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Abstract— In induction machines (IMs), the characteristic
frequency of broken rotor bars (BRB) shows modulations by the
fundamental frequency, appearing as sidebands in the motor
current signature, and often suffering from frequency leakage.
This leakage can obscure fault components, potentially leading to
catastrophic motor failure. Effective frequency demodulation
must separate fault frequency sidebands from the fundamental
frequency, eliminate nearby harmonics, and maintain the fault
characteristic amplitude while considering the number of
measured phases. To address these challenging tasks, we propose
a novel method based on the rectified orthogonal axis technique
(ROAT), applied to the stator current. The proposed method
preserves the amplitudes of the fault characteristic frequency
while transferring the energy of the fundamental frequency to the
DC value and the 4th harmonic of the supply frequency (4f;). This
frequency shift is crucial for fault diagnosis in inverter-fed
induction machines, particularly at low speeds. Our extensive
simulations and experiments on motors with several broken rotor
bars under single and three-phase conditions demonstrate the high
efficiency and performance of the proposed approach.

Index Terms— Induction motor, Broken rotor bar fault
detection, Fault diagnosis, Motor current signal analysis.

NOMENCLATURE
fs Supply frequency.
S Sampling frequency.
JBRB Broken rotor bar fault characteristic frequency.
s Slip.
g Severity of broken rotor bar fault.
/ Maximum amplitude of stator current.
i(t) Stator current.
H() Hilbert transform.
h Number of harmonics.
FT(.))  Fourier Transform.

o) Dirac delta function.

Env[.] Envelope function.

o(t) Instantaneous angular frequency.
A(t) Instantaneous amplitude frequency.
n Rotational speed.

)4 Number of poles.

Z;DV Clarke vector of stator current.

I. INTRODUCTION

NDUCTION machines (IMs) are widely recognized as the
most popular and extensively used machines in industry due

to their simplicity, cost-effectiveness, reliability, and high
strength [1-3]. Consequently, condition monitoring of motors
to detect faults and prevent unplanned shutdowns, reduce repair
and maintenance costs, and minimize downtime, is crucial.
Failures of IMs can arise from faults in various components
including the stator, rotor, motor's mechanical system (such as
bearings and shaft), or other sources [4, 5]. Rotor cage faults
account for approximately 10% of all faults [6, 7].

Failure of rotor bars leads to oscillations in rotor speed and
torque, accelerating fatigue on bearings. A broken rotor bar
(BRB) reduces the efficiency and reliability of the motor,
limiting its ability to develop the required torque. Failure to
recognize such faults promptly may cause severe damage to the
machine [4], [8-11]. Therefore, monitoring and early detection
of BRBs are essential. Theoretical analysis comparing a healthy
rotor to one with BRBs reveals that current passing the bars
creates a three-phase magnetic field rotating at the slip
frequency (sfs). In a healthy rotor, there is only a forward-
rotating field at the sfs. In the case of BRBs, a backward-rotating
generates magnetic field at the -sfs, which induces an
electromotive force (EMF) in the stator winding. This creates
components in the stator current signatures at frequencies of
(1£2s)f;, which emerge as sidebands around the supply
frequency (fs) [12, 13].

There are various condition monitoring techniques based on
mechanical an electrical signature, such as vibration,
temperature, noise/acoustic ratio, noise, speed fluctuation,
magnetic flux, and motor current signature analysis (MCSA)
[14]. Monitoring of temperature, vibration, and magnetic flux
are invasive techniques and needs extra sensors. These
techniques are costly and have some drawbacks such as the
need for motor disassembly, which is time-consuming, and
labor-intensive. Furthermore, invasive techniques may require
specialized equipment and expertise, making them less
accessible or practical for routine monitoring tasks. Non-
invasive techniques, such as MCSA, do not impact the internal
design of the motor [10]. In recent years, MCSA has gained
more attention due to its cost-effectiveness, elimination of
additional hardware complexity, and non-alteration of the
motor structure. Moreover, MCSA can analyze BRBs, cracked
end rings, stator faults, misalignment, and bearing failures [14].
Most MCSA approaches are based on detecting sideband
frequencies around the fundamental frequency. The fast Fourier
transform (FFT) is a common technique for MCSA, mainly



