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Abstract: This paper aims to update the review of diagnostic techniques for rotating electrical machines
of different type and size. Each of the main sections of the paper is focused on a specific component
of the machine (stator and rotor windings, magnets, bearings, airgap, load and auxiliaries, stator
and rotor laminated core) and divided into subsections when the characteristics of the component
are different according to the type or size of the machine. The review considers both the techniques
currently applied on field for the diagnostics of the electrical machines and the novel methodologies
recently proposed by the researchers in the literature.
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1. Introduction

Recently, diagnostic techniques for the condition monitoring of rotating electrical machines have
experienced an extraordinary growth and development, as can be observed in the increased number
and quality of papers on this topic published in scientific journals, in their special issues and in related
conferences of recent years, e.g., Symposium on Diagnostics for Electric Machines, Power Electronics
and Drives (SDEMPED), Workshop on Electrical Machines Design, Control and Diagnosis (WEMDCD),
International Conference on Electrical Machines (ICEM), etc. This happened for several reasons. First of
all, predictive maintenance is increasingly widespread in the industrial sector and in many other fields,
such as electric traction, and this strategy requires the use of advanced diagnostic techniques, possibly
non-intrusive and on-line. Secondly, the world is becoming more and more electric [1] and therefore
electrical machines are progressively more present in any application. Lastly, the sensors needed
to measure the quantities to be monitored to predict the condition of the machines are now more
reliable, miniaturized and cheaper than in the past, thanks to the progress in electronic and computer
engineering, and are consequently easily applicable not only to large power machines, but also to those
of small and medium power.

A further evolution of diagnostics (or diagnosis) is prognostics (or prognosis); diagnostics consist
in identifying the fault that will lead to a failure and estimating its severity, while prognostics rely
on continuous monitoring of the variables and parameters of the system and use this information
to predict the time until a failure occurs, known as remaining useful life (RUL) [2]. In other words,
prognostics aim to forecast the evolution of a fault and to predict when the machine will no longer
operate as designed or desired [3]. Prognostics may be used to evaluate the rate of degradation and
may permit the machine to continue to operate regularly until the moment of failure; it may diminish
unnecessary expensive maintenance and unexpected failures [4].
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Due to the huge amount of papers on both diagnostics and prognostics and their applications to
engineering systems, e.g., [3-7], this review focuses on the first theme, with application to rotating
electrical machines, therefore excluding mechanical systems, such as gas turbines and engines. Electrical
machines obviously include those supplied by electronic converters, but the faults analyzed in this
paper do not comprise those that occur in electronic devices.

Inrecent literature, there are some excellent reviews on diagnostics of electrical machines, published
in journals five and six years ago [8-10]. Furthermore, a very interesting review was published in the
proceedings of a conference last year, but it is limited to the use of the stray flux analysis as a diagnostic
technique [11]. As research in this field has recently grown exponentially, this paper aims to update
the state of the art, adding the most significant outcomes reported in the literature of the last five years.
Unlike previous reviews, this paper is structured with two first sections (the second and the third) that
report broad-spectrum considerations on diagnostics of electrical machines, coming from an overall
evaluation of the literature on this topic and from the author’s experience. Each of the following seven
sections (from Section 4 to Section 10) is dedicated to one of the main components of the machines
prone to fault, as graphically shown in Figure 1; in each of these sections, the techniques appropriate to
all major types of electrical machines are reviewed, with particular attention to the problems arising
from the supply of the machines through electronic converters.

Main components of rotating electrical machines prone to fault

stator rotor permanent Bestinis S— load and stator and rotor
winding winding magnets g £ap auxiliaries laminated core
sliding load b

bearings anomalies gearbox

Figure 1. Main components of rotating electrical machines prone to fault, as divided into sections and
subsections of this paper (from Section 4 to Section 10); in yellow, the subsections with a sub-subsection
dedicated to power supply by electronic converter.

2. The Targets of Diagnostics

Diagnostics are the procedure for translating information deriving from the measurement of
parameters relating to a machine into information concerning actual or incipient faults of the machine
itself. In other words, diagnostics are the complex of analysis and synthesis activities which—using the
acquisition of some physical quantities, characteristic of the monitored machine—allows for collecting
significant information on the condition of the machine and on its trend over time, for evaluation of its
short- and long-term reliability.

The targets of the diagnostics are: (i) detection (whether the fault is present or not); (ii) isolation
(in which part of the machine); (iii) identification (which kind of fault). The general problem of
diagnostics is to detect whether or not a specific fault is present based on the available information,
preferably without an intrusive inspection of the machine [12]. This problem can be described with
a statistical approach as a hypothesis-testing problem: the null hypothesis Hy affirms that the fault
is present and the alternative hypothesis H; asserts that the fault is not present. Hypothesis testing
is subject to two types of error. A type I error occurs when the null hypothesis Hy is true and it is
rejected, i.e., when, on the basis of the available information, it is decided that the fault is not present,
but really it is. Therefore, the machine is not stopped and repaired before the actual manifestation of
the failure, with possible catastrophic consequences. A type II error occurs when the null hypothesis is
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false and one fails to reject it, i.e., when it is decided that the fault is present, but in reality it is not.
Then, the machine is stopped and repaired in vain, with useless economic costs.

A diagnostic program is developed according to the following steps: (i) data acquisition; (ii) data
processing; (iii) decision-making. The methods employed for data acquisition and processing and
for choosing the threshold which separates the faulty condition from the healthy condition of a
component can heavily influence the probability of committing an error during the decision-making
phase. The term “fault detection” generally refers to a decision made by an individual, while the term
“diagnosis” or “diagnostics” usually refers to a decision given by an automatic algorithm.

If the object of diagnostics is a rotating electrical machine, its operation cannot be considered
separately from: the operation of the mechanical machine connected along its axis line (pump, fan or
other load for an electrical motor; turbine or other prime mover for an electrical generator); the type of
the mechanical coupling (joint, gears, belts, etc.); the possible control system (inverter, etc.). All these
mechanical and electronic systems can: induce faults in the electrical machine; arouse variations in
the parameters of the electrical machine, even in the absence of a fault; suffer faults induced by the
electrical machine.

For these reasons, it is important to separate the following situations: (i) a rotating electrical
machine directly connected to the grid; (ii) a rotating electrical machine connected to the drive in open
loop; (iii) a rotating electrical machine with closed-loop control.

3. Diagnostics of Rotating Electrical Machines

The main types of rotating electrical machines include: induction machine (IM) with a squirrel
cage rotor (SCIM) or wound rotor (WRIM); synchronous machine (SM) with salient poles or a wound
cylindrical rotor; permanent magnet synchronous machine (PMSM); synchronous reluctance machine
(SynRM); switched reluctance machine (SRM); brush DC machine (BDCM). There are many variants of
these machines, which can be realized as: single-phase, three-phase or multi-phase; with radial or axial
flux; connected directly online (DOL) to the grid or driven by an electronic converter. Further variants
comprise: doubly fed induction machine (DFIM), brushless doubly fed induction machine (BDFIM).
Each variant determines peculiar features in the behavior of the machine and in its condition monitoring.

Faults can occur in the following components: (i) stator winding; (ii) rotor winding; (iii) magnets;
(iv) bearings; (v) airgap; (vi) load and auxiliaries; (vii) stator and rotor laminated core; (viii) other
components (commutator, collector rings, slip rings, etc.) [13].

