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Abstract

This article deals with inter-turn short-circuit fault detection in stator
windings of squirrel cage induction machines. The main aim is to perform
harmonic analysis of different electrical signatures namely the stator phase
current, external magnetic flux and electromagnetic torque at different levels
of mechanical load in order to develop an efficient fault detection approach
of this kind of defect in induction machines. The proposed approach is based
on the analysis of saturation related harmonics at rank 3k f,, where k; is
an odd number, and magnetomotive force (MMF)-related harmonics at rank
(6ke £ 1)fs, with ks = 1,2,--- in stator phase current and stray flux and
harmonics at rank 2k, fs in electromagnetic torque. The amplitudes of these
last harmonics in healthy condition are compared with 3% power supply
unbalance, 16.6% (40 turns) and 33% (80 turns) levels of inter-turn short-
circuit fault in frequency range from OHz to 2500Hz under different levels of
mechanical load. Besides, the stand-still test is also investigated in this work.
Simulation study is carried out based on 2.2kW squirrel cage IM using finite
element method (FEM). This method provides accurate and inexpensive tool
for evaluating the performance of induction machine under healthy and faulty
conditions. The obtained results demonstrate that the stray flux is the most
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sensitive signature to the stator winding inter-turn short-circuit fault, and it
is robust against the power supply unbalance in comparison with both stator
current and electromagnetic torque.

Keywords: Induction motors, Modeling, Finite element method (FEM),
Diagnostic, harmonics, Monitoring, Signal processing.

1. Introduction

Online condition monitoring (CM) of induction machines (IMs), which
are prime movers used in the industries, is essential for their safe and reliable
operation. The main aim of CM is to achieve optimal use of these com-
ponents, avoid unexpected downtime and consequently avoiding economic
losses. From this point of view, fault detection and diagnosis of incipient
mechanical and electrical faults have been widely investigated to develop
advanced condition-based maintenance (CBM) systems [27], [11]. Based on
the survey results provided by IEEE and EPRI on medium size IMs, 28%
and 36% of faults in this class of electrical machines are stator related [18].
Main types of stator winding faults are turn-to-turn, coil-to-coil, phase-to-
phase, short-circuit between turns of all three phases, coil-to-ground and
open-circuit when winding gets break [13]. Particularly, the stator winding
inter-turn short-circuit may occur due to the degradation of isolation in case
of moisture, system surge, overload or overheating owing to fan blocking or
other kinds of faults like broken rotor bars and cracked end rings in cage
IMs [39]. The developed fault detection techniques are commonly based on
the analysis of signatures such as stator phase current and voltage, the esti-
mation or computation of the equivalent impedance, the active and reactive
power, the vibration, the electromagnetic torque estimation and the external
magnetic field [29]. Particular attention is dedicated to the noninvasive tech-
niques so-called machine electrical signature analysis (MESA), which need
the least modifications on the system under monitoring [40], [6], [10]. The
frequency-domain analysis is an efficient approach of fault detection since
each kind of fault induces its characteristic frequency in the measured signal,
which can be well explored in most of the cases in the frequency domain [7].
MESA is a well-known technique for stator winding inter-turn short-circuit
fault diagnosis, as it was shown [4], [1]. For instance, air-gap flux harmonics



