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Abstract – Recently, research concerning electrical 

machines and drives condition monitoring and fault diagnosis 

has experienced extraordinarily dynamic activity. The 

increasing importance of these energy conversion devices and 

their widespread use in uncountable applications have 

motivated significant research efforts. This paper presents an 

analysis of the state of the art in this field. The analyzed 

contributions were published in most relevant journals and 

magazines or presented in either specific conferences in the 

area or more broadly scoped events. 

Index Terms-- Bearing faults; Condition monitoring; Fault 

diagnosis; Induction machines; Insulated gate bipolar 

transistors; Mechanical faults; Partial discharge; Permanent 

magnet synchronous machines; Power converters; Rotor 

asymmetries; Stator faults; Stray flux; Transient analysis 

I.   INTRODUCTION 

VER recent years, the research activity in the electrical 

machines and drives predictive maintenance area has 

experienced spectacular dynamism. This has been partially 

due to the incorporation of these elements in a vast number 

of industrial processes and applications. Moreover, these 

elements are often critical in those processes in which they 

operate. Large motors and generators, whose eventual 

failures may lead to severe repercussions in economic terms 

(repair costs, production shutdowns) as well as other less 

tangible costs (customer delivery delays, user hazard, 

efficiency reduction) are especially key issues for industry. 

All of these factors have justified increasing efforts to 

develop new techniques able to detect the development of 

any faults sufficiently in advance that proper maintenance 

actions can be planned and adopted. 

   Traditionally, squirrel-cage induction machines (IMs) have 

attracted the most attention in electric machine fault 

diagnosis (FD) research due to their widespread usage. 

Recently, other types of rotating electrical machines, such as 

permanent magnet synchronous machines (PMSM), wound 

rotor induction machines (WRIM), multiphase AC machines 

(nPIM or nPPMSM with n being the number of phases and 

larger than 3) and switched reluctance machines (SRM), are 

increasingly being used. This is due to either the emergence 

of new applications (wind power generation, electric 

vehicles, cranes, elevators, high-speed trains, etc.) or the 

necessity of guaranteeing operation even under the presence 

of a fault (fault-tolerant systems). Consequently, the 
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importance of new research lines in the aforementioned area, 

quickly increasing.  

   This notable dynamism of the electric machine FD 

research community is proven by a number of 

unquestionable indicators concerning the increasing number 

of recent papers in the area. Moreover, these topics have 

contributed to the success of relevant conferences. 

   Although there are excellent recent review papers in this 

area [1], [2], the aforementioned dynamic activity has led to 

the appearance of very new contributions of indubitable 

interest. These facts have encouraged authors of this paper to 

develop a state-of-the-art presentation that intends to 

synthesize the most recent advances in electric machine, 

drive and power electronic FD. More specifically, authors 

would like to comment on contributions published in 

relevant publications. 

   Considering the large number of contributions dealing with 

IM FD, the paper has been structured so that a detailed 

analysis of contributions concerning these machines will be 

given in Section II. IM faults have been classified into three 

main groups: rotor faults, stator winding failures and 

mechanical faults (eccentricities, bearing faults, gear box 

damage). The subsequent sections will directly address the 

recent research advances in the FD of other machines and 

drives: Section III will focus on PMSMs, while Section IV 

will address FD in power electronic converters and power 

electronics components. Despite being classified in the field 

of power electrical engineering, this paper will not address 

the power system fault detection in a global way (e.g., lines, 

cables, insulators, and breakers). 

II.   INDUCTION MACHINES FAULT DIAGNOSIS 

A.   Fault Diagnosis of Rotors 

    Rotor faults are usually linked to the appearance of 

asymmetries in either the rotor cage in squirrel-cage 

machines (broken bars or end rings, rotor core damage) or 

the rotor windings in wound-rotor machines (different 

winding impedances). These faults can be due to a variety of 

reasons, as summarized in [1]: thermal and electromagnetic 

stresses, electromagnetic noise and vibrations, environmental 

or mechanical stresses, part fatigue, damaged bearings, 

centrifugal forces or connection defects. A thorough review 

specifically focused on IM rotor FD can be found in [3]. 

This work explains the physical basis of rotor faults, 

summarizes the most relevant classical papers and comments 

on recent works, pointing out emerging trends in this field.  

1) Digital signal analysis techniques applied to rotor 

Fault Diagnosis 

   A comprehensive review devoted to digital signal analysis 

techniques applied to IM FD can be found in [4]. This paper 

proposes a classification criterion based on the domain in 

which the extracted features are defined: the frequency 
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domain, the time-frequency-time-scale domain and the time 

domain 

   Frequency-domain techniques basically rely on the 

detection of characteristic fault-related frequencies in the 

Fourier spectrum of the tested signal. As stated in [3], they 

are well suited for steady-state operation and rated modes of 

operation, although some drawbacks arise when these 

techniques are applied in industrial environments. Low-load, 

fluctuating-load and time-varying conditions as well as 

special magnetic structures [3] or combined faults can 

invalidate basic frequency-domain techniques. Recent works 

dealing with these issues can be found in [5]-[6]. 

   The problem of diagnosing rotor asymmetries at very low 

load conditions is overviewed in [5], where the authors 

proposed the Teager-Kaiser energy operator as a 

demodulation technique. The FD in the frequency domain, 

when working conditions are not strictly stationary, requires 

the use of short sampling periods. In these cases, techniques 

based on spectral estimation as ESPRIT [6] can be useful 

because they have the advantage of detecting frequencies 

from short data with high resolution in specific frequency 

intervals. Nevertheless, subspace methods as ESPRIT or 

MUSIC have a computation complexity of O(N3) which 

makes their application to real time systems unsuitable [4]. 

A recent trend relies on the development of new techniques 

with low computational requirements that can be 

implemented in the digital controller of electronic converters 

or in low-cost electronic devices, as the Teager-Kaiser 

energy operator (TKO) [5]. In this work, TKO is used for 

demodulating a current signal instead the Hilbert transform, 

reducing the computational cost from O(N·logN) to O(N). 

Nevertheless, all of these methods assume that the tested 

signal is stationary and lead to unsatisfactory results when 

applied to electrical machines working under non-stationary 

conditions. For such cases, time-frequency-domain- and 

time-domain-based techniques are considered more suitable 

than frequency-domain approaches. Under non-stationary 

conditions, the fault-related frequencies used by the 

conventional machine current signature analysis (MCSA) or 

other steady-state frequency-domain techniques lead to 

components with variable magnitudes and frequencies. 