Diagnostic methods can be founded in the analysis of electromagnetic, mechanical and other
parameters: vibration, current, external stray flux, internal airgap flux, voltage, electric power
(instantaneous, active, reactive), temperature (also with infrared thermography), partial discharges
and acoustic noise. Some quantities, such as current, can be measured in steady state or during the
starting transient. The methods to analyze the current in steady state are mainly divided into motor
current signature analysis (MCSA) and negative sequence (Park current).

Vibration measurement by means of transducers positioned on the bearings is generally employed
for the detection of mechanical faults, such as bearing defects, mechanical imbalance (even due to the
load) and malfunctions in the transmission system. However, an anomalous vibration can also be a
symptom of electrical faults, since any electrical fault produces an asymmetry in the distribution of
the magnetic flux at the airgap. In turn, this asymmetry produces an asymmetrical distribution of
the electromagnetic forces inside the electrical machine, which affects its vibrations. For this reason,
the vibration measured in the casing and in the end-windings can help in the detection of electrical
faults, such as non-uniform airgap (static or dynamic eccentricity), faults in stator or rotor windings
and imbalance in the power supply.

On the other hand, electromagnetic signals can help in the detection of mechanical faults, since
most mechanical faults produce a radial displacement between rotor and stator and this displacement
produces an asymmetry in the magnetic flux at the airgap. In turn, this asymmetry affects the
inductances of the machine which determine harmonics in the stator current and in the stray magnetic
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flux. Therefore, not only does the primary effect of each fault need to be evaluated as a possible
diagnostic indicator, but even its secondary effect.

In recent years, traditional diagnostic techniques, based on the vibration measurement, have been
progressively abandoned in favor of the analysis of electromagnetic signals, in particular the stator
current and the external stray flux around the motor [11]. The aim is to use fewer sensors, possibly
already existing in the electrical drive for machine control.

Diagnostics of Electrical Motors Fed by Electronic Converter

Generally, diagnostics through the measurement of electromagnetic signals are heavily influenced
by the power supply of the electronically commutated machines [13]. The main problems examined in
the literature are: (i) the presence of harmonics in the electromagnetic signals coming from the inverter,
which diminishes the likelihood of fault detection; (ii) the compensation effect due to the control system,
if the drive works in closed loop, which masks the effects induced by the fault; (iii) the operations at
variable frequency (and hence at variable speed), since the characteristic harmonics of the fault are
distributed over a wide frequency range and may be undetectable [14,15]. Moreover, when a motor is
working in a closed field-oriented control system, the fault could change the values of stator and rotor
winding parameters and this modification could cause disturbances in the proper functioning of the
frequency control system, due to the inaccurate value of the estimated flux. An uncontrolled growth in
the damage degree can lead to unstable operation of the drive [16,17].

These concerns are common to all faults that require electromagnetic signal analysis for their
detection; several researchers have tried to solve them by applying filters and algorithms to these
signals, in steady state and during the transient. Since, in the case of stator and rotor winding faults
of low voltage machines, the influence of electronic converters is particularly relevant, both for their
diagnostics and for the frequency of failure occurrence, a sub-subsection of the following sections is
dedicated to this topic.

4. Stator Winding

Insulation is one of the most fault-prone electrical machine components: for example, the proportion
of stator winding insulation faults is between 21% and 40% of total faults in IMs, according to the
type and dimension of the machine [8]. Stator short circuits may be classified as: (i) turn-to-turn or
inter-turns (between turns of the same phase); (ii) phase-to-phase (between turns of different phases);
(iii) phase-to-ground (between turns and stator core). The construction of the winding insulation for
low (<700 V) and high (=700 V) voltage machines is very different; therefore, even the phenomenon
which leads to the fault and the diagnostic procedures which can be used to detect it are different,
as explained in the following subsections. In Figure 2, two examples of a short circuit in stator winding
at high voltage (a) and low voltage (b) are reported.

Figure 2. Stator winding faults: (a) short circuit in a high voltage winding; (b) short circuit in a low
voltage winding.
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4.1. Stator Winding at High Voltage (HV)

For machines with nominal voltages >700 V, the insulation system is manufactured as
“form-wound” to prevent partial discharges (PDs) through high dielectric strength materials, such as
mica, and by means of a vacuum pressure impregnation (VPI) process [18]. For this type of insulation,
the most stressed area is located between the turns and the stator core (phase-to-ground) and
its diagnostics are implemented through periodic measurements: off-line (insulation resistance,
polarization index, tan delta and, in some cases, AC or DC hipot test) and on-line (PD analysis).
Furthermore, to diagnose turn-to-turn short circuits, an off-line insulation measurement may be applied
between turns of the same phase. From the interesting reviews of these techniques described in [19,20],
it arises that the tan delta and PD measurements may not provide a correct diagnosis of the insulation
conditions for machines with voltages lower than 6 kV.

Recently, the issues coming from the supply of motors in the range of 3-13.8 kV by means of
pulse-width modulation (PWM) drives have been highlighted and solutions to correctly measure the
PDs in these systems have been proposed. These drives generate high-voltage impulses in the kilovolt
range with rise times in the sub-microsecond range; therefore, these impulses represent a noticeable
electrical interference that can make the on-line detection of PDs difficult, which have magnitudes
1000 times smaller, owing to the overlapping frequency content between PDs and these impulses.
For this reason, PD detection in these systems has become a challenge. Additionally, PWM drives may
cause more serious stator winding insulation aging. In [21], a method was proposed to measure the
stator winding PDs during the operation of medium-voltage motors fed from PWM drives. This method
is suitable to diagnose both the normal aging processes in stator windings and the aging processes that
can be accelerated in variable-speed drives.

In addition to these tests based on electrical quantities, the condition monitoring of HV stator
insulation can be completed with the analysis of winding temperature, the chemical composition of
gases and vibrations [19]. Moreover, a new technique based on electromagnetic interference (EMI)
seems promising; it may detect insulation deterioration and conductor-related defects, along with
some mechanical problems, such as bearing rub or shaft misalignment [22].

4.2. Stator Winding at Low Voltage (LV)

The insulation system for nominal voltages <700 V is manufactured as “random-wound”, because
up to this voltage level, PDs are not expected with a sinusoidal power supply [23]. The failure in this
kind of winding generally begins as shorts between turns and rapidly progresses to phase-to-phase or
phase-to-ground shorts, in just a few minutes or hours. This failure is quickly progressive, unlike the
HYV stator insulation failure, which is slowly progressive. An early warning of an LV stator insulation
fault can only be accomplished if shorts within a few turns can be detected through a continuous
on-line diagnostic procedure. Hence, the techniques of the diagnosis of inter-turn short circuits must
be able to detect them very fast, in their initial phase, when the fault current is still low or, at least,
before the conventional protection system acts by interrupting the power supply [10].

Important reviews of the methods for detecting on-line faults between stator turns in LV electrical
motors are described in [24,25], especially regarding IMs and PMSMs. The insulation fault diagnostics
are essentially founded on the measurement of stator current and external stray flux. In particular,
the stator current analysis can be based on the assessment of the harmonics arising in its spectrum or
on the evaluation of its negative sequence component.

