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ABSTRACT
This paper proposes a novel diagnostic approach for detecting inter‐turn short‐circuit faults in induction motors, combining
the root‐Prony method with fuzzy logic. Traditional techniques, such as the periodogram, have limitations in detecting low‐
magnitude harmonics and providing high‐frequency resolution. To address these challenges, complex high‐resolution
methods, such as MUSIC and ESPRIT, have been developed. In this study, the root‐Prony method is selected for its adapt-
ability and low computational burden as it does not rely on space decomposition, making it faster than MUSIC. The proposed
approach focuses on analysing the stator current signal within a specific frequency range near the fundamental rotor slot
harmonics. By reducing the number of processed samples, computation time is further decreased. The integration of fuzzy
logic enables intelligent decision‐making regarding the condition of the stator circuit by considering harmonic magnitudes
under different load torque values for accurate diagnosis. Experimental tests were conducted on an induction motor initially
powered directly from an electrical network supplying symmetrical sinusoidal three‐phase voltages. To demonstrate the
robustness of the proposed method in noisy environments, additional tests were performed with the motor powered by a
converter. In such scenarios, the conventional periodogram‐based technique was unable to detect the desired harmonics due
to the high harmonic content in the stator current signals. The test results confirm the superior effectiveness of the root‐Prony
method over the classical periodogram technique in estimating the frequencies and amplitudes of the targeted harmonics. The
integration of the root‐Prony method with fuzzy logic offers an advanced, efficient and reliable solution for fault diagnosis in
induction motors.

1 | Introduction

The diagnosis of stator short circuit fault in induction motors
(IMs) remains a significant industrial concern due to the deteri-
oration of statorwinding insulation [1].Moreover, the application
area and operating environment of IMs considerably influence
the occurrence of such faults. According to ref [2], stator faults

account for approximately 9% of total failures in low‐voltage IMs,
rising to 35%–40% in medium‐voltage IMs, and exceeding 65% in
high‐voltagemachines. Additionally, as reported in ref. [3], stator
winding faults represent the predominant failure mode in large
alternating current (AC) motors, accounting for nearly 60% of
cases. Specifically, inter‐turn short circuit (ITSC) constitute
around 26% of all stator‐related faults [4].
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It is important to note that the insulation quality is typically the
most critical factor affecting the longevity and reliability of
electrical machine windings. Although the insulation system is
generally designed for a service life of 25–30 years [5], it is
highly susceptible to ageing and temperature variations, which
are primary contributors to stator winding failures. In this
context, motor current signature analysis (MCSA) has become
one of the most widely used techniques for diagnosing ITSC
faults [6]. This method identifies frequency components char-
acteristic of such faults through power spectral density (PSD)
estimation, often using the periodogram technique [7], valued in
industry for its simplicity and rapid computation. However, the
periodogram offers limited frequency resolution and struggles to
detect low‐amplitude harmonics [8]. These conventional
methods show their limitations when load variations occur. In
such cases, the signals become nonstationary and therefore
require the use of more suitable approaches, such as time‐
frequency or time‐scale methods. Among them, the short‐time
Fourier transform (STFT) is the most commonly employed, as
it allows tracking the temporal evolution of the signal's fre-
quency components, for instance during speed variations.
However, its main drawback lies in the trade‐off between time
and frequency resolution, which restricts its ability to detect
low‐amplitude harmonics that characterise early stages of ITSC
faults [9]. Furthermore, using a rotating reference frame, such
as the Park transformation, can mask low‐amplitude fault sig-
natures by shifting them to very low frequencies, which further
complicates their detection [10].

This limitation has driven the development of several high‐
resolution spectral estimation methods [11], which rely on
parametric signal models and decompose the signal space into
signal and noise subspaces. Among these, techniques, such as
MUSIC (multiple signal classification) [12], ESPRIT (estimation
of signal parameters via rotational invariance techniques) [13],
and the matrix pencil method [14, 15], are well regarded for
their noise resilience and high frequency resolution with short
data window requirements. Nevertheless, their algorithmic
complexity results in increased computation time. To address
this, various adaptations, such as zoom‐MUSIC [11] and root‐
MUSIC [8], have been introduced to reduce computational de-
mands. Table 1 presents a qualitative comparison of commonly
used fault detection techniques. This comparison focuses on key
performance aspects such as frequency resolution, noise
robustness, computational cost and algorithmic complexity.

As seen in Table 1, the periodogram offers low computational
cost but suffers from poor frequency resolution and low sensi-
tivity to noise, making it unsuitable for detecting low‐amplitude

harmonics. High‐resolution methods, such as MUSIC and
ESPRIT, achieve excellent accuracy but at the cost of high
complexity and processing time. Root‐MUSIC slightly reduces
the computational burden but still requires subspace decom-
position. The matrix pencil method, in its simplified form,
emerges as a competitive alternative. It offers high frequency
resolution and strong robustness to noise by relying on a sin-
gular value decomposition (SVD) framework. Although the al-
gorithm remains moderately complex, the optimisation
strategies, such as focusing on a specific harmonic component,
can significantly reduce computation time. This makes matrix
pencil particularly well‐suited for detecting fault‐related har-
monics in noisy environments, without the need for subspace
partitioning as in MUSIC or ESPRIT.