are initially localized in the stator current spectrum for fault detection [34]:
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with f: supply frequency, f,.: rotor rotation frequency, n =1,2,3,---, and
ki =1,3,5,---, p=pole-pairs, s=slip. The principal slot harmonics given by
(2) can be analyzed as well for detection of stator winding inter-turn fault
as it was indicated [28]:
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where ko is any positive integer (ky = 1,2,3,---) and R is the number of
rotor slots, v is the time harmonic order (v = +1,43,+5,--+). This last
relation can be generalized considering all time harmonics as [31]:
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with j., Jso and i,; are integers. The amplitude of main fault frequency
components in (3) are studied. Although a substantial increase in harmon-
ics amplitudes due to the fault, it is difficult to determine the fault severity
since this last parameter is totally affected by magnetic saturation, stator
winding inherent unbalance as well as power supply voltages unbalance [7].
The localization of air-gap flux and rotor slot harmonics in the stator cur-
rent spectrum needs the prior knowledge of the rotor mechanical speed as
it can be clearly observed in (1), (2) and (3). In this respect, several works
introduce third harmonic 3f; [3], [12] and £3f; [38] in the stator current
spectrum of faulty IMs. It was also illustrated that 2f, can be detected in
the modulus of extended park vector (EPV) [3] which is the shifted version of
3fs harmonic. The usage of external magnetic field measurement is another
technique with the simplicity of implementation which senses indirectly the
stator and rotor currents harmonics and gives the ability of both stator and
rotor faults detection [24], [14], [23]. The proposed harmonics related to the
stator fault in axial leakage flux signature is initially proposed [24]:
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with k3 = 1,3 and n = 1,2,3,--- ,2p — 1. In this regard, it is found that
the stator fault give rises of low order harmonics with k3 =1 and n = 1,2 in
the spectrum of axial leakage flux and finally the third harmonic is proposed
for fault detection [40]. Moreover, it was illustrated that time harmonics
namely 15f; and 17f; are good indicators of this kind of fault [25], [33],
[10]. Besides, many researchers used the instantaneous torque as a fault in-
dicator in induction motors [36, 9, 22, 26, 20, 30, 8, 21]. It is important
to mention that there are differences in the instantaneous torque response
under stator and rotor faults [36]. It is well known in electrical machines the-
ory that the first additional current component introduced by an electric or
magnetic stator asymmetry produces a negative sequence component at — f
frequency. The interaction of this frequency component with the main rotor
current frequency produces a torque pulsation and electromagnetic forces at
2fs [22, 26, 21, 32, 17, 16]. In this paper, a comparative study has been
performed based on the harmonic analysis of electrical signatures namely
the stator phase current, the external magnetic flux and the electromagnetic
torque in [0Hz - 2500Hz| frequency bandwidth for inter-turn short-circuit
fault detection in stator winding of IMs. It is carried by amplitude analysis
of saturation harmonics 3k, f,, where k; is an odd number, and MMF-related
harmonics (6ky £ 1) fs, with ky = 1,2,--- to investigate the most sensitive
electrical signatures to the fault and examine its robustness to the power sup-
ply unbalance perturbation. To assess the validity of the proposed method,
the numerical simulation using finite element method (FEM) is carried out for
a 2.2kW squirrel cage induction machine in working condition of healthy, un-
balanced power supply and two levels of 16.6% (40 turns) and 33% (80 turns)
inter-turn short-circuit respectively at different level of loads and stand-still
case. Moreover, the electromagnetic torque harmonic analysis using 2ks f
frequency components in [0Hz - 1000 Hz| frequency bandwidth is performed
at different levels of the load.

2. Modeling of Stator Winding Intern-Turn Fault

The development of an accurate model in both healthy and faulty con-
ditions is a crucial stage of any fault diagnosis procedure. The most precise
approach of 2D /3D modeling for this aim is relied on multiphysics FEM
which is a well-known mathematical tool for solving the combined magnetic
and electric numerical problems [15], [2], [19]. In this respect, the spatial
distribution of the stator winding, non uniformity of the air-gap due to sta-



tor and rotor slots, non-linearity characteristics of the stator and rotor core
materials, skin effects and eddy currents can be considered for 2D modeling
of IMs in both healthy and faulty conditions. Similarity of numerical simula-
tion results to the experiments allows setting up a reliable signal-based fault
diagnosis procedure [35]. It provides variables such as the electromagnetic
field distribution, the flux linkage, the flux density, the stator and rotor phase
currents, the rotor rotation speed and the electromagnetic torque knowing
precise geometry and physical characteristic of both stator and rotor struc-
tures and materials respectively. The equation to be resolved by the FEM is
defined as follows:

oI i () = g+ e (5)
ot prot(A)

where H is the magnetic field [A/m], A is the magnetic vector potential
[Weber/m], is the electric current density [A/m], o, the electrical conduc-
tivity [S/m], w is the magnetic permeability [H/m]. Fig. 1l.a shows the
geometry of the IM with its related electrical circuit. A search coil (stray
flux sensor) with 1200 turns is placed at a distance of 110mm from the center
of IM for measuring the induced voltage of radial external magnetic field. An
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Figure 1: FEM analysis for magnetic field computation (a) geometry of IM (b) electrical
circuit model.

electrical circuit which consists of a three-phase supply source, a three-phase
stator winding and three leakage inductances are coupled to the finite ele-
ment model (Fig. 1.b). Two resistors Ry = Ry = 32 are placed to create
two levels of inter-turn short-circuit fault of 16.6% and 33% respectively in



one phase of the stator winding. In this work, the value of the resistor R;
is chosen to allow the limit of the short circuit current and to simulate a
incipient winding faults. Accordingly, the safety systems do not react to this
fault because we have a slight increase in phase currents and the induction
motor can still run .

