
 

 

Abstract—Low-frequency torque oscillations (LTOs) 
characteristic components emerge in the stator current 
spectrum of induction machines (IMs) as additive 
frequencies near the rotor asymmetry fault (RAF) indices 
especially in gearbox-based electromechanical system. 
The interactions between these two components make the 
fault detection process complicated and lead to false alarm.  

In this paper, a new technique for detection and 
separation of RAF from LTOs in IMs based on single phase 
stator current data is proposed. The method benefits from 
a novel pre-processing stage based on several sign 
functions. Hence, a two-axis rotating reference frame with 
a single phase of stator current of IMs with no prior 
knowledge of the rotational speed is introduced. The 
proposed method maps the static reference frame obtained 
through single stator current and its associated Hilbert 
transform to the proposed rotating reference frame which 
can separate the effects of LTOs from RAF, effectively.  The 
validity of the proposed technique is tested through 
theoretical analysis, and experiments in both steady-state 
and transient conditions. In this regard, Synchro-squeezing 
Wavelet Transforms (SWT) is used for time-frequency 
analysis of faulty stator current in transient conditions. The 
obtained results confirm the effectiveness of the proposed 
approach to separate the RAF characteristic frequency 
from LTOs even in line-fed IMs applications. 

 
Index Terms—Condition monitoring, fault diagnosis, fast 

Fourier transform, stator current analysis, induction 
machine. 

NOMENCLATURE 

Tl                                      Load torque.  
Tem                                                       Electromechanical torque. 
Tosc                                                      Torque oscillation component. 
fLTO                                   Load torque oscillation frequency. 
Is                                       Stator current amplitude. 
Ir                                       Rotor current amplitude. 
β                                       Modulation index of LTOs. 

φ                                       Phase difference. 

fs                                                            Supply frequency. 

fr                                                            Rotor frequency. 
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p                                                            Pole pairs. 

s                                                             Slip.  

Jn                                                           nth order of Bessel function. 

G                                      Ratio of speed reduction. 

γ                                                            Modulation index of RAF. 

fRAF                                   Characteristic frequency of RAF. 

I. INTRODUCTION 

NDUCTION machines have been extensively used in different 

industrial applications such as traction systems, and wind 

turbines due to remarkable advantages over other types of 

electrical machines [1,2]. Condition monitoring of IMs are 

necessary and inevitable due to IMs working in harsh 

environmental conditions or sensitive applications [3].  

IMs are normally faced with different electrical and 
mechanical failures including rotor asymmetry faults (RAF), 
dynamic and static eccentricity, and inter-turn faults [4]. A 
significant failure rate in IMs is related to RAF which occurs in 
the wound rotor induction machines (WRIMs) and squirrel cage 
induction machines (SCIMs) as unbalance rotor winding and 
broken rotor bars, respectively [5,6]. In this regard, different 
methods for condition monitoring of electrical machines have 
been presented in recent years. Among them, motor current 
signature analysis (MCSA) due to simplicity and non-invasive 
nature has been attracted more attention [7, 8]. Up to now, 
countless pre-processing techniques have been presented to 
detect and demodulate mechanical and electrical faults from 
main supply frequency in the stator current spectrum of IMs. 
Some of the well-established ones are Teaser-Kaiser [9], 
rectified stator current [5], and analytic signal based on Hilbert 
transform [10]. 

One of the major problems in the process of RAF detection 
in the spectrum of stator current is related to the interaction 
between low torque oscillations (LTOs) and RAF indices which 
leads to false alarm [11]. The existing methods for separating 
the characteristic of RAF from LTOs can be divided into non-
invasive and invasive techniques. In non-invasive methods, 
there is no need to install and use additional sensors to record 
data of signals. Invasive methods, such as flux-based methods, 
would require the installation of external sensors in the form of 
coils or an air-gap flux sensors in the stator slots. 
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Table I: summary of the comparison of the methods presented in recent years 

Method Signal 
Number 

of sensors 

RAFs 

index 

LTOs 

index 

Transient 

analysis 
Demodulation Comments 

Rectified 

Stator Current 

Signature [5] 

Current 1 2sfs fLTO × ✓ 
 The method is simple and can be easily implemented 

 The method cannot be able to isolate and separate LTOs from RAF 

indices 

Square of 

Stator Current 

[5] 

Current 1 2sfs fLTO × ✓ 

 The method cannot be able to isolate and separate LTOs from RAF 

indices 

 The amplitudes of RAF and LTOs indices due to multiplication 

process are changed. 