Motivated by the qualitative performance comparison, we are
proposing root‐Prony method, which provides a good balance
between resolution and complexity. It achieves accurate har-
monic detection within a narrow frequency band while signif-
icantly reducing computation time, making it particularly
suitable for fast diagnostic tasks. For example, it can effectively
diagnose ITSC faults in IM stator windings under varying load
torque conditions using the parametric root‐Prony method as
demonstrated in refs. [16–18]. This method is particularly suit-
able for analysing stator current signals, which can be repre-
sented as a linear combination of time‐invariant sinusoidal
components [16–18]. Furthermore, root‐Prony offers high fre-
quency resolution and faster execution compared to MUSIC and
ESPRIT as it does not require signal space decomposition
[16–18]. Although slightly more sensitive to noise than these
methods, root‐Prony maintains a significantly shorter compu-
tation time relative to conventional techniques. To address re-
sidual challenges, the proposed strategy involves analysing the
stator current signal within a targeted frequency band, specif-
ically around the fundamental rotor slot harmonic frequencies,
where the ITSC fault signature is expected to appear. This
focused analysis helps prevent confusion with unrelated low‐
frequency signatures from external sources [16–18], while
reducing the number of processed samples and further
decreasing computation time. Additionally, rather than esti-
mating the number of harmonics, this approach predefines
them, simplifying the analysis.

The primary objective of this research is to estimate the fre-
quencies and amplitudes of fault‐related harmonics for various
load torque conditions. Initially, the periodogram‐based digital
signal processing (DSP) method was applied, given its wide-
spread use in industrial diagnostics. However, it proved inade-
quate in detecting the low‐amplitude harmonics indicative of

TABLE 1 | Qualitative comparison of fault detection methods.

Method Frequency resolution Noise robustness Computation time Complexity Requires signal model?
Periodogram Low Low Very low Low No

MUSIC Very high High High High Yes

ESPRIT Very high High High High Yes

Root‐MUSIC Very high Medium to high Medium Medium Yes

Matrix pencil High Medium to high Low to medium Medium Yes

Root‐Prony High Medium Low Medium Yes (sinusoidal mode)
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ITSC faults. Consequently, the root‐Prony method was adopted
and demonstrated superior performance in comparison. More-
over, to enhance diagnostic decision‐making, the root‐Prony
method was combined with a fuzzy logic‐based artificial intel-
ligence system. A fuzzy inference model was developed using
the harmonic magnitudes and corresponding load torque values
as input variables, enabling the classification of the motor's
stator condition through linguistic reasoning and membership
degree evaluation within fuzzy sets.

It is also essential to consider that, besides stator ITSC faults,
factors, such as power supply voltage asymmetry or non-
sinusoidal voltage waveforms, can generate harmonics at fre-
quencies coinciding with those produced by ITSC faults [19, 20].
Without accounting for the power supply condition, misinter-
pretation of the diagnostic results could occur. Therefore, to
validate the proposed method, experimental tests were con-
ducted on an induction motor initially powered by a symmet-
rical sinusoidal three‐phase supply. To assess robustness in
noisy conditions, additional tests were performed with the
motor fed by a converter at various supply frequencies. Under
these circumstances, the conventional periodogram‐based
technique failed to detect the desired fault harmonics due to
the increased harmonic content introduced by the modulation
process. In contrast, the root‐Prony method successfully iden-
tified the fault characteristics. The experimental results confirm
the effectiveness of the proposed diagnostic approach, demon-
strating its capability to accurately detect and assess the severity
of stator winding ITSC faults in induction motors.

Summary of the main contributions: Firstly, this work develops
an improved root‐Prony method, optimised for precise extrac-
tion of rotor slot harmonics by incorporating targeted frequency
band selection, thereby reducing computation time without
sacrificing accuracy. Secondly, it introduces a fuzzy logic‐based
classification system to evaluate fault severity under varying
load conditions, using harmonic magnitudes as decision vari-
ables, enabling rule‐based and interpretable diagnostics.
Thirdly, the combined method is implemented and experi-
mentally validated on a customised test bench, demonstrating
effectiveness under both ideal and realistic (noisy and inverter‐
fed) operating conditions. Finally, the study proves the robust-
ness and practical applicability of the proposed approach,
particularly in detecting low‐amplitude fault signatures, a sce-
nario where conventional diagnostic methods often fail.

The remainder of this article is organised as follows: Section 2
discusses the frequency signature of ITSC faults in IMs. The
conventional root‐Prony method and its improved version are
presented in Section 3, whereas the performance of the pro-
posed method is evaluated in Section 4 using a laboratory‐scale
test setup. Performance enhancement of the proposed method
using a fuzzy logic approach is described in Section 5. Finally,
Section 6 concludes the article.

2 | Frequency Signatures of ITSC Stator Faults

When a short‐circuit fault occurs in the stator winding, it causes
changes in the stator currents. In ref. [21], the authors
demonstrated that the presence of an ITSC fault results in an

increased current in the affected phase and the generation of
harmonics, with frequencies given as follows:

fsc = fs[nrt
NB

p
(1 − s) ± 2nsa ± nst], (1)

where fs represents the supply frequency, p is the number of
pole pairs, NB is the number of rotor bars and s is the slip. The
integers nst, nsa and nrt correspond to the stator, saturation and
rotor, respectively. However, certain ITSC fault indicators are
more conclusive than others. In ref. [22], it was demonstrated
that this fault is characterised by an increase in both the
fundamental component and the third harmonic. To simplify
the subsequent analysis, by ignoring the saturation effect and
considering nst = nrt = 1, the expression for the first order rotor
slot harmonics can be obtained [16, 23]. In this case, the upper
rotor slot harmonic (U_RSH) and lower rotor slot harmonic
(L_RSH) are defined as follows:

fU RSH = fs[
NB

p
(1 − s) + 1], (2)

fL RSH = fs[
NB

p
(1 − s) − 1]. (3)

In this study, the saturation term in Equation (1) is deliberately
neglected to simplify the harmonic expression and focus on the
most relevant fault component, namely, the lower rotor slot
harmonic. Previous works [22] have shown that magnetic
saturation primarily affects the fundamental component and
certain low‐order harmonics, while its impact on the L_RSH
frequency range remains relatively minor. Therefore this
modelling assumption is reasonable for the analysis of ITSC
fault signatures, since the variations in L_RSH are mainly
governed by the fault and not by magnetic saturation.

