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Abstract

In this paper, a new technique based on the manipulation of stator current signature for
induction machines fault diagnosis is introduced. The goal of the proposed method is to
demodulate the characteristic frequencies from supply frequency and preserve the infor-
mation of the supply frequency and its harmonics. The proposed method can be easily
implemented and used in experimental systems due to its low computational complexity.
The validity of the proposed method is proved through theoretical analysis and experimen-
tal results in steady-state and transient conditions. In this regard, the 270-W wound rotor
induction machine (WRIM) is tested under different fault severities and load levels.

1 INTRODUCTION

Induction machines have been widely used in different applica-
tions and are known as key components of industrial systems
[1, 2]. Since these machines are faced with different mechani-
cal and electrical faults, condition monitoring of such systems is
necessary [3, 4]. A major part of electrical and mechanical faults
in induction machines is related to the rotor asymmetries orig-
inated from broken rotor bar (BRB) in squirrel cage induction
machine or faulty rotor phase in wound rotor induction machine
(WRIM) [5, 6].

To ensure safe operation and timely maintenance, different
diagnostic methods based on mechanical and electrical signa-
tures have been introduced [7]. Among these, motor current
signature analysis (MCSA) has been extensively used for fault
detection process due to its non-invasive nature [8].

It has been shown that rotor asymmetries generate fault char-
acteristic frequency (fc,raf) around the supply frequency and its
harmonics through [1]

fc,ra f = (1 ± 2𝜁s) f1, 𝜁 = 1, 2, 3, … (1)

where f1 and s are supply frequency and slip, respectively. It has
been proved that the classical lower ((1 − 2 s)f1) and upper har-
monic ((1 + 2 s)f1) around the supply frequency have higher
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amplitudes in comparison with other time and space harmonics.
Therefore, (1 ± 2 s)f1 are considered dominant fault charac-
teristic frequencies for fault detection in induction machine
(IMs) [9]. In this regard, some limitations and constraints such
as sideband frequencies detection in light load levels condi-
tions, which can be easily buried by supply frequency, make
the utilization of MCSA methods complicated [10, 11]. More-
over, the amplitude of the main characteristic frequency of
fault harmonics (fc,raf) can be affected by supply frequency
or DC component in demodulated signal in the spectrum of
current.

Although the presence of supply frequency in the current sig-
nature of the stator makes the detection of fault characteristic
frequencies complicated, demodulation techniques are effec-
tively utilized to separate these two. Some of the well-known
demodulation techniques used in the past are the amplitude
of instantaneous stator current space vector (ISCSV) [12, 13],
Teager-Kaiser energy operator (TKEO) [14], frequency domain
energy operator (FDEO) [15] and square current signal tech-
nique. In addition to these methods, BRB fault diagnose based
on park vector approach (PVA) is introduced to demodulate the
fault characteristic frequency from the supply frequency [13]. As
alternative method, the sum of adjacent product (SAP) is intro-
duced for improving fault diagnosis accuracy under large speed
variations [16]. Moreover, the sum of squares of stator current is
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presented as fault detection methods for BRB in induction IMs
[17].

In order to reduce the need for more stator phases, TKEO
and FDEO methods are proposed [14, 15]. It should be noted
that the main objective of TKEO and FDEO was improv-
ing the fault diagnosis, especially in the light loads. However,
the amplitude of fault characteristic frequency can be signifi-
cantly affected by TKEO [10]. Although the TKEO technique
has priority in comparison with some conventional methods
such as envelope analysis, some limitation such as complexity
and incapability to calculate the amplitude of fault characteris-
tic frequency makes TKEO impractical [18, 19]. Demodulation
of fault characteristic frequencies through positive and nega-
tive sequences of stator current for closed-loop drive systems
has been reported in [19]. It seems that [19] cannot be imple-
mented in line-fed induction machines due to asymmetries
in the supply frequencies of IMs. An efficient and complex
Hilbert-hung demodulated technique has been presented along
empirical mode decomposition (EMD) technique to extract
fault features from intrinsic mode functions (IMFs) [20]. The
analytical signal-based techniques are also used for the demod-
ulation of fault-related frequencies from the main frequency.
However, these methods are complex due to Hilbert’s trans-
formation (HT) and mathematical computations [20–23]. In
other words, the implementation of HT needs two forward
FFTs and an inverse FFT which increase the complexity of the
methods based on HT. Since TKEO-based methods are sen-
sitive to noise, third-order energy operator (TOEO) technique
was introduced for BRB fault in induction machines [24]. Fur-
thermore, TOEO requires minimal calculation in comparison
with the TKEO and FDEO techniques. Recently, rectified sta-
tor current of IMs has been introduced which is based on the
information of single phase of three-phase IMs. The method is
simple and can be implemented in real system easily [10].

