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Abstract—The paper aims at the definition of proper 

indicators for the effective detection of stator inter-turn faults in 

line connected induction motors. The procedure uses a finite 

element model related to a standard medium rated motor, tuned 

taking into account both magnetic saturation and the actual 

winding scheme. After the experimental check with reference to 

different load conditions, multiple fault indicators are evaluated 

by elaborating the motor current components. The same model 

predicts the effects of asymmetric voltage supply on the current 

harmonics to prevent misleading fault detection. Moreover, a 

relation between fault severity and the experimental setup to 

reproduce similar current asymmetries as in the actual fault 

condition has been examined. On this basis, some measurements 

have been carried out, enabling to have a broad check on the 

fault indicator effectiveness. 
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I. INTRODUCTION 

Diagnostics and condition monitoring (CM) are one of the 
most analyzed topics about induction motors (IMs). The 
industry widespread of such kind of motors as well as their 
relevant role in continuous process manufacturing have led to 
deep investigation in predictive indicators, which are able to 
detect incipient fault conditions in order to prevent irreversible 
damages and consequent downtime. Many environmental and 
operating factors can contribute to possible failures, leading in 
most cases to the need of an integrated approach in fault 
monitoring, detection, and diagnosis [1].  

Though the mechanical faults concerning bearings 
represent the most frequent occurrence, electrical parts can be 
seriously involved as partial short-circuits in the stator 
winding (stator inter-turn faults, SITF) or cracked and broken 
rotor bars [2]. The fault discrimination is not easy because of 
different kind of disturbances and non-idealities, such as 
asymmetricity, supply voltage unbalance and load variations 
that could easily lead to misdiagnosis. Several methods are 
therefore proposed to increase diagnostic reliability by the 
development of suitable feature sets for the CM [3-5]. 
However, this often results in the need of invasive sensing 
equipment and complex platforms for the signal elaborations.  

The paper focuses on SITFs which have the major impact 
among the electrical failures. They are mainly originated by 
the deterioration of the coil insulation, due to thermal, 
electrical, and mechanical stresses related to the motor service 
type [4]. Among the different mechanisms that can generate 
the fault, the turn-to-turn condition has been broadly examined 
as it is considered the most frequent one [5]. The purpose is to 
adopt finite element analyses (FEAs) as they represent 
accurately the motor operating conditions [6]. While the FEA 
based IM modelling requires heavy computational effort for 
parameter tuning and is time consuming for fault modelling, 
it has several benefits with respect to circuit simulations based 
on analytical parameter determination. These are: 

 detailed winding modeling which enables to simulate 
multiple fault occurrences; such aspect is particularly 
important for wire coils used in low voltage motors, 
where different fault combinations can happen 
(consecutive turns or not sequential turns of the same 
coil, turns belonging to different coils and so on); 

 reproduction of the magnetic saturation, which affects 
winding parameters, as well as of the current time 
harmonics and to the m.m.f. space harmonics; 

 analysis with different type of loading at both steady-
state and transient motor operation as well as with 
external disturbances; 

 grading of the fault severity which can be realistically 
reproduced without any damage to the motor. 

For the definition of the condition indicators for diagnosis, 
the motor current signature analysis (MCSA) is used. Though 
it is sensitive to ambiguous warnings in presence of 
disturbances, it represents the most straightforward and 
reliable approach which is easily implementable on a wide 
range of industrial motors. Line connection and constant load 
operation can be suitable conditions for the online application 
of MCSA. For this reason, the study is addressed to a 
commercial three-phase IM with medium ratings. The basic 
idea is to define a set of fault indicators (FIs), not requiring 
complicated evaluations, easily checkable during tests and 
insensitive enough to external disturbances. Such features are 
deemed essential for the effectiveness of procedures for real 
time diagnosis or acceptance tests on several machines [4]. 

In this work, first the motor FE model is assessed by using 
the experimental data in healthy condition at different loads, 
focusing on tuning the magnetic lamination properties taking 
into account manufacturing. The effect of a voltage unbalance 
is deemed as well, evaluating its influence on current 
harmonics. Then, a SITF involving different turns is analyzed 
by a flexible and detailed winding model considering the coil 
connections. This model enables a more realistic reproduction 
of an incipient fault, with an initial non-null shorting 
resistance. The results are used to compare different features 
elaborated from the instantaneous line and phase currents, as 
well as the circulation current in the delta phase connection.  