Note that, the authors in ref. [24] shows that the impact of the
short‐circuit fault is more noticeable at the level of the L_RSH
than at the U_RSH. Therefore, this study focuses on tracking the
L_RSH for the diagnosis of an ITSC fault.

3 | Root‐Prony Method: Overview and
Improvement

Prony's method is capable of extracting valuable information,
namely, frequency, magnitude, phase and damping, from the
components of a signal. To apply this method, the signal to be
processed must take the form of a complex exponential series or
a sum of sinusoids. On the other hand, the stator current signal
is(t) is simply the sum of NH undamped sinusoids, including the
fundamental component, eccentricity‐related harmonics, har-
monics produced by the rotor slots, harmonics caused by power
supply disturbances and, in the case of faults, additional fre-
quency components that may be created and added to the signal
[25]. Therefore, the temporal form of the signal is(t) can be
represented as follows:

is(t) =∑

NS

i=1
Ii cos(2π fit + φi), i = 1,…,Ns, (4)

IET Collaborative Intelligent Manufacturing, 2025 3 of 15
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where Ns is the number of sinusoids, and Ii, fi and ϕi represent
the amplitude, frequency and phase of the i‐th sinusoid,
respectively. The signal Equation (4) is in continuous‐time
whereas measurements are only available in discrete‐time.
Therefore, discrete‐time version of the signal Equation (4) can
be written as follows:

is(n) =∑

NS

i=1
Ii cos(2π fi

n
fs f
+ φi),n = 0, 1,…,N − 1, (5)

where fsf represents the sampling frequency and N is the
number of samples. Using the Euler equation [26], that is

cos(2π fi
n
fs f
+ φi) =

1
2

⎛

⎜
⎜
⎜
⎜
⎝
e
j(2π fi

n
fs f+φi)

+ e
−j(2π fi

n
fs f+φi)

⎞

⎟
⎟
⎟
⎟
⎠
,

the signal Equation (5) can be rewritten as:

is(n) =∑

NS

i=1

Ii
2
e
j(2π

fi
fs f n+φi)

+∑

NS

I=1

Ii
2
e

−j(2π
fi
fs f n+φi)

, (6)

where fsf retains the same meaning as defined before. Equa-
tion (6) is a combination of two complex exponentials. This can
be simplified into a single expression using a sum of q complex
exponentials, where instead of ranging from 1 to Ns, the range
extends from 1 to q, as follows:

is(n) =∑

q

i=1
Ii
−
e
j

⎛

⎜
⎝2π

fi
−

fs f n+φi

⎞

⎟
⎠

, (7)

where Ii = Ii
2, f i = fi, f i+Ns

= − fi for i = 1,…,Ns, q = 2Ns with
q being the order of the modelled signal. Note that Equation (7)
represents the stator current model in the discrete time domain
same as Equation (6).

3.1 | Root‐Prony Methods: Step‐By‐Step
Description

The root‐Prony method is based on fitting the following model
to the discrete‐time stator current signal is(n) given in Equa-
tion (7) as follows:

i
∧
s(n) =∑

q

i=1
hizn−1

i , (8)

hi = Ii
−
ejφi , (9)

zi = e
(αi + j2π fi)/fsf , (10)

where hi and zi are the residuals and discrete poles of the model,
αi is the damping coefficient and q is the number of desired
complex exponentials. Note that hi ∈ C and zi are distinct values
and zi is within the λ with λ = {z ∈ C : |z| ≤ 1} denoting the unit
circle. Then, the signal parameters Ii, fi, αi and ϕi can be
computed by minimising the following prediction error function:

ε(n) =∑
N

n=1

⃒
⃒
⃒
⃒is(n) − i

∧
s(n)

⃒
⃒
⃒
⃒

2

=∑
N

n=1

⃒
⃒
⃒
⃒
⃒
is(n) − ∑

q

i=1
hizn−1

i

⃒
⃒
⃒
⃒
⃒

2

. (11)

Typically, no analytical solution is available for the nonlinear
Equation (11); therefore, it is difficult to solve [27]. To address
this issue, three steps must be considered to determine the zi
values separately from the hivalues. In this case, to find the roots
of a polynomial, a set of linear equations must first be estab-
lished. Moreover, it is known that Prony's method considers the
current signal îs(n), given by Equation (8) as the solution of the
following recurrence equation [27, 28]:

i
∧
s(n) = −∑

q

i=1
ai i

∧
(n − i),n = 0, 1,…,N − 1. (12)

� Step‐1: determining the coefficients ai

In this step, to solve Equation (12), it is necessary that N ≫ q. By
applying the criterion of minimising the prediction error in the
least squares sense, the resolution of this equation reduces to
the covariance method defined in matrix form as follows [28]:

A = C−1R, (13)

where A = [ a1 a2 ⋯ aq ]
T represents the unknown vector

to be determined, R is the first line of the matrix C and C is
considered the estimated covariance matrix defined by:

Cij = ∑

N−q+1

k=1
îsi+k îsj+k , (14)

� Step‐2: determining the zi roots

This step consists of determining the zi of Equation (8), which
allows computing the characteristic polynomial's roots:

P(z) =∑

q

i=0
aizq−i = 0, (15)

with ai ∈ C and a0 = 1. The name root‐Prony method is derived
from the calculation of the roots of Equation (15). Thus, based
on Equation (10), it is possible to calculate the frequencies fi and
the damping coefficients αi as follows [29]:

fi =
1

2πTs
tg−1 [

Im(zi)
Re(zi)

], fi ∈ R, (16)

αi =
ln|zi|
Ts

, αi ∈ R, (17)

where the sampling period is given by Ts = 1/ fsf .