Table 1 provides main electrical characteristics and geometries of both
stator and rotor structures for FEM analysis of the IM under study.

Value Unit
Machine Power 2.2 kW
Voltage 400 \%
Current 4.24 A
Speed 1440  rpm
Stator ~ Number of phases 3
Connection type Y
Number of slots 36
Internal diameter 99 mm
External diameter 173 mm
Rotor Airgap length 0.33 mm
Number of bars 48
Internal diameter 34 mm

External diameter  98.1 mm

Table 1: Electrical characteristics and geometries of both stator and rotor structures for
FEM analysis

The search coil sensor, located in vicinity of IM, allows measuring the
external magnetic flux which pass through it [37]. Furthermore, it delivers
an output voltage which is equal to the derivative of the magnetic flux.
This means that only the measurement of time-variable fields are possible.
For many industrial applications, it is crucial to detect the electrical and
mechanical faults in electrical machines without stopping the operation, and
hence it is interesting to use the non-invasive methods [25]. Moreover, the
measurement of stator phase current is not always possible, since often the
winding may not be always available. In this regard, several works investigate
the possibility to employ a search coil to monitor the conditions of medium
and small size IMs [5].



3. Numerical Simulation Results

In Figs 2.a and 2.b, shown below, the distribution of magnetic flux lines
inside the IM in both healthy and unbalanced voltage supply conditions are
represented. It is worth to mention here that this distribution is almost
symmetrical in both cases. Nevertheless, in Figs 2.c and 2.d we notice the
existence of distortions in the distribution of magnetic flux lines in faulty
conditions. Similarly, in Figs 3.a and 3.b it is illustrated that the outside
magnetic field distribution for healthy and unbalanced voltage supply cases
are symmetrical whereas they are highly distorted in the case of 16.6% and
33% inter-turn stator winding short-circuit fault; (see Figs. 3.c and 3.d).

Figure 2: Lines of inside magnetic flux: (a) healthy condition (b) 3% voltage unbalance
supply (c) 16.6% inter-turn stator winding short-circuit (d) 33% inter-turn stator winding
short-circuit.

(b) (© (d)

Figure 3: Lines of outside magnetic field: (a) healthy condition (b) 3% voltage unbalance
supply (¢) 16.6% inter-turn stator winding short-circuit (d) 33% inter-turn stator winding
short-circuit.

In Figs 4 to 7 it is shown the time evolution of three-phase stator current,
stray flux and electromagnetic torque at healthy condition, unbalanced volt-
age supply, 16.6% and 33% inter-turn stator winding short-circuit faults re-
spectively.
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Figure 4: Stator current, stray flux sensor and electromagnetic torque signals at full load
in healthy condition.

Stator Current

%0 05 Stray Flux Sensor 20 Torque
35 a b o
30 04 I A N il i 2
» 03\ r N A A
b ozff | [ [ foh [
s | f by 20
10 { I |
H S o1 | ‘ \ [ ] [ [ ; o
— q. | \
< o, v goor b4 - | sy My »““f "' " “' ’%*! '«'ﬂ 'A"
= s XAX 770 H T U U A A A VAV V! WY
-10 =01 (S A | ) [V k] N N
15 02 | | [ Vo \ 4 10
s 03 1 L/ V) \ 1)
25 ¥l ‘M‘ 1\J “ ‘/‘M’ 5
30 04 I (i W
-3
40 05 0
0 002 004 0.06 008 0.1 0 0.02 0.04 0.06 0.08 01 0 002 0.04 006 0.08 0.1

Time [s] Time [s] Time [s]

Figure 5: Stator current, stray flux sensor and electromagnetic torque signals at full load
at 3% voltage unbalance supply condition.
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Figure 6: Stator current, stray flux sensor and electromagnetic torque signals at full load
at 16.6% inter-turn stator winding short-circuit condition.