The methods founded on the evaluation of the harmonics in the current spectrum of the actual
machine with respect to the same machine in a healthy condition are known as MCSA. These methods
can also be used with the external stray flux spectrum, because it provides similar diagnostic information,
though its signal is normally weaker and may be affected by the sensor location on the motor. Several
typical frequencies of inter-turn short circuits, that can be detected in current and flux spectra of IMs,
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have been proposed in the literature [26-31]. The first important work on this topic identified the
following frequencies in the axial leakage flux [27]:

e . 0

where f; is the supply frequency, f- the rotational frequency of the rotor, p the number of pole pairs,
s the slip, #1 an odd positive integer (1, 3) and k; a positive integer (1, 2, 3, ... 2p—1). The same group
of researchers, some years later, discovered two further sets of frequencies in the phase current [28]:
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where N, is the number of rotor bars, k and is are positive integers (1, 2, 3,...) and j, and js are positive
integers or null numbers (0, 1, 2, 3, ... ). In the same year, another author pointed out a group of
frequencies similar to (1) in the current spectrum [29]:
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where 7 is an odd positive integer (1, 3, 5, ... ). Later, in [26], the following set of frequencies was
highlighted in the external stray flux:
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where y is a positive integer or null number (0, 1, 2, 3, ... ) and v is a harmonic index of the stator
current (1,5,7, 11, ... ). Furthermore, some multiples of the supply frequency have been identified as
characteristics of this fault; precisely, the third one in the current [30]:

3fs (6)

and the following multiples in the external stray flux [31]:

15f; 17f; @)

The implementation of this methodology must take into account that the current spectrum of
a healthy motor always contains harmonic components, which are exhaustively described in [32]
for a SCIM. It is worth noting that, if the simple fast Fourier transform (FFT) is applied to analyze
the current or flux signals, a high-frequency resolution is necessary and this requires long sampling
periods, which may surpass the time sufficient to produce a catastrophic failure. For this purpose,
novel signal analysis techniques have been suggested in [33]. However, even these methods may
implicate long computation times. Hence, further studies on more efficient signal processing methods
have been carried out to detect this fault on time.

An interesting development of these methods comprises the external stray flux analysis through
discrete wavelet transform (DWT) at standstill and during the starting transient of an IM. This technique
is based on the computation of the energy of the detail decomposition in a healthy condition and
during a short circuit [34]. An upgrading of this technique is described in [35,36], where a statistical
procedure is shown to detect stator winding short circuits in IMs and SMs: it requires the computation
of a correlation coefficient achieved by examining the evolution of magnetic flux harmonics collected
in the motor case at no load and in load operation. An adapted wavelet transform (WT) is employed
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in [37] to identify an intermittent inter-turn fault in a PMSM that induces particular distortions in the
stator currents and reference voltages. It is important to note that stator shorts are more dangerous for
PMSMs, as they may cause magnetic field strengths greater than the coercivity of magnets, permanently
demagnetizing the magnets [25].

From the review of the literature up to this point, it is evident that the processing of the stator
current and external stray flux signals with simple techniques, like FFT, or more complex methods,
such as WT, could be effective in detecting stator short circuits in low-voltage machines. Nevertheless,
other approaches have been suggested, as reported in the following.

Always considering the stator current, the analysis of its negative sequence component has been
proposed, starting from the fact that the defective phase has fewer turns and a different impedance
than the healthy phases: therefore, it produces lower electromotive force (EMF), causing an imbalance
in the three-phase currents. A disadvantage of the methods based on this analysis is that other causes
may induce a negative sequence component in the current, for example, imbalanced supply voltages
or constructive asymmetries [38].

Other signals and the related sensors needed to collect them also appear to be useful for the
same purpose. For example, in [39], the voltage transformers usually installed for a multifunction
protection relays in an SM are employed to detect shorts between turns. The measurement of the
phase-to-phase voltage to monitor an SM is instead proposed in [40], together with the collection of the
airgap magnetic field through a special coil inserted in the stator slots; the authors demonstrate that the
3rd and 9th harmonics in the voltage and the 3rd component in the magnetic field are clearly sensitive
to stator inter-turn short circuits. The tests were carried out in open loop, but the authors are confident
that the voltage imbalance created by a stator short would remain, even if an increase in excitation was
performed by the voltage regulator to maintain the three-phase voltage at the reference level.

For the monitoring of a WRIM, even the rotor current can be measured and, therefore, in [41],
a method focused on FFT and WT of the rotor current is evaluated to identify stator shorts between
turns. This technique does not practically depend on the load and may quickly diagnose the fault and
its seriousness.

A different approach is proposed in [42], starting from the consideration that the origin of the
external signals (current and stray flux) is the magnetic flux moving in time and space inside the airgap,
which contains indications of any occurring imbalance or fault. However, when transformed into a
signal available for external measurements, this information is significantly reduced and distorted.
Moreover, it loses one of its dimensions, i.e., the space. Therefore, an array of miniature Hall effect
flux sensors (HEFSs), in the order of 1 mm high, was installed within the airgap of a 11 kW IM
supplied by a two-level IGBT drive. This technique has been proven to be suitable for detecting
both stator short circuits and static eccentricity and for determining the fault location. It is worth
noticing that normally the airgap of a small- or medium-power IM is equal to or smaller than 1 mm.
Only very high-power IMs have an airgap in the order of 2 or 3 mm, which is sufficient to insert
this instrumentation; in a few cases, these large motors could be supplied at low voltage, but over a
certain power (about 1300 kW) they need to be supplied at voltage higher than 700 V. In the latter case,
the insulation of the winding is different and techniques like those presented in Section 4.1 have to be
considered. Therefore, this technique seems practically infeasible in most cases.

The proposal to use a thermographic analysis is evaluated in [43] by means of a finite element
method (FEM) simulation, considering that a substantial increment of the temperature in the stator
windings is experienced when an inter-turn short circuit occurs. This analysis, based on a thermal
camera, can be employed in machines that do not have any temperature sensors inside, while enabling
an online noninvasive monitoring.

Stator Winding at Low Voltage Supplied by Electronic Converter

While some works cited in the above subsection consider motors fed by an electronic converter,
it is worth dedicating a sub-subsection on this topic.
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First of all, it is significant to note that, though with a sinusoidal power supply the winding
insulation of LV machines does not experience PDs, they can occur if these machines are driven by
inverters; hence, the monitoring and testing of an inverter-fed LV machine should be performed
according to IEC 60034-18-41, as described in [44].

Some papers demonstrated the possibility of continuing to use stator current and stray flux to
detect stator short circuits, by means of different techniques to process these signals.

In [14], an approach based on WT combined with the power spectral density of the stator current
was shown to be able to detect stator inter-turns short circuits and broken rotor bars in IMs during
variable load torque operations. In [45], a WT-based pre-processing method proved effective in
filtering the stator current and stray flux signals in order to diagnose stator shorts in an IM supplied
by an electronic converter, through the typical harmonics of this fault. A subsequent paper [46] has
evaluated a procedure to detect stator shorts and bearing defects (even in the case of simultaneous
presence), based on the high sampling frequency and filtering process of stator current and stray flux.
This procedure allows for the discrimination not only of the existence of single and multiple faults,
but also their progression from an early stage to more serious conditions.

Other diagnostic methodologies for inverter-fed IMs are founded on the measurement of their
signals during the transients, e.g., the start-up [47]; in particular, the Hilbert-Huang transform results
is suitable for non-stationary and non-linear signals and the adaptive slope transform allows for a
better adaptation to the time-varying harmonic content of the signal.