Space 

Harmonics 

[11] 

Current 1 
(5×(1-s) ± 

s)fs 
× ✓ × 

 The method was tested on startup current for transient analysis to 

observe RAFs characteristic frequency in low frequency wavelets 

(Not acceleration or deceleration conditions). 

 The high frequency harmonics of machines are severely attenuated 

due to inherent transfer function of machine [4].  

Positive and 

Negative 

Sequences of 

Stator Current 

[12] 

Current 3 2sfs fLTO × ✓ 

 The method cannot be applicable for IM in the closed-loop 

application with speed controller. 

 Inherent asymmetry in motor and supply voltage makes this method 

complicated in the line-fed IMs applications.  

 The speed of IMs for calculation of currents in rotating reference 

frame need to be known. 

Instantaneous 

Active and 

Reactive 

Currents [15] 

Current/ 

Voltage 
6 (1±2s)fs fs± fLTO × × 

 The high number of sensors make the implementation of this method 

complicated. 

Flux-based 

fault detection 

[17,29] 

Flux 1 
2sfs 

(1±2s)fs ± fr 
fs± fLTO × - 

 External flux sensor need to be installed. 

 Flux-based sensor is sensitive to the place of installation. 

Mechanical 

rotor speed 

[30] 

Speed 1 2sfs fLTO ✓ - 

 Invasive method 

 Mechanical speed sensor need to be installed. 

 The method is tested in startup condition.  

 Inability to separate and isolate between RAFs and LTOs. 

Air-gap flux 

based 

detection [31] 

Flux 1 (1±2s)fs fs± fLTO ✓ - 

 Need to be installed in the stator tooth surface 

 Invasive method 

 Inability to separate and isolate between RAFs and LTOs. 

 The method is tested in startup condition. 

 Since the slip change due to testing system in startup condition from 

0 to 1, it can be deduced that the method is independent of load.  

Fundamental 

Frequency 

Normalization 

Technique [32] 

Current 1 (1±2s)fs fs± fLTO ✓ ✓ 

 Inability to separate and isolate between RAFs and LTOs. 

 The method is tested in startup condition.  

 The mechanical load anomalies generated by brake system by a 

sinusoid signal reference with the frequency of 4 Hz. 

Proposed 

Method 
Current 1 2sfs fLTO ✓ ✓ 

 The method cannot be applicable for IM in the closed-loop 

application with speed controller 

Since the non-invasive methods are simple, cost-effective and 
do not require additional sensors, they have received more 
attention. Among the methods presented in the literatures, the 
current-based methods are preferred to other methods. The next 
limiting factor is the number of sensors required for condition 
monitoring process in the machine. Some methods require a 
large number of sensors to analyze the data such as those based 
on three-phase condition monitoring. Moreover, demodulation 
of the fault signal from the supply frequency helps to prevent 
the leakage of the main frequency. Some papers make the 
detection RAF in the presence of LTOs based on the use of 
machine start-up current signal. However, these methods can 
only be used for analyzing the machine in start-up mode, which 
will be difficult to be implemented for many machines that are 
constantly working.  

Elimination of broken rotor bars false indication in SCIMs 
based on a set of two rotating components of line currents has 
been introduced in [12]. To do this, positive and negative 
sequences of stator current were inspected. It has been shown 
that the modulated signal due to LTOs and RAF can be 
demodulated from fundamental frequency to avoid leakage 
effects of fundamental frequency. Moreover, LTOs and RAF 
can be observed and detected in two axes of rotating reference 
frame built by two phases of stator current, separately. 
Although, this method is effective in the case of machines with 
closed loop drive systems, inherent asymmetry in motor and 
supply voltage makes this method complicated in the line-fed 
IMs. Some model-based techniques have been used for the 
prevention of interaction between LTOs and RAF [13, 14]. 
However, knowing and estimating the detailed parameters of 
IMs make the use of these techniques complicated. Angular 

