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Abstract: Electrical machines are at the centre of most engineering processes, with rotating
electrical machines, in particular, becoming increasingly important in recent history due
to their growing applications in electric vehicles and renewable energy. Although the
landscape of condition monitoring in electrical machines has evolved over the past 50 years,
the intensification of engineering efforts towards sustainability, reliability, and efficiency,
coupled with breakthroughs in computing, has prompted a data-driven paradigm shift.
This paper explores the evolution of condition monitoring of rotating electrical machines
in the context of maintenance strategy, focusing on the emergence of this data-driven
paradigm. Due to the broad and varying nature of condition monitoring practices, a
framework is also offered here, along with other essential terms of reference, to provide
a concise overview of recent developments and to highlight the modern challenges and
opportunities within this area. The paper is purposefully written as a tutorial-style overview
for the benefit of practising engineers and researchers who are new to the field or not
familiar with the wider intricacies of modern condition monitoring systems.

Keywords: condition monitoring; data-driven; rotating electrical machines; mainte-
nance strategy

1. Introduction

Rotating electrical machines are ubiquitous in all manner of modern engineering
applications. Most of these applications employ machines, particularly at lower ratings,
that are adequately robust, effective, and reliable when compared to their availability
requirements, such that condition monitoring is not required [1]. However, there are
many applications where the reliability of rotating electrical machines is critical to the
function they serve, necessitating condition monitoring. In recent decades, there has been
a significant increase in these types of applications in growth sectors such as renewable
energy [2], industrial automation [3], and electric vehicles [4].

This growth in demand for condition monitoring in rotating electrical machines, cou-
pled with related technological advancements in sensing, communications, and computing,
has led to increased research and development in this field, particularly with data-driven
approaches. Consequently, the field has garnered widespread interest and a corresponding
increase in the research literature, but much of this continues to be in directions that are
not particularly useful to industry [5]. Although there have been some notable surveys in
recent history, such as [5-9], this issue extends to many other general surveys that have
emerged more recently. A factor contributing to this misalignment with industry needs and
the inability to effectively position new developments is the lack of a common framework
and consistent ‘terms of reference’ for condition monitoring of machines. The aim of this
paper is twofold: to present a framework, within the context of maintenance strategy,
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that systematically characterises modern condition monitoring systems; and to concisely
present some of the most recent developments in data-driven condition monitoring of
electrical machines, outlining the foremost opportunities and challenges. Thus, the study
contributes a framework to support research and development, as well as the selection
and evaluation of condition monitoring techniques for rotating electrical machines. Addi-
tionally, the review of the recent literature, including seminal works and other important
surveys, together with an analysis of opportunities and challenges, offers archival value for
researchers and practitioners and identifies potential avenues to catalyse future research in
this field.

This paper is organised as follows. The next section gives an overview of the evolu-
tion of condition monitoring, contextualises its role within a wider maintenance strategy,
and presents a generalised framework that encompasses systematic characteristics based
on this evolution and context. Thereafter, faults and failure mechanisms are discussed
together with a review of condition monitoring methods that focuses on data-driven meth-
ods. The future outlook for data-driven condition monitoring is then discussed before a
brief conclusion.

2. Background
2.1. Evolution of Condition Monitoring

Modern condition monitoring is a product of several decades of experience, inno-
vation, and technological advancement. The earliest generation of modern equipment
monitoring through telemetry systems dates back to the 1930-1940s, where the need for
progressive methods for maintenance planning, i.e., the “‘Waddington effect’, became appar-
ent [10]. This paved the way for the emergence of the concept of ‘continuous monitoring’
and supervisory control and data acquisition (SCADA) during the 1950-1970s, where
more emphasis was not only placed on automation but also on monitoring as part of
the maintenance strategy [11]. The proliferation of transducers and advancement of data
acquisition systems in the 1970-1980s [12] afforded further development and widespread
expansion of equipment monitoring systems. In recent decades, condition monitoring has
undergone another paradigm shift with advancements in communications and computing,
where the widespread adoption of the Internet-of-Things (IoT) and data analytics has seen
more industries modernising their asset management practices, not only to exploit strategic
business opportunities but also as an essential organisational function.

