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Abstract: The motor current signature analysis is widely
used for diagnosis of various industrial motor faults.
Generally, the captured current signals are corrupted by
noise. In order to extract the fault feature from noisy current
signals, the corrupted current signal has to be preprocessed
by some means. This paper proposes a wavelet and adaptive
threshold based approach to detect and identify stator inter-
turn faults in three-phase induction motor. A stationary
wavelet transform is used to find the fault residue present in
the three-phase stator currents. These three-phase residue
currents are again decomposed with discrete wavelet trans-
form to extract the disturbance. Fault index and three-phase
energies are defined and compared with adaptive thresholds
to detect the transients and its location. The sensitivity of
stator inter-turn fault to the number of shortened turns is
also analysed. Finally, the algorithm is tested with both
simulation as well as practical data for various levels of
stator inter-turn faults. The validity and effectiveness of the
proposed algorithm is clearly shown from obtained results.

Keywords: Fault index, Induction motor, Residue cur-
rents, stator inter-turn fault, stationary wavelet transform

1. Introduction

ELECTRIC motors are essential components of many
industrial processes. Squirrel cage induction motors are
more prevalent in use than other motors due to their rugged-
ness, low cost and maintenance and ease of operation. Gen-
erally, motors undergo various stresses during their operation
and these stresses might lead to several failures. Hence con-
dition monitoring becomes crucial for induction motors in
order to avoid disastrous failures [1]. Several studies have
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reported that 30-40% of induction motor failures are due to
stator winding insulation breakdown (e.g. turn-turn, line to
ground and line to line faults) [2]. The stator internal faults
start with turn-turn short circuit; the undetected turn-to-turn
winding faults finally grow and culminate in major faults
such as phase to ground and phase to phase faults. There-
fore, early detection of stator inter-turn fault eliminates sub-
sequent damage to the motor [3], thereby reducing repair cost
and motor down time.

Various online and offline monitoring techniques and their
relative merits are summarized in [4]. The feasibility of the
existing monitoring methods for medium voltage induction
motors is presented in [5]. A large amount of research has
been directed towards the electrical monitoring of motor cur-
rent signature analysis (MCSA), which is recognized as a
standard for monitoring of motor faults due to its simplicity.
The main advantage of MCSA is to analyze the stator current
in search of current harmonics directly related to new rotat-
ing flux components, which are caused by faults in the motor-
flux distribution. Detection of faults using dg0 components
[6] and the envelope of the stator currents [7]are fundamen-
tally same as the current component method. Observer-based
method is proposed [8] to detect the stator inter-turn faults,
but this approach suffers from model accuracy. The detec-
tion of stator inter-turn fault using Fourier transform is dis-
cussed in [9] and [10]. Generally, Fourier analysis that is
applicable for stationary signals can not be applicable for
non-stationary signals. This limitation can be overcome by
using time-frequency analysis. Wavelet transform is a pow-
erful tool for condition monitoring and fault diagnosis in in-
duction motor [11], [12].

In harsh industrial environments the noise level and its vari-
ation should be considered precisely for fault diagnosis be-
cause the fault signature due to stator inter-turn short circuit
is much lower than the noise level. Hence, it requires a good



technique with a capability to suppress the noise without cor-
rupting the fault signature. The discrete wavelet transform
(DWT) is not suitable for signal noise reduction applications
due to the lack of invariant translation property. But this
effect can be overcome using stationary wavelet transform
(SWT) that has been discussed in [13] and [14]. Most of the
existing techniques require some sort of domain expertise to
identify whether the three-phase induction motor is operat-
ing in normal or abnormal condition. In actual practice, the
captured currents are influenced by many factors, which in-
cludes supply unbalance, static eccentricity and noise. These
conditions may lead to errors in fault detection. Hence, an
accurate inter-turn fault diagnosis techniques must be re-
quired to detect the inception of a fault, its location and sever-
ity.

This paper proposes an algorithm, to detect and identify sta-
tor inter-turn faults in three-phase induction motor, based on
wavelet transform and adaptive thresholds. The three-phase
stator currents are captured with a sampling frequency of
6.6KHz. The three-phase residues are obtained by analysing
the three-phase stator currents with SWT of Biorthgonal 5.5
(Bior5.5) mother wavelet upto 6" level. These residues are
again decomposed with DWT of same mother wavelet to pre-
dict the fault. The detection and identification of the fault is
performed by using defined fault index and three-phase ener-
gies. The proposed algorithm is tested for fault detection and
identification from three-phase currents obtained in simula-
tion as well as the experimental setup. The proposed adap-
tive threshold based algorithm improves the fault detection
and identification accuracy.