� Step‐3: determining the hi coefficients

Knowing the zi, the coefficients hi can be determined using
Equation (8), which was developed in matrix form as fol-
lows [23]:

4 of 15 IET Collaborative Intelligent Manufacturing, 2025
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⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

is(1)
is(2)
is(3)
...

is(q)

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

⏟⏞⏞⏟ Is

=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

1 1 ... 1
z11 z12 ⋯ z1q
z21 z22 ⋯ z2q
... ... ... ...

zn−1
1 zn−1

2 ⋯ zn−1
q

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

Z

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

h1
h2
h3
...

hq

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

⏟⏞⏞⏟ H

. (18)

Then, the coefficients hi can be obtained from Equation (18) as
follows:

H = Z−1Is. (19)

Then by comparing with Equation (9), magnitudes Ii and phases
ϕi of the stator current is(n) can be calculated as follows [27]:

Ii = |hi|, Ii ∈ R, (20)

φi = tg−1 [
Im(hi)
Re(hi)

],ϕi ∈ R. (21)

Considering that the terms hi and zi appear in conjugate pairs,
they indicate the presence of q/2 harmonics in the stator cur-
rent signal. Hence, the performance of the root‐Prony method is
influenced by the model order q. In fact, a model order that is
too high requires significant computing time, and in this case,
the spectrum may include parasitic harmonics. Conversely, a
model order that is too low risks missing low‐order harmonics
[8]. To estimate a suitable model order, several criteria have
been developed [26, 30]. However, in this work, the stator
current signal analysis is performed within a well‐defined fre-
quency band in which the fault‐related harmonics are expected
to appear. Therefore, the model order is fixed rather than
estimated.

3.2 | Improved Root‐Prony Method

The root‐Prony method has significant drawbacks in terms of
computation time, which increases with the number of sam-
ples in the analysed signal or with the model order. However,
given that the sought fault signature can be found in a very
specific region of the stator current spectrum, it is suggested to
process the signal only within this specified frequency band.
This approach, instead of sweeping the entire spectrum [8, 16],
focuses solely on the components expected to characterise the
fault. As a result, the length of the analysed spectrum is
reduced, leading to lower computation time for the Root‐Prony
method to identify the desired fault. The following steps
outline the procedure for inter‐turn short circuits fault
identification.

Step‐1: Acquire the stator phase current

Step‐2: Compute the phase current spectrum using fast Fourier
transformation (FFT)

Step‐3: Choose the appropriate frequency band [ fb, fh] for
analysis, where fb is the low cutoff and fh is the high cutoff. This
band, within the broader spectrum [0, fsf/2], is selected

specifically to target the desired fault type. By narrowing the
focus, the number of samples to process is reduced from N to
2N( fh − fb)/ fsf , resulting in substantial computational time
savings.

Step‐4: Apply the inverse FFT at the selected frequency band to
obtain the appropriate time domain signal.

Step‐5: Estimate signal parameters according to Equations (16),
(17), (20) and (21). It should be noted that in this work, the
frequency band used for identifying the stator ITSC fault is
centred around the rotor slot harmonics.

4 | Application to Induction Motor Stator ITSC
Fault Detection

4.1 | Experimental Test Bench

A test bench was established at the Electrical Drive Develop-
ment Laboratory (L.D.E.E‐U.S.T.Oran) to experimentally vali-
date the proposed method. This test bench comprises a 1.5 kW
squirrel‐cage IM, which utilises a single‐layer lap winding with
4 coil groups per phase in a series connection. Each coil group
consists of 3 identical coils, each with 18 turns. This IM is
mechanically coupled to a DC generator with independent
excitation, which supplies resistors acting as a variable resistive
load to adjust the stator current. The technical specifications of
the IM and generator are presented in the Appendix A.
Furthermore, a data acquisition system and three Hall Effect
sensors (Fluke i30s) were employed for current measurements.
The entire system is shown in Figure 1. Acquisitions were
performed under the steady‐state condition of the IM's stator
current, with the motor directly supplied by the three‐phase
power network. Each measurement was conducted over 10 s
with a sampling frequency of 3 kHz, yielding a frequency res-
olution of 0.1 Hz. The motor's key parameters are 3.9 A, 1440 r.
p.m., 10 Nm, 50 Hz, four poles, 36 stator slots and 44 rotor bars.

It should be emphasised that the proposed scheme is not strictly
limited to a 3 kHz sampling frequency. This value was chosen as
an optimal trade‐off between frequency resolution and compu-
tational cost. A higher sampling frequency would slightly
improve the resolution, but at the cost of a larger data size and
higher computation time, whereas a lower sampling frequency
could deteriorate the resolution around the rotor slot harmonics
and compromise the accuracy of the root‐Prony estimation.
Consequently, the effectiveness of the proposed method is
guaranteed as long as the chosen sampling rate offers sufficient
resolution and ensures a reliable detection of the targeted har-
monic components.

