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A New Method to Detect Inter-Turn Short-Circuit in
Induction Motors

M. Sahraoui, S. E. Zouzou, A. Ghoggal, and S. Guedidi.

Abstract -- It is well known that stator winding faults such the
inter-turn short circuit are the most frequent source of
breakdowns in induction motors. Early detection of any small
inter-turn short circuit during motor operation would eliminate
some subsequent damage to adjacent coils and stator core,
reducing then the repair cost. To achieve this purpose, the
present paper proposes a new method, called Park-Hilbert (P-H),
to detect stator faults in induction motors using a combination
between the Hilbert transform and the Extended Park's Vector
Approach. The P-H approach is based on the spectral analysis,
via the FFT, of the PSVM, , that represents the Park's Square
Vector Modulus computed starting from the amplitudes of the
three-phase current's analytical signals obtained by Hilbert
Transform. The theoretical bases of the P-H method are
presented, and the experimental tests which are carried out on a
special 3kW three-phase induction motor confirm the efficiency
of the proposed method and corroborate that this fault doesn't
have new specific spectral signatures, but it causes important
increases on the amplitudes of all harmonics that were present in
the PSVM, , spectrum, even those related to other faults.
Index Terms--Diagnosis, induction motors, inter-turn short
circuit, Hilbert transform, Park's Vector Approach.

I. INTRODUCTION

HE three-phase squirrel cage induction motors are the

most common prime machines in industrial processes.

Usually, the induction motors work under many stresses
from various natures (thermal, electrical, mechanical and
environmental) which can affect their lifespan by involving
the occurrence of stator and/or rotor faults [1], [2]. The need
for on-line condition monitoring of large induction motors has
increased because a sudden failure of critical motor can cause
great economical losses. Therefore, the main goal is to reduce
the maintenance costs and to prevent unscheduled downtime
of these machines.

Failure surveys [3] have reported that 40% of the motor
failures were caused by bearing related failures, 38% by stator
winding failures, 10% by rotor related failures and 12% by
mixed failures which affect other parts of the machine. It is
obvious that stator winding faults are the most frequent source
of breakdowns in induction motors. Also, it should be noted
that the majority of stator winding failures result from crash of
turn-to-turn insulation; this produces thermal hotspots causing
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progressive degradation that eventually can grow to a
complete winding failure. This kind of defects is usually due
to an electrical, thermal, mechanical and environmental stress.
Usually, a short circuit of a small number of turns doesn't have
great physical signs, but it can lead to a catastrophic insulation
failure in a short time. Early detection of inter-turn short
circuit during motor operation would eliminate some
subsequent damage to adjacent coils and stator core, reducing
then the repair cost and motor outage time.

There are a great number of papers presenting many
techniques used to detect winding faults such inter-turn short-
circuit [1], [2]. For example, Penman et al [4] have used the
axial leakage flux monitoring as a method for detecting the
occurrence of an inter-turn short circuit by means of a large
coil fixed concentrically around the machine shaft whilst the
motor was operating. Also, they state that the fault position
could be located by monitoring four coils placed
symmetrically in the four quadrant of the motor at a radius of
about half the distance from the shaft to the stator end winding.
In [3] and [5] Thomson et al. proved, through a lot of
experimental results on industrial motors, that inter-turn short
circuit fault can be detected accurately in low voltage stator
windings of induction motors by using the motor current
signature analysis (MCSA) based on the monitoring of the
frequency components expressed by:

e =fs{£(1—S)ik} )
p

where f| is the fundamental supply frequency, » is any integer
and £ =1,3,5,.... In [6], Nandi et al. proposed a novel method

based on the monitoring of certain rotor-slots-related
harmonics at the terminal voltage of the machine, once it is
switched off. Unlike negative sequence current or impedance
measurement, this technique is insensitive to supply voltage
unbalance. In [7], it was reported that the observation of the
air-gap torque could be used as a method to diagnose some
faults on both stator and rotor sides. The Extended Park’s
Vector Approach (EPVA) has also been successfully applied
for the diagnosis of stator winding faults in three-phase
induction motors by monitoring the behavior of a spectral
component at twice the fundamental supply frequency [8]. It
was shown that the amplitude of this spectral component is
directly related to the severity of this fault.