In [48], an analysis of the stator current and torque in the frequency domain for a direct torque
control (DTC)-driven IM shows that inter-turn shorts cause numerous harmonic components in these
signals and even inter-harmonic components that mimic or mask the typical signatures of a DOL faulty
IM; this happens due to the DTC reaction, the switching of the inverter, the saturation effect and the
noise signal coming from the industrial environment. An update to this study investigates the stray
radiated magnetic field measured around the same motor through a magnetic loop antenna at different
distances and angles, to examine its influence on the diagnostics of stator shorts [49].

In [50], a real-time procedure is presented for the early detection of stator shorts between turns
in an IM supplied by a voltage source inverter (VSI). The methodology is based on the fact that both
non-sinusoidal input voltage and short circuits cause harmonics in the stator current; this combination
of harmonic components complicates the diagnostics based on spectral analysis. Therefore, the paper
aimed to study the effect of the fundamental and switching frequencies of the inverter on the detection
and classification of incipient inter-turn shorts. DWT-based analysis is implemented on stator currents;
the results are promising, but the disadvantage of the method is that it needs the measurement of all
three-phase currents.

A particular machine is considered in [51], i.e., the BDFIM. The diagnostic proposal starts from the
reflection that the existing techniques to detect inter-turn short circuits consider rotor slot harmonics in
stator current spectra as fault indicators for conventional DFIMs. Nevertheless, these techniques cannot
be used for a BDFIM, owing to its different stator and rotor winding structure. Therefore, the paper
presents a novel analytical formulation for the nested-loop rotor slot harmonics as inter-turn short
circuit indicators in BDFIMs. Another particular machine has been evaluated in [52], i.e., a SynRM
with a dual three-phase stator configuration; the novel method proposed for its stator fault detection is
based on the reactive power measurement of both three-phase systems.

5. Rotor Winding

Differently from the stator winding, which is manufactured in a similar manner for most electrical
machines, the rotor can be wound in various modes, it can consist of a squirrel cage, it can comprise
permanent magnets or it can be made only by iron sheets.

A wide and accurate review of the rotor failure diagnostic techniques in IMs is described in [53].
These methods start from the fact that any electrical rotor failure leads to an asymmetry in the equivalent
winding impedances, which in turn produces an asymmetry in current distribution. Consequently,
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as a first effect, a rotor failure modifies the airgap flux and the stator current; thus, the current can be
successfully employed to detect this fault, as well as the external stray flux, which provides similar
diagnostic information.

For high-power SMs, rotor winding diagnostic techniques have been well established for many
years and include: the recurrent surge oscillation (RSO) test, dynamic impedance measurement,
shaft voltage measurement and internal rotor stray flux monitoring. Nevertheless, the rotors of
these machines also often contain damper bars; the detection of faults in these bars is still not simple
and some recent papers have proposed new techniques to solve this problem, as reported in the
following subsection.

An additional component that may be present on SM rotors is the rotating rectifier of the brushless
excitation system; this component is quite vulnerable and its failure rate is affected by centrifugal force
and thermal stress. Due to the ageing phenomenon, rectifier diodes can fail; the two major failure
conditions are open circuit and short circuit. This issue is rarely mentioned in reviews on rotating
electrical machines diagnostics, although it is relevant in several applications. The main approach
to the early detection of diode faults is based on the spectral analysis of the induced electromotive
force measured by a search coil, which is often already installed in the exciter stator slots. When this
device is not incorporated in the SM, alternative methods can be applied, based on the output voltage
analysis [54] or on the total harmonic distortion (THD) and polarity of the asynchronous exciter
armature current [55].

5.1. Damper Bars

Damper bars are often used in rotors of high-power SMs, both with salient poles and cylindrical
wound rotors, as reported in Figure 3. The damper winding acts like the cage of an SCIM and it consists
of short-circuited copper bars embedded in the face of the salient poles or in the slots containing the
rotor winding.

(b)

Figure 3. Damper bars in SMs: (a) damper bars in a salient pole; (b) damper bars in a cylindrical rotor.

When an SM is used as a generator, these bars intervene during the transient following an abrupt
change of electromagnetic torque and the consequent variation of the load angle; their purpose is to
dampen the transient oscillations by means of an asynchronous torque. When an SM is used as a
motor, they also allow the starting of the machine, without any other device.

Several cases of broken damper bars in SMs have recently been reported in the literature [56].
The detection of damper bar failures is difficult, because these bars are active only during the starting or
the load transients. The traditional diagnostic tests on damper bars consist in off-line visual inspections.
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For this reason, in [56], an on-line method has been proposed, based on flux measurements through
an airgap search coil during the starting transient. This kind of airgap search coil is increasingly
being installed in high-power SMs to detect field-winding short circuits, therefore, the method can be
implemented without any additional hardware.

In [57,58], two further methodologies for identifying damper bar faults in salient pole SMs without
disassembly have been proposed. The first one is an off-line test able to detect the change in asymmetry
by injecting a pulsating field from a low-power three-phase inverter. The second method is on-line and
it is based on the analysis of the starting current, by means of time-frequency transforms to extract the
fault-related component.

5.2. Squirrel Cage Rotor

The SCIM rotor winding is made up of several bars and two frontal short-circuit rings on opposite
sides; it may be produced with two techniques, known as die-cast and fabricated. With the first
technique, the complete cage is shaped in a unique piece by pouring molten metal (aluminum or
copper) into a mold. With the second technique, copper bars are inserted into the rotor slots and
welded to the frontal rings. A fabricated rotor can be used at a high power, generally above 250 kW
or less, when the number of poles is large and the rotor diameter is large. For fabricated rotors,
the most common fault is caused by the breakage of a bar close to the welding between the bar and ring.
Conversely, die-cast rotors are more long-lasting and robust, even if some defects can be introduced
during production, e.g., porosity or blowholes, which may worsen the performance and reliability of
the motor [59]. The growth in rotor resistance and rotor cage asymmetry caused by porosity give rise to
motor efficiency degradation, torque pulsation and imbalanced magnetic pull. Porosity can also affect
the starting performance and the torque—speed characteristics, which can differ considerably from
those indicated by the manufacturer; this deterioration cannot be tolerated for high-power motors.
For this reason, besides the traditional quality assurance tests, a novel off-line test has been proposed
in [59], based on a flux injection probe, which can excite each rotor bar to achieve porosity information
during the post-production balancing of rotors.

Although die-cast rotors can rarely exhibit breakage of the bars, they are often used in laboratories
to validate diagnostic procedures for fabricated rotors [53].

Broken bars and cracked end rings represent only the 5-10% of SCIM failures, nevertheless,
their detection is fundamental as they may cause serious secondary effects: broken fragments of the
bar may impact the stator winding, severely damaging its insulation, causing an expensive repair and
a lost production. Furthermore, the mechanical and thermal stresses increase in the bars adjacent to
the broken one, due to the redistribution of the currents in the healthy bars. This produces a slowly
progressive propagation of the fault; hence, diagnostics may be useful in preventing it.

Once the rotor is injured, its equivalent winding impedances become asymmetrical and a reverse
rotating magnetic field is present. As a consequence, a group of harmonic components arises in the
stator current and stray flux spectra at the following frequencies [53]:

(1£2ys)fs 8)

where y is a positive integer or null number, as defined in Section 4.2.