Finally, the experimental setup is assessed for the non-
invasive and safe fault reproduction for an in-factory starting 
test or for the tuning of the diagnostic procedure. At this aim, 
the relation between the FIs evaluated at the actual fault with 
different severity and the ones evaluated experimentally has 
been examined. A check with the measured data is proposed 
for its validation. 

II. METHODS FOR THE FAULT DIAGNOSTICS 

The purpose of the paper is to adopt different techniques 
based on the MCSA. They must apply to both the physical 
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currents and to their transformed components ����  and ���� 

according to the Clarke and Park transformations, 
respectively. The transformed currents are frequently used to 
develop CM systems (CMSs) as their trajectories in the 
transformed plane can assess the presence of specific 
harmonics related to faults or external disturbances [1,2,5,7].  

Many studies propose the fast Fourier transform (FFT) as 
the base diagnostic tool. The expected frequencies for a SITF 
are determined from the relation [8]: 

 ��	
 � ��1 � ��/� � ����   

with  � 0,1,2, � � 0,1,3,5, �  pole pairs, �  slip and �� 
fundamental frequency. However, keynote harmonics are 
related to the rotor slots (RSH), as they represent the effects 
of the spatial harmonics in the stator windings [9]: 

����,� � �ℎ�1 � �� � 1��� , ����, � �ℎ�1 � �� ! 1���  
with ℎ � " ∙ $/�, " �1,2,3… and $ number of rotor bars.  

It is evident that the dependence of (1) and (2) on speed 
represents an issue for fault frequency identification. In case 
of delta connection, both line and phase currents must be 
considered, as third harmonic and its multiples are also 
present. This condition could be usefully exploited for fault 
diagnosis, considering the frequency spectrum of the 
circulation current �
 . It is worth mentioning that a 
fundamental component �
�  at ��  can be also present at 
healthy state due to internal small asymmetry in the delta-
connected stator winding.  

The FFT can be applied to the transformed currents, 
namely the modulus %��  and the component ��. The presence 

of a 2nd harmonic ���,& generates an elliptical trajectory in the 

'( plane, which can be even more amplified during a fault; �� 
can be relevant in presence of a SITF because local saturation 
can give rise to an appreciable third harmonic component. 
This issue affects even the line current for delta connected IMs 
[10]. In this study, the discrete time Fourier transform is 
applied to both the simulated and measured signals. This was 
particularly critical for the transient FEAs, because of the 
relevant number of periods and the relatively small integration 
time step required for accuracy issues. 

The principal component analysis (PCA) is also 
effectively adopted in this paper to detect the current 
unbalance. By reducing the dimension via PCA, the 
transformed variables represent major variations in the data in 
decreasing order [11] (PCs). For instance, defining )� and )&, 
as the eigenvalues of the first two PCs related to ��� , the 

difference of $* � )�/)& to unity quantifies the ellipticity of 
the trajectory. The sampling window to evaluate $* 
corresponds to one electrical period; subsequent sampling 
windows overlap by half a period to analyze $* evolution. 

Finally, the discrete wavelet transform (DWT) is applied 
[12] to detect by the discrete wavelet energy (DWE) a fault 
dependent component in the signal and its density [13]. For 
this purpose, a MATLAB® application (signal 
multiresolution analyzer) is used that breaks down the signal 
in question via Symlet Wavelet. This choice together with the 
number of decomposition levels is addressed to keep away the 
main harmonics from each level frequency boundaries. By 
comparing the decomposed signal waveforms for each level, 
different fault conditions can be identified, since the signal 
level energy can appreciably vary when a SITF occurs. 

TABLE I.  IM RATINGS AND PARAMETERS (MARELLI© B5C 225 S4) 

Parameter Value 

Power (kW) 37 

Speed (rpm) 1480 

Voltage (V) 400 

Frequency (Hz) 50 

Current (A) 66 

Connection Type delta 

No. Slots / Rotor Bars 48 / 40 

Phase resistance (Ω) 0.17 

 

 
Fig. 1. Experimental rig. 

III. FE MODELING AT HEALTHY CONDITION 

A. IM characteristics and simulation assumptions 

The motor under examination is 4-pole 37 kW rated IM 
produced by Marelli Motori Group. Its main rating and 
parameters are reported in Table I. The double layer type B 
concentric winding consists of two parallel branches with 
,- �16 coils/phase and ,
 �21 conductors/slot. According 
to (2), the rotor slot fundamental frequencies (ℎ �1) at � �0 
are ����,�=950 Hz and ����, =1050 Hz, corresponding to the 

19th and 21st harmonics, respectively. The experimental rig for 
the acquisition of the IM currents and speed is represented in 
Fig.1. The braking set has been controlled to reproduce three 
load conditions: no-load, 25% and 75% of the rated load. 
Currents for two lines and one phase are measured by three 
LEM current transducers, enabling to evaluate all the 
remainder currents. The sampling frequency was 200 kHz. 