used for steady-state operations to detect BRBs in IMs.
However, FFT suffers from spectral leakage; the amplitude of
the principal component is much higher than that of the fault
harmonics, causing them to be concealed [10]. Several
approaches have been introduced to overcome the leakage
problem, such as eliminating the principal component through
notch and Kalman filters [15, 16]. Nevertheless, these methods
require knowledge of noise and may attenuate fault harmonics.
Other approaches have been introduced to avoid the principal
component leakage problem, which is based on converting the
principal component of the current to a DC component. These
techniques mitigate leakage in the discrete FT (DFT) spectrum,
such as envelope analysis (EA) based on Hilbert transform (HT)
[17], analysis of the rectified motor current [18], Teager-Kaiser
energy operator (TKEO) [19], third-order energy operator
(TOEO) [20, 21], square current spectrum analysis (SCSA)
[22], enhanced phase vector analysis (EPVA) [23], sum of
adjacent products (SAP) [24] and frequency domain energy
operator (FDEO) have been introduced [25]. Although these
approaches solve the leakage problem, they have their
drawbacks. For example, SAP and SCSA alter the magnitude
of fault frequency characteristics, and EPVA and SAP uses
three current sensors. TKEO has phase distortion due to require
causal processing, and hence, Li et al. has proposed FDEO to
overcome this issue [26]. However, it has been shown that
FDEO cannot properly identify fault features under light load
conditions due to strong noise contamination and frequency
component interference [1]. Therefore, normalized frequency
domain energy operator (NFDEO) was proposed to increase the
capability of detecting BRB fault under light load conditions
[1].

In inverter-fed motors, the fundamental frequency may vary
within a very wide range. Consequently, the corresponding
frequency components also change considerably under
different conditions, presenting a challenge in detecting BRB
fault. Although the fault characteristic amplitude is not identical
at different speeds, it increases with decreasing motor speed.
However, the fault characteristic frequency (2sfs) remains
constant under a constant torque load, while the slip increases
with decreasing frequency [27-32]. Therefore, demodulation
methods are suitable for detecting the fault characteristic
frequency. It is worth mentioning that demodulation techniques
work by transferring the fundamental harmonic to the DC value
and other harmonics. In the existing rectification methods, the
fault characteristic frequency is maintained at its actual value,
while the energy of the main harmonic (fs) is normally
transferred to the DC value and to the second harmonic (2fs).
Nevertheless, when the supply frequency is small, the
proximity between the fault’s characteristic frequency and the
harmonic of the supply frequency would be very small [34-36].

This paper proposes a novel approach, termed rectified
orthogonal axes technique (ROAT), employs the Hilbert
transform to create a virtual signal with a phase shifted by 90°
relative to the original signal (called orthogonal axes). The
original and virtual signals are then rectified, leading to the
elimination of the fundamental frequency leakage. In the
proposed approach, frequency components are created as a DC

part, fault characteristic harmonics 2sfs, 4fs, and sideband
frequency components. As a result, the fault characteristic
frequency of 2sfs is placed far away from the frequency of 4f.
It is worth noting that, ROAT can be easily adapted from single-
phase (S-ROAT) case to the three-phase (T-ROAT) case.

The rest of the paper is organized as follows. Section II
provides a mathematical description of the BRB faults. Section
IIT presents mathematical and theoretical definitions of the
proposed method and synthetic signal for validation. Section IV
presents the experimental results to validate the proposed
method. Finally, Section V concludes the paper.