Using suitable time-frequency transforms, these fault-related 

components can be tracked in the time-frequency plane [7]. 

A Wigner Ville distribution (WVD)-based approach has 

been introduced in [8], where the authors proposed pre-

processing the analyzed signal using improved finite impulse 

response (FIR) notch filters, which are able to remove 

frequencies not related to faults (winding space harmonics, 

supply frequencies and saturation harmonics) and efficiently 

attenuate cross-terms without affecting the resolution of the 

time-frequency energy density representation.  

   In [9], an optimized linear transform is introduced. This 

technique, called adaptive transform (AT), has been 

designed to overcome some drawbacks of the well-known 

short-time Fourier transform (STFT) and continuous wavelet 

transform (CWT). The AT, uses a function called the time-

frequency atom at each point of the t-f plane. This function 

has been optimized for extracting the energy of the searched 

fault component on that point.  

   The Hilbert-Huang transform (HTT) is another technique 

recently used for tracking fault frequency components in a 

faulty machine working in non-stationary conditions [10]. In 

this paper, the lower sideband frequency component 

associated  with   bar  breakage is extracted  during a  startup  

Fig.1 FD of one broken bar during startup by using different time-frequency 
approaches: a) Wigner-Ville distribution [8] - b) Optimized adaptive 

transform [7] - c) Hilbert-Huang transform [10]. 

using the empirical mode decomposition (EMD) and the 

Hilbert spectrum.  

   Fig. 1 shows the results supplied by three aforementioned 

time-frequency techniques: Wigner-Ville distribution [8], 

optimized adaptive transform [7]; Fig.1(c) Hilbert-Huang 

transform [10]. 

   Table I summarizes some relevant characteristics of these 

approaches, enabling for a qualitative comparison. All these 

transforms are considered to have high computational 

complexity, not suitable for real time applications or low 

cost devices implementation. 

   A challenging problem for FD under non-stationary 

conditions is the case of electrical machines submitted to  

TABLE I 
QUALITATIVE COMPARISON OF RELEVANT CHARACTERISTICS OF 

REFERENCED TIME-FREQUENCY APPROACHES
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continuous and random changes in load or supply conditions  

[7]. In these cases, the magnitudes and frequencies of fault 

components also change randomly, and there are no pre-

defined patterns in the time domain that enable the 

characterization of these faults. Recent works, such as [11], 

[12], have dealt with this problem, and the techniques 

developed therein have been applied to FD in wound-rotor 

induction generators (WRIG) used in wind power 

generation. Basically, both mentioned works share the same 

conceptual principle, which consists in detecting increases in 

the signal energy into specific frequency bands, which 

should contain the fault components when the fault arises. 

Up to now, the DWT has been used as a filtering tool, for 

isolating the frequency interval of interest. Nevertheless, the 

DWT has some inherent limitations for selecting the limits 

of the bands. Therefore, the use of other more accurate types 

of filters should be investigated for enhancing the results 

with this kind of approaches. 

       Advanced signal analysis techniques, as those 

commented in these sections, seem to be good candidates for 

improving the diagnostic systems in the wind power 

generation industry. However, they have been rarely 

incorporated in commercial systems. This is probably due to 

a lack of coordination between the signal requirements of 

these techniques and the limitation imposed by the data 

transmission systems used by the centralized condition 

monitoring (CM) scheme, commonly used in wind 

generation. Research efforts should be made for fixing this 

issue, in such a way that these powerful tools can be 

incorporated to the predictive maintenance scheme of the 

wind farms. 

2) Design of new AI-based algorithms for automatic 

rotor fault detection, classification and prognosis. 

   The application of advanced tools has led to the 

proliferation of new algorithms for automatic fault detection 

and classification that rely on features obtained with the 

aforementioned tools. Some of these classification 

algorithms are based on classical artificial intelligence (AI) 

tools that have been adapted to advances in the signal-

processing area. In this regard, the application of neural 

network (NN)-based methods to IM rotor fault is far from 

new. Some recent works have reactivated the use of this AI 

tool, taking advantage of either novel and optimized network 

topologies or the combination of advanced signal-processing 

tools (for feature extraction) and NN (for classification). 

Additionally, some recent contributions combine the use of 

statistical data and neural networks for fault detection and 

classification. More specifically, [13] proposes a method 

based on the combination of a feature-extraction technique 

that relies on the smoothed ambiguity plane designed for 

maximizing the separability between classes using Fisher’s 

discriminant ratio and a feature-selection technique based on 

an error probability model to select an optimal number of 

extracted features. The proposed scheme provides good 

results regarding the FD of not only broken bars but also 

stator or bearings. Reference [14] uses the statistical features 

of time-domain data as well as spectral data as a basis for the 

construction of a NN for rotor fault detection and 

classification.  

   Something similar can be said about support-vector 

machine (SVM)-based approaches, which have received 

renewed attention over recent years. Reference [15] provides 

good examples of recent applications of SVM-based 

methods to classify rotor damage faults.  

     In [16], the potential successful extrapolation of non-

conventional techniques that are well-known in other 

scientific areas to the IM FD field has been described. The 

authors propose an unsupervised classification technique 

known as artificial ant clustering to detect and classify rotor 

and bearing failures in IMs at different load levels.  

   Other authors make use of widely used methods in the 

image-processing and pattern-recognition fields for the 

automatic detection of rotor failures. For instance, [17] 

employs the intelligent icons approach for the automatic 

assessment of the rotor condition based on the analysis of the 

startup current. The principal component analysis in 

combination with kernel density estimation is proposed in 

[18] to identify the stator current state space patterns of a 

healthy motor and a motor with different faults (broken bars, 

eccentricities and connection defects), achieving highly 

accurate classification results. 

3) Use of alternative quantities to detect rotor damage. 

  The benefits of using other quantities for FD purposes have 

been investigated in another set of works. The search for 

non-invasive approaches enabling the reliable FD of certain 

failures that are not easily detectable with currents or 

vibrations has been a common challenge for many authors. 

   In this context, [19] confirms the possibilities and potential 

provided by the analysis of the stray flux for fault detection 

purposes, considering two types of faults: broken bars and 

inter-turn short-circuits. The authors develop an analytical 

model of the external magnetic field and the faulty machine. 