The IM was specifically wound to enable the generation of inter‐
turn short‐circuit faults by incorporating multiple additional
output points (see Figure 2 next page). These connections are
located exclusively on phase ‘a' of the stator, which allows for
the simulation of realistic short‐circuits. In practice, wires are
soldered at various points of the winding and routed to a ter-
minal plate. From the outside, it is thus very easy to locate the
terminals, with each one identified by the number of turns to be

IET Collaborative Intelligent Manufacturing, 2025 5 of 15
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short‐circuited. This setup provides access to 3 and 6 short‐
circuited turns, corresponding to 1.38% and 2.78% of the 216
turns in phase ‘a’, respectively. Consequently, a minimum of
16.66% of the turns in a coil can be short‐circuited. In Figure 2,
the rheostat Rf limits the short‐circuit current. For further
verification in this section, three operation modes, healthy, 3
ITSC and 6 ITSC, are used at different load torque values. The
measurement of stator current with an inter‐turn short circuit
fault is performed as follows:

� Disconnect the induction motor from any supply source.

� Connect the short‐circuit tap terminal to the input of the
short‐circuit rheostat. The output of the rheostat is then
connected to the input of the phase.

� Connect the induction motor in a star (Y) configuration.

� Connect an ammeter in series between each motor phase
and its corresponding electrical power supply terminal to
measure the current.

� Assemble the separately excited generator and adjust its
field current using the field rheostat to a specific value, in
this case, 0.65 A.

� Start the induction motor without load, then gradually
apply a load until the rated current of 3.9 A is reached.

� Adjust the short‐circuit rheostat to ensure the current does
not exceed 3.9 A.

� Position the three current sensors around each conductor
to measure the current flowing through each specific motor
phase. Each sensor end is connected to the data acquisition
card. Similarly, place voltage sensors to measure the voltage
on each motor phase, connecting their ends to the data
acquisition card.

� At the computer level, adjust the sampling frequency and
the acquisition duration.

� After each current and voltage measurement, perform data
recording.

4.2 | The Analysed Frequency Band

It should be emphasised that the frequency bands analysed in
this work are not chosen arbitrarily. Indeed, in the high‐
frequency region, the analysis is focused on the first rotor slot
harmonics (RSH). To this end, it is first necessary to determine
the frequency position of these harmonics, fL RSH and fU RSH.

Accordingly, and based on the measured mechanical speed
during the test, the slip values obtained in the healthy case,
under no‐load and full‐load conditions, are 0.23% and 3.01%,
respectively. By applying Equations (2) and (3), the theoretical
rotor slot harmonic frequencies, fL RSH and fU RSH, are then
calculated and summarised in the following table:

Based on Table 2, it can be deduced that the necessary and
sufficient frequency band for diagnosing this type of fault, by
monitoring the evolution of the two frequencies sought, and
more particularly of fL RSH, can be limited to the interval
[1010 Hz and 1150 Hz]. It should be noted that this band has
been widened by ± 5 Hz to account for variations in slip.

FIGURE 1 | Experimental setup used in this work.

FIGURE 2 | Taps with shorted turns of a stator phase.

TABLE 2 | Theoretical frequencies of RSH‐healthy case.

Tests types S (%)
Theoretical frequencies
fL RSH fU RSH

Without Load 0.23 1047.5 Hz 1147.5 Hz

Full load 3.01 1016.9 Hz 1116.9 Hz
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4.3 | Induction Motor Stator Current Spectrum
Periodogram Around the RSH

Figures 3–5 present the stator current spectra, generated via the
periodogram method, highlighting the region around the rotor
slot harmonics. These figures illustrate the differences in the
spectrum for healthy, 3 ITSC and 6 ITSC stator fault conditions,
under both no‐load and full‐load operation, respectively.

Figure 3 indicates that U_RSH is the only prominent compo-
nent present in the healthy stator at both no‐load and full‐load
conditions. However, the position of this harmonic component
shifts to the left on the spectrum as the load increases.
Conversely, the L_RSH harmonic is difficult to discern.

A similar situation is also illustrated in Figure 4, which shows
the presence of 3 ITSC faults. In this scenario, the L_RSH

FIGURE 5 | Stator current spectrum—6 ITSC stator fault.

FIGURE 4 | Stator current spectrum: 3 ITSC stator fault.

FIGURE 3 | Stator current spectrum: Healthy stator.

IET Collaborative Intelligent Manufacturing, 2025 7 of 15
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harmonic remains obscured by noise, even under high‐load
condition. Moreover, the magnitude of the U_RSH harmonic
varies disproportionately with the load, making it difficult to
utilise. In contrast, the L_RSH harmonic appears to be the sole
reliable severity indicator for ITSC fault tracking. Figure 5
clearly shows the manifestation of the L_RSH harmonic
component when the induction motor operates with a 6 ITSC
faulty stator winding, at both no‐load and full‐load conditions.
The magnitude of the U_RSH harmonic also varies slightly and
disproportionately with the load, making it difficult to use.
Therefore, the L_RSH harmonic can be considered as the most
consistent indicator for tracking the ITSC fault. The experi-
mental results confirm that this frequency band properly en-
compasses the evolution of the L_RSH harmonic, which proves
to be the most reliable indicator for fault tracking.

4.4 | Application of Root‐Prony Method to Stator
Current

In this part, the root‐Prony method is used to analyse the stator
current signal. The stator current spectrum obtained using root‐
Prony is shown in Figure 6 (next page) in the case of no‐load
operation and in the absence of faults where the L_RSH

harmonic's magnitude is much lower and drowned in noise. It is
noted that root‐Prony method usage is considered satisfactory
by the ability to extract such harmonic present at the frequency
of 1047.84 Hz. The results in Table 3 showcase excellent fre-
quency discrimination capabilities and a very good magnitude
estimation of the L_RSH harmonic, considering both ITSC fault
severity and varying load conditions when using the root‐Prony
technique. Specifically, for a given ITSC count, the magnitude of
the L_RSH component decreases as the load value decreases.
Conversely, under the same load condition, the L_RSH com-
ponent's magnitude increases with an increasing ITSC count.
Therefore, these findings demonstrate the superiority of root‐
Prony analysis over power spectral density by periodogram.