II. BROKEN ROTOR BAR FAULT

When a bar in the rotor cage fractures, it creates an anti-
rotational magnetic field within the rotor that is opposite to the
main rotating magnetic field. Due to the mechanical speed of
this machine, it causes the stator to have a current with a
frequency of (142s)fs, which appears as sidebands around the
fundamental frequency. Leakage of the fundamental frequency
results in hidden sidebands. Therefore, demodulation
techniques need to be used as pre-processing stage to reduce
leakage and separate the characteristic frequencies of BRBs. In
this section, the impact of BRB on the stator current signature
with simplified mathematical equations as well as different
demodulation techniques are described.

A. Mathematical modeling of BRB

A BRB fault modulates amplitude of the stator current, with
the following frequencies:

s = 2Ksf. k=12,3,.. (1)

The stator phase current in an IM with a BRB fault is as follows
[37]:

(1) =1cos(2z £t 1+ Beos( 27 fypst ) ). )

Considering the first main harmonic component (k = 1)
given in (1), (2) can be simplified as follows:

i(ty=1cos(2rft)+ gl cos(2r f.(1-28)t) +
3)

g Tcos2r f.(1+2s)t),

where the fault characteristic frequency, which emerges as
sidebands of the fundamental component, are fs + 2sfs. Since
different demodulation techniques are used for fault detection
process in MCSA, these techniques are investigated in the next
section to show the characteristics of each method, separately.
This allows a clear identification of advantages and
disadvantages of each method, collectively.

B. Fault diagnosis demodulation techniques

1) Rectified stator current
The spectrum of the rectified stator current is simply realized,
either by taking the absolute value (|.|) of i(¢), or by rectifying it
using a diode bridge in practice [18]. The mathematical
definition of rectified signal is given as follow:
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2) Squared current signal
The squared current for an IM with a BRB fault can be
mathematically expressed as [22]:

(1) = %2((1 +28%)+2Bcos(2r(2sf)t) +

(10)
+pI* cos(4z(2sf))t)),
i (2sf)) =2010g(L) ~20log(p). (11)
s 1+2/°

3) Extended Park’s Vector Approach (EPVA)
EPVA method requires all three currents of a motor [23] as
follows:

Iy () =iy (1) + iy (D), (12)
where
i (1) =%a<r>—%m>—%a(n, (13)
. 1 . 1 .
lQ(l)=$lb(t)—$lc(l)- (14)

This method includes DC and low frequency components as
follows:

lioy| =i @)+ jip (0] = %I(H Beos(2r(2sf)t)). (15)

The fault severity is as follows:

»=20log(5).

|iPV|(2Sfx) E (16)

4) Teager-Kaiser Energy Operator (TKEO)

The energy operator was primarily proposed by Teager and
then improved by Kaiser, which is expressed in two continuous
and discontinuous modes. It can be used for fault detection by
current signal [19]:

TKEO{i(t)} = i (1) =i'(t)" —i(0)i" (). (17)

The TKEO({i(f)} signal contains a DC component and a low-
frequency fault harmonic at a frequency of 2sfs

i ()= QrfI) 1+ +5%)2Bcos(2z(2sf)t),  (18)

i (251,)| 5= 2010g((1+5%) B) ~ 20log(B).

5) Third-Order Energy Operator (TOEO)
This method can be used for fault diagnosis of low frequency
BRB operating under different constant loads and different

supply frequencies. However, this method suffers from noise
due to higher-order derivatives [20, 21].

(19)

TOEO{z’(t)} =i, () =1'@)"(t) —i(t)i" (¢). (20)

Discrete sampling sequences of (20) can be written as follows:

i[n]=i[n]i[n+1]-i[n-1]i[n+2]. 1)
6) Frequency Domain Energy Operator (FDEQO)
This energy operator does not need causal processing and
uses corresponding HT; therefore, phase distortion is avoided
[25]. Assuming the current signal denoted by i(¢), then:

Env[i()]=i(t)+ H(i(1)). (22)
The Env[.] of j'(¢)is obtained from the following equation.