The amplitudes of fault characteristic frequencies are
extremely weak in the incipient stage and light load levels. Con-
sequently, they can be easily buried by the leakage of the supply
frequency. Generally, the fast Fourier transform (FFT) tech-
nique cannot capture the buried features of a faulty system
[11]. As a result, the improvement in the capability of detecting
hidden fault characteristic frequencies is of significant interest
by researchers in the field. Therefore, demodulated techniques
have been proposed. However, these methods generally increase
the complexity of the diagnostic system or omit the supply fre-
quency and their harmonics, which changes the nature of the
stator current signal. As a result, it will not be possible to anal-
yse the characteristics of the original signal and its harmonics
through the new demodulated version.

The main objective of this study is to develop a new method
based on the manipulation of stator current signature for rotor
asymmetries faults (RAFs) detection. Our simple and yet effec-
tive manipulation approach is proposed in time domain, which
leads to accurate demodulation of the fault characteristic fre-
quencies, even if it is dominated by the supply frequency.
Moreover, the proposed demodulated method can keep the fea-
tures of supply frequency harmonics and their sidebands. We
will mathematically prove that the proposed method can accu-

rately calculate and extract the amplitude of fault characteristic
frequencies.

The main contributions of this paper are as follows:

∙ The proposed method can demodulate the main characteris-
tic frequency component of RAF from the supply frequency
to avoid leakage effects.

∙ Unlike previous methods, the proposed method can preserve
the information of the main harmonics in the demodu-
lated signal. The previous methods, such as TKEO [14],
NFDEO [15], and rectification of the stator current signal
[10], extended park vector [13], and square current signal
[17], eliminate the information of the supply frequency and
their modulated frequency components. Since the RAF char-
acteristic index in IMs depends on the slip and also the
supply frequency, either in the line-fed induction machine or
inverter-fed machine, therefore, knowing the exact location
of the supply frequency leads to the accurate diagnosis of the
RAF in the machine. As a result, slight variations in the sup-
ply frequency lead to a change in the place of the RAF index,
so many efforts have been made to find the exact place of
the supply frequency at any moment by means of the current
spectrum. In the previous cases, the frequency place must be
measured using the current spectrum at the time of signal
measurement, and then that signal is demodulated from the
main frequency using the pre-processing method in the next
step, while in the proposed method it is possible to identify
the supply frequency as well as RAF index in one signal.

∙ Therefore, preserving the information of both fault and sup-
ply frequencies in the proposed method provides a more
accurate and reliable fault detection result in comparison with
the previous methods.

∙ The proposed method, unlike some previous methods such
as the instantaneous amplitude of the stator current space
vector and phase, needs only the information of single phase
of three-phase machine [2, 25].

∙ The method has clear mathematical derivation and can be
inexpensively implemented for fault detection in IMs with
simple software algorithm.

The rest of this paper is organized as follows. In the next
section, the mathematical description of fault characteristic har-
monics modulation in the presence of supply frequency is given.
In Section 3, the comparison between demodulation techniques
for electrical signature analysis is presented. The proposed
technique is introduced in Section 4. Test-rig description and
experimental results are given in Sections 5 and 6, respectively.
Finally, the paper is concluded in Section 7.