When the root‐Prony method is applied, one can focus on a spe-
cific region of the signal, which allows for amore detailed analysis
of that region. Therefore, after selecting the frequency band, the
expression for the sampling frequency ( fsf RP) as well the corre-
sponding frequency solution (RRP) can be written as follows:

fsf RP = fsf
NRP

N
, (22)

RRP =
fsf RP

NRP
. (23)

In our case, for example, the result is obtained in a time of
0.42 s, with an NRPof 2800 samples and an fsf RP of 280 Hz.
However, this does not directly change the frequency resolution,
which remains equal to 0.1 Hz.

4.5 | Application of the Proposed Improved Root‐
Prony Method to Stator Current

� Computational Performance

To confirm the positive impact of the proposed solution in
terms of computational performance, an experimental test
was conducted. The results, presented in Table 4, include the

FIGURE 6 | Root‐Prony stator current spectrum: Healthy case and
no‐load.

TABLE 3 | Estimating harmonics for stator phase currents’ healthy and ITSC fault case by the root‐Prony method.

Operating case Harmonic
Tests type (load in %)

100% 50% 0%
Healthy stator U_RSH 1117.27 Hz 1126.70 Hz 1146.47 Hz

−33.63 dB −34.17 dB −32.44 dB

L_RSH 1017.25 Hz 1026.91 Hz 1047.84 Hz

−68.68 dB −70.39 dB −71.93 dB

3 ITSC U_RSH 1115.88 Hz 1127.47 Hz 1146.57 Hz

−34.73 dB −34.22 dB −33.64 dB

L_RSH 1016.91 Hz 1026.51 Hz 1047.43 Hz

−64.53 dB −68.02 dB −70.13 dB

6 ITSC U_RSH 1116.91 Hz 1127.93 Hz 1147.04 Hz

−32.50 dB −35.93 dB −34.54 dB

L_RSH 1016.79 Hz 1026.25 Hz 1047.11 Hz

−60.53 dB −62.46 dB −64.30 dB
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computation time required for identifying only the funda-
mental frequency, the memory size used and the number of
samples obtained using the improved root‐Prony (RP)
method. It is important to note that these results were ob-
tained using a signal of 8192 samples with a sampling fre-
quency of 3 kHz, resulting in a frequency resolution of
0.36 Hz. Furthermore, these tests were performed on a
computer equipped with a dual‐core processor running at
3.2 GHz and 4 GB of RAM.

� Performance Under Noisy Environment

In this operating mode, a speed controller is used in conjunction
with the various elements present in the test bench depicted in
Figure 1. The IM is powered through a two‐level voltage source
inverter. The DC power supply for the inverter is provided by a
rectifier combined with an LC filter. The inverter's switches
(comprised of transistors connected with anti‐parallel diodes)
receive their control signals from the sinusoidal pulse width
modulation (SPWM) technique via an interface card. These
signals enable the IM to be supplied with variable frequency
voltages.

Stator current acquisitions were performed under steady‐state
operation of the induction motor, with the motor directly sup-
plied by the inverter. Each measurement was carried out over
20 s with a sampling frequency of 3 kHz, yielding a frequency
resolution of 0.05 Hz. These measurements will be useful to
determine the impact of noise on the algorithm performance
originating from the voltage source converter.

To illustrate this issue, we conducted two tests on an IM with
a stator fault of 6 ITSC. The first test was performed at a
supply frequency of 50 Hz, followed by the second test at a
supply frequency of 30 Hz. This variation allows for
increasing or decreasing the noise level in the IM's stator
current signal.

For a power supply frequency of 50 Hz from the inverter, the
measured mechanical speed during the first test resulted in a
slip of 2.40%. For the second test, conducted with a power
supply frequency of 30 Hz, the corresponding slip is 14.6%.
Thus, based on Equations (2) and (3), the sought frequencies of
the RSH, L_RSH and U_RSH are provided in Table 5.

The subsequent analysis in this section will focus solely on the
L_RSH harmonic as the U_RSH harmonic was clearly visible in
all previously illustrated cases. According to Figure 7, we can
observe that the use of an inverter influences the temporal form
of the stator current signal, making it less sinusoidal and more
distorted due to the presence of ripples. These ripples can only
be the manifestation of multiple coexisting harmonics, as clearly
shown in Figure 8a, which represents the stator current

spectrum obtained by the periodogram method. Under inverter‐
fed conditions, the detection of the two desired harmonics,
L_RSH and U_RSH, becomes particularly challenging due to
the increased spectral distortion. This difficulty arises despite
the fact that a 6 ITSC fault was easily identifiable when the IM
was directly powered by the electrical grid.

Nevertheless, the improved RP method succeeds in isolating the
L_RSH component, here identified at 1023.97 Hz, which closely
matches the theoretical value reported in Table 5, thereby con-
firming its robustness under noisy operating conditions. This
value is close to the calculated frequency mentioned in Table 5.

Figure 9a (next page) shows the results obtained using the
classical PSD. We can observe that despite the decrease in the
supply frequency to 30 Hz, and considering the stator fault at 6
ITSC, the identification of the L_RSH harmonic remains
impossible. This demonstrates the influence of disturbances
caused by the inverter on the stator current signal.