Eni'(1)] ~ [~o(0) A()], (23)
where
A= ,[Env[i(t)],
(24)

olt) = Env[i-'(t)]'

EnV[i(1)]
7) Sum of Adjacent Products (SAP)
The sum of adjacent products (SAP) consists of the sum of

the products of every two-adjacent phase current, for a three-
phase IM [24]:

i, (1)
I () =[0,(0) 5,(1) L.(O]x]i.(0)
,(t)

=1, ()i, (1) +1, (1)1, (1) +1. ()i, (©).

(25)

Under ideal conditions, i.e. for a healthy three-phase IM,
contains only a DC component (26), however in case of faulty
IM the (25) can be written as (27).
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where /; and 7 are amplitudes of the fault frequencies on the left
and right sides, respectively. According to Eq. (27), a faulty IM
with a BRB includes a DC value, and two new fault terms
located at 2sf; and 4sfs.

The spectrum of a synthetic signal (2) under the faulty
condition using above-mentioned methods are illustrated in Fig.
1. The selected parameters for (2) with corresponding reasoning
are explained as follows. The value of § was empirically chosen
as 0.01, which corresponds to a severe fault of 3 BRB. This
value was obtained based on the type and size of motor used in
our lab (further detail provided in Section IV). The values for
slip (s) were selected as 0.004 and 0.05 to ensure resembling
the no-load and full-load conditions, respectively. The supply
frequency fs= 50 Hz considered since the power grid operates
at a frequency of 50 Hz. Consequently, is obtained based on
JfBrB= 25/ [38]. According to Fig. 1, and Eq. (11) and Eq. (19),
the TKEO and square methods amplify fault characteristics.
Conversely, as indicated by Eq. (9), and Eq. (16), and Fig. 1,
the Rectified and EPVA methods do not alter fault
characteristics. However, the EPVA method requires three
current sensors for implementation.
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Fig. 1. Comparison of the main fault harmonics generated by different
demodulation methods, using a synthetic current of a faulty machine, with f;=
50 Hz, s = 0.05, and = 0.01, for the duration of 10 s with fm= 10 kHz.
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III. PROPOSED METHOD

The proposed method effectively generates a characteristic
fault frequency with an amplitude identical to that of the
original current signal, preserving the amplitudes of the fault
harmonics with a single current sensor. In addition, the method
generates a harmonic with a fundamental frequency of 4f;,
which is significantly distant from the characteristic fault

frequency (2sfs). This approach ensures accurate fault detection
without distorting the signal or introducing interference with
the fault characteristic frequency. In the next section, the
characteristics of the HT will be explained, followed by the
algorithm of the proposed method. Finally, analytical validation
will be conducted to demonstrate the effectiveness of the
proposed method.

A. Hilbert transform (HT)

The HT is a well-known transform, which can be used in the
detection of mechanical and electrical faults in IMs.
Mathematically, the HT of i(f) is obtained by calculating the
convolution between function (1/7) and the main signal (i())
as follows:

HT(i(t)) = it xi(t) = [~ i@ 4 (28)

Ve o= (t—1)
The key property of the HT which offer a deep physical
insight can be highlighted as follows [39]. The HT of a
trigonometric function i(¢) represents a version of itself with a
90° phase shift, i.e., sines are transformed to cosines, and vice
versa. The spectrum of a signal after undergoing the HT retains
the same amplitude and frequency contents as the original one.
However, the phase of each frequency component is shifted by
90°.

B. Single Phase Rectified Orthogonal Axes Technique (S-
ROAT)

The proposed S-ROAT is designed to shift the main
harmonic away from the characteristic fault frequency. The
objective of this approach is to generate two orthogonal signals
with a phase difference of 90°. Consequently, the upper
envelope formed by these signals comprises the fault
characteristic frequency at 2sfs, along with the harmonic at the
4f;. This innovative technique not only effectively separates the
fault characteristic from the main harmonic but also ensures
enhanced fault detection accuracy by mitigating interference
between these frequencies.