The monitoring of these harmonic components at steady state is often sufficient to detect this fault,
but the literature has highlighted some conditions which may lead to false positive or false negative
diagnostic alarms. False positives are present in the case of load torque oscillations, the existence of
rotor cooling axial ducts and magnetic anisotropy issues. This happens because an oscillating load
torque induces sidebands that can sometimes be localized near the typical frequencies of the breaking
of the rotor bars; moreover, the amplitude of the sidebands caused by a broken bar may be of the order
of magnitude of that produced by inherent manufacturing asymmetries or by special rotor structures.
False negatives may happen in the case of non-adjacent broken bars, outer bar breakage in double cage
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rotors and diagnosis under light load or no load [60]. Furthermore, the existence of rotor inter-bar
currents may decrease the sideband amplitude.

Several methods have been suggested in the literature to overcome these difficulties, on the basis
of various signals (e.g., start-up current and external stray flux, active and reactive power, vibrations,
torque, etc.), on sophisticated signal processing methods and artificial intelligent systems or on a
combination of the above [53].

The analysis of the stator current during motor starting has been proved to offer satisfying results
because the harmonic components typical of the fault are amplified due to the high rotor (and stator)
current in high-slip conditions. A time—frequency approach based on WT can be applied to this
signal, obtaining an effective diagnosis in double cage rotors, as in [61,62], and in the case of the
presence of rotor axial air ducts [63]. Precisely, the left sideband during the starting is examined in [61],
while in [62], both sidebands are analyzed during a general transient. Despite the diagnostic reliability
offered by this analysis during the transient, in many applications, large induction motors do not
experience frequent start-ups. They have a low rotor resistance to keep the steady-state operation very
efficient, which reduces the starting capabilities. Therefore, in these applications, diagnostic methods
depending on the starting current are not feasible.

A detailed review of the methods to detect load anomalies and to distinguish their effects from
those produced by rotor failures is reported in [64,65]; besides, these papers suggest new methodologies
to avoid possible false alarms in diagnosing rotor faults.

A recent study is presented in [66,67], which deals with broken bar detection in large IMs,
where the sideband components are usually located near the fundamental frequency, owing to the
low value of slip at steady state. A time—frequency analysis of the external stray flux is proposed,
through short time Fourier transform (STFT), and the sideband signatures of higher harmonics are
considered, focusing on the sidebands around the 5th and 7th harmonics, since they stand at the
distances (—4s f;) and (—6s f;) for the 5th and at (=6s f;) and (=8s f;) for the 7th harmonic. Further
investigations on the diagnostic capability of the stray flux to detect rotor faults are reported in [68],
showing that the mechanical frequency-associated harmonics can be purely related to broken bars and
totally independent from rotor eccentricity and rotor imbalance. Therefore, these specific harmonics
can be good indicators of broken bars at low slip operation.

The feasibility of the stray flux analysis during the start-up of an IM has been investigated in [69],
to detect two types of faults (broken bars and misalignment), even when they coexist. Two signal
processing techniques were applied for the analysis of the stray flux: a continuous tool (STFT) is used
to track the evolutions of the fault harmonics during the start-up and a DWT is employed to calculate
a new rotor fault severity indicator.

In [70], an approach focused on the analysis of the axial vibrations, arising in the presence of
inter-bar currents, is proposed in combination with MCSA to overcome the problems due to the
inter-bar currents in detecting broken rotor bars.

Squirrel Cage Rotor of Motors Fed by Electronic Converter

As mentioned, the supply by electronic converter adds further uncertainties and complications to
the diagnostics of the motors. For this reason, different processing techniques have been evaluated in
the literature to make more robust the broken rotor bar detection in these systems.

A method based on the standard current sensors already existing in modern industrial inverters is
proposed in [71] to identify rotor bar defects at no load and almost at standstill. A new fault indicator is
achieved by energizing with voltage pulses generated by the switching of the inverter and measuring
the resulting current slope.

An approach based on the combination of complete ensemble empirical mode decomposition
(CEEMD) and the multiple signal classification (MUSIC) is presented in [72]; it was applied to the
stator current of an inverter-fed IM during a starting transient followed by a steady-state period and
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its ability to recognize a single broken rotor bar, a mixed eccentricity due to a motor-load misalignment
and the coexistence of both defects was proven.

A further improvement of the time—frequency analysis is presented in [73], where the Dragon
Transform, applied to the stator current of an IM with a broken bar, represents the harmonic evolutions
as very thin lines. Its high time—frequency resolution allows for the detection and quantification of the
bar breakage harmonics during the start-up of an inverter-fed IM.

Another technique to diagnose broken bars in IMs supplied by inverters during non-stationary
regimes is proposed in [74]; it is based on the combination of two methods, time-corrected instantaneous
frequency and a spectrogram, and it is called “reassigned spectrogram”. The effectiveness of this
approach to detect one broken bar has been shown during a start-up, followed by a steady-state period.
A novel technique to identify broken bars in an IM powered by three different types of inverter is
focused on the amplitude of the stator current in the time domain [75]. This paper examines the
accuracy in detecting broken bars over a wide frequency range and in various load conditions by
evaluating the effectiveness of analog and digital filters applied to the current signal of the inverter-fed
IM. Moreover, the performance of four pattern classification methods is evaluated and experimental
tests confirm the effectiveness of this methodology. In [76], three types of analysis (FFT, Hilbert
transform and modulus of Park’s vector) are implemented on the current signals coming from an IM
driven by an inverter at nominal load and with broken bars, and an evaluation of the effectiveness of
these methods is shown. Another appropriate methodology for broken bar diagnosis in both DOL and
inverter-fed IMs is founded on the Goertzel algorithm [77].

5.3. Wound Rotor

Less research work is available in the literature for WRIMs, compared to SCIMs. However, it is
reasonable to presume that the rotor winding failure rate for WRIMs is higher than that for SCIMs,
because WRIM rotor windings are generally less protected when auxiliary components (slip ring
connections and resistors) are also present. Not many papers have been published on this subject,
owing to the few industrial applications of WRIMSs, particularly in the past. Recently, renewed interest
in WRIMs has arisen as double fed induction generators (DFIGs) for wind power generation, in which
the rotor windings are fed by an electronic converter to control the active and reactive power flows
from the generator to the electrical network [53,78-80]. For this machine, a rotor failure is similar to a
stator failure and can manifest itself in an increase in rotor resistance, a short circuit or an open circuit.
In the first case, the WRIM may continue to operate, whereas in the event of short or open circuits,
the operation is limited to a short period after the fault [53].

Similar to SCIMs, an electrical failure of the rotor in a WRIM induces a phase dissymmetry
and MCSA can be useful to detect it. As explained in [80], a rotor dissymmetry produces an inverse
rotating magnetic field and an inverse sequence component in the rotor currents at frequency
sfs. This inverse sequence is mirrored in the stator currents and causes the frequency component
(1 — 2s) fs, which determines both electromagnetic and mechanical interactions between rotor and
stator. Consequently, a set of components at frequencies defined by (8) appears in the stator current
spectrum and a set of components at the following frequencies in the spectrum of the rotor currents:

+ (142y)sf: 9

where y is defined as above and the main component is at frequency sf;.