The IM steady-state operation is analyzed by transient 
FEAs using the commercial package ANSYS®Maxwell 2D. 
A constant load torque is assumed, more consistent with the 
experimental operation with respect to analyses at constant 
speed. To reach more quickly the steady state operation with 
FEAs, inertia is assumed to be fictitiously low at starting and 
gradually growing as speed increases up to roughly the value 
of the whole test rig assembly, therefore reducing the speed 
ripple in accordance with the instantaneous measurements. 

To avoid the calculation burden required by .- slice 
skewed 2D models, the rotor bar skewing is neglected. This 
rather weighty simplification mainly leads to overestimate the 
current slot harmonic amplitudes but does not substantially 
modify their behavior at fault condition. As a result, a single 
simulation is shortened by 80% (045 minutes instead of 03 
hours for a .=5 on a standard desktop PC). The skewing by 
the electrical angle '�1 is taken into account correcting the ,-
th harmonic amplitude by applying the well-known skewing 
factor [14]: 

 ��	,2 �  sin 62�78
& 9 /�2�78

& �    

The ,-th harmonic/fundamental %2/ %�  ratio as well as the 

attenuation factor :�	,2 � ;1 � ��	,2< are shown in Table II. 
The values related to the non-skewed model and corrected by 
(3) are in good agreement with the skewed one ('�1 �18°) 
except for the third harmonic. 
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TABLE II.  VALUES IN (%) OF THE ATTENUATION FACTOR :�	,2 

Harmonic 

order n 

=>
=?

 
No skew model 

corrected by (1) 

5-slice skewed 

model 

1 100 0.4 0.9 

3 6.20 3.7 12.5 

5 0.38 10 8.3 

15 0.47 70 68.2 

17 0.30 83 89.7 

19 1.85 94.8 91.7 

21 16.4 95.3 97.5 

23 1.93 87.4 85.4 

 

B. Tuning of the magnetic circuit model 

Preliminary FEAs evidenced significant discrepancies for 
the no-load current, addressing to more detailed inspection of 
the magnetic circuit model, i.e. the actual air-gap width @ and 
the lamination BH curve (material M530-65A). The 
inspection of the no-load current at a low voltage test 
(magnetic linearity, negligible m.m.f drop in iron core) 
showed that the rated @ used in FEAs was underestimated by 
10%, so the IM design rated value 0.6 mm was increased to 
0.66 mm; such correction was validated by a subsequent on-
field measurement. The lamination BH curve had anyway to 
be corrected, to take into account a residual deviation by 17% 
at the rated voltage test. Such significant alteration of the 
magnetic properties can be likely attributed to manufacturing 
processes, such as punching, annealing during the turning and 
the rotor cage die-casting [15].  

Being the discrepancies not so large, the approach 
proposed in [16] was adopted to correct the BH curve, 
calculating the magnetic voltage drop distribution referred to 
the flux density fundamental components, assuming that the 
drop values in the ferromagnetic parts with the actual BH 
curve are distributed in the same proportion they had in the 
original BH curve. Let $AB the �C iron core region (� � D, E for 

teeth, yoke, C � F, � for rotor, stator, respectively) with mean 
length of the flux lines path GAB , the corresponding magnetic 

voltage drop fraction �AB  is calculated by FEAs at different 

supply voltages with reference to the maximum values 
(subscript H) of the fundamental components of flux density 
IAB,H and magnetic field JAB,H  in that region as: 

 �AB � �KL,M;NKL,M<∙OKL
PM

 , QH � ∑ JAB,H;IAB,H< ∙ GABA,B   

Afterwards, an analytical procedure is applied starting from 
the measured magnetizing current %S,H  for the same voltage 

values. The following quantities are evaluated: 

a) the air-gap flux density IT,H  by the no-load voltage 

and a prior estimation of the stator voltage drop; 

b) the flux density IAB,H  in the ferromagnetic regions, 

according to IT,H and the magnetic circuit geometry; 

c) the total magnetic voltage drop QPU,H  in the 

ferromagnetic region as 

 QPU,H � V
&

WXY7
Z[ %S,H � �


N\,M
S]

  

 with ^_  winding factor, .�  number of series 
conductors, � pole pairs and �
 Carter’s coefficient. 

d) the updated magnetic field values JAB,H � 1KL∙P`a,M
OKL

. 