Their study concludes that the magnetic field in the vicinity 

of the machine contains very useful information related to its 

health and that, using such simple models, it is possible to 

determine the relative variation of spectral lines without 

needing the magnitude itself. 

   In [20], the authors have used FEM to study the influence 

of the rotor slot number on the amplitude of the broken bar 

fault signature. The authors analyze different quantities, 

including line current, torque, apparent power and zero-

sequence current, and conclude that, in their opinion, this 

latter quantity is the best for broken-bar FD purposes 

because it is less affected by the rotor slot number and offers 

the strongest fault signature for every studied rotor slot 

number case.  

4) Development of new theoretical models and studies 

that facilitate the analysis of the fault start and 

development and its effects. 

   The development of theoretical studies and specific models 

to enhance the understanding of different aspects of rotor FD 

has been the motivation of a number of recent works. 

   In this regard, [21] presents a simple but effective 

analytical representation of IM with rotor faults that is based 

on a synchronous reference frame and on Steinmetz’s 

phasors. It facilitates the understanding of the physical 

phenomenon behind the failure and improves the fault 

severity quantification of the usual MCSA technique, based 

on the sum of the current sideband amplitudes, by employing 

the active and reactive components of the current ripple as 

well as phasors. 

   The physics of the rotor fault generation process as well as  

the effects of this process on different indicators are studied 

in [22]. The authors develop a fatigue test designed to induce 

rotor bar breakage in a natural way. They develop fatigue 

models based on their results and evaluate the performance 



  

of current-based indicators based on both steady-state and 

transient analysis. 

   Reference [23] is an interesting and unconventional work 

that, rather on focusing on fault conditions, analyzes the 

stator current spectrum of IM with healthy rotors. Their 

study helps to clarify and characterize the components that 

should appear in the current spectrum under healthy 

conditions, considering MMF space harmonics, slot 

permeance harmonics and the saturation of the main 

magnetic flux path through the virtual air-gap permeance 

variation. Their work facilitates the further identification of 

faulty cage-related components when a fault is present in the 

machine. 

   The machine’s parameter variation under progressive 

levels of rotor failure is studied in [24]. The authors change 

the alignment of rotor with respect to the stator magnetic 

axis and obtain the dependence of the machine parameters 

on rotor angle. The advantage of this approach is that they 

can analyze different combinations of broken bars without 

needing actual motor samples. 

   Interesting studies on the effect of the rotor failure on other 

electromechanical quantities are presented in several works. 

[25] studies the influence of the broken bar fault on the 

harmonic content of the magnetic flux density and on the 

electromagnetic torque spectrum, concluding that the study 

of this latter spectrum is useful at frequencies near 300 Hz. 

On the other hand, [26] performs an interesting analysis of 

how different air-gap waves, such as flux density and 

mechanical stresses, are affected by the cage fault by 

presenting a two-dimensional spectral analysis based on both 

quantities.  

B.   Stator Winding Insulation Condition Monitoring  

and Fault Diagnosis 
   The winding insulation is one of the systems of electrical 

machines that is most prone to faults. Faults related to 

winding insulation comprise between 21% and 40% of total 

failures in electrical machines [27], [28] depending on the 

type and size of the machine. A comprehensive review of 

CM and fault detection regarding winding insulation can be 

found in [28], [29].  

 Winding faults are usually the final result of the slow and 

continuous aging of the windings insulation. An aged 

winding can locally fail due to a small stress (brief 

overheating, vibration, transient overvoltage) generating an 

inter-turn short circuit fault, after which a fault current 

circulates through the damaged turns. The thermal effect of 

the fault current progressively degrades the insulation of the 

affected and neighboring turns. The fault progressively 

spreads, and the fault current increases. Finally, the slot 

insulation or insulation of another phase can be affected, 

leading to a catastrophic phase-ground or phase-phase 

failure. This process develops rather quickly [29]. If 

appropriate measures are not taken within a few seconds, the 

localized failure can evolve to catastrophic failure [28]. As 

indicated in [29], the issue of winding failures must be 

tackled differently, depending on the importance and size of 

the machine. 

1)  Insulation System Condition Monitoring. 

   This technique is used for important, large, high-voltage 

machines. For such machines, knowledge of the insulation 

condition is crucial because it allows optimizing their 

exploitation. The aim of these methods is the CM of the 

degree of aging of the insulations. CM of winding insulation 

can be performed in two different ways [29]: 

- Using periodical off-line standard tests (measurements 

of insulation resistance, Hipot tests, power factor tests, turn-

to-turn insulation tests, partial discharges tests).  

-Through continuous CM of different quantities, such as 

the winding temperature, chemical composition of gases and 

vibrations or even partial discharge on-line CM. Such 

approaches are expensive and are only used in critical 

machines. An example of on-line partial discharge CM is 

described in [30], where indications of the insulation system 

degradation of a low-voltage induction motor fed by a 

frequency converter are obtained in agreement with the IEC 

60034-18-41 Standard.  

   Moreover, in this area, research efforts are also dedicated 

to develop models for forecasting the remaining lifespan of 

the machine insulation [27], [31]. Reference [27] presents a 

method for modeling the lifespan of insulation materials 

based on the design of experiments. In [31], this model is 

improved using statistical tools, such as response surface and 

analysis of variance.  

2)  Insulation Fault Diagnosis 

   These techniques are commonly used in low-voltage 

machines. The winding insulation diagnostic approaches do 

not provide information about the degree of insulation aging 

[29]; rather, their objective is limited to detecting inter-turn 

short-circuit faults in their early stages, enabling suitable 

actions to prevent these faults from degenerating into 

catastrophic faults. Thus, to be of practical interest, inter-turn 

short-circuit FD methods must be able to detect the fault 

very quickly, in its early stages, when the fault current 

remains low or at least before the conventional protection 

systems (overcurrent or differential relays) act. There are 

different techniques for inter-turn short-circuit FD: 

-Inter-turn short-circuit Fault Diagnosis via MCSA 

   In induction machines, inter-turn short-circuits generate 

harmonic components in the stator phase current. Their 

characteristic frequencies have been extensively analyzed in 

the literature [28]. Many techniques based on the traditional 

MCSA approach or other more recent methods based on 

modern signal analysis methodologies have been proposed. 

In [4], a comprehensive review is performed on recently 

developed digital signal-processing tools that are applied to 

the stator current of induction machines for the detection of 

electrical and mechanical faults.  