Figure 9b presents the desired harmonic in the specified fre-
quency range using the proposed RP method. We can observe
that this detected harmonic at 534.46 Hz accurately reflects the
presence of a fault in the stator winding, aligning well with the
frequency specified in Table 4.

The results obtained under the two power supply frequency
conditions are summarised Table 6. From these results, it is
observed that the fault frequency varies depending on the sup-
ply frequency. Therefore, if the temporal dimension of the
spectrum is not considered, it becomes impossible to visualise
this frequency variation, making fault detection unattainable.
Furthermore, the proposed RP method can be successfully
applied to different types of motors, provided it is adapted to the
specific characteristics of the motor in question. However, it is
important to note that the effectiveness of the RP method may
vary depending on factors such as the nature of the faults pre-
sent, the quality of the measurements and the availability of
suitable data. Based on the analysis of the obtained results, it
can be concluded that this method can be applied to real signals,
subject to the following conditions:

� Accurately define the frequency range to be analysed where
the desired fault is likely to occur. It is well known that

TABLE 4 | Comparison of the root‐Prony methods.

Method Dl Fundamental identification F (Hz)/A (dB) MSU (Mbytes) CT (s)
Original RP 8196 50.1/9.95 301 301

Improved RP 109 50.03/10.04 0.83 0.03
Abbreviations: CT, computation time; Dl, data length and MSU, memory size used.

TABLE 5 | Theoretical frequencies of the sought harmonics.

Inverter supply
frequency (Hz)

Computed
frequencies (Hz)

L_RSH U_RSH
50 1023.6 1123.6

30 533.64 593.64

IET Collaborative Intelligent Manufacturing, 2025 9 of 15
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each fault has a specific signature located at a particular
frequency.

� Ensure that the signal to be analysed does not have a high
noise level. High noise can introduce random fluctuations
into the signal, affecting detection accuracy and making
pole representation very difficult. Indeed, this would

FIGURE 7 | Stator phase current of inverter‐powered induction motor.

FIGURE 8 | Stator current spectrum: 6 ITSC fault stator and 50 Hz supply.

FIGURE 9 | Stator current spectrum: 6 ITSC fault stator and 30 Hz supply.

TABLE 6 | Performance and robustness of the improved RP method.

Supply (Hz) Band CT (s) NRP fsf_RP RRP
50 1015–1035 0.32 800 40 0.05

30 525–545 0.33 800 40 0.05

10 of 15 IET Collaborative Intelligent Manufacturing, 2025
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complicate the localisation of the signal's poles as they
would be mixed with other poles representing the noise.

4.6 | Adaptability of the Diagnostic Scheme

� Robustness against inverter‐related disturbances

The application of our method in a real industrial context,
where machines are often powered by inverters, is a funda-
mental consideration. It is important to note that the proposed
diagnostic scheme is conceived to remain independent of the
inverter control strategy, focusing exclusively on fault‐related
harmonics.

This observation can be better understood by considering the
effect of the PWM carrier frequency on the spectrum of stator
currents. When a motor is supplied by an inverter, the PWM
switching pattern introduces additional harmonics around
multiples of the carrier frequency, which may complicate the
spectrum [31]. However, these components are generally
located in higher frequency bands than the fault‐related har-
monics of interest. Therefore, the root‐Prony method, thanks to
its parametric estimation capability, can reliably extract the fault
signatures even in the presence of such disturbances.

� Applicability to nonstationary operating conditions

Furthermore, it is important to consider the impact of varia-
tions in speed and torque on the performance of the proposed
scheme. Indeed, under varying load and speed conditions, the
stator current spectrum becomes more complex due to the
appearance of additional components. In this context, the
proposed diagnostic scheme can be extended based on the
principle of nonstationary analysis. Moreover, since the root‐
Prony approach can operate on well‐defined time intervals,
the signal can be divided into multiple segments, each of
which can be analysed individually. This feature makes the
approach particularly suitable for the analysis of nonstationary
signals.

It is also important to note that in this study, the analysis was
conducted under constant‐speed operation, so the direct impact
of speed variation was not considered. However, it should be
noted that according to Equation (1), a change in speed
(through slip variation) only shifts the exact frequency locations
of the rotor slot harmonics without altering their diagnostic
significance. In particular, the L_RSH remains a sensitive and
reliable indicator of ITSC severity regardless of the operating
point.

To provide clarification on our experimental approach, the
following points are presented:

� Experiments conducted under deliberately perturbed con-
ditions, particularly with inverter‐fed supply generating a
spectrum rich in harmonics and high noise, demonstrated
that the proposed improved root‐Prony method preserves
high frequency resolution and enables the isolation of the
characteristic harmonic L_RSH. In this context, classical
methods, such as the periodogram, failed to correctly

identify the fault components, highlighting the superiority
of the proposed approach for processing noisy signals.

� Furthermore, the integration of torque as an input variable
of the fuzzy system was carried out without the use of a
dedicated sensor. The torque information was indirectly
derived from the loading conditions, providing an estima-
tion sufficiently accurate for the implementation of the
method. This strategy avoids the need for costly and
potentially cumbersome sensors while ensuring a reliable
representation of the applied load.

5 | Integration of Fuzzy Logic Monitoring System

The work presented in this section is based on the application of
fuzzy logic to diagnose induction motor stator winding faults
[32–36]. According to the obtained experimental results, the
L_RSH harmonic is particularly sensitive to fault severity; thus,
this harmonic's magnitude is considered a parameter to char-
acterise the fault's evolution.