Condition monitoring of rotating electrical machines is distinct within the general
area of equipment condition monitoring, evolving in its own right, due to the ubiquity of
these machines and their vital importance in several sectors of industry, such as utilities,
transport, manufacturing, etc. In general, monitoring becomes less essential for lower-rated
machines, e.g., active power P < 20 kW, except for those serving critical functions [1].
Ultimately, the decision to monitor the machine is based on weighing the associated costs
against the significance of losing the machine and/or the function it provides. Although this
trade-off will always need to be evaluated for specific cases, monitoring costs have reduced
over time, leading to further uptake. The aforementioned advancements offer more cost-
effective approaches, whether through dedicated machine condition monitoring systems or
integrating machine monitoring into the wider plant-wide monitoring/expert system.

2.2. Asset Management Context

While the benefits of monitoring rotating electrical machines are often emphasised in
the literature, its role within the wider context of asset management is often overlooked.
Although a condition monitoring system itself may be highly effective in performing
its function, this does not equate to efficient asset management when viewed from a
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strategic perspective. For this reason, condition monitoring should be considered as
support to, and dependent on, the overall maintenance strategy [13]. Simply put, the
selection and evaluation of the condition monitoring approach to be deployed is based
on the requirements analysis arising from the maintenance strategy. The description
of asset management, offered by [14], refers to the “organisation’s objectives into asset-
related decisions, plans and activities risk-based approach”. Asset management thus
determines the requirements for condition monitoring based on the risk assessment [15],
e.g., production impact due to machine unavailability, and it is the condition monitoring
system that informs the maintenance decision making. Typically, a modern condition
monitoring system will comprise what are referred to here as monitoring and assessment
functions (as depicted in Figure 1). The asset management strategy determines the type
and level of assessment needed, which in turn defines the monitoring requirements. The
assessment function of the condition monitoring system does not only provide feedback on
the condition of the machine, but may also provide crucial information for failure mode and
effect analysis (FMEA), and defining safety levels [16]. In rotating electrical machines, the
assessment function may extend beyond diagnosing current problems to estimating future
degradation, that is, prognostics [17]. Furthermore, non-destructive evaluation (NDE),
which is inclusive of non-destructive inspection (NDI) and non-destructive testing (NDT),
needs mentioning here as a field that historically parallels condition monitoring in the
context of assessment management, particularly in the case of in-service NDE [18]. More
specifically, while in-service NDE plays a seemingly distinct role in identifying or locating
specific problems with the asset, there is an overlap with this role and the assessment
function of condition monitoring systems. The synonymity of in-service NDE with certain
condition monitoring techniques proposed for electrical machines is evident in some of the
literature, as in [19-21], where these terminology have been used interchangeably.

[ Monitoring J

Enables Requires
[ Assessment ]
Informs Determines

[ Maintenance Strategy ]

Figure 1. Condition monitoring in the context of maintenance strategies.

In asset management, the main maintenance strategies are condition-based mainte-
nance (CBM), reliability-centred maintenance (RCM), time-based maintenance (TCM), and
corrective maintenance (CM) [22]. These strategies are broadly categorised as shown in
Figure 2, where CBM and RCM are typically deployed in predictive maintenance strategies,
RCM and TCM are deployed in preventative maintenance strategies, and CM is deployed
in reactive maintenance strategies. The key factors that determine which strategy is most
appropriate are the process or system in which the machine is deployed and the machine
or component itself. For instance, where the condition of the machine or component is



Machines 2025, 13, 144

40f16

considered critical—e.g., due to low or no redundancy—and is deployed in a highly critical
process or system, RCM is the most suitable maintenance approach, where maintenance is
prioritised, and machine faults must be closely monitored, assessed, and managed; while
the maintenance strategy may specify distinct condition monitoring requirements, this
may adapt to changes in operational experience, priorities, and risk, which means that
organisations can draw tremendous benefit from condition monitoring systems that are
more flexible. This is a sought-after feature in modern condition monitoring systems and is
discussed later.
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Figure 2. Categorisation of maintenance strategies.