   On the other hand, many of the MCSA techniques are 

based on the comparison of the spectrum of the diagnosed 

machine with a spectrum of the same machine in a healthy 

state. To facilitate the application of such methods, the 

aforementioned reference [23] develops a comprehensive 

characterization and classification of the harmonics 

components present in the spectrum of the stator current of a 

healthy cage rotor machine. 

   Another physical phenomenon that enables the FD of inter-

turn short-circuits is the appearance of a negative-sequence 

component in the supply currents [29]. The faulty phase has 

fewer turns than the healthy phases and thus generates less 

electromotive force and has different impedance, leading to 

an unbalanced system of three-phase currents. Examples of 

recent FD methodologies based on the inverse-sequence 

component can be found in [32], [33]. 

   In [32], the authors deduce analytical expressions for the 

symmetrical components of the stator phase current under 



  

different stator winding faults (inter-turn short-circuit, phase-

to-phase and phase-to-ground faults). From these 

expressions, the authors suggest the use of the magnitude 

and phase of the inverse and zero-sequence components of 

the phase current as stator faults indicators. Reference [33] 

proposes an approach to detecting and locating a stator turn-

to-turn fault in a multiple-motor drive system based on the 

change in the transfer impedance Znp from the positive-

sequence currents to the negative-sequence voltage of the 

motors. In laboratory tests, the authors experimentally show 

that it is possible to detect a one-turn stator fault in a closed-

loop multiple-motor drive with 432 turns per phase. 

    Nevertheless, these methods share a common drawback: 

other causes not related to short-circuit faults can also 

introduce a negative-sequence component in the current, 

such as unbalanced supply voltages, constructive 

asymmetries and non-tuned current sensors. It should be 

noted that this drawback is important because it reduces the 

sensitivity to incipient faults, which is crucial in short-circuit 

fault detection. Recently, several investigations have 

attempted to overcome this problem, as in  [34], where the 

authors introduce a technique for the compensation of 

negative-sequence current components that are not related to 

stator faults, including in this case the effect of voltage 

unbalance. 

   One issue that is rarely addressed is the need for a rapid 

response to prevent catastrophic damage when an inter-turn 

short-circuit fault arises. If the conventional FFT is used to 

detect faulted components in an early stage, a high frequency 

resolution is required. But this leads to long sampling 

periods, which could be longer than the time required to 

develop a catastrophic failure. Fig. 2 [33] illustrates a trade-

off between resolution and fast response; the authors of that 

work use a sampling time of 0.25s (five periods of the 

sampled signal for a supply frequency of 20 Hz), which 

leads to a frequency resolution of 4Hz, for calculating the 

spectrum of the complex current vector, in order to detect the 

negative and positive sequence currents (In, Ip).  Effective 

approaches need to use signal processing techniques for 

reaching suitable frequency resolution with short sampling 

periods. At the same time, they should not have heavy 

computational requirements, so that that processing almost 

in real time is feasible. As an example, [33] uses the 

Goertzel algorithm for calculating the bins of interest for FD, 

almost in real time. Anyway, this issue needs further 

research in the field of Inter-turn short-circuit by MCSA 

methods. 

   Another relevant issue is whether or not such reaction 

times are short enough for avoiding catastrophic 

consequences.  Regarding  this concern,  more studies on the 

evolution of the short-circuit  fault  in actual applications 

would be necessary, for helping to establish criteria on 

suitable reaction times for the diagnosing  this kind of faults. 

 
Fig.2 Trade-off between resolution and fast response requirements, for 
detecting negative sequence component in the current vector (frequency 

resolution 4Hz, sampling period 0.25 s) [33]. 

-Inter-turn short-circuit Fault Diagnosis via analysis of 

stray flux  
 

   FD methods relying on current measurement are widely 

used because they are non-invasive and avoid the use of 

specific sensors. Nevertheless, as stated [29], other 

magnitudes, such as stray flux [19], [35], [36], have specific 

advantages that make them attractive for certain 

applications. 

   The FD of windings based on measurements of stray flux 

has recently attracted considerable interest [19]. FD methods 

relying on the stray flux are completely non-invasive and 

easy to set up. On the other hand, they require specific 

sensors, and the distribution of the magnetic flux around the 

machine may be difficult to know and depends strongly on 

the constructive characteristics of the machine frame [1]. 

   In [35], the FD via the stray flux is based on the use of two 

probes placed in specific positions near the machine frame. 

The analysis relies on comparing the variation with the load 

of the amplitude of a specific harmonic in both probes. The 

authors state that a relevant feature of this method is that it 

does not require knowledge of the machine behavior in the 

healthy state. Reference [19] introduces a simplified 

analytical model that allows the approximate determination 

of the external magnetic flux under healthy and faulty 

conditions for the cases of stator inter-turn short-circuit and 

rotor broken bars. 

   Other short-circuit FD methods based on measurement of 

the stray flux can be found in [36], where the authors use 

different flux probes placed at different positions around the 

machine. The FD is based on the analysis of the harmonics 

multiple of the main frequency through statistical evaluation. 

   Compared with the MCSA method, a drawback of FD 

through stray flux is that the results depend on the location 

of probes, and is not possible to specify a general rule for the 

optimal location, since it is directly related to the frame 

constructive characteristics. On the other hand, the 

possibility to change the position of probes brings the 

opportunity of developing methods for an accurate location 

of the fault. 

-Artificial intelligence approaches for short-circuit Fault 

Diagnosis 

   AI techniques can be used to classify the state of the 

machine into a series of pre-defined classes, including 

healthy state, different types of faulty states and different 

fault severity degrees, without the use of complex algorithms 

and to support decision-making procedures [1]. A review of 

the application of AI techniques to the FD of inter-turn faults 

can be found in [28]; after evaluating several significant 

contributions in these fields, the authors conclude that 

artificial models, once trained, provide a fast and accurate 

simulation of the machine. However, these models are 

machine-specific and require extensive training to provide 

good results under all conditions. In recent works, artificial 

neural networks (ANN) are applied to the FD of inter-turn 

short-circuits in induction machines in different applications. 

In [37], an ANN approach is applied to a wound-rotor 

induction generator. The authors apply a classical ANN with 

back-propagation, but it is trained directly by digital signals 

coming from sensors, leading to a diagnostic system with a 

simplified architecture that could be set up using low-cost 

hardware, such as field-programmable gate arrays (FPGAs). 