2. Stationary Wavelet Transform

The SWT is similar to the DWT but it does not use
down-sampling. In SWT, the downsampling stage at each
scale of DWT is replaced by an upsample of the filter before
the convolution. Suppose we are given a signal x(n) of length
N where N =27 for some integer J. Let /21 () and g (n) be the
impulse responses of the high-pass filter and the low-pass fil-
ter. The impulse responses are chosen such that the outputs
of the filters are orthogonal to each other. At the first level
of SWT, the input signal x(n) is convolved with & (n) to ob-
tain the detail coefficients d(n) and with g;(n) to obtain the
approximation coefficients a;(n), i.e

di(n) = hy(n) *x(n) =Y hi(n—k)x(k) (1)

ai(n) = gi(n)*x(n) = ) g1(n —k)x(k) @)

The length of a;(n) and d;(n) are N instead of N/2 as in
the DWT case because no sub-sampling is performed. At
the next level of the SWT, a;(n) is used to generate d»(n)
and ap(n) with modified filter hy(n) and go(n), which are
obtained by up sampling /2; (n) and g (n) respectively.

dy(n) = hy(n) *aj(n) :th(n—k)al(k) 3)

ax(n) = ga(n) xai(n) =Y g2(n —k)a (k) “4)

This process is continued recursively. Compare with the tra-
ditional wavelet transform, the SWT has several advantages
which are reported in [15]. In wavelet analysis, the thresh-
old selection plays a key role in noise elimination process.
In [16] various threshold schemes are introduced and dis-
cussed in a general context. Though, Universal threshold
(fixed threshold) selection rule is the most widely used, the
variance of the noise signal changes with time is a practical
limitation with this scheme. Hence, interval or level based
threshold selection is preferable. In general, selection of
mother wavelet is based on the type of application. In the
proposed algorithm, Bior5.5 wavelet has been used as the
wavelet basis function for fault detection and identification.

3. Fault Detection and Identification Algorithm

The proposed fault detection algorithm starts with data
acquisition and then application of wavelet analysis and
adaptive threshold logics. This is illustrated in Fig. 1. The
threshold based reconstruction of the three-phase stator cur-
rents should compensate the effects due to supply unbalance
and machine unbalance. The residues of three-phase stator
currents were obtained by using stationary wavelet denoising
technique of level based threshold. The three-phase currents
of the motor are decomposed with SWT of Bior5.5 to ob-
tain approximate and detail level coefficients upto 6/ level.
The thresholds of d1 coefficients to d4 coefficients are made
maximum while threshold value of d5 coefficients is set to a
high value as this band of frequency components is sensitive
to the supply unbalances. The threshold value of d6 is calcu-
lated based on its peak value in 1st cycle and multiplied with
a distortion factor which is calculated from RMS value of the
current signal during start-up (preferably in 1% cycle). The
threshold value of d6 coefficient may enhance the fault signa-
ture, because the pre-fault value is subtracted from the cap-
tured signal. Therefore, the reconstructed signals are called
as fault residues. The residue of three-phase stator currents
are again decomposed with a DWT of Bior5.5 and the slopes
of each phase detail (d1) coefficients are calculated for iden-
tifying the variation levels due to disturbances. The sum of
absolute slope of the detailed level coefficients is set as a fault
index (Iy) and it is described mathematically as follows.

I¢(n) = |slope_d1Ig(n)| + |slope_d1ly(n)|
+|slope_d11Ip(n)| 5)

where n = 1 : N;; N; is Total samples; slope_dllI,
slope_d1ly, and slope_d11Ip are the slopes of d1 coefficients
of residue currents in R, Y and B phases respectively. The
abnormal condition of the induction motor can be identified
by checking three consecutive fault indices values with an
adaptive threshold 71 and count value of these fault indices
over a window of 10 samples should be greater than 6. The
disturbance corresponding instant is calculated from the 1st
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tion

Flow chart for stator inter-turn fault detection and identifica-

sample of the three consecutive fault indices and it is defined
as location one (Locl). The type of disturbance present in
the system is obtained by using three-phase energy values,
which are compared with adaptive threshold Th2. The en-
ergy crossing point with respect to adaptive threshold Th2 is
defined as location two (Loc2). The adaptive Thl and adap-
tive threshold T h2 are calculated based on fault index statics
and three-phase energy statics respectively. The three-phase
energies are defined mathematically as follows.

