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analysis (PCA)

Health condition monitoring of induction motors is important because of their vital role and wide us in a variety of
industries. A stator inter-turn fault (SITF) is considered to be the most common electrical failure according to statisti-
cal studies. In this paper, an algorithm for the detection of an SITF is presented. It is based on one of the blind source
separation techniques called principal component analysis (PCA). The proposed algorithm uses PCA to discriminate
between the faulty components of motor current signatures and motor voltage signatures from other components.
The standard deviation of one of the decomposed vectors is used as a statistical SITF criterion. The proposed criterion
is robust to non-fault conditions including voltage quality problems and large mechanical load changes as well as
harmonic contaminants in the voltage supply. In addition, with a straightforward and low computational burden in
the fault detection process, the proposed method is computationally efficient. To evaluate the performance of the
proposed method, large numbers of practical and simulation scenarios are considered, and the results confirm the
good performance, high degree of accuracy, and good convergence speed of the proposed method.

Keywords: Induction motors (IMs), Stator inter-turn fault (SITF), Voltage quality problem, Principal component

1 Introduction

Because they give good and cost-efficient performance,
induction motors (IMs) are the most widely used rotating
electric machines over a range of industries. However,
IMs suffer from failures due to mechanical, environ-
mental, and electrical stress [1]. Statistical reports on
IM failures reveal that around 30-40% of the electrical
failures can be attributed to the stator winding [2]. Typi-
cally, when a short circuit occurs between two turns of
the stator winding and the voltage difference between
the turns overcomes their insulation capacity, an insula-
tion breakdown results in a stator inter-turn fault (SITF).
Therefore, stator winding faults usually start with a SITF
and if not detected in a timely fashion, they can move to
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other high-intensity faults, including coil-to-coil, phase-
to-phase, or phase-to-ground faults [3].

1.1 Motivation and literature review

Recently, several methods have been presented to detect
stator winding faults. These methods can be broadly cat-
egorized into model-based and signal-based techniques
[4]. Although model-based methods are found on a single
analytical model they are less accurate and more complex
than signal-based methods [5]. In general, signal-based
approaches are classified into the two categories of inva-
sive and non-invasive methods [6]. Various tools are used
for analyzing the signals such as, in the time domain cor-
relation functions [7], in the frequency domain the Fast
Fourier Transform (FFT) [8], and in the time—frequency
domain the Short Time Fourier Transform (STFT) [9]
and Wavelet Transform (WT) [10]. However, they all
have limitations and drawbacks that require further

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s41601-022-00269-4&domain=pdf

Namdar Protection and Control of Modern Power Systems (2022) 7:48

investigation. For instance, although FFT is the most
well-known signal analysis tool in the steady-state it has
insufficient accuracy during dynamic conditions. Time—
frequency domain analysis can be used to overcome the
weaknesses of FFT, though unfortunately, the biggest
drawback of STFT is the use of a fixed-size window for
analyzing all frequencies. To overcome the shortcomings
of STFT-based algorithms, WT and principal component
analysis (PCA)-based algorithms can be adopted. These
decompose the input signals into several components
for better resolution while retaining important compo-
nents in the original signals. In W, these components
are called approximations and details, whereas in PCA
they are called principal components (PC). Although
the use of a variable size-window in the WT can solve
the shortcoming of STFT-based algorithms, it has some
weaknesses compared to PCA, e.g.: (1) it needs differ-
ent sampling frequencies for different frequency sub-
bands; (2) it has severe reliance on the suitable choice of
the mother wavelet signal (Haar, Daubechies, Symlets,
...); and (3) it has dependence on the decomposition
approach (DWT and WPT) and method of approxi-
mating the analytical signal (via FFT or FIR) [11]. Thus,
owing to the disadvantages of WT compared to PCA,
the use of a PCA-based algorithm as an appropriate and
efficient technique is recommended to address the weak-
nesses of other techniques.

In invasive methods, sensors play an important role
and are physically installed on the electrical machine to
capture the required signals. Typically, the extracted sig-
nals are temperature [12], stator frame vibration [13], and
acoustic noise [14]. The proposed indices based on MCS
and MVS are stator current envelope [15], instantaneous
total harmonic distortion (ITHD) [16], instantaneous fre-
quency [17], air-gap torque [18], instantaneous electrical
power [19], negative sequence stator current [20], and
stator current zero-crossing [20]. The main advantages of
non-invasive methods compared to the invasive include
lower cost and less disturbance in normal operation
because there is no physical installation of sensors, bet-
ter performance in detection of weak faults, and higher
reliability [6].

Because of the overlap between signatures related to
fault and non-fault conditions, some of the indices listed
for SITF detection are not reliable for non-fault condi-
tions such as voltage quality problems [21]. As an illustra-
tive example, ITHD and instantaneous frequency indices
are not robust to non-fault conditions such as voltage sag
and voltage swell problems. Furthermore, air-gap torque
and negative sequence stator current may experience
maloperation in an unbalanced power supply voltage.

Aside from the mentioned techniques, a variety of
other methods based on artificial intelligence have been
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suggested for the detection of SITFs. These are catego-
rized in Table 1. The most common approaches here
are fuzzy logic, expert systems, evolutionary algorithms
and artificial neural networks [6]. The main drawbacks
of fuzzy logic based methods are unpromising efficiency
in inaccurate inputs and complete dependence on exper-
tise and human intelligence, whereas methods based on
expert systems have less flexibility, insufficient accuracy
and higher complexity. Evolutionary algorithms can be
used for detection of a stator inter turn fault but often
suffer from the need for considerable time so are unsuit-
able in online fault diagnosis [6].

Methods based on MLP and RBF algorithms, which
are generally called conventional neural networks, suffer
from two main shortcomings. These include the inability
to self-learn without feature extraction and the need for
a huge dataset for training. In modern neural network-
based methods such as deep learning, the self-learning
problem is solved. However they still have the main
weaknesses as briefly tabulated in Table 1.

Although SVM can handle outliers better and provides
promising accuracy in fault detection, it still suffers from
the need for large data and has sluggish performance in
large data. In k-NN, easy implementation is a prominent
advantage but having slow real time performance and
being sensitive to outliers are its main weaknesses. One
of the main advantages of ANN is the adjustability for
better classification, although its main drawback is over-
fitting. Merits of using decision trees and random forest
include immunity against external noise, but overfitting
and a long training period are their big weaknesses. Naive
Bayes is another algorithm that is used because of its
robustness to noise. Nonetheless, this classifier depends
on the probability of two independent sets. Deep Learn-
ing is the latest approach used in research in the field of
fault detection, including CNN, RNN, LSTM and AE.
Although this technique provides good accuracy and
is able to solve the self-learning without feature extrac-
tion problem, its biggest drawbacks are the need for a
large amount of data in different conditions and also
that the training process requires a long time. Thus, this
technique requires a powerful processor to perform the
training process on a large database. This is the most
prominent weakness compared to other methods. As
an overall trend, the need for massive data is considered
the biggest weaknesses of artificial intelligence-based
methods.