Due to significant advancements in the drive industry in
recent years, electric machines powered by inverters have
gained considerable attention as an attractive and notable option
[33]. The impacts of fault in the spectrum of current signature
of IMs at different supply frequencies can be depicted as Fig.2
where f; varies from 50Hz to 20Hz. In inverter-fed IMs, as the
supply frequency decreases, the corrsponding supply frequency
in the spectrum will move toward to the demudulated fault
charectristc frequency (Fig.3). Due to the substantial difference
in magnitude between the fundamental harmonics and the
characteristic frequency of the BRB, the characteristic
frequency of the BRB cannot be properly distinguished. To
address this issue, the proposed method shifts the fundamental
harmonic by 4f;, which improves the detection of the BRB's
characteristic frequency, especially at low speeds.
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Fig. 3. Decreasing the fundamental frequency and increasing slip with constant
fault characteristic frequency (green line p =4, £ =50, s = 0.034 and n = 1500
rpm), (red line p =4, fs =40, s = 0.042 and n = 1200 rpm), (black line p =4, f;
=30, s =0.057 and n» = 900 rpm) and (blue line p =4, £ =20, s = 0.085 and n
=600 rpm).

A detailed mathematical description of the proposed method
is provided as follows.

1) Analytical validation

f,=30H:]
— /=20t

Amplitude (dB)

To analytically implement and analyze the proposed method
in this paper, the HT technique is employed [31]. Combining
(2) and (4) can result in:

H(i(0) =Isin (27 £t < (1+ Bsin(27 fypt )), (29)
where
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Fig.4. Main signal (i(¢)) and HT signal (H(i(%))).
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Fig. 4 illustrates the original signal along with result of HT
which shows a 90° shift. In the proposed method, only the peaks
of the signals should be considered, as highlighted in Fig. 5. The
mathematical description of these regions is obtained through
modeling the curves in Fig. 6 which can be calculated as sign
functions given below.

sgn(i(t)) = %sgn(cos(Zﬂfst - %) —cos(2z fit — 377[)), (31)
sgn(H(i(t)) = %sgn(cos(Z;r fit— %) +cos2rfit— 3Tﬂ)). (32)
where:
-1, if x<0
sgn(x)=<0, if x=0. (33)
I, if x>0
Eq. (31) and Eq. (32) can be expressed as:
1 V3 kY4
[5 sgn(cos(2z fit — Z) —cos(2z fit 7—))} =
sm(h 37”]
w | ———=2cos(h27fit)+.. (34)
Al h :
T 2535, sin(hzj
...+T4cos(h27rf;t)
[1 sgn(cos(2z £t —2) +cos(2x ft - 3—”))} =
2 g s 4 s 4 -
cos(hz)
4] = T4sin(h2ﬂﬁt)+ (35)
—x= Z .
T 2p={35,. cos(h ﬁj
...+T4sin(h27rfjt)

By multiplying i(t) and H(i(f)) with their corresponding sgn
counterparts the following equations are derived:

[i(6)] = i(r) xsgn(i(0), (36)
[i(0)| = H (i) xsen(H i(1)). (37)

Finally, the iroar is obtained through:
lirour O] =[]+ (). (38)

Eq. (38) can be expanded by considering (36) and (37) as
follows:
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For i =1, the above equation can be simplified as:

‘iR0.4T([)‘ =

2 {6 +68c0s(27(2sf, )t) + 2cos(2m(4 £, )t )+ }
— . (40)
3 Peos(22(2f, (2% 5)1))

It is observed from (40) that |iro4r(f)| is composed of the
following four key components:

242

e DC component:

e  Characteristic frequency component:

1822
T

cos(2z(2sf,)t)-

e  Fourth harmonic of the fundamental frequency:
I 2\/—
ﬁ cos( 2741 )1))-

. Sldebands around the fourth harmonic.
Considering the first two terms in (40):