In the case of unbalanced voltage supply (see Fig. 5), it can be noticed the
apparition of fluctuations in the stator current in comparison with healthy
case. Also in the faulty phase current, shown in Fig. 6 and 7.it is clearly
visible an increase of the peak amplitude. The currents in the other phases
also increase, but the increase is less significant compared to the faulty phase.
To confirm this kind of fault condition, the induced voltage of stray flux sen-
sor include sufficient information about the motor condition. If the machine
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Figure 7: Stator current, stray flux sensor and electromagnetic torque signals at full load
at 33% inter-turn stator winding short-circuit condition.

is affected by a short circuit fault (see Fig.6 and 7), it can be observed a very
significant modification in the temporal variation of induced voltage com-
pared with healthy machine (see Fig. 4) and in unbalanced voltage supply
case (see Fig. 5). In addition the fluctuations are more accentuated when
the number of short circuit turns increase. The torque variation at healthy
condition is given in Fig. 4 where we notice the existence of small oscillations;
generally generated by the motor slots. The existence of an unbalanced volt-
age and stator fault generates the unbalance of the interaction rotor—stator
electromagnetic force which induce torque ripples that can be observed at
frequency 2f, (see Figs. 5 to 7).

Frequency analysis of stator current, stray flux and electromagnetic torque
at full load condition are given in Figs. 8 to 11. This analysis are collected
for the case of healthy, unbalanced voltage supply, 16.6% and 33% inter-turn
short-circuit respectively.
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Figure 8: Healthy condition spectra: (a) Stator current (b) Stray flux sensor (c) Electro-
magnetic torque. 'x: 3kf, — 'O (6k £ 1)fs — A" 2k f;

From the obtained results, some remarks have to be emphasized. Firstly,
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Figure 11: 33% inter-turns short-circuit fault spectra: (a) Stator current (b) Stray flux
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the stator MMF-related harmonics at ranks (6k,41) (such as 250Hz, 350Hz, , - - -
and the saturation related harmonic 3k fs (such as 150Hz, 450Hz- - -) are
present in current and stray flux spectrum. Also harmonics at ranks 2k, f
(such as 100Hz, 200Hz, - - - ) in electromagnetic torque spectrum can be ob-
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served. All these fault signatures will be analyzed in the next sections.

4. Stator Current Analysis

Based on FEM simulations, the ability of current signature analysis method
(MCSA) to detect the inter-turn short circuit in the stator winding faults is
assessed. These assessments were carried out in order to investigate the ef-
fect of load changes on the components that indicate the shorted turns. The
considered load levels are: no-load and 25% ,50%, 75% of the rated load
respectively and at full load condition. In Fig. 12, the saturation related
harmonics at ranks (3k; f;) and the stator MMF-related harmonics at ranks
(6ky + 1) fs of stator current are presented for the both cases of healthy and
faulty IM. The consequence of the inter-turn short circuit fault is the increase
in saturation related harmonics amplitude. In particular, the amplitude of
harmonics at frequencies: 150Hz, 450Hz, 750Hz, and 1050Hz increases under
different load values. The amplitude of the other harmonics (i.e: at 1350Hz,
1650Hz, 1950Hz, and 2250Hz) increases when the motor is loaded but de-
creases at no load condition. In order to better quantifying the net increase
of harmonics amplitude, the sensitivity of saturation related harmonics of
stator current, under different load values, have been presented in Fig. 13.
It is worth to mention here that the sensitivity is computed as the difference
of each harmonic between faulty and healthy condition. It can be observed
that the harmonics at 150Hz, 450Hz and 750Hz (37¢,9"" and 11%"), are more
sensitive to the inter-turn short-circuit fault. In addition, the choice of the
threshold of sensitivity in the case of 16.6% inter-turn short-circuit fault
must be larger than the effect of load changes on the magnitude of these
harmonics at healthy condition. In the same figure (case (a)), it can also
be observed that these harmonics increase in the case of unbalanced voltage
supply at different load values. For instance, the (3"¢) harmonic increase at
full load by a net value of +68.4dB. These results clearly demonstrate that
is difficult to use these signatures for discrimination between the effects of
stator inter-turn fault and those due to unbalanced supply voltages. In the
stator MMF-related harmonics, only the harmonics 350Hz, 550Hz and 650Hz
increase under different load conditions in the case of the inter-turn short-
circuit fault .The other harmonics have slight differences where half of them
increase while the other half decrease. The sensitivity of these harmonics
signatures under different load conditions are presented in Fig. 14. It can
be observed that only the 11" harmonic (550Hz) exceeds the level of +10