However, in closed-loop and time-varying operations, MCSA presents some problems, as the
control system may compensate for current harmonics caused by rotor failure and hide the fault
signatures. Hence, as the rotor winding is accessible, rotor currents can also be measured and a group
of harmonic components of these currents at frequencies (9) can be examined.

In [79], a diagnostic method based on the combination of WT and a pre-processing of rotor
voltages in time-varying operations is investigated to identify rotor imbalances. The paper focuses on
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tracing the most significant fault frequencies in rotor voltages; since the machine-load inertia produces
a damping effect on higher-order fault harmonics, the authors examined only the signature of the
sideband sf; on a 5.5 kW WRIM with two pole pairs, connected with a PWM back-to-back converter on
the rotor side.

A method to identify a rotor short circuit between turns in a WRIM operating as a generator,
through spectral and bispectral analysis, is described in [78]. Stator currents have been shown to
contain interesting signatures, because an inter-turn short of the rotor induces novel harmonics in them:

1F(A+y)(1-9)Ifs (10)

where A = 6y + 1 and y is defined as above. Spectral analysis demonstrated that these harmonics
are sensitive to this failure and their magnitude depends on the seriousness of the fault. In [81],
a DWT-based slip-independent technique for detecting stator and rotor asymmetries in WRIMs is
presented. Both the space vector magnitude and the instantaneous magnitude of the stator current
were proven to be efficient signatures for diagnosing rotor asymmetry. The proposed technique was
validated with experimental results on a 7.5 kW WRIM. In [82], the effects of rotor inter-turn shorts and
imbalanced rotor resistance on fault indicators were evaluated. The diagnosis of these anomalies was
carried out by means of suitable signals present in the DFIG control system (stator current, reactive
power and rotor modulating voltage). The capability of the fault indicators was investigated for
different degrees of failure and for various DFIG operating conditions.

In [83], a novel approach is introduced to detect rotor asymmetry faults in a WRIM, based on
the measurement of the stray flux in three different positions. The level of electrical asymmetry was
induced by means of an external rheostat inserted in series with one rotor winding. Similar to the
diagnostics of electrical rotor asymmetry in SCIMs, the most significant components amplified by this
fault in WRIMs are expected at the frequencies of the main sidebands around the fundamental:

(1£25)f, (11)

Moreover, additional components at frequencies sfs and 3sf; are expected to be excited in the FFT
spectrum of the stray flux signals; the nature of these components is axial, and, consequently, they are
more likely to be detected in those sensor locations where a greater part of axial flux is measured.
The amplitude of the component at sf; can also be increased by the existence of eccentricity/misalignment.
The proposed approach is based on the detection of patterns which arise in the time—frequency maps
during the motor start-up. These patterns can be detected by means of different signal processing
methods applied to the signal during the transient: the STFT, to track the evolution of fault harmonics,
and the DWT, to calculate a fault severity indicator.

6. Permanent Magnets

The demagnetization of the permanent magnets can considerably decrease the torque produced by
a PMSM. Consequently, a larger stator current is required to obtain an equal value of torque. Besides,
demagnetization gives rise to a growth in Joule losses and in temperature. In turn, this stimulates greater
demagnetization, which further increases current and diminishes efficiency [84]. Demagnetization has
been recognized as one of the main causes for PMSM failure, because it induces a flux disturbance,
which modifies several parameters of the machine [53,85]. A typical signature occurs in the stator
current and, therefore, MCSA may be able to identify this problem, although this signature is
strongly influenced by the winding configuration, both in case of local and uniform demagnetization.
Some research revealed that partial demagnetization produces harmonic components in the stator
currents at the following frequencies [84,86,87]:

fdemag = (1 * k/P)fS (12)
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However, according to the configuration of the stator windings and the type of demagnetization,
sometimes no new harmonic or subharmonic components arise in the case of demagnetization
other than those normally existing in a healthy motor [87]. Furthermore, other rotor defects,
like dynamic eccentricity, may be identified through the same frequencies in the stator currents [84].
Therefore, in some instances, MCSA does not discriminate between demagnetization and other
rotor faults and this is why other techniques have been investigated. In [84], the early rotor
demagnetization in a surface-mounted PMSM was detected through an on-line monitoring of the
zero-sequence voltage component (ZSVC). By means of simulations and tests, it was proven that
local demagnetization reduces the amplitude of the ZSVC and this can allow for fault identification;
nevertheless, this method needs windings to have an accessible neutral and an artificial neutral point;
the latter is realized with a three-phase balanced resistor network connected to the motor terminals.
In [86], time—frequency WT-based techniques were effectively used to diagnose demagnetization in
PMSMs during non-stationary operations.

In [88], the Hall sensors already existing in an interior PMSM for its control are employed
to measure the flux variation inside the machine caused by a magnetic asymmetry of the rotor;
FEM analysis and experimental tests demonstrate that this technique may permit a correct diagnosis
of local demagnetization and dynamic/mixed eccentricity. Furthermore, the same research group
proposed the zero-sequence component of the magnetic flux density to detect demagnetization [89].
The authors proved that this method considerably decreases the sensitivity of the diagnostics to various
problems, such as the position of the sensors, the permanent magnet temperature, etc. This technique
can be used for condition monitoring, but also for torque ripple compensation techniques.

7. Bearings

The main classification of bearings used to support the rotor of electrical machines distinguishes
them between rolling and plain (or sliding) bearings. Rolling bearings are more common, while sliding
bearings are generally employed for high-power SMs or special applications. According to the type
and size of the machine, the bearing failure distribution is variable between 40% and 90% of the total
faults, from large to small machines [90].

7.1. Rolling Bearings

Condition monitoring of rolling bearings is traditionally performed by analyzing the vibration
of the machine frame and/or the bearings themselves. A comprehensive review of this argument is
described in [91], even if in recent years further variants of the vibration analysis have been proposed,
as, for example, in [92]. Most bearing failures are slowly progressive and then they may normally be
prevented through periodic vibration monitoring, along with periodical replacement and/or lubrication
after a defined period. This kind of maintenance is usually effective, but: (i) it is costly and it can require
the use of resources outside the companys; (ii) it may involve premature unnecessary substitution of
bearings; (iii) it may be unsuccessful when quickly progressive faults happen in the case of shaft currents
due to electronic converters. Therefore, in the last twenty years, a research work has been concentrated
on implementing a predictive condition monitoring procedure capable of identifying bearing failures
in their early phase through a continuous on-line analysis of current and stray flux [92-94].

This detection approach categorizes bearing faults as: (i) single-point defects; (ii) generalized
roughness. The first causes an impact between ball and raceway and produces vibrations at specific
frequencies, which depend on the surface of the bearing affected by the fault:

Outerrace: f, =N/2-(1-d/D-cosa)fr (13)

Innerrace: fi=N/2-(14+d/D-cosa)f; (14)
Ball: f, = D/2d-(1- (d/D)cos®a)f; (15)
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Cage: fo=1/2-(14+d/D-cosa)f; (16)

where N is the number of balls, d the ball diameter, D the bearing pitch diameter and « the ball
contact angle.

