&$3#*�=+;>*&$0(*5�=+?*Z'*̂ ��\&*(#2'($&B$(0'5*]'$E5�3#'(B*#0�43=%%&'($)'&'#Y'5#0*[*23%*(#'Z*��D5413#2YS+U+G�J�|g�jON|gO�jO}}tN��	
P��~��UwT���+VW2�33?*�X�U+ <#�5*�a+W+;>�1&#*2�\+=+;W1&)*2#�D+;]0'2$5'�c+G�J�|g��K�FNLt�K|�ON�OgsO|K|�NhIK�M�NJL��JL�hN�GkK�tK|�ON��h�Nh�HJL|�Nh�KN�sJ�K�g;:�05n'&*Y�<�53�c�)�A*5�":�z<=�U�S+��+ x2�3v�/+\Z�&1#'�5$549�4*25$%%2�$(0*3��#0*%�̂ *2#2$53��29*2(�3#�%#'9'v$#'�59*#0�43+�Jg�O���O�i|J�M�G�J�|g�GNh�jO}�t|������	
���o�b�TRU+VW2�33?*�X�+ /$913��+�4�9W�9%&*�4'$E5�3#'(3��'531&$#'5E9$#*2'$&3'5'5413#2'$&*&*(#2�3#$#'(3+��G�J�|gOL|��		������RST�R�+VW2�33?*�X�b+ =3$4�>+;8$'9$55�/+;>*&$0(*5�=+;C$&&$3#*�=+;?$33@&A'5�=+;D{)$&�B+"+>2�A*52�#�2)$2�$1&#4*#*(#'�5��#0*E2'4$54'5Z*2#*2r�*4'541(#'�59�#�2)Y*��*(#'Z*$##*51$#'�5��#0*�154$9*5#$&(�9%�5*5#+FGHG�J�|g��O�Jg������	
���o�UURTU�S+VW2�33?*�X�S+ =3$4�>+;8$'9$55�/+;?$33@&A'5�=+;C$&&$3#*�=+;>*&$0(*5�=+=312Z*Y��)2�A*52�#�2)$2�$1&#4'$E5�3#'(9*#0�43��'541(#'�59�#�2+G�J�|g�jON|gO�jO}}tN�GNh��	
���~����T�S+VW2�33?*�X�R+ =3$4�>+;8$'9$55�/+;>*&$0(*5�=+;C$&&$3#*�=+;?$33�&A'5�=+?�#�2�$1&#4'$E5�3#'(��'5Z*2#*2�*4'541(#'�59�#�213'5E�2*{1*5(Y=5$&Y3'3+D5[2�(**4'5E3��#0*U��D\\\�#0D5#*25$#'�5$&<Y9%�3'19�5]'$E5�3#'(3��2\&*(#2'($&B$(0'5*3�[�̂ *2\&*(#2�5'(3$54]2'Z*3_<]\B[\]̀�/�1&�13*��2$5(*��TbU=1E13#U��;%%+��T�bb+��+ ?�3*2��:+=+;W13'4��:+;a$2('$�=+;x2#*E$�:+;?�9*2$&�d+>2�A*5)*$2'5E3$54*((*5#2'('#Y�$1&#4*#*(#'�5��2$%*29$5*5#9$E5*#3Y5(02�5�139�#�2+D5[2�(**4'5E3��#0*D\Wx"UU�fb54=551$&W�5�*2*5(*�5D\\\D5413#2'$&\&*(#2�5'(3�[$2'3��2$5(*��T�U"�Z*9)*2UU�;%%+��ST���+��+ C$&&$3#*�=+;>*&$0(*5�=+;C'&A�=+;8$'9$55�/+=5$&Y3'3��#0**((*5#2'('#Y'5$&�̂ r3%**43&�#&*33%*29$5*5#r9$E5*#̂ '54E*5*2$#�2+D5[2�(**4'5E3��#0*U�\&*(#2'([�̂ *2�1$&'#Y$54<1%%&Y?*&'$)'&'#Y�/$2#1�\3#�5'$���T�b:15*U�;%%+�T�+�w+ W0*5��+;d'$5E�<+;d'�n+;d'$5E�c+;n$5E�W+�$1&#3$544'$E5�3'39*#0�43��%*29$5*5#9$E5*#3Y5(02�5�139�#�23�=2*Z'*̂+����������	
��u����+VW2�33?*�X��+ C$&&$3#*�=+d�̂ <%**4[*29$5*5#B$E5*#<&�#&*33a*5*2$#�2]*Z*&�%9*5#$54D9%&*9*5#$#'�5��2n'549'&&3+[0+]+/0*3'3�/$&&'55z5'Z*23'#Y��/*(05�&�EY�/$&&'55�\3#�5'$�U�b+U+ C14*&'5$�C+;=3$4�>+;8$'9$55�/+;?$33@&A'5�=+;C$&&$3#*�=+;d1A'(0*Z�]+8+B$'5�$1&#3$544'$E5�3#'(%�33')'&'#'*3��>d]WB�#�23+D5[2�(**4'5E3��#0*UU�#0D5#*25$#'�5$&n�2A30�%�5\&*(#2'(]2'Z*3�B[\D]*%$2#9*5#��\&*(#2'(]2'Z*3�U#0=55'Z*23$2Y_Dn\]̀�B�3(�̂ �?133'$��TbU:$51$2YUU+�+ C14*&'5$�C+;=3$4�>+;8$'9$55�/+;?$33�&A'5�=+;C$&&$3#*�=+\��*(#��>*$2'5E�$1&#3�58')2$#'�5<%*(#219��>d]WB�#�2+D5[2�(**4'5E3��#0*UUD\\\x%*5W�5�*2*5(*��\&*(#2'($&�\&*(#2�5'($54D5��29$#'�5<('*5(*3_*<#2*$9�̀8'&5'13�d'#01$5'$�bU=%2'&UU++ >'5d**�<+;<#�5*�a+W+;=5#�5'5�r]$Z'1�:+;aY�#$A'3�C+"+;<#2$5E$3�\+a+;B$133'�5�[+;[&$#*2��W+=+W�54'#'�59�5'#�2'5E��'5413#2'$&*&*(#2'(9$(0'5*3�<#$#*��#0*$2#$54�1#12*(0$&&*5E*3+FGGGFN��G�J�|gON�IKh��	�	��~��RwT���+VW2�33?*�Xb+ ]�3<$5#�3�/+;�*22*'2$��+:+;['2*3�:+B+;]$9�3'��W+<#$#�2n'54'5E<0�2#rW'2(1'#�$1&#]'$E5�3'3'5D541(#'�5B�#�2313'5E?$54�9��2*3#+D5[2�(**4'5E3��#0*U��D\\\D5#*25$#'�5$&\&*(#2'(B$(0'5*3$54]2'Z*3W�5�*2*5(*_D\B]Ẁ�B'$9'��d�z<=��TSB$YU��+
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T]Y
bWYU
â
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