In [38], an ANN approach is applied to a squirrel cage  

induction motor fed through an inverter . In this work, a fault 

progression indicator x   is used as input of the  ANN.   This  



  

TABLE II 
TECHNIQUES FOR CM AND FD OF IMS STATOR WINDINGS 

indicator relies on the variation of the  phase-shift between 

the phase voltages and line currents in the healthy and faulty 

machine. 

Of course, the aforementioned limitations of reaction time 

are also applicable to stray flux analysis and AI techniques 

for diagnosing inter-turns short-circuits. Table II summarizes  

the main features of the techniques for CM and FD of stator 

windings in IMs. 

C.   Fault Diagnosis of Mechanical Failures 

1) Fault Diagnosis of rotor eccentricities. 

   A certain level of eccentricity is normal in every machine. 

The manufacturing tolerances of the rotor and stator or 

inaccuracies during the machine assembly process, among 

other factors, may lead to non-uniform air-gap lengths. 

These asymmetries are usually amplified during the machine 

operation due to the degradation of some of the machine 

elements (bearing wear, rotor damage…), misalignments 

with the driven load, gear box deterioration, etc. Increasing 

eccentricity values may lead to unbalanced magnetic pull, 

vibrations, shaft currents (which can damage the bearings), 

frame and winding loosening, insulation fretting and even 

stator–rotor rubs [1]. The goal is to determine the 

eccentricity threshold for serious problems with the machine. 

Researchers have yet to reach an agreement on such a value. 

   A significant strand of research has been carried out over 

years to determine the eccentricity levels in IM by either 

developing new techniques or exploiting the potential of the 

existing ones. 

  The use of the line stator current as a basis of these 

methods is a common point for many of the developed 

works. Some works deepen in the analysis and optimization 

of the traditional MCSA method, such as [39], which 

presents a new fault severity index based on the amplitudes 

of current components at ffr and considers the interaction 

between static- and dynamic-eccentricity flux density waves. 

Some other works have extended the eccentricity FD to 

machines operating under non-stationary regimes. For 

example, in [40], the instantaneous frequency analysis of 

fault components in the stator current is employed to detect 

eccentricities in wound-rotor IM operating under fluctuating 

loads.  

   Several recent contributions have explored the viability of 

other quantities for FD purposes. Reference [41] proposes 

the use of the terminal voltage spectra at switch-off for 

detecting moderate levels of static as well as dynamic 

eccentricities. The proposed approach works well for any 

machine, overcoming the constraints of traditional high-

frequency-component-based methods that only work well for 

certain pole pair and rotor slot combinations. Reference [42] 

presents a method based on axial flux analysis that makes 

use of an external coil sensor. Their analysis is oriented 

towards the detection of the low-frequency components of 

the FFT spectrum (such as s·f and 3·s·f). The use of the zero-

sequence current spectrum is proposed in [43] to detect static 

eccentricities in delta connected IM. 

   Finally, the development of new models that facilitate the 

study of the machine under eccentricity fault has also been 

the motivation of a number of recent works, such as [44], in 

which a mono-harmonic model able to reproduce all types of 

eccentricities is proposed. 

   Despite the number of recent works in the topic, there are 

still some unsolved issues, as the avoidance of the load 

influence as well as the difficult discrimination between 

static and dynamic eccentricities [1]. Some attempts have 

intended to overcome some of these issues [41], but there is 

still a predominance of FD techniques relying on indicators 

based on the detection of the overall level of mixed 

eccentricity. 

2) Bearings Fault Diagnosis 

   Depending on the type and size of the machine, bearing 

faults account for approximately 40% (large machines) to 

90% (small machines) of faults [45]. Although the use of 

vibration signals or even noise is widespread, their need for 

specific sensors and the frequently difficult discrimination 

between faults have stimulated research in FD methods 

based on other quantities [1].  

   The stator current has been proposed as an interesting 

alternative, and some studies have furthered the current vs. 

vibration comparison for the detection of such faults [45]. In 

this context, [1] reports some difficulties with diagnosing 

bearing faults when using current analysis, such as the 

influence of supply unbalances or variable speed drives 

(VSDs) on the bearing fault signs. Indeed, this latter issue 

has been the motivation of a number of recent works that 

have focused on the influence of converters on the bearing 

damage. For instance, [46] studies the effects of bearing 

currents on different quantities of converter-driven IMs. In 

[47], the same group of authors develops a complete study 

that demonstrates that it is possible to calculate in advance 

the bearing currents in inverted-fed IM to estimate the 

lifetime of the bearings.  

   Despite the problems with current-based bearing 

assessment, [1] recommends the convenience of using the 

available current or voltage sensors to diagnose such 

failures. Several works have followed this suggestion and 

developed interesting current-based techniques for the FD of 

different types of bearing damage. Reference [48] proposes a 

method that combines the entropy analysis of wavelet 

signals and neural networks for bearing fault detection and 

classification. 

   Other authors have suggested the use of other quantities to 

diagnose bearing problems in IM. Reference [49] suggests 

the statistical processing of stray flux data to diagnose three 

different types of bearing failures. The results reveal the 

greater significance of the analysis based on quantity in 

comparison with the analysis of stator current. 

  Despite these advances in the use of currents and other 

quantities for bearing FD, the use of vibration-based 

techniques is still more common. Some works have focused 

on their optimization or even the automation of the bearing 



  

fault detection process, such as [50]. Reference [51] also 

proposes an approach based on SVM to automatically detect 

and classify bearing problems, relying on noise reduction to 

facilitate the detection of vibration components. Reference 

[52] combines the envelope analysis of vibration signals, the 

sliding fast Fourier transform (FFT) technique and principal 

component analysis (PCA) to diagnose bearing faults. The 

main advantage of this method is that it overcomes the usual 

prior estimation of the characteristic bearing fault 

frequencies. Finally, [53] presents an interesting approach to 

plastic bearing FD based on a two-stage process that 

combines envelope analysis and EMD to pre-process 

vibration signals and extract fault-related features. In spite of 

the wide variety of algorithms relying on different models 

and signal processing techniques, no clear general choices 

have emerged [1]. 