2.3. Framework and Terms of Reference

The landscape for condition monitoring of electrical machines is vast and continu-
ously evolving. Currently, there is no modern framework that adequately encapsulates
this evolution and provides a means of systematically contextualising new research and
unambiguously positioning the specific area of incremental progress. Thus, the generalised
framework offered here (in Figure 3) proposes a basic system architecture for condition
monitoring comprising monitoring and assessment layers. These layers link to the asset
management strategy at the higher level (Figure 1) and represent different functions at the
level of the condition monitoring system. The monitoring layer encompasses the system
components that perform all of the functions from measurement to information extraction.
The subsequent layer utilises this information to carry out the assessment. It should be
highlighted that the framework is specific yet sufficiently generic such that it suitably char-
acterises the vast range of condition monitoring approaches and different combinations
thereof. For example, this framework characterises the condition monitoring approach,
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whether it is a technician using a handheld device to manually determine vibration or an
automated fault classifier based on motor current signature analysis.
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Measurement g :
" Pre-processing Intelligence
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Figure 3. Generalised framework for condition monitoring.

There is also some key terminology associated with the framework that enables
a common basis for developing condition monitoring systems for electrical machines.
Measurement modality refers to the primary source of information, that is, the machine
parameters or signals—e.g., current, temperature, and speed—that are being monitored.
This determines the pre-processing requirements, which poses limitations on how often
measurements can be taken, and whether monitoring is performed online or offline, ul-
timately influencing the type and extent of the assessment. In condition monitoring of
electrical rotating machines, the measurement modality can be broadly classified into
different types, such as thermal, chemical, mechanical, and electrical. The modality of the
detector, or transduction process, may in some cases be linked to the machine’s state that is
being monitored /measured through this categorisation, although these may not necessarily
be the same—e.g., vision sensing with an event-based camera [23] can be considered a
mechanical measurement modality, like an accelerometer-based method, when used to
monitor vibration.

The pre-processing component of the monitoring layer in the framework refers to
everything from signal acquisition to the conversion and extraction techniques used. This
makes an important distinction between the monitoring and assessment layer, where this
boundary is often blurred in the literature. This is because the assessment approach is,
in many instances, directly related to the pre-processing. However, in modern condition
monitoring, these must be differentiated for the purposes of distinctly identifying novelty
and comparatively evaluating new research and developments in the area. The assessment
layer can be thought of as the component of the condition monitoring system that carries
out the inference about the state of the electrical machine, or component/s thereof. In mod-
ern condition monitoring, the inference typically leads to three types of assessment—i.e.,
detection, diagnosis, or prognosis—which convey varying levels of fault information and,
in some prognostic assessments, the remaining useful life of machine components. This
layer thus carries out the “intelligence’ function where the inference itself can range from a
simple checking of a parameter against a threshold or limit to a more complex prognosis.
The level of intelligence in this layer therefore varies according to the level of underlying
knowledge about the machine that is codified into the inference, where the inference, or
assessment, can be automated or carried out by a human. There are many instances where
existing terminology inadequately captures the aforementioned distinctions in modern
condition monitoring of electrical machines. For example, the spectrum-based methods
reviewed in [24] are all based on signals, utilise time, time—frequency, or frequency—domain
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methods, and employ models for inference about the state of the machine which are
based on underlying knowledge of the machine’s physics. Therefore, broadly classifying
these approaches as signal-based methods, and differentiating them from ‘'model’- and
"knowledge’-based approaches is somewhat imprecise. Furthermore, modern strategies
can and do use spectrum techniques to extract signal features for carrying out assess-
ments based on historical data and not on the modelled physics of the machine. Similarly,
Akbar et al. [25] separately categorise spectral and vibration analysis as ‘conventional’
techniques, which fails to make the distinction between the modality and pre-processing
technique where conventional vibrational analysis utilises spectral techniques. Therefore,
the presented framework provides a more accurate way of characterising measurement,
pre-processing and assessment techniques, and a more sensible approach to classifying the
condition monitoring strategy according to the assessment method.