Among all these techniques, the EPVA has presented many
advantages during detection of all kinds of faults in induction
motors [8], [9], [11]. In addition, this method uses the three-
phase currents which are easily to acquire and they give good
information about the machine state.

On the other hand, one can observe a growing interest on the
use of Hilbert Transform (HT) in the condition-monitoring



field [12]-[14]. This is mainly due to the fact that HT enables
to follow, separately, the changes that appeared on both
modulus and phase of any acquired signal.

In order to improve the diagnosis of stator winding faults in
induction motors, the authors propose a new method, called
Park-Hilbert (P-H), that combines between the EPVA and the
HT and profits, then, from their advantages.

II. THEORETICAL BACKGROUND

A. The Inter-Turn Short-Circuit

The effect of the inter-turn short-circuit fault is to remove
some turns from stator windings, and create then a shorted
turns [16]. This changes the stator MMF and consequently
causes small but finite effect on the stator flux density. More
information about the analytical study of the induction motors
at healthy state and with such fault can be found in [10], [15],
[22].

B. The Extended Park's Vector Approach

The EPVA is a simple and efficient diagnosis method; it is
based on the spectral analysis of Park's Vector Modulus
(PVM) that is computed as:

PvM =\\ij +i; 2
wherei, and ijare the Park's vector components which are

computed using the three-phase currents as follows:
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The analysis of the PVM has been, successfully, used to
detect stator winding faults [8], by only the identification of a
spectral component at twice the fundamental supply
frequency.
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C. The Hilbert Transform

The Hilbert Transform is a signal analysis method that is
frequently used in different scientific fields. Mathematically,
the HT of a real signalx(r)such as the phase current is

defined as the time-domain convolution of x(¢) with 1/ and can
emphasise the local properties of the real signal as follows:

2= HT(e)=—

The so-called analytical signal X(¢)is obtained by coupling
x(¢) with its HT, as follows:

#(6) = x(e)+ jy(e) = alt)e V) )
with
alt)=y* (1) + y*(¢) (©6)
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Where a(t)is the instantaneous amplitude of the X(¢), and 6(¢)
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is the instantaneous phase of the x(t).

This means that HT enables to study, independently, the
changes that happen on both amplitude and phase of any
signal acquired from the machine. This represents an
important application of the Hilbert Transform, since the
occurrence of faults in induction motors cause amplitude and
phase modulations in the supply currents [13], [14].

D. The Park-Hilbert Approach (P-H)

Using the HT, one can compute the Instantaneous
Amplitude (IA) of a single phase current (6); its spectrum has
been successfully used to detect broken rotor bars in induction
motors [12], [14]. However, the three-phase induction motors
have three-phase currents which can be considered as three
sources of information. Hence, one can calculate the IA
corresponding to each phase current; and in order to gather the
information provided by these signals, the authors propose to
apply the EPVA on these three IA. Consequently, the
proposed approach will be based on the following steps:

1) Acquisition of the three-phase currents(i4,ig,ic );

2) Computation of the three analytical signals (i,ig,ic)

corresponding to the three-phase currents using (4);
3) Determination of the IA of each analytical signal

(|ITA|’| ITB|=|ITC| ) using (5);

4) Calculation of the Park's vector components
(ig.p-p+iq.p—p ) USING:
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5) Computation of the PSVM,, corresponding to (7), as
follows:

PSVM p_yy =if p_py +igp-n ®)
6) Analysis, via the FFT, of the PSVM,, ..

These steps show that the proposed approach combines the
efficiency of the EPVA and the improvements given by HT,
and it profits from the simplicity of spectral analysis via the
FFT. Moreover, the consideration of three-phase currents
provides a more meaningful spectrum than the one obtained
by the conventional MCSA.