   The prognosis of bearing faults has also been a common 

topic in several recent works [1]. Reference [54] presents an 

interesting study of the bearing and gear fault generation 

processes, describing various recent methods for their 

identification. The aforementioned work places special 

emphasis on the research trends in the bearing and gear fault 

prognosis areas. The convenience of using more than one 

sensor, the suitability of both data-driven and model-based 

techniques and the use of hybrid techniques to follow the 

trend of a fault are noted by the author. Reference [55] 

employs vibration signals to predict the degradation of 

bearings using a time-series forecasting model called the 

neo-fuzzy neuron. The development of physics-based 

models is also a common topic, such as in [56], which 

develops a model to detect bearing damage capable of 

predicting fault development. 

   Despite the indubitable advances in bearing damage FD 

and prognosis based on different quantities, there are still 

some open questions in the topic. In this regard, the search 

for techniques relying on quantities that can be directly 

measured in the drive terminals rather than on the bearings is 

a goal that has not been solved yet (especially, taking into 

consideration the problems of current-analysis for 

diagnosing bearing damages). Also, the development of 

techniques that are able to discriminate faults with similar 

signatures and suitable to be implemented in low-cost CM 

systems is an open concern for many researchers in the field 

[1]. 

3) Fault Diagnosis of damage in gear boxes. 

   Within the IM FD field, gear box faults have also attracted 

significant attention recently. Reference [54] notes two 

possible fault modalities that are rather common in gears: 1) 

gears wear uniformly, resulting in backlash, and 2) one or 

more teeth wear out due to impact or a manufacturing fault, 

which can result in impact during teeth meshing and further 

degradation. 

   As some studies have recently reported [57], vibrational 

and acoustic analyses seem to be the most appropriate 

approaches to detecting gear tooth wear faults, whereas 

current analysis is more problematic because the fault-

related harmonics amplitudes are near the noise level and it 

is necessary to use long data acquisition and high-resolution 

systems to detect some of these amplitudes properly. Table 

III shows a qualitative comparison of the FD capabilities of 

these three quantities when detecting pinion tooth wear fault 

in gear boxes, based on the conclusions of [57]. 

Nevertheless, special techniques relying on the instantaneous 

 

TABLE III 
QUALITATIVE COMPARISON BETWEEN FD CAPABILITIES OF VIBRATION, 

ACOUSTIC PRES- SURE AND CURRENTS WHEN DETECTING PINION TOOTH 

WEAR FAULT IN GEAR BOXES [57] 

 
frequency of the stator current space vector have provided 

good results [58-59] due to the integer-multiple harmonics of 

the rotation frequency that appear due to the fault.  

More specifically, [59] proposes the reconstruction of the 

fault profile from the measured torque and the instantaneous 

frequency  (IF)  of  the  stator  current  space  vector  and 

subsequent computation of the fault profile energy. Fig. 3 

clearly shows the great differences between fault profiles 

from the IF of the stator current space vector at rated load for 

different faulty conditions related to the pinion (P), the 

wheel (W), the simultaneous synchronous pinion-wheel 

(SSPW) and the simultaneous asynchronous pinion-wheel 

(SAPW) tooth surface damage faults, respectively. The work 

proves that, in terms of energy, the IF of the stator current 

space vector provides comparable fault sensitivity with the 

measured torque for the different faulty conditions. 

   The virtues of acoustic analysis in detecting gear faults are 

ratified in [60], where an acoustic-emission-based intelligent 

wireless sensor combined with the use of neural networks is 

presented. 

   Other recent studies have focused on gear FD in a variety 

of applications, such as cement kiln drives [61], railway 

traction systems [62] and wind generation systems [63].  

D.   Research on Multiphase Induction Machine 

   The increasing interest in multiphase AC machines has led 

to the merging of the research activity on multiphase 

machines and multiphase drives. As [64] notes, this interest 

has been partially due to the greater number of degrees of 

freedom of these machines relative to three-phase machines.  

 
Fig. 3. Reconstruction of fault profile from the instantaneous frequency of 
stator current space vector at rated-load: a) Healthy gear - b) P-faulty gear - 

c) W-faulty gear - d) SSPW-faulty gear -e) SAPW-faulty gear [59]. 



  

This feature allows some of the spatial harmonics of the air-

gap magnetic field to be controlled independently of each 

other. In this context, [64] and [65] investigate the behavior  

of multiphase IM with an odd number of phases under the 

assumption that the resistances of the stator winding are 

unbalanced due to poor connections. The authors present an 

interesting control strategy that can detect the stator 

resistance unbalance and localize the faulty phase while 

keeping the drive behavior unchanged in both transient and 

steady-state operating conditions.  

III.   PERMANENT MAGNET SYNCHRONOUS MACHINES FAULT 

DIAGNOSIS 

   PMSMs have proliferated over recent years thanks to the 

development of rare-earth magnetic materials, such as Sm-

Co and Nd-Fe-B. These new permanent magnets can 

improve the specific power, performance and power factor 

of PMSM relative to equivalent induction motors [66]. Wind 

generation, electrical vehicles and robotics are some of the 

fields in which PMSMs are being massively used today. 

Consequently, the interest in CM and FD techniques for 

these machines is rapidly increasing in industry and 

academia. The main faults in PMSMs include 

electromagnetic faults, such as demagnetization of the rotor 

permanent magnets and stator-winding short circuits, and 

mechanical faults, such as rotor eccentricities and bearing 

damage [66]. 

A.    Demagnetization Fault Diagnosis 

   When a local defect arises in a magnet, specific harmonics 

appear in the spatial distribution of the magnetic flux density 

[67]. In this work, the authors conclude that the subsequent 

variation of the harmonic content in the back-EMF can be 

suitable for local demagnetization FD despite the strong 

dependence of the harmonic content on the stator winding 

configuration. In contrast, for uniform demagnetization, no 

new harmonics appear in the spectrum of the back-EMF, and 

these authors propose the detection of the variations of the 

amplitude related to the fundamental of already existing 

harmonics as a FD approach.  

   Local demagnetization is also analyzed in [68]. In this 

work, the authors demonstrate that this fault generates 

characteristic fractional harmonics in the back-EMF of a 

single coil, although these harmonics can disappear in the 

phase back-EMF depending on the windings configuration. 