displacement of active and reactive current space vector 
spectrums has been proposed for extracting RAF indices in the 
presence of external rotor faults [15]. The latter method needs 
three-phase current and voltage data for this purpose, which is 
a limiting factor. The main challenge of flux-based induction 
machines faults monitoring, which makes these flux-based 
methods complicated, is related to the implementation of flux 
sensors [16, 17]. Recently, artificial intelligence methods along 
with proper pre-processing step were introduced to overcome 
some drawbacks of pervious methods to avoid positive and 
negative false alarm [18, 19]. A summary of the comparison of 
the methods presented in recent years in this field is given in the 
Table I. 

 In summary, major challenges in the separation of RAF 
indices and LTOs to avoid interaction effects between two 
indices and false alarm can be classified as follow: 

 The effects of fundamental frequency leakage on RAF 
indices need to be investigated. It is necessary to note 
that the fundamental frequency leakage can bury the 
main indices of RAF in low slips.  

 The method needs to be applicable in both line-fed and 
closed-loop applications. Some of the pervious methods 
require data about the machine parameters and supply 
voltage, which may be available in closed-loop 
application. However, inherent asymmetries in motor 
and supply voltage makes the used of these methods 
complicated in line-fed IMs applications. 

 Number of required phases is another great limitation. 
In this paper, a new technique for detection and separation of 

RAF from LTOs based on a single-phase signal is introduced. 
This signal is used for making two-axis rotating reference frame 



 

based on sign functions to separate and demodulate fault indices 
from LTOs and fundamental frequency. Therefore, the main 
contributions of this research are as follows: 

 A new method based on a single-phase data is presented 
to create a two-axis rotating reference frame for line-fed 
induction machine without measuring the speed of 
machine. 

 Extensive experiments are conducted to demonstrate the 
effectiveness of using the proposed method to 
demodulate RAF indices from main frequency. 

II. PROBLEM DESCRIPTION 

In this section, mathematical description of characteristic 
frequencies related to LTOs and RAF in IMs are provided. 
Furthermore, the interactions between these two characteristic 
frequencies in the spectrum of stator current are evaluated. In 
this regard, stator current signal in the presence of LTOs and 
RAF is modeled both analytically and by means of modeled 
stator current signal.  

A. LTOs effects on the stator current signature of IMs 

LTOs occur due to load fluctuations, imperfect connection 
between different mechanical components of drive-train and 
defect on the structure of electromechanical systems. LTOs lead 
to fluctuations proportional to rotational frequency in the torque 
of machine (1) [20]. 

 

sin(2 ),l em osc LTOT T T f t   (1) 

 

It has been shown by analytical and experimental evaluations 

that torque oscillations lead to phase modulation of rotor 

current. The simplified description of stator current (is_LTO) can 

be written as follows: 
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Expansion of (2) through Bessel series shows that sidebands 

frequencies of LTOs (fLTO) emerges around the supply 

frequency (3), (4). 
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With considering the main harmonics of is_LTO (n=1), (3) can 

be simplified as (5) [21]. 
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(5) 

LTOs effects can be detected as sideband frequencies around 

the main frequency as it can be observed in (5). 

B. RAFs effects on the stator current signature of IMs 

Some faults gradually increase from its incipient stage to 

severe conditions.  One of these faults is RAF, which appears 

as broken bars in squirrel cage induction machines (SCIM), or 

high resistance connections (HRC) in WRIM [22-24]. 

Generally, HRC occurs due to variation in amplitude of 

resistance of phases of machine or short circuit in the windings 

of rotors, which leads to asymmetry in the rotor windings. RAF 

causes local heating and consequently serious damage to the 

structure and operation of IMs. RAF generates amplitude 

modulation in the stator current of IMs with following 

characteristics. 

 

(2 ) ;    1,2,3,..RAF sf s f    (6) 

 

The simplified analytical description of stator current in the 

presence of RAF can be written as (7). 
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With considering, the first main harmonics of RAF, (7) can 

be simplified as: 
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(8) 

It can be deduced from (8) that rotor asymmetries effects can 

be observed as additive sideband frequencies around the supply 

frequency (fs).  