III. EXPERIMENTAL RESULTS

The test bench used in the experimental investigation is
available at the LGEB in university of Biskra-Algeria. The
motor exploited to study the occurrence of inter-turn short-
circuit faults was a three-phase 50-Hz, Y connection, 4-pole,
3kW Leroy Somer squirrel-cage induction machine. The stator
winding was modified by the addition of five tappings
connected to the stator coils of the phase WI-W?2 (Fig.1). The
other ends of these external wires are connected to a motor
terminal box that allows introducing inter-turn short circuits
with different number of turns (Fig.2).
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Fig. 1. The five tappings connected to the stator coils of the phase W1-W2.

Fig. 2. The external wires connected to the motor terminal box.

The motor was tested initially at healthy state then with 10
short-circuited turns under medium load (s =0.022 ). In both
cases, 10s of the three-phase currents were sampled at 10 kHz.
After acquisition, the six steps of the proposed approach were
applied to calculate the PSVM,,. Then, all data were
processed using the MATLAB software package to compute
the fast Fourier transform (FFT). The spectrums obtained from
both proposed method and conventional MCSA are shown in
Fig.4 and Fig.5.

According to Fig.4, it is obvious that single phase current
spectrum contains all harmonic types, with relatively small
amplitudes, even in healthy state. Consequently, and since the
PSVM, , is computed starting from three-phase currents, its
spectrum will comprise all these harmonic types but shifted
by f, as shown in Tablel. (Wherev the order of the time

harmonics and k& an integer). As can be clearly seen, the
occurrence of inter-turn short circuit doesn't induce new
spectral components in the phase current's spectrum but, it
causes modifications on the amplitudes of all harmonics that
were present. These corroborate some previous results [10],
[15], [16].

Fig.5 shows the PSVM, ,, spectrum at healthy state and with
10 turns short-circuited. Note that linear scale, instead of
logarithmic scale has been used for the vertical axis, greatly
improving the legibility of the graph. In order to observe the
changes which happen on all component amplitudes, the
PSVM, ,, spectrums are visualized in different frequency
ranges.

It is obvious that all spectral components (shown in Tablel)
are present in the PSVM, ,, spectrum (in particular the TH and
RSH harmonics), even in normal conditions, but relatively
with small amplitudes; this is directly related to the existence
of residual asymmetries in both stator and rotor.

When a short-circuit of 10 turns is introduced, great changes
can be observed on the PSVM, ,, spectrum.

Analyzing Fig.5, one can observe that :

1) All TH raise significantly due to inter-turn short-circuit
(look at 2f,,4f,, 6fs, 8fs, . );
2) This fault increased considerably the majority of the

RSH, especially the [10f,-N,f,| , [12f,=N.f| .

|14fs _Nrfr|and|18fs _Nrfr| )’

3) The RBFH, which represent the theoretical signatures of
broken rotor bars, are also increased notably due to the
inter-turn short circuit (look at (2+2s)f,, (4+2s)f,,

(4—4s)f,,(6-4s)f, and (6-8s)f;);
4) All EFH which represent the theoretical signatures of
the air-gap eccentricity, are augmented greatly

especially the £, ,11f,,13f,, [2f, + f,|and[4f, £ £,|.

According to Fig.4 and Fig.5, it is obvious that PSVM,,
harmonics are extremely sensitive to the presence of inter-turn
short circuit than those of one phase current; this confirms the
superiority of the proposed method comparing to the
conventional MCSA.

IV. CONCLUSION

This paper has introduced a new method for detecting inter-
turn short circuit in induction motors. The proposed method
was based on the spectral analysis, via the FFT, of the Park's
Square Vector Modulus computed starting from the
amplitudes of three-phase current's analytical signals obtained
by Hilbert Transform. It was shown that the proposed method
combined and profited from the advantages given by both
EPVA and HT; thus, it was called Park-Hilbert (P-H). The
theoretical bases of this method and the steps constituting its
algorithm were also presented.

Several experimental tests have shown that the occurrence
of inter-turn short circuit in stator windings increased,
significantly, all harmonics that were present in spectrum of
the PSVM, ,, even those related to other defects such as the
broken rotor bars (RBFH) or the air gap eccentricity (EFH). In
addition, a comparison with the conventional MCSA has
proved the superiority of the proposed method.