11
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Figure 12: Stator current harmonics, (a) healthy machine (b) 3% unbalanced voltage,
(c) 16.6% inter-turn stator winding short-circuit (d) 33% inter-turn stator winding short-
circuit.

dB in the case of 16.6% inter-turn short-circuit fault. Moreover, in terms
of detection, the results have proved that MMF-related harmonics have low
sensitivity compared to saturation related harmonics.Consequently, it cannot
be used as a specific signature of the occurrence of inter-turn short circuits
fault.
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Figure 13: Sensitivity of saturation related harmonics in the stator current, (a) 3% unbal-
anced voltage supply, (b) 16.6% inter-turn stator winding short-circuit, (¢) 33%inter-turn
stator winding short-circuit.

5. Stray Flux Analysis

In the following section, harmonics analysis of the stray flux will be high-
lighted. In Fig.15, it is reported the saturation related harmonics at rank
3k fs and the MMF-related harmonics at ranks (6ky £ 1) fs of the stray flux
under different loads condition, for both healthy and faulty IM. The results
show a clear increase in the amplitude of saturation related harmonics with
inter-turn short circuit fault at loaded IM cases. When the IM is not loaded,
the harmonics at frequencies 150Hz, 450Hz, 750Hz, and 1050Hz show the
same sensitivity. However, the harmonics at frequencies 1350Hz, 1650Hz
show a low sensitivity and the harmonics of 1950Hz and 2250Hz decrease in
magnitude with inter turn short circuits faults.

In Fig. 16, it is presented the sensitivity of saturation related harmonics
in stray flux under different load conditions. The harmonics showing the
highest level of significance are 150Hz, 450Hz, 750Hz, and 1050Hz. In this
case, we can clearly see that the 3" harmonic (150Hz) increases between
+13.4dB to +18.6dB in the case of 16.6% short-circuit faults.In counterpart
the sensitivity of this component have changed between -0.1dB to +1.7dB in
the case of unbalanced voltage supply. This change in the magnitude of this
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Figure 14: Sensitivity of MMF-related harmonics in the stator current, (a) 3% unbalanced
voltage supply, (b) 16.6% inter-turn stator winding short-circuit, (¢) 33% inter-turn stator
winding short-circuit.

component is negligible in comparison to the case of inter-turn short circuits
fault. Also it is found that the load variation does not has a significant ef-
fect on the sensitivity of this harmonic. The sensitivity of the 9* harmonic
(450Hz) in the case of 16.6% inter-turn short-circuit faults has varied be-
tween +23.5dB to +36.6dB under different loads values. However in the case
of unbalanced voltage supply, it has varied only between +4.4dB to +9.6dB.
For the sensitivity of 15 harmonic (750Hz) has varied between +13dB to
+19.5dB in the presence of 16% inert-turn short-circuit fault and has small
increase of less than +4.6dB in unbalanced voltage supply case. Finally, the
sensitivity of 21" harmonic (1050Hz) has also increased between +13.4dB to
+25.2dB in the presence of 16% inert-turn short-circuit fault and less than
+7.9dB in unbalanced voltage supply case. These results indicate that these
specific saturation related harmonics of stray flux such as (150Hz, 450Hz,
750Hz and 1050Hz) are good indicators of inter-turn short circuit fault and
exhibit low sensitivity to unbalanced voltage supply and load variation ef-
fect. Moreover these harmonics signatures have a high ability to distinguish
between two faults that lead to the reliability of the diagnosis system.

for MMF-related harmonics of the stray flux the effect that allows the
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Figure 15: Stray flux sensor harmonics, (a) healthy machine (b) 3% unbalanced voltage,
(¢) 16.6% inter-turn stator winding short-circuit, (d) 33%inter-turn stator winding short-
circuit.

detection of the inter-turn short circuit fault under different load conditions
can be localized in the harmonics (250Hz,550Hz, and 2050Hz) in (6k2 — 1) f;
and the harmonics (350Hz, 650Hz, 1850Hz and 2150Hz) in (6k2+1) f; , which
are increasing at different loads values. Moreover, it can be observed that
these harmonics exhibit a low sensitivity to the unbalanced voltage supply.
The sensitivity of the selected MMF-related harmonics of the stray flux,under
different loads values, are presented in Fig. 17. It can be observed that the
harmonics which present the highest level of significance are 5%, 7t 11
and 13" harmonics (250Hz, 350Hz, 550Hz and 650Hz). The sensitivity of
the 5 and 7** harmonic have varied between 4+10dB to +24.6dB in the case
of 16.6% inter-turn short-circuit faults and only by less than +1.5dB in the
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Figure 16: Sensitivity of saturation related harmonics in the stray flux, (a) healthy machine
(b) 3% unbalanced voltage, (¢) 16.6% inter-turn stator winding short-circuit, (d) 33%inter-
turn stator winding short-circuit.