1.2 Aim and contribution

In this paper, a robust strategy for detecting a SITF based
on MCS and MVS is proposed to minimize the interfer-
ence with other possible transient disturbances. In gen-
eral, the deviation of the post-disturbance signal from the



Namdar Protection and Control of Modern Power Systems

Table 1 The categorization of artificial intelligence-based methods

(2022) 7:48

Page 3 of 24

Method based

Main weaknesses

Fuzzy logic [22]

Expert systems [23]

Evolutionary algorithms [24]

Conventional neural networks  RBF [26]
MLP [26]

SVM [27]

Artificial neural network [25]

k-NN [28]

ANN [29]

Modern neural networks
forest [30]

Native Bayes [31]

Deep learning

Decision trees and random

1. Necessity to large accessible data

2. Unpromising efficiency in inaccurate inputs

3. complete dependence on expertise and human
intelligence

. Insufficient accuracy
. Complexity
. Low flexibility

.Require long time

. Unsuitable for online fault diagnosis

.Inability to self-learning without feature extraction
.Necessity to large accessible data

N —= N—= WN —

.Necessity to large accessible data
. Sluggish Performance due to large data requirement

. Necessity to large accessible data
. Slow performance in real time
. Outlier-sensitivity

.Necessity to large accessible data
. Overfitting

. Necessity to large accessible data
. The longest training period
. Overfitting

.Necessity to large accessible data
. Suitable only for independent features

CNN [32]
RNN [33]
AE [34]

LSTM [35]

. large data requirement
Need long time for training

N N = DN o= W= N

pre-disturbance one (which has a sinusoidal waveform) is
the basis of the proposed method. The main steps of the
proposed method are listed as follows:

I. Once a SITF happens, some distortions appear in
the ideal sinusoidal current and voltage signals.
Using a recursive and straightforward formulation
based on PCA,

II. those fault-related blind sources which are most
present in one of the decomposed vectors are
extracted.

III. The post-disturbance signals may be different from
the pre-disturbance signals. In that case the fault
can be identified using extracted decomposed vec-
tors. The standard deviation of one of the decom-
posed vectors is proposed as a statistical criterion
to detect SITFs. The criterion value exceeds the
defined threshold in a fault condition, whereas
in normal conditions, such as mechanical load
change, it is less than the defined threshold value.

IV. An auxiliary criterion based on voltage signal is
introduced to increase the robustness of the pro-
posed criterion against non-fault voltage condi-
tions such as sag, swell, and imbalance.

V. Low-computational mathematical burden, fast
response, as well as comprehensiveness are some of
the main merits of the proposed method.

1.3 Paper organization

In the rest of the paper, Sect. 2 introduces a mathemati-
cal model of IMs with STIF and fault resistance (Ry),
while in Sect. 3, the theory of the PCA algorithm and
an explanation of the proposed method are presented
in more detail. To confirm the performance of the pro-
posed method, a simulation study is investigated under
different conditions in Sect. 4, whereas in Sect. 5, the
validation of the proposed method with experimen-
tal data is provided. Section 6 discusses the impact of
some important parameters on the proposed crite-
rion and consequently experimental implementation
requirements and factors affecting accuracy are inves-
tigated in Sect. 7. In Sect. 8, a comparison between the
proposed method and other similar methods is carried
out, and finally, conclusions are presented in Sect. 9.
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2 Mathematical model of IM considering SITF

To assess the performance of fault detection algorithms
and study the changes of the variables in different motor
operating conditions, it is very important to use a suitable
model of IM. Several IM models have been introduced
for different targets [36]. Here, a qd0 model considering
an SITF with fault resistance (Ry) is considered. This has
been presented in [37]. In general, the following assump-
tions are made in this model [38]:

I. The motor air gap is considered to be uniform, and
hence the notching effects and generating space
harmonics are ignored.

II. Temperature-dependent parameters in the model
do not change because of the assumption of con-
stant motor temperature.

III. There is unsaturation of the magnetic field due to a
constant permeability.

IV. Along the air gap, the generated magneto-motive
forces of stator and rotor phases propagate sinusoi-
dally.

V. Hysteresis, skin, and eddy current effects are not
taken into account.

Figure 1 illustrates a three-phase stator winding in star
connection with an SITF in phase “a” where u is the ratio
of the shorted turns to the total number of turns in one
phase. Accordingly, the stator and rotor circuit equa-
tions of IM considering an SITF based on Kirchhoff’s
circuit theory according to the defined parameters in the

Nomenclature section are written as:

d
[Vabcs]z [Rs][luhcs:| +% |:[Lss][1abcs] + [Lsr][labcr] - [Lsf]lf] - [Za]lf

(1)

Fig. 1 Stator winding with SITF on single phase
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d T
0=I[R] [Iabcr] +% |:[Lsr] Labes) + (L] aper] — [er]lf
()

d
0 =MRSIﬂS — (,LLRS + Rf)]f + — “Lsf] T[Iabcs]

dt (3)

+[Loy ) Uaver) = Lyl
where Ve = [VaViVel”s Labes = Ualple)”, [Za] = [1Rs00]"
IRs] = diag[RsRsRs] and [R,] = diag[R,R,R,]. It is worth
noting that the suffixes of s, r and f are related to the sta-
tor, rotor, and fault, respectively.

The electromagnetic torque and rotor speed are written
as:

pr d P d
Tem = E[Iabcs]TE[Lsr][labcr] - Elfdier [Lif] Laber]
(4)
d PT,,—Tp
=5 )

a2 g

To separate the abc parameters of the motor, Egs. (1)-
(6) are transformed into the stationary reference frame
with direct-quadrature-zero (qd0) transformation matrix
as:

d  PTeu—T;

a2 (©)

where “qus]: [/quoS} and [AquS] are the stator fluxes, rotor
fluxes and stator short-circuit flux in the qdO reference

frame, respectively, and T'[Z,] = [% ,uRSO% ,uRS}.

The flux equations in the stationary reference frame
qdO can be expressed as:

L, 0 0 Lmw 0 0 ApLns + 2122L; |
[Agaos|= | O Ly O |lgaos| +| O Ly O |gaor]l = —ByLs Iy
0 0 L 0 00 S1PL |
7)
Ly 0 0 Ly 0 0] AmLms |
[)~qd0r = 0L 0 [quOr + 0 Ly O [quOS]_ —BuLms If
0 0 L, 0 0 0] o |
8)
2.2 r T
3 AmLms + 3M Ly 3 AmLims
=5 —Bulms [Ugaos] + 5 | =BmLms | [Lgaor]
3 M L L

where Ly = Ljg + 3Lys, Ly = Liy + 3Lypg and Ly = 3Ly
A, and By, are introduced in Tables 1 and 2 of [37] and
have constant values. Thus, the electromagnetic torque
equation in the stationary reference frame can be rewrit-
ten as:
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3P
Tem = Z [Lm (Iqsldr - Idslqr) + Ldrflquf - Lqrfldr]f]
(10)

where Lgyr = —ByyLmsand Lyy = ALps.
It should be noted that the appellation of the model vari-
ables is described in the Nomenclature section.

3 Proposed inter-turn fault detection method
From the study presented in [39], once an STIF occurs,
some harmonics will be manifested in the air-gap flux den-
sity and induced in the stator current, as:

h
SEaulr = fooHz [p(l —8)F m} (11)

where fr,,; and f5on, denote the SITF harmonics rel-
evant to the order 1 =1,2,3,..., and fundamental fre-
quency, respectively. p and s are the number of pole pairs
and motor slips, respectively. The order of the stator time
harmonics is defined by m = 1, 3,5, . . ..

Figure 2a illustrates the phase-a stator current and
Fig. 2b shows the corresponding spectrogram. As seen in
Fig. 2a, an SITF occurred at t = 1s. As shown in Fig. 2b,
the B-zone power increases relative to the A-zone power
because of the appearance of the SITF components
according to (13) in the stator current. Hence, to study

Table 2 The energy of different decomposed vectors
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the behavior of the SITF components, it is reasonable to
pass the stator current through a high-pass filter with a
cut-off frequency of 150 Hz. A PCA algorithm is then
employed to extract the principal components for detec-
tion of the SITF. In the following sub-sections, the theory
of PCA is discussed.

3.1 Theory of PCA in detail
PCA is an orthogonal transform for feature extraction
and is one of the blind source separation and dimen-
sionality-reduction techniques that uses mathematical
principles to transform a large set of possibly correlated
variables into their components, namely, principal com-
ponents that contain most of the required information.

Figure 3 introduces PCA to better explain the PCA
theory. As illustrated, the two vectors of X; and X, are
the data vectors. However, as can be seen, from either
the X7 or X, axis, the data cannot be classified, but it
becomes sufficient if these data vectors are transferred
to D1 and D, by a mapping matrix. Given that the data
around the Dj axis have more variance than around the
D, axis, so the D axis has better separability than the
Dy axis.