 
Fig. 2. Comparison of the BH curves. 

 
Fig. 3. Comparison between measured and simulated no-load voltage 

characteristic; (a): air-gap correction; (b): air-gap and BH curve corrections. 

TABLE III.  CURRENT VALUES IN (A) FOR DIFFERENT LOADS 

Values 
Load 

100% 75% No-load 

Measured 66.2 52.3 24.3 

Simulated 65.6 49.4 22.7 

 

By repeating the above procedure for every voltage value, 
as many BH curves are obtained as the number of the 
considered ferromagnetic regions. Even if the curves should 
coincide from a theoretical point of view, some deviation is 
unavoidable due to the adopted approximations (Fig.2). Since 
the flux density evaluation is more reliable in the rotor and 
stator teeth than in the yokes, the average of their 
corresponding BH curves is adopted in the following 
simulations. Fig. 3 highlights the improvement achieved in the 
no-load voltage characteristic by using the modified BH curve 
in addition to the air-gap length correction. 

C. Comparison with measurements 

The refined FE model is used to check the accordance with 
the measured data at different loading. Both the line current 
rms values reported in Table III and the instantaneous IM 
currents at 75% rated load shown in Fig.4 confirm the very 
good agreement (errors b 7%). The main difference appears 
in Fig.4a, where the simulation evidences the high frequency 
ripple related to the 21st harmonic because of the rotor skew 
neglecting. 

Another outlook is given by comparing the loci of the 
phase current components ���  obtained from the Clarke 

transformation. Fig. 5 shows that the measured current depicts 
a nearly hexagonal trajectory differently from the circular 
shape (apart from the high frequency components) related to 
the simulation. This is confirmed for all the loading conditions 
and it is shared from the line currents.  
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Fig. 4. Instantaneous currents; (a): phase current; (b): line current. 

 

Fig. 5. Loci of the '( components of the phase current (75% load). 

TABLE IV.  CURRENT VALUES WITH ASYMMETRIC VOLTAGE SUPPLY. 

Quantity Condition 
Load 

75% 25% No-load 

%
� (A) 
SVS 0.33 0.16 0.19 

AVS 1.22 1.03 0.78 

%��,& (A) 
SVS 0.014 0.012 0.003 

AVS 6.097 5.742 5.686 
 

Such discrepancy, due to a significant fifth current 
harmonic, can be justified by the distorted supply voltage: 
measurements confirmed that the corresponding voltage 
harmonic amounted to about 3.6% of the total rms voltage.  

Another source of anomalous unbalance at healthy IM 
relies on the voltage asymmetry. The asymmetry level can be 
defined as the ratio Fc � de/df, being df and de the positive 
and negative sequence voltage components. FEA related to 
the maximum limit condition Fc �2% (according to Italian 
regulation CEI EN 61000-2-4) shows that the phase currents 
with asymmetric voltage supply (AVS) significantly differ 
from the symmetric supply (SVS), as evidenced by the 
amplitudes of the 50 Hz component of the circulation current 
%
� and of the 100 Hz modulus %��,& (Table IV). They increase 

significantly regardless of the load condition, which 
corresponds to augmented ellipticity of the '(  trajectories. 
Therefore, for relevant Fc  values, such effect can be 
discriminated from a fault condition, which have generally 
weakened effects in the incipient phase. However, the 
interference on the FIs at low Fc  is inevitable, requiring 
appropriate voltage sensing and elaboration in case of unstable 
grids [8]. 

 
Fig. 6.  Circuit model of one branch of the faulted phase (phase C). 

 
Fig. 7. FFT of the faulted phase current (75% load). 

IV. FAULT ANALYSIS 

A. IM circuit model 

In this section, the modelization of a physical fault is 
discussed. A winding design module based on the wiring 
diagram and built-in FE code enabled to implement a detailed 
circuit of a single IM phase, including two parallel branches. 
One branch is further subdivided in 8 coils (Fig.6), one of 
which is then separated into single turns, enabling to vary the 
number ,

  of the turns shorted by the equivalent fault 
resistance $
g2. The incipient SITF condition, where the fault 
current %T is still limited, can be reproduced by a proper $
g2 

choice. The electrical parameters (i.e., resistance and leakage 
inductance) are identified for each turn and remaining coils. 
The corresponding 2D objects in the FE model are separated 
accordingly. 