Comparative studies, in different operating conditions, with
other methods such as the EPVA are currently in progress, in
order to evaluate the competences of the proposed method.



TABLEl. GENERAL EXPRESSION OF DIFFERENT SPECTRAL COMPONENTS APPEARING IN THE SPECTRUM OF STATOR CURRENTS AND

PSVMp._y.
. The general expression of their frequencies in : .
Harmonic Types Their causes
P Current Spectrum PSVM, , Spectrum
Time Harmonics VY, (V _ 1) Imposed by the supply source or residual asymmetry
(TH) S S in stator windings [10], [16]
Rotor Slot - - Imposed by the rotor structure (discrete distribution
. Vi, tN v-1)f; =N .
Harmonics (RSH) | I rfr | |( )f S rJr | of the rotor bars in rotor slots) [19], [20]
Rotor Bar Fault . .
. v+ 2ks v—1)t2ks
Harmonics (RBFH) |( ) Sl | [( ) ]fsl Due to the inherent rotor cage asymmetries[18], [21]
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Harmonics (EFH) |lf‘ 7, | |( )f‘ 2 | [19], [20]
a) Healthy State b) 10 Turns Short-Circuited
0.04 T T T T T T T T 0.04 T T T T T T T T
0.035 : 0.0as H 1
0.03 0.03
T 0028 T 0025
§ 0.02 § 0.0z
= =1
E o001 g nos
0.01 001
0.005 0.005
o a H
0O 10 20 30 40 S50 60 FO S0 90 100
Freguency (Hz) Fregquency (Hz)
c) Healthy State o) 10 Tums Shclri Clrcuned
0.0z T T T T T T T T T 0.0z T T T T T T
: : : Pf anrI—L_,_
: : : : pLf - 20Ad : :
0.015 [----- - e Rk aat fooee- R R - 0.015 [----- \5‘ B Rt CETEEAEEEPE FREE S i
= ! ! = : Il?f N frl
= P Ps - Nsl = Ir, - 751 - :
§ 0ot feeenbennnden b L R e R I SN R
= : : : : : : : 95 - N.f. = : :
E [SEARE Il?f,—N,frl : : : p oy : "fl £ :
noos| 1 X i | 20 I8 T\ RN [ S 0 1 S
: : ; —11 ! : ! : : !
[F *‘;J‘i,f,l J : : ] : lf % l : : ! : : :
Ly Ll Lo M.L.; L il it LA
100 120 140 160 180 QDD 220 240 260 280 300 100 120 140 160 180 200 220 240 260 280 300
Frequency (HZ) Frequency (Hz)
2) Healthy State
0.02s

|5f Nf,|’ **l3f Nf,l T U T W o
2* H H H \: : H H H H H '#’ H
R TR A i o ||l il Lo Jl; L HE A B Lottt 1 1 diy I L
B00 325 350 375 400 425 450 475 S0 525 S50 575 600 628 650 B7S 7OD 725 750 775 800

825 850 &Y% 900 925 950 975 1000
Frequency (HZ)

fI 10 Turns Short-Circuited
0025 T T T T T T T T T T T T T T T T T T T T T T T T T
e - S ;
z : . P P
= : T o
o e e R e L R e e AR
H H H _A H H H
H H H H R, .'f"l*i
e I i Rl A ek o Rk R s L R : :
oo oo oo T :
bt i bl bl WL G T T

NPT B IR YN B 1 AL I
300 325 350 3FS 400 425 450 475 S00 525 550 SYS BOO B2S B30 BYS OO F2S YS0 FYS BOO 825 890 875 900 925 950 975 1000
Freguency (Hz)

Fig. 4. Spectrum of a phase current for healthy motor and with 10 turns short-circuited under medium load.
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Fig. 5. Spectrum of the PSVMp_y for healthy motor (all left figures) and with 10 turns short-circuited (all right figures) under medium load.
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