In this analysis, the number of the measured signals
and the sample number of each measured signal are
denoted by M and N, respectively, and the principal

Scenario E(D) E(D3) E(D3) E(D4) E(Ds) E(Dg)
Inter-turn fault
n=002ton =04 \Y 2942 28.86 31.79 30.53 30.73 29.83
I 63.79 54.56 94.86 71.63 24.64 5491
Re=0Q to Re = 2000 Q \Y 29.73 2852 30.85 2943 30.02 29.84
I 52.85 5212 93.94 67.08 23.76 55.78
THD= 0.2% to THD = 10.2% \ 29.73 2843 3091 28.83 29.84 2831
\ 51.76 4897 9143 68.52 18.92 4863
SNR=60 db to SNR=30db \Y 3144 30.05 3233 3147 3145 30.92
| 67.73 48.65 93.64 72.58 2873 55.83
Voltage quality problems
Voltage sag 10% to 35% \ 61.52 54.51 95.97 82.85 2843 58.71
I 5642 51.12 86.51 43.04 3394 34.95
Voltage swell 10% to 35% vV 62.84 5843 96.81 8443 36.79 5946
I 53.86 4897 89.56 47.76 3279 3352
Unbalanced voltage 2% to 5% \ 60.63 5261 94.58 81.63 3451 58.06
| 50.08 43.94 85.53 46.53 28.62 3148
Capacitor switching with increase the \ 63.72 5647 95.79 82.34 3352 53.74
power factor from 0.74 to 1 | 5283 4671 86.84 4441 3144 3257
Parallel motor switching V 62.74 5327 94.51 8247 3392 57.95
| 52.63 46.97 8847 4415 37.82 3457
Mechanical load 0.5 p.uto 1.8 p.u \% 11.24 1247 12.87 10.98 11.07 1143
I 2535 24.68 26.87 2541 2347 2435
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Fig. 2 A simulated inter-turn fault (u = 0.05) characteristics, a The
a-phase stator current signal, b a-phase stator current spectrogram
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Fig. 3 Introduction of principal component analysis (PCA)

components are constructed as linear combinations of
the measured signals. Hence, the decomposed vectors
Dj(j =1,.. .,K),K < M are shown as:

Dj =Ajix1 + ...+ Ajmxpfori =1,..., K (12)

where X = [x1,%9,...,x5] is the set of measured signals
with dimension N x M, while A represents the mapping
weight matrix with dimension M x K. Equation (14) can

be rewritten in matrix form as:
D=XA (13)

To compute A, eigenvectors of the covariance matrix
are required. So, in the first step, the covariance matrix C
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with dimensions M x M is calculated through multiply-
ing the measured signals by their transposes, as:
1

C=—-xTx

N (14)

In the covariance matrix, the relationship between the
two dimensions can have positive, negative, and zero
values. Positive and negative values of covariance show
directly and indirectly proportional between the two
dimensions, respectively, while zero value of covariance
represents that the two dimensions are independent. In
the next step, the eigenvectors of the covariance matrix
are obtained, as:

vIicv =E (15)

where V and E are eigenvector matrices with dimensions
M x M and a diagonal matrix whose diagonal elements
are eigenvalues corresponding to its eigenvector, respec-
tively. To find the mapping weight matrix, eigenvectors
should be reordered according to the size of the corre-
sponding eigenvalues in a way that the first eigenvector is
proportional to the largest eigenvalue and the last eigen-
vector is proportional to the smallest eigenvalue. Here-
after, the first K columns of the reordered eigenvector
matrix are selected as A.

3.2 Implementation of the proposed algorithm

According to PCA theory, the number of sources con-
sidered to be separated from each other is fewer than or
equal to the number of measured signals (K < M). Gen-
erally, a fault may occur in one phase or another non-
fault situation may affect the three-phase currents and
voltages. In this way, in the proposed method, the three-
phase motor signals are considered as inputs to the pro-
posed method.

As mentioned in the previous section, a high-pass filter
with a cutoff frequency of 150 Hz is used to eliminate the
SITF components. Figure 4 illustrates the high-frequency
components of the three-phase currents in the case of an
inter-turn fault condition (i = 0.05).

As observed in Fig. 4, two consecutive data windows
are used in the proposed method. Hence, X is defined
as:

n—1

n—1
Xen

— n—1
X = Xph

Xah b Xeh g (16)
where x7,, x;, and x7, are the high-frequency vectors of
the signals in the running window. Also, the high-fre-
quency vectors of the signals in the previous window are
denoted as xZ;l, ngl and x7," 1.1t should be noted that.

x can be the measured stator three-phase currents or

voltages, while # is the window number.



Namdar Protection and Control of Modern Power Systems (2022) 7:48

Page 7 of 24

n-1 n
Iah - _Iah
05F T r——1 T T T ]
l I
l |
&0 |
|
L1
-0.5¢ 1 I I I I I ! 1 I I ]
0.98 1 1.02 1.04 1.06 1.08 1.1 1.12 1.14 1.16
In-l e _In
bh bh
05F T L T T T T T T T ]
l |
= |
= 0 I
’I |
L
-0.5¢ L | | | | | | I I L ]
0.98 1 1.02 1.04 1.06 1.08 1.1 1.12 1.14 1.16
In-1 Rp——
ch ch
05F T —— T T T ]
l |
l |
_ﬁ 0 (\MM/\M\AAM/\/\/RJ\I\/U\%W
I
L—-—1
-0.5¢ I 1 I I I 1 ! L I I
0.98 1 1.02 1.04 1.06 1.08 1.1 1.12 1.14 1.16
Time (s)

Fig. 4 The high-frequency components of three-phase currents in case of an inter-turn fault (u = 0.05)

In order to classify the fault quantities from other com-
ponents, the data vector must be transferred from X
coordinates to D according to the formulations of PCA
based on (14)—(17). Consequently, the decomposed vec-
tors D1, Dy, D3, D4, Ds and Dg are obtained. These are
proportional to the descending order of the eigenval-
ues. For instance, the decomposition results of the sta-
tor three-phase currents in the case of an inter-turn fault
(1 = 0.05) according to Fig. 4 can be observed in Fig. 5. It
is worth noting that the stator three-phase voltages can
be used in other scenarios, such as voltage quality prob-
lems, in the same way.

To discriminate the SITF conditions from other con-
ditions, the energy of the decomposed vectors is calcu-
lated according to (19) and the results are tabulated in
Table 2. As shown in Table 2, the current energy of D3
is the highest of all during an inter-turn fault, and the
voltage energy of D3 has the most presence of voltage
quality problem source. Therefore, it can be concluded
that the main source of the inter-turn and voltage qual-
ity problems signatures are present in D3. In this way, the

standard deviation of D3 can be introduced as a criterion
to separate the conditions.

N T Dk r
E(D)) = 0 17)
( ]) kZ:; mzzx(Dj) (

where E(D;), k and N denote the energy of the j-th
decomposed vector, the number of samples, and the total
number of decomposed vector’s samples, respectively.

The standard deviation of Ds3 is defined as the fault
detection criterion, as:

(18)

where oy, Num, xj,, and &, denote the standard devia-
tion of the w-th data window, the number of window’s
samples, the k-th sample of the w-th data window, and
the mean value corresponding to the w-th data window,
respectively.
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Fig. 5 The decomposition results of an inter-turn fault (u = 0.05), the largest eigenvalue is related to Dyand the other components of three-phase

stator currents are defined in the same arrangement

To prevent malfunction of the proposed criterion
because of non-fault conditions such as voltage quality
problems, the stator three-phase voltages, and the stand-
ard deviation of D3 are used as inputs to the algorithm
and auxiliary criterion, respectively.