case of unbalanced voltage supply. The 11** and 13" harmonics present a
high sensitivity between +22.2dB to +45.6dB in the case of 16.6% inter-
turn short-circuit faults. It can also be seen that the sensitivity of these
harmonics, in the case of unbalanced voltage supply, take a negative or small
sensitivity values (less than 3dB), except at no load condition where the 11"
harmonic increases with 14dB. In addition, it is worth to mention here that
these signatures of MMF-related harmonics of stray flux reveal also good
diagnostic potential, which is not the case for the MMF-related harmonics
of stator current.

6. Stand still test

In this section, the IM is simulated at standstill test where the space
harmonics are not present. In this case, the saturation related harmonics of
stator current and stray flux, for healthy and faulty IM are presented in Fig.
18. The sensitivity of these harmonics are presented in Tables 2 and 3. It
is clear that these harmonic signatures of 150Hz, 450Hz, 750Hz and 1050Hz
have been significantly increased, specifically in stator current. These results
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Figure 17: Sensitivity of MMF-related harmonics in the stray flux, healthy machine, (b)
3% unbalanced voltage, (c) 16.6% inter-turn stator winding short-circuit, (d) 33%inter-
turn stator winding short-circuit.

Motor cases Harmonics sensitivity (dB)
Harmonic rank 3 9 15 21 27 33 39 45
a +59.5 4433 +349 4244 +169 -10.9 172 +21

+69  +55.2 4+41.7 +423.8 4248 +247 +103 -2.7

Table 2: Saturation harmonics sensitivity of the stator current at standstill, (a) 16.6%
inter-turn stator winding short-circuit, (b) 33% inter-turn stator winding short-circuit.

are in good agreement with previous works. The MMF-related harmonics at
ranks (6ks + 1) fs of stator current and stray flux are presented in Fig. 18.
The sensitivity of these harmonics are presented in Tables 4 and 5. Also,
we note here that the MMF-related harmonics in stator current present low
sensitivity with inter-turn short-circuit faults. It can be seen a small increase
in magnitude of harmonics found previously (i.e : 350Hz, and 650Hz), and
decrease in magnitude of harmonic 550Hz. For the sensitive MMF-related
harmonics of the stray flux found previously (250Hz, 350Hz, 550Hz, and
650Hz) and reported in Table 5 have increased with inter turn short circuits
fault, except for the harmonic 350Hz.
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Motor cases Harmonics sensitivity (dB)

Harmonic rank 3 9 15 21 27 33 39 45
a +3.7  +12.6 +21 +21.2 +184 +4+19.2 4185 +17.7
b +10.8 +10.3 +14.2 +20.7 +2.70 +8.3 +13.7 +11.7

Table 3: Saturation harmonics sensitivity of induced voltage at standstill, (a) 16.6% inter-
turn stator winding short-circuit, (b) 33% inter-turn stator winding short-circuit.

Motor cases Harmonics sensitivity (dB)
Harmonic rank 7 11 13
a +0.7 -2.8 +2.2
b +0.5 +6.3 +15.3

Table 4: Sensitivity of sensitive MMF-related harmonics of stator current at standstill,
(a) 16.6% inter-turn stator winding short-circuit, (b) 33% inter-turn stator winding short-
circuit.

Motor cases Harmonics sensitivity (dB)
Harmonic rank 5 7 11 13 37 41 43 47
a +11.2 -28 +20.8 +21.4 4121 4151 +13.2 474
b +11.5 -72 +195 +109 +1.2  +89  +9.8 +24.2

Table 5: Sensitivity of sensitive MMF-related harmonics of induced voltage at standstill,
(a) 16.6% inter-turn stator winding short-circuit, (b) 33% inter-turn stator winding short-
circuit.
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Figure 18: Stator current and stray flux sensor harmonics at stand still condition, (a)
healthy machine, (b) 16.6% inter-turn stator winding short-circuit, (¢) 33% inter-turn
stator winding short-circuit.