The analysis of a single turn bolted fault (,

 � 1, $
g2 �
0) returns – as expected – very high %T values (≅ 20 times the 

rated current %k ), since the turn impedance is very low in 
comparison to the induced e.m.f.. This kind of SITF will likely 
evolve very rapidly to a winding irreversible damage, for 
which reliability and promptness of the fault detection are 
pointless. Detection effectiveness can be on the contrary 
decisive to avoid unrecoverable damages in slowly evolving 
SITF with lower initial %T  values. A value %T ≅ 2 ∙ %k , more 

consistent with such kind of faults, is achieved by a parametric 
analysis for $
g2 � 0.1 Ω . However, the harmonic current 
spectrum of the faulted phase current does not appreciably 
deviate from a healthy one (Fig.7): therefore, effective 
diagnostics demand the definition of a proper feature set by an 
extended analysis of the FIs described in Section II. 

B. Comparison of the fault indicators 

The amplitudes of the RSH currents %����  and %���  are 
almost unaffected by SITF: %���  is almost unvaried and %����  
increases by only 8% (from 1.57 A to 1.7 A at 75% load). 
Similar behavior occurs at other loads. Moreover, in the real 
IM such harmonics are significantly reduced because of the 
skewing. Then, the analysis focused on %
�  and %��,& 

amplitudes. Table V shows that %
� is almost doubled at light 
loads, evidencing variations which can be easily detected by 
the CMS regardless of the loading condition. 
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TABLE V.  CURRENT VALUES FOR THE FAULT ANALISYS. 

Quantity Condition 
Load 

75% 25% No-load 

%
� (A) 
Healthy 0.35 0.12 0.19 

SITF 0.52 0.23 0.35 

%��,& (A) 
Healthy 0.002 0.005 0.004 

SITF 0.171 0.219 0.217 

 

Fig. 8. $* variation at no-load (solid line) and at 75% load (dotted line). 

%��,&  is nearly negligible at healthy condition, meaning 

that the transformed components describe a nearly circular 
trajectory. Differently, it assumes an appreciable value with 
the SITF that contributes to the distortion into an elliptical 
trajectory. The eigenvalues of the PCs associated to ��� 

confirm such result (Fig.8). $*  decreases more evidently at 
no-load (04%), where SITF seems to affect more heavily the 
current unbalance. 

Finally, the phase current was analyzed by DWT, with a 
sampling frequency ��  = 5 kHz related to FEA time 
integration. The number of levels and the corresponding 
frequency ranges are chosen to avoid distortion effects on the 
main harmonics (Table VI). The RSH components are 
included in the level 2, aiming to detect a DWE increasing for 
the SITF condition. Unfortunately, its variation at 75% load is 
too low to be usable in practice, and the same occurs for the 
other load conditions. Therefore, such method should be 
discarded for this purpose, if not upgraded by more 
sophisticated (e.g., deep learning – based) algorithms. 

C. Analysis of the fault severity 

The CMS can describe the fault severity according to the 
variations of the above indicators. Differently from 
experimental tests, the FEAs enable to vary the fault severity 
with no risk of machine damaging and without endangering 
testing personnel. In the following, the current %
�  and the 
ratio $* are considered, as they have evidenced more effective 
in fault recognition than the other indicators. Their 
dependence on the fault current %T is investigated, by varying 

$
g2 to obtain predefined ratios %T/%k (Fig.9). The worsening 

of the current unbalance is evident, even at higher loads, 
where the fault is harder to recognize. Furthermore, $* 
denotes a nearly linear variation, which is a feature useful for 
deducing the fault severity classification. 

V. EXPERIMENTAL SETUP 

The validation of the previous analyses calls for the SITF 
reproduction by an experimental setup. Its realization must 
comply with the following aspects: (a) A physical check 
requires manufacturing a dedicated coil, which also 
complicates the winding assembly; (b) Currents circulating in 
the motor windings must be within a safe level to avoid 
damage to the IM; (c) The procedure must be easily carried 
out for tuning tests at the IM set-up. 

TABLE VI.  DWE VALUES FOR THE PHASE CURRENT (75% LOAD). 

Level Frequency (Hz) 
Energy (%) 

Healthy SITF 

1 1250�2480 0.577 0.586 

2 623�1260 3.139 3.189 

3 314�628 0.002 0.003 

4 160�312 0.184 0.182 

5 91.5�154 1.254 1.25 

Approx. 0�60.5 94.84 94.79 

 
Fig. 9. Fault indicators as functions of the fault current ratio (75% load). 