2 FAULT HARMONICS IN THE
STATOR CURRENT SIGNATURE OF
INDUCTION MACHINE WITH ROTOR
ASYMMETRIES

Fault characteristic frequencies occurred through asymmetries
in the rotor of an induction machine (1) can be simply described
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MARZEBALI ET AL. 525

FIGURE 1 (a) Spectrum of iN(t) with s = 0.01, f1 = 50, γ = 0.005. (b) Spectrum of iN(t) with s = 0.005, f1 = 50.05, γ = 0.005

in the stator current of IMs as (2) [10].

i (t ) =
∑

h=1,3,5,…

Ih cos(2𝜋h f1t )(1 + 𝛾 cos(2𝜋(2ks f1)t ), (2)

where I1, f1, and γ are maximum amplitude of stator current,
supply frequency and severity of the fault, respectively. Simpli-
fication of (2) with neglecting the effects of other harmonics
of supply frequency and RAF shows that the stator current
spectrum has three components including supply

frequency (f1) and two modulated sidebands frequencies of
fault (f1 ± 2sf1):

i (t ) = I1 cos(2𝜋 f1t ) +
𝛾

2
I1 cos(2𝜋(1 − 2s) f1t )

+
𝛾

2
I1 cos(2𝜋(1 + 2s) f1t ),

(3)

As observed from (3), the presence of the fault in IMs leads
to additive frequencies around the supply frequency (f1 ± 2ksf1)
[10]. Taking Fourier transform (FT) of normalized i(t), that is,
iN (t) = (i(t))/I, leads to

FT {iN (t )} = 1 × 𝛿( f − f1) +
𝛾

2
× 𝛿( f − ( f1 ± 2s f1)), (4)

Fault characteristics frequency in (4) has γ/2 amplitude,
which is equivalent to 20 × log(γ/2) dB, when converted to the
logarithmic domain. This can be seen from Figure 1a where the
spectrum of iN(t) in two different conditions is depicted.

It can be also found that the leakage of supply frequency
affects the detection of fault characteristic frequency espe-
cially in the light load level or low slips (Figure 1b). Figure 1

FIGURE 2 (a) Spectrum of stator current with s = 0.005, f1 = 50.05,
γ = 0.005. (a) Rectified stator current, (b) square current signal, (c) analytic
signal, (d) Teager–Kaiser method

shows that as slip decreases, under similar fault severity (γ
= 0.005), the leakage of supply frequency causes inaccurate
fault severity values (look at −43.34 dB in Figure 1b compared
to −54.05 dB when s = 0.005). Therefore, different demod-
ulation techniques have been introduced [10]. In this regard,
four popular methods including rectified stator current, a square
current signal, the amplitude of analytical signal, and Teager–
Kaiser have been used as demodulation techniques for the
detection of fault severity. Figure 2 shows that the demodulated
fault characteristic frequency emerges near the DC component
(2sf1). It is shown in Figure 1b that due to leakage effects, the
characteristic frequency of fault cannot be detected in the
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TABLE 1 Comparison between different demodulation techniques for electrical signatures analysis

Method

REQUIRED

NUMBER OF

PHASES Formulation

Amplitude of fault based

on normalized FFT (dB)

Keeping the features of

supply frequency and

their harmonics

Analytic signal 1 i(t)+j.HT{i(t)} 20 log(γ/2) ×

Extended park vector approach 3 iD(t) + j⋅iQ(t) 20 log(γ /2) ×

Teager–Kaiser energy operator 1 i2 (t)-i(t)⋅i″(t) 20 log((4 + s2) γ /2) ×

Square current signal 1 i2(t) 20 log(β/(1 + 2 γ 2)) ×

Rectified stator current 1 Abs{i(t)} 20 log(γ /2) ×

Frequency domain energy operator 1 i′2(t)+ (HT{i′(t)}) 2 20 log((4 + s2) γ /2) ×

spectrum of stator current signature. However, the fault index
can be detected through demodulation techniques where the
dominant frequency transforms to the DC frequency (Figure 2
(. This allows us to easily remove the DC component with sig-
nificantly reduced leakage effects from the fundamental compo-
nent leading to improved accuracy of the diagnostic procedure.

3 METHODS

In this section, different demodulation techniques, previously
used for the separation of fault characteristic frequency and sup-
ply frequency, are compared. In this regard, the relevant studies
listed in Table 1 will be reviewed. The best method based on
indices of simplicity, the accuracy of fault amplitude, and the
number of current sensors is introduced. Then, the drawbacks
of the selected method are explained (Table 1). Finally, the math-
ematical definition of the proposed technique is described. It is
shown that the proposed approach mitigates the drawbacks of
related works.

3.1 Comparison of demodulation
techniques

Comparison between different demodulation techniques, pre-
sented recently, has been carried out in Table 1. In this regard,
analytical signal [10], extended park approach [13], TEKO [14],
a square current signal, rectified signal [10], and FDEO [15] are
compared in the terms of the required number of phases and
amplitude of fault.