It should be noted that fault severity is directly related to load
variation. As the load value increases, the magnitude of L_RSH
also increases and vice versa. Therefore, to track the motor's
state, the fuzzy logic system takes two inputs: the magnitude of
the L_RSH component (Acc) and the load torque value (Ld).
Based on these inputs and defined rules, the inference system
determines the nature of the stator's state, specifically, whether
it is healthy or has an inter‐turn short‐circuit fault. The sug-
gested approach to identifying the stator state is illustrated in
Figure 10.

5.1 | Fuzzy System Input–Output Variables

The fuzzy logic system is based on fuzzy rules and membership
functions that can be formed by a set of data represented as
linguistic variables. Figure 11 shows the membership functions
for the different input variables. The Acc and Ld inputs are as
follows:

� T (Acc) = {VS, S, M, L}. Where, VS (very small), S (small),
M (medium) and L (large).

� T (Ld) = {LL, AL, HL} with, LL (low load), AL (average
load) and HL (high load).

For the output SC (stator condition) of the fuzzy system, which
identifies the stator state, it is defined by the set T (SC) = {HH,
F, SF}. Here, HH can be interpreted as a motor without fault, F

FIGURE 10 | Stator fault diagnosis using fuzzy logic.
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as a 3 ITSC fault in the stator winding and similarly, SF as a 6
ITSC fault. Table 7 describes the output ranges for these output
variables.

5.2 | Fuzzy Rule Base

1. If (Acc is VS) and (Ld is LL) then (SC is HH)

2. If (Acc is VS) and (Ld is AL) then (SC is HH)

3. If (Acc is VS) and (Ld is HL) then (SC is HH)

4. If (Acc is S) and (Ld is LL) then (SC is F)

5. If (Acc is S) and (Ld is AL) then (SC is HH)

6. If (Acc is S) and (Ld is HL) then (SC is HH)

7. If (Acc is M) and (Ld is LL) then (SC is F)

8. If (Acc is M) and (Ld is AL) then (SC is F)

9. If (Acc is M) and (Ld is HL) then (SC is F)

10. If (Acc is L) and (Ld is LL) then (SC is SF)

11. If (Acc is L) and (Ld is AL) then (SC is SF)

12. If (Acc is L) and (Ld is HL) then (SC is SF)

Figure 12 shows the structure of the proposed fuzzy logic‐based
supervisory system, which infers the stator condition using a
Mamdani‐type inference system. The defuzzification process
applies the centroid method.

5.3 | Results of the Fuzzy Logic Diagnostic System

To validate the fuzzy logic diagnostic system's performance,
tests were carried out under different load torque values for both
a healthy stator winding and one with an ITSC fault. Table 8
presents the results obtained by applying the proposed root‐
Prony method to the stator current. Subsequently, to evaluate
the inputs and determine the stator state, the L_RSH compo-
nent magnitude and the load conditions are introduced into the
fuzzy system. The L_RSH harmonic magnitudes for different
stator conditions under 75% and 25% load are summarised in
Table 8.

The numerical values of the SC output obtained by the fuzzy
diagnostic system, presented in Tables 9–11, indicate that, ac-
cording to Table 3, the state of the stator winding is healthy,
with a 3 ITSC fault and with a 6 ITSC fault, respectively.

As shown in Table 3 and the findings in Tables 9–11, the fuzzy
logic system is able to distinguish between the healthy condition
and stator faults caused by 3 and 6 ITSCs. Therefore, the
number of shorted turns is correctly determined.

6 | Conclusion and Future Works

In this article, a technique using the fuzzy logic approach was
presented and tested to improve the ability to diagnose inter‐
turn short‐circuit faults in an induction motor stator. For this
purpose, an improved root‐Prony method was applied to

FIGURE 11 | Membership functions for the Acc and Ld inputs.

TABLE 7 | Range of outputs variables.

Range
Stator

condition
Number of
stator ITSC

0 ≤ output ≤ 0.3 Health (HH) 0

0.31 ≤ output ≤ 0.6 Fault (F) 3

0.61 ≤ output ≤ 1 Severe fault (SF) 6

FIGURE 12 | Proposed fuzzy logic supervisory system.
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estimate the magnitude of the fault harmonics, particularly the
low‐magnitude harmonics, around the rotor slot harmonics at
different load torque values. These magnitudes, along with the
load applied to the motor, are considered inputs to the fuzzy
diagnostic system. The system's output represents the stator
winding state. Different loads and ITSC fault values were
applied to the system during testing. The results demonstrate
the system's capability for detecting the fault and determining
the ITSC number.

However, although the results obtained are conclusive, further
research is needed to explore the challenges raised in this study,
including:

� Extend the proposed diagnostic scheme for nonstationary
signal analysis, in order to allow fault detection under
variable speed and/or load conditions.

� Explore the impact of the Park transformation on the
detection of inter‐turn short circuit faults and study ways to
overcome the disadvantages of this approach.

� Integrate a dedicated torque sensor to validate the accuracy
of the torque estimation used in this study and evaluate its
impact on diagnostic performance.
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−63.17 25 0.8

−62.46 50 0.8

−61.31 75 0.8
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Appendix A

Parameters of the induction motor

Rated power (kW) 1.5

Winding connection Y

Supply frequency (Hz) 50

Rated voltage (V) 380

Rated current rotor (A) 3.9

Rated speed (r.p.m.) 1440

Number of rotor bars 44

Number of stator slots 36

Stator turns per phase 216

Number of pair of poles 2

Parameters of the DC generator

Rated power (kW) 2.4

Armature voltage (V) 220

Armature current (A) 10.9

Excitation current (A) 0.65

Rated speed (r.p.m.) 1410

Excitation type Separate
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