Assessment methods can be broadly classified as model-based or data-driven. The
main strength of model-based methods is perhaps the source of its main limitations. Al-
though a well-defined model of the physical component or process in the machine enables
a more effective assessment of its state, the availability of such models and domain knowl-
edge limits the application flexibility and assessment range of these methods. Therefore,
model-based methods are also key to the fundamental development of condition moni-
toring in electrical rotating machines as they typically offer new insights into modelling
fault mechanisms and, in some cases, novel measurement modalities and pre-processing
techniques. Data-driven assessment approaches overcome this dependence on physical
modelling by using historical data, potentially extending their application flexibility and
assessment range. However, this key strength over model-based methods is also a source of
limitations with data-driven approaches where historical data, particularly fault data, are
not readily available. Some of the key considerations and trade-offs between model-based
and data-driven assessment are paving the way for different avenues of research and
development in the condition monitoring of electrical rotating machines. Examples of these
are as follows:

*  Model-based assessment relies on codified domain knowledge in well-defined repre-
sentations of physical processes/mechanisms, while data-driven assessment typically
depends on historical data.

*  Research efforts have intensified into data-driven strategies more recently because
they seemingly offer the potential to further progress modern condition monitoring
goals such as incipient fault detection/diagnosis, holistic and integrated assessments,
as well as online, continuous, and real-time monitoring.

¢  While data proliferation, owing to related technological advancements, lends itself
to data-driven approaches, it also brings about several new challenges, which are
discussed later.

It should be noted that methods employing a combination of model-based and data-
driven techniques are sometimes referred to as hybrid methods. Although the framework
depicted in Figure 3 does not explicitly mention these methods under a different category,
they can be characterised according to how the actual assessment is carried out. For
example, physics-informed machine learning is an example of a hybrid method [26], where
the assessments are still based on available data but within the constraints of the physical
knowledge of the machine.
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3. Review and Analysis
3.1. Scope

Considering the extensive array of measurement modalities and pre-processing tech-
niques used in monitoring, as well as the proliferation of research into assessment methods,
recent developments in this area are too vast to concisely review. Therefore, the approach
taken concisely formulates a roadmap by focusing its scope on an illustrative selection of
data-driven methods that push the boundaries of the assessment layer. Further details of
the selection criteria for the examples is given Section 3.3. An overview of fault and failure
mechanisms in electrical rotating machines is given in the next section to better contextu-
alise the reviewed methods within the assessment layer. This is because the differentiation
of the capabilities, and the evaluation of the suitability, of the condition monitoring tech-
nique should be based on the faults and failure modes specific to machine for which the
technique is intended.

3.2. Faults and Failure Mechanisms

There are various types of faults and failure modes in electrical rotating machines.
Depending on the machine type, size, and application, the type, distribution, and frequency
of faults vary. Generally, faults and failure modes tend to be classified at the component
level, e.g., rotor and stator windings, air-gap, rotor bars, end rings, slip rings, permanent
magnets, brushes, shaft, cores and laminations, bearings, peripherals/assembly, load, and
auxiliaries [27]. Bearing and stator winding failures are the most common modes of failure
in machines; however, bearing failure is more prominent in machines rated up to 4 kV, and
stator winding failures account for the largest share among failure modes in higher-rated
machines [28]. This is because windings suffer insulation degradation due to thermal,
thermo-mechanical, and mechanical ageing, as well as partial discharges, particularly
in conventional machines rated 3.3 kV and above and 400 V and above for inverter-fed
motors [29]. Much of the research efforts on online, non-invasive, and incipient fault
diagnostics have focused on rotor faults, such as broken rotor bars, and bearing faults;
while some researchers have proposed online methods for assessing winding insulation
health, such as some of the promising new broadband frequency techniques [30], they
are yet to be proven in industry and therefore offline methods continue to be used more
widely [31]. Machine applications are also a driving force behind innovation in condition
monitoring, where advancements in fault detection and diagnosis extend beyond the
machine’s components. In recent history, this is especially true for wind energy and electric
vehicle applications where monitoring extends to faults and failure modes associated with
intertwined critical electrical and mechanical subsystems [32,33].