One of the basic requirements of the proposed method
is to define the thresholds for current and voltage criteria
that have been selected based on large numbers of simu-
lation and practical scenarios. In general, once the value
of the current criterion is higher than its defined thresh-
old while the voltage criterion does not exceed its prede-
fined threshold, it can be considered as a fault condition.
Whereas if both the current and voltage criteria are
above their predefined thresholds, the algorithm identi-
fies this condition as a voltage quality problem. If none
of the voltage and current criteria reach their defined
thresholds, it can be considered as a normal operating
condition. The flowchart of the proposed method is pre-
sented in Fig. 6.

4 Simulation results for performance assessment
of the proposed method

Simulation studies have great importance to the inves-

tigation into the dynamic fault behavior. Hence, a

1 kW three-phase IM with 220 V, 4 poles, and 50 Hz

specifications based on (6)-(12) is simulated in MAT-
LAB/SIMULINK. The considered scenarios in the simu-
lation can be listed as follows:

o Inter-turn fault (u = 0.05)

+ Voltage quality problems

+ Voltage sag of 20%

+ Voltage swell of 10%

+ Unbalanced voltage of 2.64%

+ Mechanical load changes from 0.7 to 1.5 pu
+ Load rejection from 0.7 pu to no load

From Fig. 2, the current and voltage signals of the sim-
ulated IM in SIMULINK are gathered with a sampling
frequency of 7812.5 Hz and are then passed through a
high-pass filter with a cut-off frequency of 150 Hz. Then,
by using two consecutive sliding windows each having
a length of 156 samples (20 ms) and updated cycle by
cycle, the matrix of X is created. Then, from (14)-(17) the
decomposed vector Dj3 is extracted. Finally, the standard
deviation of D3 is calculated. It is worth noting that both
threshold values of Th; and Th, are selected as 0.01 based
on the Otsu thresholding method [40], as well as experi-
mental and simulation results in various cases including
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Fig. 6 The flowchart of the proposed method

inter-turn fault, voltage quality problems, and mechani-
cal load change.

As seen in Fig. 7a, the PDF curves of normal and fault
condition have an intersection point at 0.01. Therefore,
Th; = 0.01 is a suitable threshold value in the current
criterion for discriminating inter-turn fault from normal
conditions. From the simulation and practical results, the
performance of the current criterion is similar to voltage
quality problems.

To prevent this malfunction, the voltage criterion is
used as an auxiliary criterion. In a fault condition, the
voltage criterion changes slightly compared to normal
operating conditions, whereas in voltage quality prob-
lem cases, the voltage criterion changes significantly.
Therefore, the Otsu thresholding method is used to dif-
ferentiate the fault criterion changes from voltage qual-
ity problems by selecting an appropriate threshold. From
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Fig. 7 The threshold selection process using Otsu thresholding
method. a PDF curves of normal condition and fault condition for
selecting a threshold value of current criterion, b PDF curves of
voltage quality problem and fault condition for selecting a threshold
value of voltage criterion

Fig. 7b, Thy = 0.01 can be seen as an appropriate thresh-
old value in the voltage criterion for a robust perfor-
mance against the voltage quality problems.

4.1 Inter-turn fault case

With u as the fault severity, several inter-turn fault sce-
narios with © between 0.02 and 0.1 are studied to eval-
uate the performance of the criteria. Here, only an
inter-turn fault (u = 0.05) is presented as a typical case.
In Fig. 8, the three-phase stator currents and voltages, as
well as their corresponding high-frequency components
and suggested criteria are demonstrated.

As can be observed in Fig. 8a, by applying an inter-turn
fault at ¢t = 1s, the three-phase currents are changed and
become unbalanced. It is clear from Fig. 8b that because
of the occurrence of the fault, some high-frequency com-
ponents have been created in the three-phase currents.
By extracting the decomposed vector D3 and calculating
its standard deviation in Fig. 8c, a sudden increase in the
current criterion occurs and reaches 0.058 units from
zero and exceeds its predefined threshold of 0.01. In a
similar side of the algorithm according to Figs. 8d-f, the
three-phase voltage signals have small changes and the
standard deviation varies fractionally from 0 to 0.0001
indicating a very significant difference from the threshold
of 0.01.
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Fig. 8 Performance evaluation of proposed criteria using simulation results for an inter-turn fault (u = 0.05), a Three-phase stator current signals,
b High-frequency components of three-phase stator current signals, ¢ The current criterion, d Three-phase stator voltage signals, e High-frequency

components of three-phase stator voltage signals, f The voltage criterion

In practice, some unwanted harmonic components
may result in harmonic contamination in the voltage sup-
ply. Therefore, the performance of the proposed criteria
should be investigated before and after the fault occur-
rence. Since the general basis of the suggested criteria
is on the distortion of the measured signal after the dis-
turbance, for studying the ability of the proposed algo-
rithm in presence of voltage supply contaminated with
high-order harmonic components several case studies
are considered. Different levels of total harmonic dis-
tortions THD s between 1 and 5% are fed to the voltage
supply. Here, to detect the coil-to-coil fault (u = 0.1)
considering 5% THD in the voltage supply, the perfor-
mance of the algorithm is investigated. It can be observed
from Fig. 9b that before ¢ = 1s, because of the harmonic
contamination in the voltage supply, there are some
high-frequency components in the three-phase stator

currents. According to Fig. 9¢c, although the value of the
current criterion is not zero and is equal to 0.001, it is
significantly lower than 0.01. This indicates a strong per-
formance against harmonic pollution in the voltage sup-
ply up to THD = 5%. On the other side, from Fig. 9d, the
three-phase voltage signals are out of sinusoidal form
because of harmonic contamination in the voltage sup-
ply. Consequently, as shown in Fig. 9f, the value of the
pre-fault voltage criterion is approximately 0.002. At the
moment of ¢t = 1s, the voltage criterion value reaches
0.005 which is lower than its predefined threshold. It is
worth mentioning that a higher THD can be dealt with
by re-adjusting the thresholds.

4.2 Voltage quality problems case
There is a serious impact of non-fault transient condi-
tions on the performance of Ims. Thus the performance
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Fig. 9 Performance evaluation of proposed criteria using simulation results for a coil-to-coil fault (u = 0.1) in a voltage distortion with THD = 5.2%,
a Three-phase stator current signals, b High-frequency components of three-phase stator current signals, ¢ The current criterion, d Three-phase
stator voltage signals, e High-frequency components of three-phase stator voltage signals, f The voltage criterion

of the proposed criteria under the most common tran-
sient conditions that may create overlap with inter-turn
fault conditions must be evaluated. Hence, the perfor-
mance of the proposed criteria under voltage sag and
swell are investigated in this section. Figures 10 and 11
depict the simulation results for voltage sag of 20% and
voltage swell of 10%.

In Fig. 10, a voltage sag of 20% happens for 5 cycles. As
seen in Fig. 10d, the three-phase voltages are decreased
from 1 pu to 0.8 pu at ¢ = 1s resulting in the current and
voltage criteria increasing to 0.0105 and 0.012 units as
seen in Fig. 10c—f, respectively. It is interesting to note
that both the current and voltage values of the criteria
exceed their corresponding predefined thresholds and

the proposed algorithm identifies this condition as a volt-
age quality problem.

As presented in Fig. 11d, a voltage swell of 10% occurs at
time interval of £ = 1s to ¢ = 1.1s and the three-phase volt-
ages increase from 1 pu to 1.1 pu. Because of the voltage
swell occurrence, the current criterion has increased approx-
imately to 0.015 in Fig. 11c and as observed in Fig. 11f, there
is a growth to around 0.012 in the voltage criterion.