To avoid this drawback, the authors propose to monitor the 

zero-sequence voltage component (ZSVC). Simulations and 

tests show that the local demagnetization fault leads to 

reductions in the amplitude of the ZSVC that may enable the 

fault detection, although this approach requires that windings 

have an accessible neutral and  also, an artificial neutral 

point , which is set  up using a three-phase balanced resistor 

network connected to the machine terminals.  Fig.4 [68] 

compares  the   ZSVC   measured  in a six   poles  PMSM  in  

Fig.4 Experimental ZSVC voltage of a healthy and a partially demagnetized 

SPMSM operating at 6000 rpm [68]. 

healthy state and under partially demagnetized condition 

rotating at 6000 rpm.  Obviously, approaches proposed in 

[67], [68] require accurate information of the behavior of the 

machine in healthy condition. In [69], the authors propose a 

finite element model which takes into account the motor 

shaft displacement due to the unbalanced magnetic forces 

that partial demagnetization produces. This improved model 

gives a more realistic simulation of the currents than 

conventional FEM models. Nevertheless, the main drawback 

of this model is that it requires the knowledge of the shaft 

displacement evolution, which in this work the authors 

experimentally measure using an innovative laser sensor. 

One of the goals of this work is demonstrate the importance 

of the mechanical effects in the partial demagnetization fault. 

The demagnetization FD under non-stationary conditions is 

presented in [66]; the aim of this method is to extract the 

optimal features for FD from the transient current signals. 

This is performed in a pre-processing stage based on the 

application of the Choi-Williams distribution followed by 

fractal dimension calculations based on the computation of 

the box-counting method. 

B.   Stator Winding Short-Circuits 

   Stator short-circuit faults are an especially important 

problem for permanent-magnet (PM) machines because they 

can produce magnetic field intensities higher than the 

coercivity of the magnets, thereby demagnetizing the 

magnets permanently and, in the process, damaging the 

machine [28]. Reference [70] introduces a FD approach 

based on comparing a real-time-estimated back 

electromotive force (EMF) with a reference EMF. In this 

work, the EMF estimator is based on a stator current tracking 

scheme, and covers the thermal and saturation phenomena. 

The reference EMF has to be previously computed by either 

FE analysis or real measurements at a known speed for the 

healthy machine and is stored in a lookup table. This process 

of building the lookup table has to be performed for each 

machine before starting their actual use, and may be a 

drawback in real applications; counterpart, once tuned, the 

system is able to react instantly against inter-turn short-

circuits. 

   A fault indicator for on-line inter-turn short-circuits based 

on an extended Kalman filter approach is introduced in [71]. 

The aim of this work is to develop a detection approach with 

very fast response capability. The authors report that the 

proposed fault indicator enables the reliable detection of a 

fault involving 4% of the turns of a phase. Importantly, it 

reacts quickly, on the timescale of an electrical cycle. 

   Special machines used in some relevant applications, as 

the claw-pole generators used in conventional vehicles, 

require specific FD methods; a method for stator turn FD in 

claw-pole generators is proposed in [72]. Given the difficulty 

in accessing the physical quantities usually monitored, the 

authors propose testing the DC output voltage and current 

and show that, in the rectified generator output current, the 

harmonic at one-third of the rectifier ripple frequency is a 

robust signature of the stator turn fault. 

C.    Mechanical Fault Diagnosis 

   The diagnoses of eccentricities and localized bearing 

damage have been traditionally carried out through 

frequency-domain approaches applied to current and 

vibration signals. Nevertheless, these techniques fail when 

the characteristic frequencies change due to the variations of 

the rotating speed. To overcome this problem, [73] proposes 



  

the demodulation of the frequency of the current signal using 

a phase-locked loop (PLL) algorithm and an amplitude 

demodulation based on a square law algorithm. After 

demodulation, a 1P-invariant PSD algorithm is used to 

discover the excitations at the variable bearing fault 

characteristic frequency.  

D.    Research on Multiphase Permanent Magnet 

Synchronous Machine 

   The use of multiphase PM machines is an emerging 

technology especially suited for applications where high 

reliability is needed, such as in aerospace, naval, 

transportation or offshore wind generation applications. In 

multiphase machines, when faults occur in one or more 

phases, the machine can maintain its operation using the 

remaining healthy phases, without additional hardware and 

with reasonable performance [74]. 

   Significant studies on multiphase PMSM are being 

conducted based on the detection of different type of faults 

[75] as well as fault-tolerant control strategies for optimizing 

the machine performance after a fault arises [74]. 

IV.   FAULT DIAGNOSIS IN POWER COMPONENTS AND 

CONVERTERS 

   Although power electronic drives are widespread and are 

used in a variety of applications, they are prone to several 

failures [76]. As [77] notes, the two components that are 

most likely to fail in switch-mode drives are electrolytic 

filtering capacitors and power semiconductors. Among the 

latter, the most typical power semiconductor faults are short 

circuit-and open-circuit faults.  

   Although most of the works in the power converter FD 

area address ac–dc or ac–ac converters, an increasing 

number of recent papers are focused on FD in dc–dc 

converters [78]. 

A.   Fault Diagnosis  in Power Converters 

   A detailed review of the recent literature on inverter FD is 

developed in [79]. Reference [80] notes the characteristics of 

each of the two main types of switch failures in inverters: 

while short-circuit fault are typically very destructive and 

require the adoption of actions to shut down the drive 

immediately, open-circuit faults do not necessarily lead to 

system shutdown and can remain undetected for a long time 

(however, such faults can lead to secondary faults in other 

converter components that can eventually lead to high repair 

costs) [80]. 

   A variety of different techniques have been applied to 

detect open-circuit faults in power converters. In this regard, 

the use of the Park vector approach is quite extensive. [1] 

compares the key features of different common algorithms, 

some of which are based on the Park vector approach: 1) a 

technique reported in [81] based on the use of the modulus 

of the Park vector to normalize phase currents (known as 

‘errors of normalized currents average absolute values’ 

(ENCAAV)), 2) a method presented in [82] that relies on the 

value of the absolute Park vector phase derivative (called the 

current Park vector phase and current polarity (CPVPCP)), 

3) the normalized current average values [83] and 4) the 

normalized reference current errors (NRCEs) [80]. As [1] 

shows, the experimental results obtained from the integration 

of the four methods into a digital controller of a PMSM drive 

reveal that each method possesses a unique robustness, 

detection speed, computational burden implementation effort 

and tuning effort. More specifically, Table IV shows that all  

TABLE IV 
KEY FEATURES EVALUATION OF POWER CONVERTER FD METHODS BASED 

ON PARK’S VECTOR APPROACH, PROVIDED IN [1] 