C. Interaction between characteristic frequencies of RAF 
and LTOs on stator current signature 

RAF and LTOs generate specific characteristic in the 
spectrum of stator current of IMs. LTOs may cause false alarm 
in case of gearbox-based electromechanical system. In fact, the 
interaction between these characteristics makes fault detection 
process complicated. The characteristic frequency of LTOs due 
to the presence of speed reduction couplings approaches to the 
RAF, which leads to false alarm. This issue is related to the 
values of G and p (4). Increase in the values of G and p causes 
LTOs characteristic frequency to get closer to the RAF 
characteristic frequency. Therefore, proper detection 
techniques, which can separate these two fault characteristic 
indices, need to be used. The simplified analytical model of 
stator current in the presence of RAF and LTOs (is_a) with 
considering (2) and (8) can be written as [12]: 
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(9) 

Equation 9 is a simple description of RAF as well as the 
LTOs of the machine, each of which is described separately in 
the previous sections. In reality, these equations would become 
much more complicated due to the modulation and the dynamic 



 

behavior of the machine. This simplified model has been 
considered to investigate the amplitude and phase modulations 
of such effects. It is worth mentioning that these equations are 
inspired by the equations presented in [12]. 

III. PROPOSED METHOD: ANALYTICAL APPROACH 

Previously, two main approaches have been presented for 
separation of RAF and LTOs fault indices in stator current 
signature. In this regard, space harmonics generated by the non-
sinusoidal distribution of stator windings was considered for 
single-phase stator current signature analysis. However, 
weakness of space harmonics makes the detection and the 
separation complicated. In the second approach, monitoring of 
positive and negative sequence information of three-phase 
stator current signature in closed loop drive are proposed which 
cannot be applicable for line-fed IMs [11,12].  

As it has been explained in section II, amplitude and phase 
modulation of stator current occurs due to RAF and LTOs, 
respectively. The goal of the proposed method is to separate 
those effects to avoid interaction between fault characteristic 
frequencies. Therefore, three objectives are considered here: 1) 
single-phase current data analysis 2) demodulation of fault 
characteristic frequencies from supply frequency, and 3) 
separation of RAF and LTOs fault indices. 

A. Two-axis stationary reference frame with one phase 
current based on Hilbert transform (αβ) 

The stationary reference frame components with three phases 
of stator currents have two stationary axes, which include the 
specification of faults and 90◦ phase differences. However, 
three-phase stator current of IMs need to be transformed 
through Clark transformation to construct two-axis stationary 
reference frame. Consequently, the cost of condition 
monitoring system with three-phase current sensor increases. 
As solution, a two-axis rotational reference frame with only 
single-phase stator current of IMs based on Hilbert transform is 
used for this purpose, which is explained as follow:  

The Hilbert transform (H(x(t))) of real time signal (x(t)) is 
defined as follow: 
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With considering the mean value Theorem, the Hilbert 

transform of (H(x(t))) is obtaining by calculating the 

convolution between function of 1/ t  and the original signal 

(x(t)) which can be rewritten as (10) [25].  

1
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The Fourier transform of (H(x(t))) is 
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It means that the positive and negative frequencies of the 

spectrum of x(t) are shifted by -90◦ and +90◦ by Hilbert 
transform, respectively. In other words, the Hilbert transform 

can be considered as a filter with the amplitude of unit and ±90◦ 
phase differences, which depends on the sign of the frequency 
of the original signal.  
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Fig.1. Stationary reference frame 

 

In this paper, considering Hilbert transform, single-phase 

stator current is defined in αβ stationary reference frame as (see 

Fig.1 for visual inspection): 
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The simplified analytical model of the stator current by 

considering (14) can be expressed as:  
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(15) 

B. The proposed rotating reference frame (dq) 

In order to separate the fault characteristics frequencies 
related to the RAF and LTOs, a new mapping from αβ static 
reference frame to direct and quadrature orthogonal rotating 
reference frame named dq is introduced. It is necessary to note 
that the proposed rotating reference frame also can be used for 
line-fed applications of IMs and does not need any information 
regarding the rotational speed of IMs which is the main 
drawback of some pervious methods presented in the literature.  
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where iα×sgn(iα) and iβ×sgn(iβ) are the rectified currents of 

stator in the axes of α and β. The expression of sgn(iα) and 

sgn(iβ) are in the forms of square waves and can be simply 

described based on dominant frequency of stator current (f1) as 
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of sgn(cos(2πf1t)) and sgn(sin(2πf1t)) as series can be written as 