IJ'

|lROAT (f)| (6+6,Bcos(27z(2sf )t) (41)

The Fourier transform of above equation is given as follows:

FT i 0} (/) =2 M(

Ixo(f)+= ><§(f—2sfs)j. (42)

Eq. (42) in the decibel scale can be written as follows:
FT {igor (1)} (f)|.13 =0x6(f)+ 2010g(§) xo(f=2s/). (43)

The amplitude of fault characteristic frequency component in
dB can be calculated as:

B
. (44)

|i

The pseudo of the proposed ROAT for implementation on
synthetic and experimental signals is given in Algorithm I.

= 201og(

Algorithm I: ROAT

Input: the current signal y(¢), =0, 1, - -
Apply Hilbert transform: H(y(¢))
A =abs [ ()]
B =abs [ H(/(1))]
for k=1toNdo
if (Ax>Bx)
Cr= Ak
elseif (Bx>= Ax)
Ci= Bk
end if
end for
Calculate FFT spectrum x = F(Cx)
Output: Detect fault component in x

S N—1;

2) Performance evaluation (synthetic signal)

To show the advantages of the proposed method, a synthetic
current signal of an IM with BRB fault has been generated using
Eq. (2), with the following parameters: / =1, fs = 50.06 Hz, s =
0.004, and = 0.01. Fig. 7 demonstrates the performance of the
proposed method. The sampling frequency used for generating
this signal was fm = 10 kHz, and the signal has been simulated
for 10 s. These settings make a real situation, with a
fundamental frequency (50.06 Hz) that is not an exact multiple
of the frequency resolution of the acquisition process (Af'= 1/t
= 0.1 Hz). Following the procedure of Algorithm I, Fig.7 (a)
shows the two orthogonal signals (original and its Hilbert
transform). The sign functions of these two signals along with
original signal and its Hilbert transform are depicted in Fig.7(b).
According to (36), (37), (38) and performing rectification,
Fig.7(c) can be produced. Fig.8(a) shows the Fourier spectrum
of original synthetic signal. It can be found that the sideband
frequencies are buried due to the leakage effects of the
fundamental frequency. In contrast, when S-ROAT is applied
to this signal, the fault characteristic frequency is demodulated,
and the fundamental frequency is shifted to the zero frequency
and 4fs (Fig.8 (b) and Fig.8 (c)) while in existing rectification
method the fundamental frequency is shifted to the zero
frequency and 2fs as shown in Fig.9.
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C. Three Phase Rectified Orthogonal Axes Technique (T-
ROAT)

The three-phase version of the ROAT (T-ROAT) is
described. The objective is to generate two signals per phase
with a 90° phase difference. Consequently, the upper envelope
formed by these signals encompasses the fault characteristic
frequency (2sfs) and the main harmonic frequency shifted 12
times further. The unique feature of T-ROAT lies in its ability

to shift the main harmonic by 12f; however, the inclusion of

HT calculations for all three phases increases the complexity.
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Fig.9. Spectrum of rectified stator current signal.

In the proposed three-phase method, the Hilbert Transform is
applied to each phase individually, generating three virtual
phases and thus forming a total of six phases (three original and
three virtual). Ultimately, rectifying the six phases results in the
creation of an upper envelope containing a signal with a
frequency twelve times that of the original signal. The
mathematical expressions for T-ROAT can be simply expanded
by replicating equations given in Section III-B-1.