The trend in broadening the scope of the monitoring and assessment capabilities of
condition monitoring systems stems from long-standing goals of online and incipient fault
diagnosis in predictive maintenance. However, the latter goal is often overlooked in the lit-
erature, where failures can occur through cascading fault mechanisms. For example, while
bearing defects may cause eccentricity leading to failure, bearing wear and failure can also
be triggered through a succession of other faults, or "fault tree’ [34,35], like insulation wear,
localised heating, etc. This makes incipient fault diagnosis quite challenging, where the
goal is not only to detect faults early but to diagnose them at an early stage of the fault tree.
Thus, although diagnosis may provide additional assessment information over detection
as to the fault location and type, it may not necessarily alleviate uncertainty around the
severity and root cause of the fault. It is worth again highlighting the essential role of
modality in constraining the subsequent layers of the overall condition monitoring system,
thereby ultimately determining what assessment is possible. For example, current [7,36]
and magnetic flux (axial and stray) [37] modalities offer the potential for assessing type,
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location, and severity for a wider variety of faults than is possible with mechanical and
thermal modalities. That being said, data-driven methods are being shown to better exploit
the information capacity of certain modalities, such as sound [38], to enhance overall as-
sessment capability. This further emphasises the need to distinguish approaches within
the layers of the presented framework where the overall fault assessment capabilities vary
with different combinations of techniques.

3.3. Data-Driven Methods

Data-driven methods essentially refer to the category of techniques that use statistical
or machine learning models to carry out assessment—i.e., detection, diagnosis, or prognosis.
Due to growing interest in data-driven condition monitoring, several reviews of related work
have recently been completed [25,39-43]. However, the proliferation of research in this area,
coupled with the lack of a suitable framework to systematically position and comparatively
evaluate new developments, has rendered concise and focused reviews in the area rarities.
This is evident in the recent groundswell of studies on machine learning techniques applied
to bearing fault diagnosis, as there are several open-source datasets available [44], where deep
learning ablation and optimisation studies have been used to improve classification accuracy;
while these studies may significantly contribute to setting new benchmarks for a particular
technique, they do not necessarily equate to new condition monitoring approaches or strategies.
Therefore, only a selection of examples is offered here with the aim of demonstrating some of
the most recent research offering progressive data-driven methods in the assessment layer of
condition monitoring systems for electrical rotating machines.

The examples presented in Table 1 were selected based on the following criteria. Only
research using data-driven techniques was considered, thereby excluding articles that propose
model-based methods. The search criteria required articles to be explicit about the applicability
of their proposed techniques to rotating electrical machines. The most recent articles were
considered, and the pool of potential research was limited to ten articles from 2023 up to the
time of writing. Although research articles that have garnered the most interest (top cited)
were used as a sorting mechanism, diversifying the set of examples according to measurement
modality, fault type, and data-driven method was given precedence. This approach is based
on the proliferation of bearing vibration monitoring studies mentioned earlier. As the vast
majority of recent articles focusing on this measurement modality are essentially ablation studies,
the selection of these articles was only considered where there was a significant difference in
monitoring and assessment approach—e.g., assessment layer using a physics-informed neural
network or transfer learning, as opposed to using a similar convolutional neural network
approach with slightly different parameters to demonstrate higher classification accuracy with a
specific benchmarked dataset.

Table 1. Summary of selected research in data-driven condition monitoring of rotating electri-
cal machines.

Reference Fault Method
Monitoring Layer Assessment Layer
Event-based vision sensor, .
[23] Bearing image-shaping, data augmentation Convolutional Neural
g . Network (CNN)
and denoising
. Accelerometer, vibration, discrete Physics-Informed Residual

[45] Bearing

Fourier transform (DFT) Network
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Table 1. Cont.
Method
Reference Fault Monitoring Layer Assessment Layer
h .
[46] Bearing (thern{rolg‘aalsﬁ;) ?:nne:;lefsg;ig and CNN with Transfer
¢ . Learning (TL)
pre-processing
[47] Rotor bar, stator winding Stator. currents a.nd speed, Digital twin with health
Ramanujan Periodic Transform indicator
[48] Stator winding . Infrare.d thermal camera, . CNN
image-shaping and pre-processing
. . k-nearest neighbours
[49] Rotor permanent magnet Stator current, short-time Fourier (kNN) and multilayer
transform (STFT)
perceptron (MLP)
[50] Bearin Torque, stator current and voltage, Graph Neural Network
8 normalisation and cosine similarity (GNN)
[51] Driven-equipment faults Torque, stator current and voltage, CNN-Long short-term
(pump) frequency spectrum estimation memory (LSTM)
[52] Stator winding, eccentricity, Search coil, magnehc' ﬂux', frequency Random Forest
permanent magnets spectrum estimation
[53] Rotor permanent magnets Stator currents, Fast Fourier CNN with TL