It can be found from Table 1 that the rectified stator current
signature has remarkable priority in fault detection process in
comparison to other methods. This method has three important
characteristics including one-phase data, simplicity, and accu-
racy in the computation of fault amplitude. The rectified stator
current can be easily implemented in the experimental system.
However, all the reviewed methods cannot be able to keep the
information of supply frequency, and their harmonics. Gener-
ally, some methods such as extended park vectors, TKEO, and
rectified signal omit the supply frequency and its harmonics in
the demodulated signal. Therefore, the remaining information
of the demodulated signal is limited to some sidebands.

3.2 Mathematical definition of the proposed
technique

The main feature of our proposed method is mitigating draw-
backs of the previous methods as well as preserving their
advantages. Our goal in this method is to demodulate the fault
characteristic from the main frequency as accurately as possible.
Moreover, the proposed technique can keep the information
of supply frequency and their harmonics in the spectrum of
demodulated signal through manipulation of given data. To do
this, a squared waveform denoted by g(t) is introduced and then
multiplied to the original signal i(t) (also depicted in Figure 3).

g(t ) =

{
1, i (t ) > 0

k, i (t ) <= 0
(5)

iN _m (t ) = im (t ) × g(t ), (6)

where im(t) denotes the original current signal, and iN-m(t) is
modulated signal corresponding to im(t) (using the squared
wave). If k = −1, the modified signal (i.e. iN-m(t)) is con-
verted into the rectified signal. As can be observed from (5)
and Figure 3, g(t) converts the original signal (im(t)) to the
new modulated signal through the multiplication process in
the time domain. To demonstrate how the proposed manip-
ulation in time domain can facilitate fault diagnosis in the
frequency domain, we first expand g(t) and iN-m(t) via (7) and
(8), respectively.

g(t ) =
k + 1

2
+

n=∞∑
n=1

2
𝜋n

[(1 − k) sin(
n𝜋

2
)] cos(n2𝜋 f1t ) (7)

iN−m (t ) =
k+1

2

⎡⎢⎢⎣
∑∞

h=1 Ih cos(h(2𝜋 f1)t )+

+
𝛾

2
Ih cos(h(2𝜋 f1)(1 ± 2s)t )

⎤⎥⎥⎦+
+
[∑n=∞

n=1
2

𝜋n
[(1 − k) sin(

n𝜋

2
)] cos(n2𝜋 f1t )

]
×

×
[∑∞

h=1 Ih cos(h(2𝜋 f1)t ) +
𝛾

2
Ih cos(h(2𝜋 f1)(1 ± 2s)t )

]
(8)
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MARZEBALI ET AL. 527

FIGURE 3 (a) Original signal of iN(t) with s = 0.005, f1 = 50.05,
γ = 0.005, (b) g(t), (c) iN_m for k = −0.2, (d) iN_m for k = 1.2

Then, their corresponding FT is given in (9).

FT {iN (t )}( f ) = |iN | ( f ) = ||| 1

2
I1

(2−2k)

𝜋

||| 𝛿( f )+

+
||| 1

2
I1

1

𝜋
(2 − 2k)

𝛾

2

||| 𝛿( f − 2s f1)+

+
||| 1

2

k+1

2
I1
||| 𝛿( f − f1) + ||| 1

2

k+1

2

𝛾

2
I1
||| 𝛿( f − ( f1 ± 2s f1)) +⋯,

(9)

FIGURE 4 Fourier transform of machine stator current signal with
s = 0.005, f1 = 50.05, γ = 0.005. (a) k = −0.2, (b) k = 1.2

The result of expansion based on FT shows that the fault
characteristic frequency is demodulated from the main fre-
quency while the main harmonic of supply frequency exists in
the spectrum of stator current (9). It is worth mentioning that
even with k = 0, which is equivalent to half-cycle rectification,
the same conclusion can be made. In other words, replacing
some data points with zero can also demodulate the fault char-
acteristic frequency from the main frequency. It is necessary
to note that the normalization of fault amplitude to the DC
value (0.5 × I1 × (2 − 2k)/π) in the spectrum of stator cur-
rent leads to the independence of fault characteristic frequency
from k (10). As a result, inspecting the spectrum of stator cur-
rent signatures for two different k values (e.g. k = −0.2 and
k = 1.2) shows that demodulated fault characteristic frequency
(2sf1) with the proposed technique has accurate and the same
amplitudes (Figure 4).