In order to evaluate the performance of T-ROAT, Fig.10 is
provided. Fig.10 (a) shows the two orthogonal signals per phase
(original and its Hilbert transform).
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TABLE I
COMPARISON OF DIFFERENT METHODS

No. of

Method Sensors 25fslan 25filan
Rectified 1
FDEO 1
S-ROAT 1 20log(B/2) -46.02dB
T-ROAT 3
"EPVA 3
SAP 3
TKEO 1
_TOEO ! 20tog(F) -39.994B
Square 1

The sgn functions of these signals along with original signal
and their Hilbert transform are depicted in Fig.10 (b). Similar
to the single-phase case, Fig. 10(c) shows the envelope of the
sum of the absolute values of all signals, including all three
phases and their corresponding Hilbert transforms. When T-
ROAT is applied to this signal, the fault characteristic
frequency is demodulated, and the fundamental frequency is
shifted to the zero frequency and 12f (Fig.11 (a) and Fig.11

(b))

D. Comparison among existing technique

According to Table I, methods such as SAP, TKEO, TOEO,
and Square generate the fault characteristic frequency with an
amplitude corresponding to twice the actual fault intensity (5).
However, the SAP method requires three current sensors. In
contrast, methods based on EPVA, FDEO, and rectification
display the fault characteristic frequency with an amplitude
proportional to the actual fault severity (£/2) (actual value).
Notably, the ROAT method is simpler to implement compared
to EPVA as it requires only one current sensor instead of three.
Additionally, methods utilizing rectified and squared signals
generate a fundamental frequency harmonic twice the main
frequency (2fs), positioned close to the fault's characteristic
frequency while S-ROAT and T-ROAT shift the fundamental
frequency to 4fs and 12f;.

IV. EXPERIMENTAL VALIDATION

A. Test-rig description

In squirrel cage induction motors (SCIM), the BRB fault
usually occurs due to the complete break of one or more rotor
bars. Fig. 12 presents the test-rig of SCIM to validate the
effectiveness of the proposed method. The fault analysis was
distinct conducted under steady-state mode, encompassing four
different scenarios: healthy, one broken rotor bar (I-BRB), two
broken rotor bars (II-BRB), and three broken rotor bars (III-
BRB). The BRBs are obtained by drilling holes, as shown in
Fig. 13. For each conducted test, 25 k samples were used at a
sampling frequency of 2 kHz. The supply frequency of the used
SCIM was 50 Hz. Table II shows the specifications of the
employed SCIM [40].

Measurement Current
system Sensors

Digital brake systems

ud L‘
a b c
Fig.13. Faulty rotors- (a) I-BRB, (b) II-BRBs, (c) III-BRBs.

TABEL I
SPECIFICATION OF SCIM

Parameter Value
Rated voltage (V) 380
Rated power (W) 270
Supply frequency (Hz) 50
Pole pairs 4
Stator winding connections Y
Stator winding resistance (£2) 34.73
Rotor cage resistance (Q2) 32.12
Mutual inductance (H) 1.339
Self-inductance of stator (H) 0.139
Self-inductance of rotor (H) 0.159
Inertia (kgm?) 0.00161

B. Experimental Result
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Fig.15. (a) Three phase current signal -(b) signal

obtained by the proposed method (black)-(c) spectrum

of the proposed method -(d) spectrum of SCIM in

Fig. 16. (a) Three phase current signal -(b) signal

obtained by the proposed method (black)-(c) spectrum

of the proposed method -(d) spectrum of SCIM in

healthy condition -(e) the spectrum of the faulty motor healthy condition -(e) the spectrum of the faulty motor
(II-BRB) at the rotor speed of 1470 rpm -(f) 1450 rpm -  (III-BRB) at the rotor speed of 1470 rpm -(f) 1450 rpm
(g) 1430 -(h) 1410 rpm. -(g) 1430 -(h) 1410 rpm.

SCIM in healthy condition -(e) the spectrum of the
faulty motor (I-BRB) at the rotor speed of 1470 rpm
-(f) 1450 rpm -(g) 1430 -(h) 1410 rpm.
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The motor has been tested under different speeds and fault £ w0
severities. The stator current during this period has been £
recorded for 12.5 s, using a sampling frequency of 2 kHz. Fig. T e T
14, Fig.15 and Fig.16 show the obtained results for [-BRB, II- F'Z;‘)“e"”y )
BRB and I1I-BRB under different speeds, respectively. 0

Three-phase current of SCIM is shown in Fig.14 (a), Fig.15(a)
and Fig.16 (a). Single phase of SCIM is used to apply the
proposed algorithm which has been shown along with HT and
the ROAT output (Fig. 14(b), Fig. 15 (b) and Fig. 16 (b)). Fig.