Transform (FFT)

The selected research given in Table 1 is organised here in terms of the presented
framework where the various components or layers of the condition monitoring system are
separated. This is to demonstrate how framing of these condition monitoring approaches
enables better comparison and assessment of their suitability, applicability, capability, and
even novelty. For example, although the proposed method presented in [23] is similar in
terms of the bearing fault type and CNN assessment layer to many other recent research
articles, its monitoring layer uses event-based vision sensing that produces very different
data to the typical accelerometer-based vibration monitoring techniques. Similarly, both
of the proposed approaches in [46,48] employ thermal monitoring, or more specifically
thermography in these cases, together with CNN-based techniques in their assessment
layer, but they each focus on very different machine components and fault types—i.e.,
bearing and stator winding faults.

4. Prospects for Driven-Driven Condition Monitoring

4.1. Opportunities
4.1.1. Online, Real-Time, and Automated Assessment

Condition monitoring of rotating electrical machines has always had some level of
automation, where even the earliest systems could automatically take a measurement
and provide a basic assessment. Modern condition monitoring systems are automated in
this sense, but their layers, particularly the assessment layer, can have varying degrees
of automation. As mentioned above, the assessment can range from basic threshold
checking, which is still relevant in modern condition monitoring [54], to a more advanced
prognosis [55], with different levels of information pertaining to the type, location, and
severity of the fault, as well as the remaining useful life of the components. Therefore, the
goal of fully automating assessments—many of which continue to be carried out by human
experts in practice—is a catalyst for further research and development in data-driven
methods. For example, large language models (LLMs) are fast becoming an interesting
prospect for building large-scale foundation models in industrial settings [56]. LLMs
offer a practical means, when used in conjunction with data-driven condition monitoring
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techniques in the assessment layer, to further automate assessment tasks, as presented
in [57]. Automated data-driven assessment has the potential to unlock several other benefits
such as improved scalability and flexibility [58], and real-time assessment, particularly
when deployed in online and continuous monitoring systems [59].

4.1.2. Fault Detection, Diagnostics, and Prognostics

Much has been discussed about the different levels of assessment and fault types.
This is because recent research has demonstrated the potential of data-driven methods to
enhance assessment at each level—i.e., detection, diagnosis, and prognosis—as well as
widen the range of fault types that can be assessed. Model-based assessments typically
developed around specific modalities, whereas data-driven assessments are based on
features of the available data. Data-driven methods therefore have the flexibility to combine
modalities/sensory data and provide multimodal assessment, thereby extending the range
of fault types that can be assessed by a single model-based system [39,60].

While the fault detection category of assessment has undergone a wide range of
advancements through different data-centric methods, the most recent strides in this area
have been with the provision of online, real-time, and continuous assessment. The change in
terminology used in recent literature from fault detection to anomaly detection delineates
this progressive shift towards a particular set of characteristics within this assessment
category. Real-time anomaly detection has featured in other applications [61,62], but is now
also emerging in fault detection as these methods, unsupervised learning techniques in
particular [63], are equipped to handle continuous data streams and make fast automated
assessments without the need for extensive offline processing. The concept of digital twins
in machine condition monitoring has also received a lot of attention lately as it promises to
take advantage of several of the aforementioned benefits of data-driven methods, coupled
with breakthroughs in computing capacity to develop high-fidelity models for online, real-
time, and continuous monitoring and fault detection [47]. Research in this area is expected
to continue to grow with prospects for improved digital twin models and architectures for
interoperable digital twins, where monitoring may benefit from machine models seamlessly
interacting with models of other equipment in its operating context. Fault diagnosis is the
category of assessments that has arguably benefited the most from data-driven methods,
where supervised machine learning techniques have been leveraged to classify faults using
labelled historical data [64]. Similarly, data-driven techniques have opened new possibilities
in the fault prognosis assessment category with extensive progress in modelling component
degradation to predict remaining useful life and forecast failures [65].