 
Fig. 10. Fault indicators as functions of the shunt resistance (75% load). 

According to the above remarks, a common practice to 
recreate the SITF consists of the connection of a resistance 
$�	 in parallel to one phase. The by-pass should involve the 
minimum number of coils to become close to the physical 
fault condition. For the IM considered in this study, $�	  is 
connected at the terminals of one phase winding group (see 
Fig.6), as the single coil ones were inaccessible.  

Before checking the FIs by the measurements, some FEAs 
are executed to verify if the $�	 provides similar indications 
than the SITF simulated in the previous section (Fig.10). The 
variation range for $�	  is intentionally amplified to have a 
broad overview on its influence on  %
� and $* indicators. It 
must be stressed that the maximum value $�	 = 150 Ω 
determines about the same equivalent impedance of the coil 
group with one shorted turn. The phase current increases by 
only 2.8% with respect to healthy rms value at 75% load. 

Fig. 10 approximately confirms the tendency depicted in 
Fig.9. The same variation range is however obtained for the 
range 120 Ω m $�	 m160 Ω, stating that the FI values are 
particularly sensitive to $�	. For $�	 b 80 Ω, the reproduced 
unbalance becomes even steeper.  

The experimental tests are carried out using $�	 �{150 Ω, 
75 Ω, 30 Ω}. The lowest value is chosen to keep safe IM 
operation as for both the starting current and the current 
flowing through $�	 . Table VII reports on the amplitude 
values %
�  and %��,&  as functions of $�	  for different loads 

($�	 � ∞ corresponds to healthy IM). An asymmetry occurs 
also with healthy IM, presumably related to a distorted and/or 
asymmetric voltage supply, as analyzed in section III.  
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Fig. 11. $* variation at no-load (solid line) and at 75% load (dotted line) for 

different $�	 values. 

TABLE VII.  AMPLITUDES OF THE MEASURED CURRENT COMPONENTS 

Quantity pqr �s� 
Load 

75% 25% No-load 

%
� (A) 

∞ 7.83 4.64 4.03 

150 9.11 5.54 5.05 

75 9.86 7.17 5.94 

30 13.67 10.16 9.25 

%��,& (A) 

∞ 1.69 1.14 0.86 

150 1.68 1.16 0.95 

75 1.62 1.21 1.07 

30 2.17 1.92 1.97 

 

However, using the healthy data as a reference, the SITF 
is well distinguished by the increase in %
�which is inversely 
proportional to $�	  behavior. This tendency nearly 
reproduces the FEA results in Fig.10, even if the values are 
different because of the inherent supply symmetry of the FE 
model. On the other hand, %��,&  enables the SITF 

discrimination at no-load condition or alternatively by using 
low $�	 value that is related to relevant fault currents.  

The ratio $* shown in Fig.11 confirms the presence of the 
asymmetry of the healthy IM as the corresponding values are 
0 0.9. Similar to %��,&, only the minimum $�	  at 75% load 

enables a clear fault discrimination. On the contrary, at no-
load the discrimination is also possible with $�	 �150 Ω , 
though values lower than 70 Ω are preferable because of the 
high inherent IM asymmetry. 

VI. CONCLUSION 

In the present study, different indicators are compared for 
the detection of stator inter-turn faults of line connected IMs. 
The FE model of a medium rated commercial motor enabled 
the examination of faults in their incipient phase, taking into 
account its actual winding scheme and operating condition. 
The 50 Hz amplitude of the delta connected circulating current 
and the eigenvalues of the first two PCs of the ���  
components are the indicators that revealed a superior 
effectiveness together with straightforward practical 
implementation. Rotor slot harmonics and Wavelet-based 
approach denote more limited discrimination capability, likely 
related to the light fault condition assumed as a reference.  

Despite the type of the FI, the no-load operation has shown 
more evident changes, favoring the precision of the CMS. The 
same FE model enabled to analyze the effects of voltage 
supply distortion and asymmetry, mainly evidenced by the ��� 

trajectory. Moreover, it provides a correspondence between 
fault severity and experimental reproduction, in order to 
define proper values of the shunt resistance, which is equally 

useful for CMS tuning. The measured data broadly confirms 
the simulated results, even with the presence of asymmetric 
effects under healthy and faulty scenarios. 
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