18
Energy_Ij(n) = N, Z SZOPe—de(m)z ©)
m=1

where j € R,Y,B and N, is quarter cycle samples

A sudden mechanical load change may also lead to tran-
sients in stator currents. But, it should be discriminated
from the stator inter-turn faults by using fundamental con-
cept of time constant representing mechanical and electri-
cal systems. Hence, the stator inter-turn faults and sudden
change in mechanical load should be discriminated by tak-
ing the difference between the disturbance instants, which
are obtained from energy and fault index. The faulty phase
of the stator inter-turn fault is identified by comparing the
maximum energy obtained in each phase over one and half
cycle from fault instant.
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Fig. 3. Distributed high frequency model for stator winding

4. Distributed Parameter Model and Validation

Machine modeling under fault conditions is a key fac-
tor for predicting its behaviour. The availability of more
powerful computers and the development of new machine
models are able to manage geometry together with electric
and magnetic features. This allows to move from the ear-
lier models of faulty machines referred as steady-state op-
erations to sophisticated models of transient operation. In-
duction motor is subjected to switching transients and its ef-
fects can be analysed with the help of high frequency model
only. Figure 2 represents the universal model of a three-
phase induction motor. Each coil of the stator winding is
represented by a distributed © model as shown in Fig. 3
[17]. The distributed high frequency model requires ex-
tra elements in addition to the conventional circuit, which
are stator to frame capacitance(Cyy), anti-resonance resis-
tance (uRyy), anti-resonance leakage inductance(nLy), sta-
tor turn to turn capacitance(Cy,), and stator turn to turn
damping resistance(Ry,,). In general, these parameters are
determined by measuring the frequency response from dif-
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Fig. 4. Experimental setup for DM and CM test of a 5hp induction
motor.
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Fig. 5. 5hp induction motor measured and simulated frequency re-
sponses in DM and CM test

ferential mode test setup and common mode test setup. A
three-phase, Shp and 3hp 400/440V, 4pole Induction Motor
with 36slots, 6¢coils per phase are considered for the present
study. Differential mode test was performed by connect-
ing LCR meter between phase A and tied leads of phase B
and phase C. This test procedure is recommended for an un-
grounded motor frame and LCR meter is put in Z-8 mode.
Common mode test was performed with ground frame as
one probe and phase A, phase B and phase C motor leads
tied together to form the second probe to LCR meter in Z-
0 mode. The experimental setup for differential mode test
and common mode test is shown in Fig. 4. Figure 5 shows
the impedance versus frequency responses measured with
LCR meter and simulation for a Shp motor under differ-
ential mode(DM) and common mode(CM). Similarly fig. 6
illustrates the impedance versus frequency in case of 3hp
motor. The results demonstrated that the impedance versus
frequency response observed in simulation closely matches
with response measured on practical machine for DM and
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Fig. 6. 3hp induction motor measured and simulated frequency re-
sponses in DM and CM test

CM. Hence the considered model is valid for transient stud-
ies.

5. Verification of Algorithm with Simulation Data

Fig. 7. Simulink model for stator inter-turn fault on a 3hp three-
phase induction motor.

The simulation of stator inter-turn fault is built using dis-
tributed parameter model as mentioned in above section. The
simulated motor is a three-phase, 3hp, 4pole, 415V, 50Hz
squirrel cage induction motor with 36slots and 6coils per
phase. Various percentages of turn level short circuits in
different phases have been simulated in MATLAB/Simulink
environment. Fig. 7 shows simulation model for stator inter-
turn fault in R-phase with a short circuit level of 4-turns. A



short circuit between the turns in a stator phase causes an un-
balance in stator currents. Fig. 8 shows the three- phase stator
currents and three-phase residues under stator inter-turn fault
in R-phase with a short circuit level of 4-turns. Figure 9(a)
shows Fault indices along with adaptive threshold Th1. The
variations in three-phase energy values along with adaptive
threshold Th2 are illustrated in Fig. 9(b), where the max-
imum energy of faulty phase is higher than healthy phase.
Thus, the proposed algorithm has successfully detected and
identified the fault.
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6. Verification of Algorithm with Experimental Data
6.1 Experimental Setup

Fig. 10. Experimental setup for 3hp three-phase induction motor.

An experimental setup was prepared with a 3hp, 4-pole,
50Hz, and 415V three-phase induction motor with 36slots,
6coils per phase and 72 turns per coil. In order to create the
inter-turn short circuit, two tapping points are taken out per
phase from the neutral of the stator winding. The three-phase
stator currents are captured with data acquisition system of
network analyser (DIP8000). Figure 10 shows the experi-
mental setup for stator inter-turn faults.