The radial movement between rotor and stator due to a single-point bearing defect causes stator
currents at the following frequencies:

fo = fs=kfo| 17)

where f, is one of the specific vibration frequencies, as defined in (13)—(16). Other typical frequencies
have been defined in [90]. Although ideally these harmonics are not present in the event of generalized
roughness, the analysis of stator current and external stray flux has been assessed to identify this type
of fault in rolling bearings, with promising results [95]. However, it is obvious that the primary effect
of bearing failures is in vibration, while in electromagnetic signals, the effect is secondary and weaker,
so it could hardly be noticed, especially in inverter-fed motors. Hence, MCSA has been considered a
suitable method for integrating other techniques, e.g., vibration or thermography [96].

A different approach, although based on the measurement of the stator current, starts from the
consideration that the current spectrum is not effective for bearing fault detection. Therefore, a method
based on vibration envelope analysis is applied to the stator current, obtaining promising results by
means of the squared envelope analysis. Moreover, the fast kurtogram algorithm has been proved
effective in identifying the frequency bands in which the fault impulses are concentrated [97].

In recent years, further alternative methodologies to detect rolling bearing faults, based on different
signals, have been assessed. In [98], a method based on rotor speed signal was proposed, which is
advantageous in terms of cost and simplicity. This technique was tested under both constant and
variable speed, at constant load.

In [99], rolling bearing faults were detected by means of the acoustic signal collected with a mobile
phone. This signal was analyzed through a combination of spectral kurtosis and Hilbert transform
post-processing methods, therefore using the high-frequency content of the signal. In [100], a different
technique for bearing diagnosis in DOL IMs is investigated, based on the voltage and current signals
in the time domain; a neural network scheme is proven to be capable of identifying bearing failures
by examining a half-cycle sampling of the IM supply voltages and stator currents. In [101], a new
diagnostic technique for PMSMs is presented; it is based on a speed sensorless observer, which aims to
acquire the rotor angle and speed. The angle signal is utilized to resample the non-stationary speed
signal into a stationary signal in the angular domain for order spectrum analysis. The presence of
excitation in the bearing fault characteristic order in the resampled signal spectrum is utilized for the
diagnosis of the fault.

It is important to note that all papers reviewed until this point in this subsection are aimed at
investigating the ability of sensors other than traditional accelerometers to detect various types of
bearing defects in different working conditions and in particular when variable speed induction motors
are supplied by electronic converters. These papers often have the purpose of identifying the potential
of sensors that are cheaper than the traditional ones and/or already present in the overall system
in which the electrical machine is inserted (e.g., current sensors for closed-loop control). Another
purpose of this group of papers is to discriminate a bearing fault in the event of the coexistence of
multiple faults [46].

However, there is another group of papers which is focused on machine learning (ML) and
deep learning (DL) techniques [102]; to implement effective ML and DL algorithms for bearing fault
detection, good data collection is needed and, therefore, these papers sometimes refer to datasets
available on-line [103], but also to wide campaigns of laboratory measurements [104,105]. In [106],
a very recent survey of these papers is reported, together with a comparative study of the classification
accuracy of various algorithms that use the open-source Case Western Reserve University (CWRU)
bearing dataset.
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7.2. Plain Bearings

Plain bearing diagnostics require sensors able to measure the relative motion of the rotor with
respect to the bearings. Unlike rolling bearings, which present almost no damping, the oil film of plain
bearings considerably dampens rotor vibrations. Consequently, rotor excursions must be measured
through relative sensors positioned close to both bearings. High-power rotating machines normally
operate with permanent monitoring of the relative rotor excursions. The best solution for sliding
bearing vibration monitoring is given by two relative sensors positioned 90° from each other at each
bearing, since with this method, it is possible to observe not only the vibrations in the time domain,
but even the trajectory of the rotor movement [107]. As the fault detection of these bearings is mainly
based on mechanical signals, in this paper, the review of the diagnostic techniques in this field is
limited to the above considerations.

8. Airgap

Airgap eccentricity causes a force on the rotor, known as unbalanced magnetic pull (UMP),
which pulls the rotor towards the stator bore, along the minimum airgap. When the level of eccentricity
exceeds definite limits (usually <10%), eccentricity may induce excessive stress on the machine and
may increase bearing wear. A strong airgap eccentricity may eventually cause rubbing between rotor
and stator, with a consequent damage to the stator and rotor core and windings. This may determine
insulation failure of the windings, broken rotor bars (for SCIMs) and shorts between the laminations,
as reported in Figure 4.

Figure 4. Effects of rubbing between rotor and stator due to eccentricity: (a) damage of the stator;
(b) damage of the rotor.

Eccentricity is generally classified into static and dynamic, which may coexist. It mainly affects
the airgap flux and then the stator current; for this reason, most of the literature has used stator
current as a fault indicator, along with external stray flux, which provides equivalent diagnostic
information. Nevertheless, this fault also significantly affects the vibration of the stator frame and then
even this signal can be successfully employed to detect eccentricity, particularly if dynamic. The typical
frequencies due to this fault to be identified in the stator current and in the frame vibration of an
IM are [108]:

1-5)

p

(Ny £ny4) ( + N (fs (18)
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where n; = 0 for static eccentricity, ny = 1 for dynamic eccentricity, n, =1, 3, 5, ... for current analysis,
and n, =0, 2, 4, ... for vibration analysis. Beside these frequencies, the literature points out the
following sidebands due to eccentricity in the current spectrum of an IM [109]:

fitf (19)

and further harmonics excited by eccentricity in the vibration spectrum at frequencies [108,109]:

2fs ; fr ; 2fsifr (20)

In addition, in [110], the coexistence of static and dynamic eccentricities in IMs was evaluated
and a novel fault severity index for mixed eccentricity was developed, based on the stator current
harmonic components. This index can be computed by no-load or low-load tests and it does not need
any preliminary knowledge of the machine in a healthy condition.

A very recent paper, [111], starts with the considerations that: (i) often it is not possible to
distinguish rotor eccentricity and load defects; (ii) false rotor cage fault indications are frequent; (iii) a
new trend aims to integrate smart self-diagnostics into electrical machines by means of embedded
sensors, especially in applications where motor inspection is difficult (e.g., submersible pumps, nuclear
plants, etc.). Therefore, the paper evaluates the airgap flux measurement, by means of a search
coil, as an alternative for the diagnostics of motor and load defects; a novel technique based on the
analysis of the airgap flux during the start-up transient has been proven to be effective in detecting
and classifying broken rotor bars, eccentricity and load mechanical anomalies. The method has been
shown to be insensitive to load imbalance, misalignment and axial duct influence, which can cause
MCSA-based detection of eccentricity and broken bars to fail. This technique should reliably detect
rotor failures with an inexpensive airgap search coil, when used together with MCSA.

A different technique described in [112] analyzes the transient current response of an IM to
an excitation with voltage pulses provided by the inverter switching and proves that the indicator
achieved from the transient current response does not depend on the number of slots per pole, while the
performance of the MCSA is affected by this parameter.

Concerning PMSMs, these frequencies have been recognized as typical of eccentricity (static,
dynamic and mixed) [113,114]:

1+ 2k=1)/plf. e1)

In [113], the analysis of the current spectrum of faulty PMSMs caused by eccentricity, open circuits,
short circuits and demagnetization shows that only eccentricity produces these components. In [114],
a new index is defined for static and dynamic eccentricity diagnostics in PMSMs; it is calculated
through a linear combination of energy, shape factor, peak, head angle of the peak, area below the
peak, gradient of the peak of the detail signals in wavelet decomposition and coefficients of the
autoregressive model, which are derived from the stator current. Always with reference to PMSMs,
a recent paper considers in-wheel motors for automotive machines and proposes a new method to
directly measure the airgap width, in either static or dynamic eccentricity, through an optical sensor
integrated in the airgap, which acquires the reflection of the infrared radiation between rotor and
stator [115]. The technique is validated by means of a parallel measuring system with an analog Hall
sensor which measures the change in the magnetic flux density.