One of the most frequent voltage quality problems
is voltage imbalance in the supply. In this section, an
unbalanced supply voltage of 2.64% is investigated,
and the simulation results are presented in Fig. 12. It
should be noted that the voltage imbalance is defined
according to [41]:
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Fig. 10 Performance evaluation of the proposed criteria using simulation results for a voltage sag of 20%, a Three-phase stator current signals, b
High-frequency components of three-phase stator current signals, ¢ The current criterion, d Three-phase stator voltage signals, e High-frequency

components of three-phase stator voltage signals, f The voltage criterion

voltage imbalance

maximum deviation from average phase voltage 100
= X

- average phase voltage
(19)

Figure 12d shows that the stator voltages of phases
a, b, and ¢ change from 1 p.u to 1.02 p.u, 0.98 p.u, and
0.98 p.u respectively, and the three-phase stator cur-
rents are out of equilibrium. As a result, both the cur-
rent and voltage criteria based on Fig. 12c—f reach
0.015 and 0.0104 respectively. These exceed the prede-
fined thresholds.

4.3 Mechanical load changes case

In this section, we investigate the performance of
the criteria when there is mechanical load change. A
mechanical load increase from 0.7 to 1.5 pu is shown
in Fig. 13. Although the three-phase stator currents
increase significantly from 1 to 2 pu, the current cri-
terion value is approximately 0.0001 while the voltage
criterion value is less than 0.00001, as seen in Fig. 13c—f
Both are less than their defined thresholds, and thus the
proposed algorithm considers it as a normal operating
condition.
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Fig. 11 Performance evaluation of proposed criteria using simulation results for a voltage swell of 10%, a Three-phase stator current signals, b
High-frequency components of three-phase stator current signals, ¢ The current criterion, d Three-phase stator voltage signals, e High-frequency

components of three-phase stator voltage signals, f The voltage criterion

4.4 Load rejection case

Another transient condition which can profoundly
affect the performance of IMs is load rejection. Load
rejection phenomena occur differently in generators,
where the rejection of the load means the rejection of
power whereas in motors it means the mechanical load
is rejected. As load rejection in generators affects the
electromagnetic environment, it is important to evalu-
ate the performance of the proposed criteria where load
rejection may create ambiguity in the inter-turn fault
conditions. In the following, the performance of the pro-
posed criteria under a load rejection from 0.7 pu to no
load at t=1 s is investigated. As shown in Fig. 14a, after
the occurrence of the rejection, the three-phase stator
currents fluctuate from 1 pu to 0.8 pu and subsequently
the current criterion increases to 0.007. From the other

side, as shown in Fig. 14d, the three-phase stator volt-
ages increase slightly from 1 pu to 1.08 pu and the voltage
criterion also is significantly less than its threshold value
(0.01) according to Fig. 14f.

As neither criterion exceeds the corresponding thresh-
old values the proposed algorithm does not maloperate
in this condition.

5 Practical results for assessment of the suggested
method

To validate the simulation results and the proposed

methodology, an experimental platform is implemented

as shown in Fig. 15. This experimental bench consists

of a three-phase IM with its specifications listed in

Table 3, a data logger for recording the MCS and MVS
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Fig. 12 Performance evaluation of proposed criteria using simulation results for an unbalance voltage of 2.64%, a Three-phase stator current
signals, b High-frequency components of three-phase stator current signals, € The current criterion, d Three-phase stator voltage signals, e
High-frequency components of three-phase stator voltage signals, f The voltage criterion

with sampling time of 128 ps, a coupled DC machine
with different mechanical load torques for IM, and a
three-phase autotransformer as a variable voltage sup-
ply. The practical scenarios can be summarized as:

» Inter-turn fault (1 = 0.05)

+ Voltage quality problems

« Voltage sag of 20%

« Voltage swell of 10%

« Unbalanced voltage of 2.8%

+ Mechanical load changes from 0.7 to 1.5 p.u

For implementing voltage quality problems such as
voltage sag and swell, two controllable and uncontrol-
lable methods have been used. The meaning of con-
trollable is the use of 3 autotransformers for regulating

voltages of the motor. Using the controllable method,
motor supply voltages can be increased or decreased
to the desired value over a certain time period, but the
uncontrollable method can be implemented by starting
a large motor in parallel with the test motor and turn-
ing off the large parallel motor load that is fed from the
voltage source respectively. In unbalanced voltage, the
controllable method is also used and an unbalanced
three-phase source has been created by this method.
It should be noted that most scenarios of voltage qual-
ity problems have been implemented based on the
controllable method although uncontrollable methods
have been used to show the flexibility of the proposed
algorithm. Figures 16, 17, 18, 19, 20 depict the practi-
cal results of different cases. These consist of inter-turn
fault, voltage quality problems and mechanical load
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Fig. 13 Performance evaluation of proposed criteria using simulation results for a mechanical load change of 80%, a Three-phase stator current
signals, b High-frequency components of three-phase stator current signals, ¢ The current criterion, d Three-phase stator voltage signals, e
High-frequency components of three-phase stator voltage signals, f The voltage criterion

changes. From Fig. 16, it can be clearly seen that the
simulation results results are confirmed and because of
the fault occurrence, some high-frequency components
are created at t = 0.53s as.

indicated in Fig. 16c—f. The current criterion value
increases dramatically from 0.006 to 0.04 whereas the
voltage criterion value remains approximately stable at
0.005. The values of the current and voltage criteria are
higher and lower than their corresponding thresholds. As
can be seen, the practical results are largely identical to
the simulation results, and the suggested algorithm rec-
ognizes this as a faulty condition.

Figures 17, 18, 19 illustrate the results of some non-
fault scenarios such as voltage sag, voltage swell and
unbalanced supply voltage. In Fig. 17c, a voltage sag

occurs at t = 0.62s and the current and voltage criteria
in Fig. 17b—d reach 0.021 and 0.02, respectively, which
exceed the threshold of 0.01.

A voltage swell of 10% happens for 10 cycles resulting
in an abrupt change of the high-frequency components
of the voltage and current signals, and are similar to cor-
responding scenarios in simulation. Because of the sud-
den changes, both criteria have exceeded their defined
threshold values as shown in Fig. 18b-d.

In the next step, the results of an unbalanced voltage
of 2.8% as one of the possible voltage quality problems
is investigated in Fig. 19. As seen in Fig. 19c¢, the voltage
imbalance is applied at £ = 0.66s and the stator voltages
of phases a, b and ¢ change from 1 to 1.03 pu, 0.95 pu,
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Fig. 14 Performance evaluation of proposed criteria using simulation results for a load rejection from 0.7 p.u to no load, a Three-phase stator
current signals, b High-frequency components of three-phase stator current signals, ¢ The current criterion, d Three-phase stator voltage signals, e
High-frequency components of three-phase stator voltage signals, f The voltage criterion
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Fig. 15 Implemented experimental platform for detecting SITF

Table 3 Specification of IM used

Symbol  Quantity Value

P Nominal power TKW

Vabe Rated voltage 220V

labe Rated current 36A

fs Rated frequency 50Hz

cos(¥) Rated power factor 0.74

J Rotor inertia 0.0025Kg m?
P Number of poles 4

wr No load speed 145.0368rad/s
Rs Stator winding resistance 84Q

R, Referred rotor winding resistance 820

Ly Stator winding leakage inductance 32.78mH

Ly Referred rotor winding leakage inductance ~ 32.78 mH

Lm Magnetizing inductance 437.67mH
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Fig. 16 Performance evaluation of proposed criteria using practical results for an inter-turn fault (x = 0.05), a Three-phase stator current signals, b
High-frequency components of three-phase stator current signals, € The current criterion, d Three-phase stator voltage signals, e High-frequency

components of three-phase stator voltage signals, f The voltage criterion

respectively. It is evident that the current and voltage
criteria increase from 0.007 and 0.005 to 0.017 and 0.012
respectively, with both criteria crossing their correspond-
ing threshold values in Fig. 19b—d.

As a general trend based on the simulation and
practical results, both the current and voltage criteria
exceed their defined threshold values when a voltage
quality problem occurs.

Finally, the practical results of mechanical load
changes are presented in Fig. 20. In this case, the three-
phase currents increase gradually from 1 to 2 pu, while
according to Fig. 20c—f, the values of the current and
voltage criteria are both less than 0.01.