 ENCAAV CPVPCP NCAV NRCE 

Localization capabilities 

(fault signatures) 

15 27 27 27 

Effectiveness High High High High 

Robustness 

(robustness factor) 

0.76 1.00 0.23 0.94 

Detection speed (average) 

(% currents period) 

39.6 71.2 58.3 28.7 

Implementation effort 

(file size in kB) 

64.9 73.1 74.7 63.4 

Computational burden 

(execution time in s) 

3.40 4.25 4.89 3.37 

Tuning effort 

(parameters number) 

2 4 3 3 

Most important feature 

concerning industrial 

application 

Low 

computational 

burden  

Robustness 

against false 

alarms 

Low 

computational 

burden 

Fast 

detection 

methods have very high FD effectiveness even for low load 

levels. The CPVPCP method has a particular robustness 

against false alarms as a consequence of load and speed 

transients. On the other hand, the NRCE method enables the 

fastest detection, while NRCE and ENCAAV methods have  

the lowest computational burden. Finally, the ENCAAV 

method involves the lowest tuning effort [1]. Other 

contributions have employed various alternatives to the 

aforementioned open-circuit failures in PE drives. The 

absolute value of the modulated error voltages is used in [84] 

for open-circuit FD in matrix converters, whereas a model-

based perspective is presented in [85] to isolate open-switch 

faults in IM drives. The developed scheme allows the 

isolation of single and simultaneous faults in power 

semiconductors with a fast response. Reference [86] presents 

a sensorless method based on monitoring the voltage vector 

time presence in specific sectors of the complex stationary 

plane. Reference [87] considers the study of open-circuit 

faults in power inverters and proposes techniques that rely 

on principal component analysis, while [88] proposes the use 

of SVM-based approaches.  

   The study of DC-link capacitors has been the motivation of 

a number of works. Employed as energy buffers between the 

utility grid and the load, electrolytic capacitors are often 

critical elements in power converter systems. Reference [89] 

performs an interesting synthesis of eventual faults in this 

element and develops a FD system for capacitors operating 

in ac/dc PWM converters. Reference [90] analyzes the 

performance of an inverter fed induction motor under a 

open-circuit dc link capacitor. 

   Regarding dc-dc converters, the use of Kalman filters for 

the model-based FD of a dc–dc boost converter is proposed 

in [91], while [92] presents an approach based on the 

harmonic components of the magnetic near-field of a dc–dc 

converter.  

   In spite of the increasing number of research works aiming 

to enhance the reliability of power converters, there is an 

important concern in the industry regarding the robustness of 

these devices. An interesting industrial survey is carried out 

in [76] to determine the requirements and expectations of 

reliability in PE converters. The conclusions reveal that 

power semiconductor devices are the most fragile 

components. The study also highlighted the significant need 

in industry for better CM methods and indicators (the study 

points out that the satisfaction with CM methods is low 

(50%) and the knowledge of indicators for reliability is even 



  

lower (23%)). The authors of the present paper agree with 

[76] that further research effort into the power electronic 

health management area (such as FD, prognosis, and CM) 

and more effective transfer to the industrial sector is needed. 

B.   Power Component Fault Diagnosis 

   Several recent works have addressed the FD of different 

faults in power electronics components. In this regard, the 

FD of IGBTs is studied in [77], [93]. In [93], the authors 

propose a new on-board CM of the aging of solder layers in 

IGBTs for electric vehicle applications, while [77] proposes 

an online PCA-based algorithm for early fault detection in 

IGBT switches. The fault detection and degradation of other 

components, such as MOSFETs, is studied in [94]. 

   Despite there is a number of papers describing and 

analyzing the physics of the failure in power components as 

MOSFETs or IGBTs, there is still a lack of works proposing 

the use of the device features (e.g. on-state resistance, 

threshold voltage…) for on-line switch CM. This deficiency 

is partially due to the difficulty in obtaining the required 

signals that are often small and susceptible to corruption 

from noise [77]. 

C.   Fault-tolerant Drives 

   The study and development of fault-tolerant systems that 

guarantee the continuation of the operation despite the 

occurrence of a fault has been pursued in many recent works 

within the PE drive area. This line of research has joined 

with the proliferation of multi-phase AC machines, which, 

combined with multi-phase inverters, are an interesting 

option for high-power applications [64]. 

   In this context, the study of the fault-tolerant capabilities of 

multilevel converters has become the motivation of a 

number of works. For instance, in [95], IM fed by multilevel 

converters with fault-tolerant control strategies are 

considered in terms of their efficiency and thermal behavior. 

Additionally, multilevel topologies with FD and fault-

tolerant capabilities but applied to power factor correction 

have also been proposed in [96]. Hybrid modulation 

strategies for asymmetrical cascaded multilevel converters 

(ACMCs) operating under fault conditions in low-voltage 

high-frequency (LVHF) cells have also been proposed [97].  

  More specifically, matrix converters have also been 

considered by several authors, such as in [98], where fault-

tolerant matrix converter motor drive systems that 

implement a high-speed fault detection strategy for detecting 

and identifying faulty open-circuited switches are developed.  

  The advances in the area of fault-tolerant power electronics 

drives are being notorious and are proven by the wide 

variety of modified redundant topologies for multilevel 

converters, matrix converters and conventional three-phase 

bridge inverters. Nonetheless, the increase in redundancy 

that these new topologies imply often increments the 

complexity, cost of systems and even decrease some 

performances. It is still necessary a more effective 

component-level redundant design for PE systems, as some 

studies have pointed out [99]. 

V.   CONCLUSIONS 

   Electrical machine and drive CM and FD has become a 

notably dynamic research field, with new machine and 

converter configurations and applications, new digital signal 

analysis tools, hardware devices and industrial challenges 

continuously appearing. Although excellent review works 

targeting specific fields have been published, it is difficult to 

obtain an overview of the most recent contributions 

published in both journals and conferences. A large set of 

significant papers published in the last three years in the area 

of FD and CM of electrical machines, power electronics and 

drives has been analyzed to help readers identify trends in 

the different areas of this field. Applications of advanced 

signal analysis techniques to FD, PMSM applications, fault-

tolerant drives with multiphase converters and multiphase 

machines have been introduced since their emergence in the 

last 5 years, and they will surely be developed further in the 

near future.  
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