In Figure 5, the proposed method is compared from the
viewpoint of the presence of main frequency harmonics. In
this regard, the main harmonic, along with its third harmonic,
is taken into consideration. Among various reviewed methods,
the signal rectification method, which is the simplest method
of demodulating the sideband frequencies, is considered for
the comparison process. The results show that based on (8)
unlike previous methods, the proposed method can maintain
the dominant frequency and its harmonics in the spectrum of
the proposed demodulated technique (Figure 5).

Since the proposed method converts the fundamental
component into a DC component (corresponding to zero
frequency) the frequency leakage (due to signal truncation in
time domain) is minimized. This is because a DC signal can be
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528 MARZEBALI ET AL.

FIGURE 5 (a) Original signal of iN (t) with s = 0.005, f1 = 50.05,
γ = 0.005, I1 = 1, and I3 = 0.25. (b) Rectified of original signal. (c) iN_m for
k = −0.2. (d) Spectrum of original signal. (e) Spectrum of rectified of original
signal. (f) Spectrum of iN_m for k = −0.2

truncated at any location and at any length, without concerning
about period boundaries, which is one of the main reasons
of occurring frequency leakage in the Fourier spectrum. This
approach allows detection of fault harmonics with very small
amplitude which could be buried under the leakage of the
fundamental component in the original spectrum.

In fact, there are other methodologies aiming to perform
such transformation but using different approaches, for exam-
ple, by analysing the spectrum of the current envelope (which
can somehow resemble the DC component) [26–28]. How-
ever, the proposed method in this study is a more accurate,
straightforward, and less expensive to convert the fundamental
component into a DC component.

|||i f
|||dB

= 20 log(
𝛾

2
), (10)

4 EXPERIMENTAL RESULTS

In this section, the structure of the experimental system imple-
mented for the evaluation of the proposed method is described.
For this purpose, a 270-W WRIM with available rotor terminals
which have a nominal voltage of 400 V, four poles, and a rated
speed of 1370 rpm is used for the fault detection process.

This machine is controlled through a digital brake system. To
emulate the asymmetries faults, external resistance with differ-
ent values is added to the rotor circuit of the machine (Runb).

Power supply 

Digital brake 
system 

Current sensor 

External resistance 

WRIM 

FIGURE 6 Test-rig system description for analysis of asymmetries in the
rotor circuit of IMs. IMs, induction machine.

The measured stator current is used for the fault detection pro-
cess. Figure 6 shows the test-rig of the experimental system. In
this regard, the stator current of WRIM in healthy and three
faulty cases has been measured to investigate the effects of
faults on the characteristic frequency in different fault severities.
As observed from Figure 7, as the fault severity increases, the
amplitude of characteristic frequency grows. The spectra of sta-
tor current show that the fault characteristic frequency emerges
as additive frequencies around the main frequency.

4.1 Steady-state conditions

It is worth noting that the fault characteristic frequency gets
closer to the supply frequency as the slip decreases. Since
the supply frequency is dominant, the fault detection process
becomes challenging due to significant leakage effects. In the
proposed method, the supply frequency is preserved through
the entire fault detection procedure. Since the amplitude of the
DC component and main harmonic change with the variations
of k, the normalized fault characteristic frequency with consid-
ering the maximum value of dominant frequency, which can be
DC component or supply frequency, has an inaccurate value
and may be related to the value of k. As it was mathematically
shown above, in cases where the supply frequency is dominant,
the normalized fault characteristic frequency based on (9) would
be related to the k ([2(1 − k)γ/(π(1 + k))]). However, in cases
where the DC component is detected as dominant frequency,
the ratio of the normalized fault characteristic frequency to the
maximum value of frequency components would be indepen-
dent of the value of k and has its accurate value (20log (γ/2)).
It has been proved in mathematical analysis that for any value
of k, the ratio of the normalized value of fault characteristic fre-
quency to the DC component is independent of k (20log (γ/2)).