6 Robustness of the criteria against parameter
variation

In this section, the flexibility of the algorithm considering

the effects of different parameters, such as fault resist-

ance, harmonic contamination in the supply voltage,

mechanical load change rate and noise, are evaluated.

6.1 Effect of fault resistance

The results of the proposed criterion in the case of
inter-turn faults with different intensities for changes
in fault resistance from 0 to 2000 Q are tabulated in
Table 4.
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Fig. 19 Performance evaluation of proposed criteria using practical results for a voltage swell 109%, a Three-phase stator current signals, b The
current criterion, ¢ Three-phase stator voltage signals, d The voltage criterion

As shown in Table 4, for changes in fault resistance
from 0 to 1 Q, the values of the current criterion are
largely the same. For instance, in the inter-turn fault
(1 = 0.05), the current criterion values are approximately
0.055 whereas at a higher value of fault resistance (100£2),
the criterion decreases to 0.041 and this downward
trend of the current criterion is continued for increase
in the fault resistance to the values as high as thousands
of ohms. As an illustration of this downward trend, at a
fault severity of 0.05 and fault resistance of 1000 Q, the
current criterion is significantly reduced to 0.029, while
for a fault resistance 2000 ), it reaches 0.023. From this
perspective, notwithstanding this proximity to the mar-
gin value of the current criterion threshold (0.01) at high
fault resistance, the proposed method is still robust for
fault resistances as high as thousands of ohms.

The performance of the proposed criterion for the other
fault intensities such as inter-turn fault (u = 0.02), inter-
turn fault (1 = 0.07) and a coil-to-coil fault (u = 0.1) are
also investigated. As can be seen, the value of the current
criterion in each fault resistance increases with increas-
ing fault intensity. For instance, at Ry = 1000€2, with
fault intensity increasing from 0.02 to 0.1, the values of
the criterion increase from 0.02 to 0.047. Consequently,
the proposed algorithm is robust against different fault
resistances considering different fault intensities. It
should be noted that the results in Table 4 are reported

based on 1280 different simulation cases and 450 differ-
ent experimental cases.

6.2 Effect of harmonic supply voltage contamination

As discussed, under normal conditions, both the current
and voltage criteria are less than 0.01. At the moment
of fault inception, the current criterion exceeds its pre-
defined threshold whereas the voltage criterion remains
below 0.01. Accordingly, if the voltage supply is contami-
nated with unwanted harmonics, the value of the cur-
rent criterion before the fault inception and the value of
the voltage criterion after the fault occurrence may cross
their corresponding thresholds. This will eventually lead
to maloperation of the proposed algorithm. Therefore, it
is necessary to ensure that harmonic contamination will
not result in maloperation of the algorithm. The results of
this case are presented in the form of a line graph for an
increase of THD from 0.3 to 10.5% in Fig. 21. A; denotes
the distance between the threshold and current criterion
before the disturbance inception while A, is the distance
between the threshold and voltage criterion after the
fault occurrence.

From Fig. 21, it is clear that A; and A, remain almost
constant with the increase of THD from 0.3 to 3.12%,
but from THD = 3.12% onwards, A, has a steeper down-
ward slope than A;. At THD = 9.4%, A, is negative, but
A; remains positive. Finally, at THD = 10.5%, both A; and
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Fig. 20 Performance evaluation of proposed criteria using practical results for a mechanical load change 80%, a Three-phase stator current signals,
b High-frequency components of three-phase stator current signals, ¢ The current criterion, d Three-phase stator voltage signals, e High-frequency
components of three-phase stator voltage signals, f The voltage criterion

Table 4 Average current criterion value for different fault resistance

n R¢ ()

0 0.01 1 100 1000 2000
0.02 0.044 0.041 0.039 0.029 0.02 0.015
0.05 0.058 0.055 0.053 0.041 0.029 0.023
0.07 0.067 0.063 0.06 0.048 0.041 0.036
0.1 0.081 0.079 0.076 0.055 0.047 0.039

A, are negative. Here, the permissible THD in which the 6.3 Effect of mechanical load changes

method can preserve its desirable robustness and perfor-  As mentioned earlier, both the current and voltage crite-
mance is considered to be 5.2%. However, the proposed  ria values are less than their thresholds in the mechani-
algorithm can perform adequately for THD up to 8.8%. cal load change conditions. The results of different load
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Fig. 21 Harmonic contamination effect on proposed criteria

changes are listed in Table 5. T7; (p.u) and T72(p.u) denote
the load values before and after changes. It is evident that
all values of the current criterion are less than 0.01 and as
a result, this scenario can be considered as normal oper-
ating conditions.

6.4 Effect of Gaussian Noise

Typically, the measured signals in the power system
are contaminated with noise. Hence, the performance
of the proposed criteria in the presence of Gaussian
noise is assessed and the results are shown in Table 6,
where P; and P, denote the power of the signal and
noise, respectively. As observed, with decrease of
SNR from 60 to 30db, both A; and A, decrease, and at
SNR = 30db, A, becomes negative. Although the value
of A; is positive, it is, and voltage criteria are both less
than 0.01.
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Fig. 22 The accurate working values of CT and PT. a Three-phase
stator currents, b Three-phase stator voltages

7 Experimental implementation requirements
and factors affecting accuracy

As described in the Introduction, signal-based methods
are divided into invasive and non-invasive. Given that the
proposed method is a non-invasive one, only the effects
of faults in the stator current and voltage or other obtain-
able electrical quantities are used as a fault criterion and
there is no need to install an additional sensor on the
motor [6]. In this method, the measured currents and

Table 5 Current criteria value in different mechanical load changes

T (p.u) 0.7 0.2 0.6 0.5 0.6 0.3
Tia(p.u) 1.5 0.6 0.9 1 1.3 09
Current criterion value 0.0026 0.0013 0.001 0.0016 0.0021 0.0019
Table 6 White noise effect on proposed criteria

SNR(db) = 10log(Ps/Py)

60 55 50 45 40 30
Aj 0.0099 0.0085 0.007 0.005 0.003 0.001
Ay 0.0098 0.0087 0.005 0.0024 0.0017 -0.004
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Table 7 Comparison of the proposed method with similar methods based on MCS and MVS

Comparative aspects

Analyzing domain

The required signals Delay time (s)

Robustness to
voltage quality

Average accuracy
percentage (%)

problems
[42] t |-V 0.02 79 Yes
[19] t-f |-V 0.01 81 Yes
[16] t-f I 0.02 84 No
[17] t-f | 0.02 90 No
Proposed method  t-f |-V 0.02 94 Yes

voltages from the current transformer (CT) and poten-
tial transformer (PT) are used. The requirements of the
proposed method in experiments are CT, PT and an
algorithm in a computer or implemented in hardware for
analyzing the behavior of the motor.

In the experiments, the current and voltage signals are
measured with a Lutron DL-9954 (clamp meter), with
voltage resolution and accuracy of 0.1 V and 1.2% respec-
tively, current resolution and accuracy of 0.01 A and
1.5% respectively, and a data logger with a sample rate of
128 ps. As an example, the accurate working values of CT
and PT in an inter-turn fault with & = 0.05 are illustrated
in Fig. 22. As shown in Fig. 22a, when an inter-turn fault
occurs at t = 0.53s, the three-phase currents increase
approximately from 5 A to 5.9 A while the three-phase
voltages go from 127 to 130 V.

Some factors can affect the accuracy and even cause
the proposed criteria to maloperate, e.g.: (1) use of a
CT and PT with improper accuracy class; (2) unsuitable
selection of turns ratio regardless of motor power and
voltage level; and (3) CT and PT saturation.

8 Performance comparison between the proposed

strategy and several state-of-the-art techniques
In Table 7, the proposed approach is compared with sev-
eral other methods from the aspects of delay time, ana-
lyzing domain, the required signals, average accuracy,
and robustness to voltage quality problems. The other
techniques are selected based on MCS and MVS for an
equitable comparison.