2sfi=-54.45dB Em

Amplitude (dB)

14 (c) - Fig. 14 (g) present the spectra of stator current signature 0 ! S
in three different speeds with I-BRB and healthy conditions. r(‘*;‘)‘e“”( %)

Moreover, Fig. 15 and Fig. 16 show the signatures in 3 different or : : : ‘ S
speeds with II-BRB and I1I-BRB. 2sf:=-54.20dB ot

Comparative experiments of different pervious reported
methods which are based on three-phase and single-phase data
are given in Fig.17 and Fig.18, respectively. In this regard,
frequency spectrums of the stator current for IM with III-BRB

Amplitude (dB)

Frequency (Hz)

at 1470 rpm are obtained. The facts presented in Table I, can be Fig. 18. (a) Single phase current signal of faulty motor (III-BRB) at the
deduced from Fig. 17 and Fig' 18. rotor speed of 1470 rpm-(b) spectrum of the TKEO method -(c) spectrum
. . . of the TOEO method -(d) spectrum of the Square current method-(e)
Fig.19 .pr.esents the cpmparlspn of the amplitude of the fallllt spectrum of the FDEO method -(f) spectrum of the Rectified current
characteristic frequencies at different BRBs and loads. It is method -(g) spectrum of the S-ROAT method

notable that by increasing the number of BRBs, the amplitude
of fault characteristic frequency increases. This figure
summarizes the performance of ROAT at different speed and
fault severities.
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Moreover, the energy of the fundamental frequency transfers to
the DC value and 4" harmonic of the supply frequency. In
comparison with rectified stator current signature in which the
energy of fundamental frequency transfer to the DC value and
2" harmonic of supply frequency, the proposed method has
better separation.

V. DISCUSSION & CONCLUSION

This paper introduced a novel technique to detect the BRB fault
with the stator single-phase current. The efficacy of the method
was validated through both synthetic signals and experimental
data containing 1, 2, and 3 broken rotor bars. The proposed
method effectively separates the fault-index from the supply
frequency, thereby mitigating the adverse effects of main
component leakage. Furthermore, it shifts the main harmonic
by a factor of 4, doubling effectiveness compared to previous
methods. The proposed method proves particularly valuable in
scenarios with low amplitude supply frequencies. Our study
specifically focused on the accurate demodulation of the fault
characteristic frequency components, which is crucial for
enhancing fault separability and detection performance in
subsequent stages. It can serve as a vital pre-processing step that
improves the quality of data fed into data-driven classification
techniques, including machine learning and deep learning. By
accurately isolating and demodulating these frequency
components, our method ensures that the features used by
machine learning models are of higher quality and more
relevant, thereby potentially increasing the performance of
these models. While our current study does not directly apply
machine learning or deep learning techniques, it lays a critical
foundation for their effective implementation.

The proposed offers a cost-effective and non-invasive approach
utilizing existing current sensors and avoiding additional
expensive equipment. However, its limitations include
sensitivity to electrical noise and disturbances, the complexity
of signal processing, partial fault detection, and dependency on
load conditions. Our proposed method may also be less
effective for certain mechanical faults that do not produce
distinct current signatures. Integration with advanced
technologies such as machine learning, deep learning, and
internet of things (IoT) can enhance detection accuracy and
automate diagnostics. Improved signal processing algorithms
and hybrid approaches that combine ROAT with other
techniques like vibration analysis and thermal imaging can
provide more comprehensive fault detection. The use of
wireless sensor networks can facilitate the implementation in
hard-to-reach or hazardous environments, enabling real-time
monitoring and diagnosis.
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