Regarding salient-pole SMs, in [116], a new off-line technique was proposed to diagnose static
eccentricity through the measurement of the three-phase currents in a locked rotor condition, in three
rotor positions; the spectrum of a pseudo zero-sequence current provides reliable indicators to identify
this fault.
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9. Load and Auxiliaries

9.1. Load Anomalies

Even in the absence of rotor eccentricity, some mechanical load anomalies may cause sidebands in
the stator current spectrum. These anomalies are generally divided into two main types. The former is
usually due to a speed reduction coupling with speed reduction ratio r. For an IM, the mechanical
load oscillations (f,/r) are transmitted to the motor rotor across the coupling and revealed in the stator
current at frequencies [64,65]:

fr 1-s
=fstk—= = fi|1+k— 22
f coup fs » fs por ( )

The second type of mechanical anomaly is caused by periodic low-frequency oscillations of the

load around a constant torque and induces specific sidebands in the stator current at frequencies:

foscil = fs + kfo (23)

where f, is the fundamental frequency of the torque ripple [117]. As regards the possibility of detecting
torque oscillations in IMs powered by inverters, an interesting, although complex, approach is presented
in [118]; the stator current and the torque are measured and three fault indicators are calculated through
the Wigner distribution and the instantaneous frequency estimation; all these indicators are capable of
recognizing small torque oscillations. In [119], a new approach is described to detect load oscillations
by means of the harmonic multiple of the fundamental. The paper examines the effects of these
oscillations in current and external stray flux signals and proves that the characteristic signatures of this
anomaly are also evident in an IM supplied by an inverter. Furthermore, for an automatic diagnosis of
this anomaly, a technique focused on linear discriminant analysis and on the calculation of the first
odd harmonics of the measured signals is suggested.

9.2. Gearbox

Similarly to bearings, even the diagnostics of the gearbox are mainly handled through the vibration
analysis, as, for example, in [120]. Nevertheless, in [121], a comparative study of vibration, acoustic
pressure and stator current analysis abilities is proposed for the diagnosis of a gear tooth wear fault and
is tested on a 250 W SCIM shaft connected to a single-stage gearbox. Vibrational and acoustic analyses
appear as the most suitable techniques to detect these faults, while current analysis is more challenging
because the amplitudes of the fault-related harmonics are close to the noise level and long-term data
acquisition and high-resolution systems are required to correctly identify some of these amplitudes.
To overcome this problem, in [122], a noninvasive approach for the detection of gear tooth surface
damage faults, focused on the stator current space vector analysis, is investigated, providing good
results. In [123], both electrical and mechanical signatures of a WRIM are used for gear fault diagnosis.
Numerical and experimental evidence shows that localized gear tooth defects can be identified by both
the mechanical torque and the WRIM stator current signature.

10. Stator and Rotor Laminated Core

Whenever a stator (or rotor) core is crossed by a variable magnetic flux, it is manufactured with
thin silicon—steel (Si-Fe) insulated laminations to minimize eddy-current losses. Each lamination sheet
is deburred and coated with insulation material to avoid conduction between the sheets and to reduce
the risk of inter-laminar eddy currents. The inter-laminar insulation can be damaged due to several
causes, e.g., poor or damaged lamination coating, rubbing in a loose core, excessive burrs during
processing, mechanical damage from foreign objects or lamination burning in the area of a winding
failure. If this damage is unattended, it can spread and cause, in extreme cases, catastrophic failure of
the machine [124].
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The traditional off-line tests to detect local damages in a stator core are: (i) the core-ring test or
loop test; (ii) the low-energy core test, often commercially known as electromagnetic core imperfection
detection (EL-CID). The first one requires an external winding around the yoke of the stator core,
after the rotor removal, to energize the stator core yoke at 80-100% of the rated flux. After the excitation,
an infrared camera is used to discover possible hot spots in the stator bore due to inter-laminar fault
currents. The second one needs a similar excitation configuration, but it requires only 3-4% of the
rated flux. Both tests have been used for many years and are generally effective, but they involve
rotor removal and specialized test equipment. For these reasons, these tests are generally applied to
rotating electrical machines above tens of megawatts. For this kind of machine, there is also an on-line
diagnostic technique to detect core damage, based on chemical monitoring to detect hot spots in the
stator core.

Some papers, about ten years ago, proposed different diagnostic techniques for the stator core
faults. In [125], a methodology applicable to inverter-fed IMs without disassembly is suggested,
focused on the measurement and calculation of the input power as a function of flux vector angle,
which reveals a different trend in the case of a healthy and faulty stator core. In [126,127], the proposal
starts from the consideration that surface currents caused by a short circuit between laminations have
a significant influence on the external magnetic field; therefore, an on-line diagnostic technique based
on the analysis of the external magnetic field was theoretically and experimentally investigated.

It is worth noting that the diagnostics in this field have not proposed particular novelties in recent
years, due to the fact that stator core damage alone is unlikely as a failure, but generally it arises as a
secondary effect of other faults.

11. Discussion

This paper describes the state of the art in the diagnostics of rotating electrical machines and
drives, dividing the different methodologies according to the main parts of the machine where a
fault can occur. It is nearly impossible to be comprehensive on this topic, but efforts have focused on
highlighting new techniques proposed at conferences and journal papers in recent years, along with
established methods still used in the industry. In addition, some older papers, which represent the
milestones of electrical machine fault detection, are reported as key references.

This review has elaborated some interesting suggestions on the modern diagnostic trend of
electrical machines.

In the first place, the effort made by the research groups in the study of methods applicable on-line,
during the normal operation of the machine in steady state or under a starting transient, is evident;
the advantage is twofold, since an on-line method permits the continuous operation of the entire
process in which the machine is involved and, moreover, it can evaluate the conditions of the machine
under its normal stresses (thermal, electrical, mechanical, environmental, etc.).

In addition, as electronic converters are increasingly present in electrical systems, a significant
amount of research has been devoted to solving the problems derived from the supply by the electronic
converter, which can dampen or mask the typical signatures induced by faults in the signals measured
for diagnostic purposes. For the same reason, the literature of recent years has been extended to new
types of electrical drives, such as PMSMs, SynRMs and DFIGs, and it is not limited to IMs and SMs,
as in the past.

The massive use of electronic converters has even induced the use of electromagnetic signals
as much as possible for diagnostic purposes in research, to detect faults not only of electrical origin,
but also of mechanical origin, such as bearing failure and load anomalies, which in the past required
vibration measurement. The analysis of electromagnetic signals in electrical drives allows the use of
transducers already present in the system, avoiding the insertion of additional sensors.

The outcomes of recent papers are promising, although, in some cases, the new proposed
techniques must be optimized and become more robust. Therefore, research in the diagnostic field is
still open to further theoretical and experimental studies, with the aim of achieving methodologies to
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be applied on-line and able to detect all types of faults in their early stage, by means of fewer sensors,
possibly already present in the electrical drive for the control of the machine.
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