From Table 7, the difference between the calculated
equivalent impedance and its reference value is presented
as a fault criterion. Although robustness to voltage qual-
ity problems can be seen in [42], its biggest drawback,
however, is the lowest average accuracy based on abun-
dant simulations and experimental results compared to
the other methods. Reference [19] has the best time delay
in comparison to the other methods, but it has insuf-
ficient accuracy for detecting faults, and is affected by
selecting the appropriate window length in FFT-based

methods. In [16], although the currents are used as the
required signals, its most prominent shortcoming is
the lack of robustness against voltage quality problems.
In [17], there is an acceptable accuracy in the detection
of inter-turn faults. However, it is vulnerable to voltage
quality problems. The proposed method has shown the
highest accuracy with a time delay of 20 ms. Robustness
to voltage quality problems including voltage sag, voltage
swell, unbalanced supply voltage, and harmonic contami-
nation in the supply voltage is the other merit of the pro-
posed method.

9 Conclusion

Health monitoring of IMs is very important in indus-
try. This paper focuses on SITF detection in IMs, and
addresses the challenges faced by fault detection meth-
ods including the needs for high accuracy, reduced time
delay and ability to distinguish other conditions from a
faulty condition. To this end, a blind source separation
technique called principal component analysis (PCA) is
presented to extract the faulty components of MCS and
MYVS from the other components. The standard devia-
tion of one of the decomposed vectors as a statistical
SITF criterion is introduced. To improve the robustness
of the proposed method against voltage quality problems,
three-phase voltage signals are used as auxiliary signals.
To verify the reliability of the proposed method, various
simulation and practical scenarios are implemented, and
the performances are compared with the other MCS-
based and MVS-based methods. As an overall trend,
the main advantages of the proposed method over other
state-of-the-art algorithms include: (a) being the most
accurate in diagnosing conditions; (b) capability of detec-
tion of faults in 0.02 s; (c) robustness to voltage quality
problems; and (d) simplicity in implementation and no
need to install additional sensors. It is confirmed that the
performance of the proposed criterion is robust to differ-
ent fault resistances considering different fault intensi-
ties. In addition, the proposed criteria can overcome the
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voltage quality problems including sag, swell, unbalanced
supply voltage, and harmonic contamination in the sup-
ply voltage.

The proposed method shows good performance in
noisy conditions and during abrupt load change. Con-
sequently, it can be considered as an alternative for the
detection of a SITF in IMs.

List of symbols

[Vapes I Three-phase stator voltages; [lgpes]: Three-phase stator currents; [gper
Three-phase rotor currents; I: Stator short-circuit current; A¢: Stator short-
circuit flux; Rs: Stator winding resistance; Ng: The total number turns in each
phase; R: Rotor winding resistance; R¢: Fault resistance; [Lgs]: Stator self and
mutual inductances matrix; [L, ] Rotor self and mutual inductances matrix; [Ls]
: Mutual inductances matrix of the stator and rotor phase winding; [Ls} Mutual
inductance vector of the stator winding and the faulty turns; [L,¢]: Mutual
inductance vector of rotor winding and the faulty turns; Lg: Self-inductance of
the faulted turns; Ten: Electromagnetic torque; 7;: Load torque; wy: Rotor speed;
6y: Rotor angle; P: Number of poles; J: Rotor inertia; [Vqqos : Three-phase stator
voltages in the qdO reference frame; [/qdog}: Three-phase stator currents in the
qdo reference frame; [qum}: Three-phase stator fluxes in the qd0 reference
frame; [Igq0, ]: Three-phase rotor currents in the qd0 reference frame; [Aqd,}:
Three-phase rotor fluxes in the qd reference frame; L. Stator leakage induct-
ance; L;: Rotor leakage inductance; L,: Magnetizing inductance.
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transform; PC: Principal components; ITHDs: Instantaneous total harmonic
distortions; CT: Current transformer; PT: Potential transformer.

Acknowledgements
The authorsincerely thank to School of Electrical and Computer Engineering,
Shiraz University, Shiraz, Iran.

Author contributions
The author read and approved the final manuscript.

Funding
Not applicable.

Availability of data and materials
Not applicable.

Declarations

Competing interests

The authors declare that they have no known competing financial interests
or personal relationships that could have appeared to influence the work
reported in this paper.

Received: 3 August 2021 Accepted: 16 November 2022
Published online: 01 December 2022

References

1. Abid, F. B, Sallem, M., & Braham, A. (2019). Robust interpretable deep
learning for intelligent fault diagnosis of induction motors. IEEE Trans
Instrum Meas, 69(6), 3506-3515.

2. Hassan, O. E, Amer, M., Abdelsalam, A. K, & Williams, B. W. (2018). Induc-
tion motor broken rotor bar fault detection techniques based on fault
signature analysis—a review. IET Electric Power Appl, 12(7), 895-907.

(2022) 7:48

20.

21.

22.

23.

Page 23 of 24

Liang, X, Ali, M. Z, & Zhang, H. (2019). Induction motors fault diagno-

sis using finite element method: a review. IEEE Trans Ind Appl, 56(2),
1205-1217.

Maamouri, R, Trabelsi, M., Boussak, M., & M'Sahli, . (2019). Mixed model-
based and signal-based approach for open-switches fault diagnostic in
sensorless speed vector controlled induction motor drive using sliding
mode observer. [ET Power Electron, 12(5), 1149-1159.

Jiang, S. B, Wong, P K, Guan, R, Liang, Y, &Li, J. (2019). An efficient fault
diagnostic method for three-phase induction motors based on incre-
mental broad learning and non-negative matrix factorization. IEEE Access,
7,17780-17790.

Ojaghi, M., Sabouri, M., & Faiz, J. (2014). Diagnosis methods for stator
winding faults in three-phase squirrel-cage induction motors. Int Trans
Electr Energy Syst, 24(6), 891-912.

Ghanbari, T. (2016). Autocorrelation function-based technique for sta-
tor turn-fault detection of induction motor. IET Sci Meas Technol, 10(2),
100-110.

Wang, P, Lu, J, Shi, L, Zhang, Y, Tong, Z,, & Wang, N. (2020). Method for
extracting current envelope for broken rotor bar fault detection of induc-
tion motors at time-varying loads. IET Electr Power Appl, 14(6), 1067-1077.
Panagiotou, P. A, Arvanitakis, I, Lophitis, N., Antonino-Daviu, J. A, &
Gyftakis, K. N. (2019). A new approach for broken rotor bar detection in
induction motors using frequency extraction in stray flux signals. IEEE
Trans Ind Appl, 55(4), 3501-3511.

. Akhil Vinayak, B., Anjali Anand, K., & Jagadanand, G. (2020). Wavelet-based

real-time stator fault detection of inverter-fed induction motor. /ET Electr
Power Appl, 14(1), 82-90.

. Pathak, R. S. (2009). The wavelet transform (Vol. 4). Berlin: Springer Science

& Business Media.

. Jia, Z, Liy, Z,Vong, C. M,, & Pecht, M. (2019). A rotating machinery fault

diagnosis method based on feature learning of thermal images. IEEE
Access, 7, 12348-12359.

. Ali, M. Z, Shabbir, M. N. S. K, Liang, X, Zhang, Y., & Hu, T. (2019). Machine

learning-based fault diagnosis for single-and multi-faults in induction
motors using measured stator currents and vibration signals. [EEE Trans
Ind Appl, 55(3), 2378-2391.

. Glowacz, A, Glowacz, W., Glowacz, Z., & Kozik, J. (2018). Early fault diagno-

sis of bearing and stator faults of the single-phase induction motor using
acoustic signals. Measurement, 113, 1-9.

. Zaparoli, 1. O, Rabelo Baccarini, L. M., Lamim Filho, P. C. M., & Batista, F.