7. Electromagnetic Torque Analysis

The electromagnetic torque is produced by the interaction of flux linkages
and the currents of the IM. It is characterized by harmonic content that de-
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pendents on several causes, such as the stator and rotor MMF, the saturation
and the slot related harmonics. It has already been noted that the monitoring
of the electromagnetic torque has been used for the detection of IM faults.
In this work, it is proposed to detect the short circuit turn fault by observing
harmonics at 2ks f in the electromagnetic torque spectrum. These harmonics
(such as, 100Hz, 200Hz, 300Hz, 400Hz, 500Hz, 600Hz, 700Hz, 800Hz, 900Hz)
are presented in Fig.19 in case of healthy and faulty IM under different load
values. It is clear that the most sensitive harmonics that increase with the
presence of the inter-turn short-circuit fault and unbalanced voltage supply
are: 100Hz, 200Hz, 400Hz, 500Hz, 700Hz, 800Hz. In the other hand, the
harmonics 300Hz, 600Hz, and 900Hz show a low sensitivity. Moreover, the
harmonic 2f; = 100Hz, is typically known as an indicator of the presence of
inter-turn short circuits fault. The obtained results also have confirmed this
behavior. The sensitivity of electromagnetic torque harmonics which present
the highest level of significance, under different load values, are presented in
Fig. 20. The obtained results show that the 2"¢ and of 8" harmonic are
the most sensitive. The amplitude of 2"¢ harmonic at the rated load has
largely increased by +86.6dB and by +92dB in the case of 16.6% inter-turn
short circuit fault and unbalanced voltage supply respectively. At no load
condition, this component has a sensitivity of +52.7dB and +55.9dB in the
case of 16.6% inter-turn short circuit fault and unbalanced voltage supply
respectively. Also the 8" harmonic (400Hz) presents a high sensitivity under
different load values, which are excited increasing their magnitude of around
50dB in the case of 16.6% inter-turn short circuit fault and unbalanced volt-
age supply. The 4" harmonic (200Hz) presents a sensitivity around +60dB
when the machine is rotating with a loaded shaft, however, when the ma-
chine rotates without load, this component has a less sensitivity (+14.9dB).
The same remark applies to the components 10" and 14", which have a
sensitivity at no load less than in the case of loaded IM. Finally, the 16
harmonic has a relatively a low sensitivity between +13.7dB to +30dB. The
results obtained show that the electromagnetic torque method has a difficult
to discriminate between the unbalanced voltage supply and inter-turn short
circuit fault when the second is characterized by low severity.
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Figure 19: Electromagnetic torque harmonics, (a) healthy machine, (b) 3% unbalanced
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ing short-circuit.
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Figure 20: Sensitivity of electromagnetic torque harmonics, (a) healthy machine (b) 3%
unbalanced voltage, (c¢) 16.6% inter-turn stator winding short-circuit, (d) 33% inter-turn
stator winding short-circuit.

8. Conclusion

In this paper, a comparative study of three diagnostic methods based on
harmonic analysis of stator currents, stay flux and electromagnetic torque has
been proposed. The three methods are assessed under the same conditions to
detect the same fault to verify their performance. The IM model used in this
work is based on the finite element method. This model is a powerful tool to
analyses machine behavior and to serve as test-bench with precisely known

21



and controlled environment.Also, FEM provides a theoretically ideal model
where no inherent asymmetries or manufacturing defects are accounted for.
From the obtained simulation results, it should be noted that for the stator
current method the components of 150Hz, 450Hz and 750Hz in saturation
related harmonics at rank (3k; f5) shows a good performances for the detec-
tion of inter-turn short-circuit fault. For the electromagnetic torque method
the 2" and 8" harmonics have proved a high sensitivity for detection of this
kind of faults. But the drawback of these two methods is their inability to
distinguished the inter-turn short-circuit fault from the unbalanced voltage
supply. Furthermore, it has been demonstrated that the sensitive harmon-
ics in the stray flux method are the components of 150Hz, 450Hz, 750Hz
and 1050Hz in saturation related harmonics and 250Hz, 350Hz, 550Hz and
650Hz in MMF-related harmonics. These signatures have a high ability to
detects and distinguish between the inter-turn short-circuit fault and unbal-
anced voltage supply which lead to a reliable diagnosis system. Finally, this
technique is cost effective thanks to the low cost flux sensor needed in the
monitoring process.
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