6.2 Experimental Results

Several current measurements are made by using power
network analyser (DIP800) under various conditions such as
healthy, stator inter-turn faults in different phases and sud-
den change in mechanical load. The three-phase currents are
captured with a sampling frequency of 6.6 KHz and sent to
PC through data acquisition card. Figure 11(a), (b) and (c) of
left side show variations in three-phase stator currents under
the above three conditions respectively. In practice, the raw
signal is always corrupted with some noise. In addition to
that the signal also has some harmonic components trigged
by supply unbalance and machine unbalances. Hence, sig-
nal reconstruction should be required for stator inter-turn
faults. The three-phase residue currents are obtained by pre-
processing the captured three-phase currents with SWT of
level based threshold.
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(c) mechanical load change.

The variations in these residues for healthy, faulty and sud-
den change in mechanical load are shown in right side of
Fig. 11(a), (b) and (c) respectively. The residue of three-
phase stator currents are again decomposed with a DWT of
Bior5.5 and calculated the slope of d1 coefficients to extract
fault feature. The sum of absolute slope of the d1 coeffi-
cients are set as a fault index. The abnormal condition of
the induction motor can be identified by checking the count
value of three consecutive fault indices with respect to adap-
tive threshold Th1 and it should be greater than 6. Fig-
ure 12(a), (b) and (c) shows the variation in fault indices
corresponding to healthy, stator inter-turn fault and sudden
change in mechanical load respectively. Figure 13(a) and (b)
show the energy variations due to stator inter-turn fault and
sudden change in mechanical load respectively. The stator
inter-turn fault can be identified by finding the difference be-
tween the Locl and Loc2 which are defined in section 3. If
the difference between the two locations is within half cy-
cle(10 ms), stator inter-turn fault is set to occur otherwise,
the disturbance is due to sudden change in mechanical load.
From experimental results it is observed that the difference
in disturbance locations for stator inter-turn fault is 3 ms and
for sudden change in mechanical load is 27 ms.

The faulty phase is identified by comparing the maximum
value of energy in three-phases over a window size of one
and half cycle from the fault instant. Figure 14 shows identi-
fication of faulty phase for stator inter-turn faults of R-Phase.
The results show that the faulty phase energy is greater than
the adaptive threshold 742 and also higher than the healthy
phases.
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Fig. 12. Fault indices of a 3hp induction motor under three condi-
tions: (a) Healthy (b) 4-turns short circuit in R-phase (c) Mechanical
load change.
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7. Comparison of Simulation results with Practical re-
sults

To verify the effectiveness of the proposed scheme,
the same experimental induction motor is considered to
simulate various levels of stator inter-turn faults in MAT-
LAB/Simulink environment. The simulated cases and ex-
perimental cases are built with same conditions. Figure 15
shows the variation of maximum energy values for different
levels of short circuited turns in R-phase of a stator wind-
ing under practical and simulation conditions. The results
show that the maximum energy of the faulted phase is greater
than the adaptive threshold Th2 and it is higher than healthy
phases. The variations of maximum energy in 4-turns, 5-
turns, 6-turns, 8-turns and 11-turns of simulation are nearly
same as the practical. This establishes a good agreement be-
tween simulation and practical results.

The sensitivity index of the stator inter-turn fault is cal-
culated based on the ratio of post-fault residue energy to
pre-fault residue energy. Figure 16(a), (b) and (c) show that
the sensitivity indices values for various levels of inter-turn
shorted faults in R-phase, Y-phase and B-phase respectively.
The results show that, the sensitivity index has increased
with the increase in number of short-circuited turns. The
estimated severity of different levels of stator winding short
circuit under simulation is in good agreement with the prac-
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Fig. 15. Comparison of practical and simulated three-phase maxi-
mum energies for stator inter-turn fault in R-phase.
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Fig. 16. Fault severity of a 3hp induction motor for stator inter-turn
faults a) R-phase b) Y-phase c) B-phase.

tical one. The results obtained with real data deviated from
those obtained with simulation data because of magnetic in-
ductance and the presence of noise level in practical case.

8. Conclusions

This paper describes a Wavelet and adaptive threshold
based fault diagnosis technique for a three-phase induction
motor stator inter-turn faults. Fault residue currents are
obtained from the inverse stationary wavelet transform of
Bior5.5 mother wavelet. The use of SWT instead of DWT in
reconstruction processes improve the denoising performance
due to shift invariance property of SWT. The performance
of proposed detection algorithm should improve the accu-
racy due to adaptive thresholds. The simulation and exper-



imental results demonstrate that the proposed algorithm is
effective in detecting and identifying the faults. In addition
to above, this paper also illustrates the severity of fault very
effectively.
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