B. (2020). Transient envelope current analysis for inter-turn short-circuit
detection in induction motor stator. J Braz Soc Mech Sci Eng, 42(2), 1-12.

. Ghanbari, T, & Samet, H. (2017). A Kalman filter based technique for stator

turn-fault detection of the induction motors. Int J Emerg Electr Power Syst.
https://doi.org/10.1515/ijeeps-2017-0071

. Sadeghi, R, Samet, H., & Ghanbari, T. (2018). Detection of stator short-

circuit faults in induction motors using the concept of instantaneous
frequency. IEEE Trans Ind Inf, 15(8), 4506-4515.

. da Silva, A. M., Povinelli, R. J, & Demerdash, N. A. (2013). Rotor bar fault

monitoring method based on analysis of air-gap torques of induction
motors. IEEE Trans Ind Inf, 9(4), 2274-2283.

. Drif, M. H,, & Cardoso, A. J. M. (2014). Stator fault diagnostics in squirrel

cage three-phase induction motor drives using the instantaneous active
and reactive power signature analyses. I[EEE Trans Ind Inf, 10(2), 1348-1360.
Karmakar, S., Chattopadhyay, S., Mitra, M., & Sengupta, S. (2016). Analytical
tools for motor fault diagnosis. In S. Karmakar, S. Chattopadhyay, M. Mitra,
&S. Sengupta (Eds.), Induction motor fault diagnosis (pp. 29-55). Singa-
pore: Springer Singapore. https://doi.org/10.1007/978-981-10-0624-1_3
Duan, F, & Zivanovi¢, R. (2014). Condition monitoring of an induction
motor stator windings via global optimization based on the hyperbolic
cross points. IEEE Trans Ind Electron, 62(3), 1826-1834.

Chang, H. C, Lin, S. C, Kuo, C. C, & Hsieh, C. F. (2016). Induction motor
diagnostic system based on electrical detection method and fuzzy algo-
rithm. Int J Fuzzy Syst, 18(5), 732-740.

Filippetti F, Martelli M, Franceschini G, Tassoni C. Development of expert
system knowledge base to on-line diagnosis of rotor electrical faults of
induction motors. In: Conference record of the 1992 IEEE industry appli-
cations society annual meeting. IEEE; 1992. pp. 92-99.


https://doi.org/10.1515/ijeeps-2017-0071
https://doi.org/10.1007/978-981-10-0624-1_3

Namdar Protection and Control of Modern Power Systems

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34

35.

36.

37.

38.

39.

40.
41.

42.

(2022) 7:48

Bazan, G. H, Scalassara, PR, Endo, W., Goedtel, A, Godoy, W. F, & Palacios,
R.H. C. (2017). Stator fault analysis of three-phase induction motors using
information measures and artificial neural networks. Electric Power Syst
Res, 143, 347-356.

Kumar, P, & Hati, A. S. (2021). Review on machine learning algorithm
based fault detection in induction motors. Arch Comput Methods Eng,
28(3),1929-1940.

Cherif, H., Benakcha, A, Laib, I, Chehaidia, S. E., Menacer, A, Soudan, B,

& Olabi, A. G. (2020). Early detection and localization of stator inter-turn
faults based on discrete wavelet energy ratio and neural networks in
induction motor. Energy, 212, 118684.

Bensaoucha, S., Brik, Y, Moreau, S., Bessedik, S. A, & Ameur, A. (2021).
Induction machine stator short-circuit fault detection using support
vector machine. COMPEL Int J Comput Math Electr Electron Eng. https://doi.
0rg/10.1108/COMPEL-06-2020-0208

Zhou, Z, Wen, C, &Yang, C. (2016). Fault isolation based on k-nearest
neighbor rule for industrial processes. IEEE Trans Ind Electron, 63(4),
2578-2586.

Rafiee, J, Arvani, F, Harifi, A, & Sadeghi, M. H. (2007). Intelligent condition
monitoring of a gearbox using artificial neural network. Mech Syst Signal
Process, 21(4), 1746-1754.

Saravanan, N., & Ramachandran, K. I. (2009). Fault diagnosis of spur bevel
gear box using discrete wavelet features and decision tree classification.
Expert Syst Appl, 36(5), 9564-9573.

Palacios, R. H. C, Da Silva, I. N., Goedtel, A, & Godoy, W. F. (2015). A com-
prehensive evaluation of intelligent classifiers for fault identification in
three-phase induction motors. Electr Power Syst Res, 127, 249-258.
Kumar, P, & Shankar Hati, A. (2021). Convolutional neural network with
batch normalisation for fault detection in squirrel cage induction motor.
IET Electr Power Appl, 15(1), 39-50.

Liu, H., Zhou, J, Zheng, Y, Jiang, W, & Zhang, Y. (2018). Fault diagnosis of
rolling bearings with recurrent neural network-based autoencoders. ISA
Trans, 77,167-178.

Wang, B, Shen, C, Xu, K, & Zheng, T. (2019). Turn-to-turn short circuit of
motor stator fault diagnosis in continuous state based on deep auto-
encoder. IET Electr Power Appl, 13(10), 1598-1606.

Jalayer, M., Orsenigo, C,, & Vercellis, C. (2021). Fault detection and diagno-
sis for rotating machinery: a model based on convolutional LSTM, Fast
Fourier and continuous wavelet transforms. Comput Ind, 125, 103378.

De La Barrera, P. M., Bossio, G. R, Solsona, J. A, & Garcia, G. O. (2010).
Model for three-phase induction motors with stator core faults. IET Electr
Power Appl, 4(8), 591-602.

Patel, D. C,, & Chandorkar, M. C. (2013). Modeling and analysis of stator
interturn fault location effects on induction machines. IEEE Trans Ind
Electron, 61(9), 4552-4564.

Armah KE, Jouffroy J, Duggen L. Modeling induction motor imbalances:
anon-DQ approach. In: 2016 IEEE international conference on advanced
intelligent mechatronics (AIM). IEEE; 2016. pp. 769-774.

Ojaghi, M., Sabouri, M., & Faiz, J. (2018). Performance analysis of squirrel-
cage induction motors under broken rotor bar and stator inter-turn fault
conditions using analytical modeling. IEEE Trans Magn, 54(11), 1-5.

Otsu, N. (1979). A threshold selection method from gray-level histograms.
IEEE Trans Syst Man Cybern, 9(1), 62-66.

Arrillaga, J., Arrillaga, J,, Watson, N. R, Watson, N. R, & Chen, S. (2000).
Power system quality assessment. New York: Wiley-Blackwell.

Ostojic P, Banerjee A, Patl D, Basu W, Ali S. Advanced motor monitoring
and diagnostics. In: Industry applications society 60th annual petroleum
and chemical industry conference. IEEE; 2013. pp. 1-9.

Page 24 of 24

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1108/COMPEL-06-2020-0208
https://doi.org/10.1108/COMPEL-06-2020-0208

	A robust principal component analysis-based approach for detection of a stator inter-turn fault in induction motors
	Abstract 
	1 Introduction
	1.1 Motivation and literature review
	1.2 Aim and contribution
	1.3 Paper organization

	2 Mathematical model of IM considering SITF
	3 Proposed inter-turn fault detection method
	3.1 Theory of PCA in detail
	3.2 Implementation of the proposed algorithm

	4 Simulation results for performance assessment of the proposed method
	4.1 Inter-turn fault case
	4.2 Voltage quality problems case
	4.3 Mechanical load changes case
	4.4 Load rejection case

	5 Practical results for assessment of the suggested method
	6 Robustness of the criteria against parameter variation
	6.1 Effect of fault resistance
	6.2 Effect of harmonic supply voltage contamination
	6.3 Effect of mechanical load changes
	6.4 Effect of Gaussian Noise

	7 Experimental implementation requirements and factors affecting accuracy
	8 Performance comparison between the proposed strategy and several state-of-the-art techniques
	9 Conclusion
	Acknowledgements
	References