Despite these recent strides in data-driven assessment methods, an ongoing challenge,
which will be discussed further in the next section, is to extend the online, continuous, and
real-time capabilities of modern fault detection to diagnostic and prognostic assessments
that can help with root cause analysis and FMEA. This is an area of future research and
development that is expected to bring about assessment depth, such as fault type, severity,
and location, in online, real-time, and streaming applications.

4.1.3. System Integration

The flexibility, scalability, and increasing ubiquity of data-driven methods are seem-
ingly converging towards the development of systems that can exploit all the aforemen-
tioned opportunities. This offers the chance to truly integrate condition monitoring into
plant management, where fleet-wide monitoring [66], and even multi-plant management
requiring assessment of a combination of factors, such as maintenance, production, safety,
resources, etc. [15], are becoming more realistic prospects. An example of recent work
that represents this latest direction in data-driven methods is given in [67], which seeks to
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integrate monitoring and control systems to optimise overall operational efficiency using
data-driven approaches. Figure 4 provides a simplified example of system-level integration
to illustrate this concept that combines monitoring, control, and analytics across flexible
and scalable layers of intelligence—i.e., a lower monitoring/control layer for x to n ma-
chines/components, an analytics layer for y to p processes/functions, and an upper layer
for system-level analytics.

( )

System level intelligence

Analytics | )

A A 4
A 4 A 4

( ) 4 )

Process/function intelligence (y) P.roces-s/functlon
intelligence (p)

Analytics | Y, Analytics I Y,

A A A
\ 4 A 4

4 N N )

Machine/component
intelligence (x)

Monitoring/Control ] /

Machine/component
intelligence (x+1)

Monitoring/Control ] J

Machine/component
intelligence (n)

Monitoring/Control ]/

Figure 4. Example of modern condition monitoring architecture for exploiting system-
level integration.

4.2. Challenges
4.2.1. Data Availability and Reliability

Unlike model-based methods, the reliability of data-driven models is highly dependent
on the availability of reliable data. Supervised learning techniques can be used to train
models to accurately classify a wide variety of incipient faults, but the historical data
must be suitably labelled and contain all of the nuanced patterns that characterise these
faults. The accuracies and ranges of fault classification models are also dependent on the
suitability of the extracted features. Furthermore, the performance of models trained in one
context cannot be guaranteed, especially when there are significant differences in the design,
manufacture, and operating regimes of certain machines. The availability of fault-type
data is also often limited in practice, where fault conditions occur sparsely during the life
of a machine, leading to the challenge of data imbalance. The focus of recent research in
this area has thus shifted away from conventional supervised learning techniques, turning
to ensemble, resampling, transfer learning, semi-supervised, and unsupervised learning
approaches, amongst others, that may address these ongoing challenges [68-73]. However,
there is still much work to be performed in terms of improving the assessment capabilities
of these methods, particularly with fault severity and root cause analysis. Research aimed
at addressing data availability and reliability is therefore expected to continue to grow, as
these issues form an especially critical stumbling block to the practical implementation and
widespread adoption of data-driven assessment methods.
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4.2.2. Model Transparency and Interpretability

With all the advancements in condition monitoring of electrical machines, a vast
range of model-based and data-driven assessment methods are now available. These
methods are based on models that differ in complexity and transparency. Traditional
model-based approaches typically offer transparent, or ‘'white-box’, models, whereas most
data-driven models are not transparent, or ‘black-box” models, having been built using ma-
chine learning techniques. This lack of transparency in models poses a significant challenge
to interpretability, which in turn may hinder trust, serviceability, compatibility, and adapt-
ability. An understanding of the inner workings of the assessment model plays a crucial
role in evaluating how well it is able to capture fault characteristics and degradation trends
in its decision-making process, making the results more intelligible and trustworthy [74].
Similarly, models with low interpretability make it difficult to troubleshoot problems with
the condition monitoring system [75], especially if several of these models are intercon-
nected. The black-box nature of data-driven models also complicates the assessment of how
compatible they are with existing components/subsystems, or how adaptable they will
be to new components/subsystems; while there have been some recent efforts to improve
model interpretability, such as model-agnostic methods and model embedding, it still
remains a significant obstacle to the wider uptake of data-driven methods for condition
monitoring [75,76].