For this purpose, the relationship between supply frequency
and the DC component to the k factor has been given in (11).

|k + 1| I1

4
< |1 − k| I1

𝜋
⇒ k <

4 − 𝜋

4 + 𝜋
, k >

4 + 𝜋

4 − 𝜋
(11)
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MARZEBALI ET AL. 529

FIGURE 7 Experimental results of stator current spectra with s = 0.04.
(a) Healthy, (b) Runb = 0.029 p.u., (c) Runb = 0.059 p.u., (d) Runb = 0.088 p.u.

The normalization process in experiments in case where the
DC component has less amplitude in comparison with supply
frequency may lead to an increase in the noise level of the cur-
rent spectrum. Consequently, the appropriate range for the case
of the DC harmonic, which has a higher value of frequency
component in comparison with supply frequency, needs to be
calculated.

Suppose that the white noise in the spectrum of the stator
current can be written as (12).

P =

n=∞∑
n=0

P0 cos(n(Δ𝜔)t + 𝜑n ), (12)

The amplitude of noise level (PN(f)) in the spectrum of stator
current can be calculated in the two ranges of k factor as they
are given in (13).

PN ( f ) = 20 log
(

2|P0||I1|
)
, i f

4−𝜋

4+𝜋
< k <

4+𝜋

4−𝜋

PN ( f ) = 20 log

(
2|P0|||| k+1

4
||||I1|||| 1−k

𝜋

|||
)
, i f k <

4−𝜋

4+𝜋
, k >

4+𝜋

4−𝜋

(13)

In order to keep the amplitude of RAF characteristic fre-
quency at 20 × log(γ/2), the range of k factor needs to be set

at (k <
4−𝜋

4+𝜋
, k >

4+𝜋

4−𝜋
). In this regard, the noise level is smaller

in comparison with k factor at the range of (
4−𝜋

4+𝜋
< k <

4+𝜋

4−𝜋
).

This is obtained due to the fact that for {k <
4−𝜋

4+𝜋
, k >

4+𝜋

4−𝜋
}

to be valid, the term |k + 1| I1

4
< |1 − k| I1

𝜋
needs to be met

(Figure 8).
The appropriate range in which the DC component would

be higher than supply frequency is calculated and represented
(k > ((4 + π)/(4 − π)) and k < ((4 − π)/(4 + π))) (11). It
is necessary to note that the selection of k by operator out of
allowable range leads to an increase in the noise level (more than
50 dB, Figure 9c). Therefore, the fault characteristic cannot be
calculated correctly. To assess the performance of the proposed
technique for fault detection in IMs, different values of k are
considered and stator current spectrum is given for the differ-
ent values of k in Figure 9. To verify the results of the proposed
technique with previous related methods, rectified stator cur-
rent which can be obtained by k = −1 is considered. The fault
characteristic frequency is demodulated from supply frequency
(Figure 9). However, as seen from Figure 9c, for k= 1.2 which is
out of the allowable range (k> 8.32 and k< 0.12) (Figure 7), the
amplitude of fault characteristic frequency cannot be detected.
It is worth mentioning that the amplitude of fault characteristic
frequency does not significantly change with variations of k. It
approximately remains constant, which is an indication that the
fault characteristic frequency is independent of k (Figure 9).

The fault characteristic frequencies for fault detection in IMs
due to RAFs are related to (f1 ± 2sf1). It has been shown that
the classical lower ((1 − 2s) f1) and upper harmonic ((1 + 2s) f1)
around the supply frequency have higher amplitudes in com-
parison with other time and space harmonics. Therefore, ((1
+ 2s)f1 are considered dominant fault characteristic frequen-
cies for fault detection in IMs. Therefore, in this paper, the
mentioned RAF characteristic frequency is considered for the
detection of fault and other frequencies which are affected by
interaction between harmonics or noises are not investigated.

Through all the simulation and experimental results, we have
used the Hanning window to provide a good frequency res-
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530 MARZEBALI ET AL.

FIGURE 8 Flowchart of proposed demodulated technique

olution and reduce the leakage effect with a fair amplitude
accuracy. This procedure was applied to both modulated and
non-modulated signals. It is observed from the obtained results
that the demodulation using the proposed method provides a
better frequency distinction compared to the no demodulation
case while a Hanning window is used.