4.2.3. Systems Design, Deployment, and Operation

Fully exploiting the highlighted opportunities offered by modern data-driven con-
dition monitoring means confronting several practical challenges with system design,
deployment, and operation, particularly when adopting these approaches at scale. Despite
the vast amount of research literature on data-driven condition monitoring, there is still a
lack of technical literature, including standards, that deal with these practical issues. This
is owing not only to a lack of maturity with some of these technologies but also to the
aforementioned challenges where comparative evaluations with ‘legacy’ systems are not
yet available. Consequently, the uncertainties surrounding the design, deployment, and op-
eration of data-driven condition monitoring systems may hinder uptake, as there is a need
to consider all of the issues to properly assess initial investment versus long-term gains.

The issue of data ontology relates to other challenges discussed here, such as data
availability and reliability, but warrants several design, deployment, and operational con-
siderations in its own right [77]. Due to the data-centric nature of modern condition
monitoring approaches, industrial-scale implementations typically require a complete re-
think of how data are managed [78]. This includes considering the design architecture of
the data pipeline based on the current and future asset management needs. For example,
the decision of which functions within the different layers of the condition monitoring
system—such as storage, pre-processing, and assessment of sensor data—should be im-
plemented locally to the machine through edge computing, or via cloud computing, or
some combination of both; this not only affects costs, efficiency, and performance in the
short term but can also determine scalability, flexibility, and compatibility in the long term.
These decisions are largely based on the condition monitoring requirements in the context
of the maintenance strategy as discussed in Section 2.2. The data transmission (latency,
throughput, etc.), data storage (local and/or remote capacities), and data handling (com-
pute resources) needs therefore follow a comprehensive definition of these requirements
through considering, inter alia, the number, types, and frequency of measurements; where
and what quantity of raw data will be stored, pre-processed, and processed; whether the
processing of data will be carried out online, continuously, and in real-time; assessment



Machines 2025, 13, 144

13 of 16

References

model workflows including training, retraining, visualisation, analytics, etc.; integration
with other control or management systems.

While there is some general guidance available on the management of data assets
within the area of asset management [79], and some good examples of recent research that
consider practical issues with data in condition monitoring [80-82], this is a challenge area
with many opportunities for future interdisciplinary research. Similarly, there are also
several other wider issues surrounding design, deployment, and operation challenges in
data-driven condition monitoring that may benefit from future interdisciplinary research—
e.g., human factors in engineering [83,84], and efficiencies [85].

5. Conclusions

The demand for condition monitoring of rotating electrical machines has risen together
with their ever-widening role in engineering applications, particularly in areas such as
renewable energy, industrial automation, and electric vehicles. This groundswell of interest
in condition monitoring, coupled with advancements in sensing, communications, and
computing, has led to a rapid increase in research and development in the field. Despite
the resulting proliferation in the literature on the topic, there are very few resources that
bridge the gap between academic research and industrial needs. Therefore, this paper gives
a tutorial-style overview of the field that discusses the evolution of condition monitoring,
offers a structured framework for modern condition monitoring systems in the context of
maintenance strategy, and concisely examines recent advancements, challenges, and op-
portunities. The generalised framework links maintenance strategy to a modern condition
monitoring system architecture, thereby enabling systematic characterisation, selection,
analysis, and evaluation of techniques in line with the requirements of the monitoring
application. Focusing on data-driven methods, the selective review of recent progress illus-
trated how the framework can be used to systematically characterise emerging techniques
and provide insights into areas of incremental progress. Building on this, the research
and development prospects in data-driven condition monitoring were discussed. The
assessment layer was identified as a key area for exploiting the benefits of data-driven
methods, with opportunities for enhancing flexibility, scalability, integrability, and inter-
operability of condition monitoring systems. Some key future research and development
challenges were also identified, specifically in the areas of data availability and reliability,
model transparency and interpretability, and systems design, deployment, and operation.
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