4.2 Transient conditions

The performance of the proposed method in transient condi-
tions (dynamic speed) has been evaluated under two accelera-
tion and deceleration modes. Generally, the methods presented
have been analysed based on the use of current signal in the
start-up mode of the machine. However, in order to emu-
late the dynamic behaviour of IMs in transient conditions, the
speed of the studied machine has been changed slightly in the
acceleration and deceleration modes.

In acceleration mode, the speed of IMs has been changed
from 1400 to 1450 rpm (Figure 10a). The time–frequency spec-
trum of stator current signal using the Fourier synchro-squeezed
transform (FSST) method is shown in Figure 10b in which the

A
m

pl
itu

de
 [

A
]

A
m

pl
itu

de
 [

A
]

A
m

pl
itu

de
 [

A
]

A
m

pl
itu

de
 [

A
]

Frequency [Hz]

Frequency [Hz]

Frequency [Hz]

Frequency [Hz]

2sf1
3.92 Hz
-39.52 dB

(a)

2sf1
3.92 Hz
-39.42 dB

2sf1
3.92 Hz
-40.07 dB

(b)

(c)

(d)

FIGURE 9 Experimental results of stator current spectra by demodulated
proposed technique with s = 0.04 and Runb = 0.059 p.u. (a) k = −1.5, (b)
k = −1, (c) k = 1.2, (d) k = 10

RAF index is well visible in the vicinity of the supply frequency
(50 Hz). The RAF index gets closer to the frequency of the
power supply by increasing the speed, so it will be difficult to
detect the index at no-load speed or low slips.

The proposed method is evaluated in four values of k in
transient mode. In k = −1, the RAF index is demodulated
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FIGURE 10 Experimental results of stator current spectra by
demodulated proposed technique in transient condition and Runb = 0.059 p.u.
(a) Speed, (b) FSST of stator current at stator current, (c) FSST of stator
current at k = −1, (d) FSST of stator current at k = 1.2, (e) FSST of stator
current at k = −1.5, (f) FSST of stator current at k = 10. FSST, Fourier
synchro-squeezed transform.

from the main frequency and will be visible near the zero fre-
quency. In this case the supply frequency has been eliminated
(Figure 10c). In k = 1.2 which is not within the permissible
range, the RAF index is not visible close to the zero frequency
as it has been expected (Figure 11d). In k = 10, RAF index sim-
ilar to k = −1.5. The RAF index is demodulated and can be
detected close to the zero frequency. Furthermore, the supply
frequency also can be observed (Figures 10e and 10f).

In deceleration mode, the speed of IMs has been changed
from 1450 to 1400 rpm (Figure 11a). The time–frequency spec-
trum of the stator current signal using the FSST method is
shown in Figure 11b in which the RAF index is well visible in
the vicinity of the supply frequency (50 Hz). The RAF index
gets closer to the frequency of the power supply by decreasing
the speed, so it will be difficult to detect the index at no-load
speed or low slips.

Similar to the acceleration mode, the proposed method is
evaluated under four values of k in deceleration mode. In k

= −1, the RAF index is demodulated from the main frequency
and will be visible near the zero frequency. In this case the sup-
ply frequency has been eliminated (Figure 11c). In k= 1.2 which
is not within the permissible range, the RAF index is not visible
close to the zero frequency as it has been expected (Figure 11d).
In k = 10, the RAF index is similar to that in k = −1.5. The
RAF index is demodulated and can be detected close to the

FIGURE 11 Experimental results of stator current spectra by
demodulated proposed technique in transient condition and Runb = 0.059 p.u.
(a) Speed, (b) FSST of stator current, (c) FSST of stator current at k = −1, (d)
FSST of stator current at k = 1.2, (e) FSST of stator current at k = −1.5, (f)
FSST of stator current at k = 10

zero frequency. Furthermore, the supply frequency can also be
observed (Figures 11e and 11f).

5 CONCLUSION

In this paper, a generalized method based on the manipulation
of stator current signature for RAF detection in the stator cur-
rent signatures of IMs is proposed. The main concept of the
presented method is based on the multiplication of the original
signal by the function which includes the dominant frequency
of the original signal. The performance of the proposed tech-
nique is verified through experiments and can be easily used for
the demodulation of RAF from the main frequency. One of the
main advantages of the proposed method is that it can simply
be implemented in the experimental system and unlike previ-
ous demodulated techniques maintain the dominant frequency
and their harmonics in the spectrum of demodulated proposed
stator current.
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