(14) and (15). 
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Considering the first harmonics of (17) and (18), 

transformation matrix can be rewritten as: 
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 The transformation of stator current signature from αβ into 

the synchronous coordinate’s dq allows separating RAF and 

LTOs. In this regard, the d-axis of rotating reference frame 

demodulates the RAF from supply frequency.  
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Since, amplitude of β<<1 and |sin(2πfLTOt)| ≤ 1, (20) can be 

simplified as 
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It can be deduced from (20) that the spectrum of id and iq have 

fault characteristics of RAF and LTOs, respectively. Therefore, 
the interaction between RAF and LTOs can be effectively 
separated to avoid false alarm. The flowchart of the proposed 
method is illustrated in Fig. 2. 

The letters d and q are direct and quadrature orthogonal 
rotating reference frame, respectively. By means of rotating d 
and q axes with the rotational frequency of the dominate 
frequency of the signal, the stationary two-axis reference frame 
can transfer the main harmonic to the zero frequency. In fact, 
the two-axis rotating reference frame in three-phase systems is 
used to transform the time-variation voltage and current 
variables to the constant values so that it can be used in control 
systems and modeling of electrical machines. In this paper, a 
stationary orthogonal two-axis reference frame transformation 
named αβ is used to map a single phase of a machine on two 
axes using a Hilbert transform. The purpose of this work is to 
produce two signals that have a phase difference of 90 degrees 
with each other. Then, by means of proposed sign-based matrix, 
the stationary reference frame is transformed to the proposed dq 
axes, which is used for fault detection process. In this regard, 
the method does not need any information about the speed of 
machine because of sign-based function and can demodulate 
the fault characteristic frequency from supply frequency in 
order to avoid leakage effects of the main frequency. 
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Fig.2. Flow chart of proposed method. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.3. Spectral analysis of proposed method using synthetic faulty stator current 

with sampling frequency of 10kHz and fs=50 Hz, s=0.02, fLTO=2.5Hz, Is=1, Ir=1, 

γ=0.05 and β=0.03  -a) is(t) -b) is(f) [0Hz-100Hz] -c) is(f) [40Hz-60Hz]-d) iα(t) -

e) iβ(t) -f) phase difference between iα(t) and iβ(t). 

 

IV. PERFORMANCE EVALUATION (SYNTHETIC SIGNALS) 

To ensure the accuracy of the proposed method, an 
evaluation procedure using synthetic data is conducted. For this 
purpose, a signal with mathematical expression in (8), which 
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has a dominant frequency fs=50 Hz with the variables s=0.02, 
fLTO=2.5Hz, Is=1, Ir=1, γ=0.05 and β=0.03 is considered 
(Fig.3a). As shown in Fig.3b and Fig.3c, the synthetic signal 
has two pairs of sideband frequencies, which are caused by 
RAF and LTOs, around the dominant frequency (fs). 

 

Fig.4. Spectral analysis of proposed method using synthetic faulty stator current 
with sampling frequency of 10kHz and fs=50 Hz, s=0.02, fLTO=2.5Hz, Is=1, Ir=1, 

γ=0.05 and β=0.03  -a) id(t) -b) iq(t) -c) id(f) -d) iq(f). 

 

 

 

 

 

 

 

 

 
Fig.5. Time-frequency analysis of synthetic signal based on proposed method 

in transient condition with sampling frequency of 5kHz, fs=50 Hz, s=0.015 
(before sixth second) and s=0.025 (after sixth second), fLTO=2.3Hz (before sixth 

second) and fLTO=2.5Hz (after sixth second), Is=1, Ir=1, γ=0.05 and β=0.03 -a) 

SWT of id(t) -b) SWT of iq(t).  
 

 

These two pairs of sidebands are very close to each other, so it 

is possible to occur false alarm (Fig.3c). For separating these 

two indices using the proposed method in this paper, the 

currents of α and β axes of the static reference frame are 

calculated and given in Fig.3d and Fig.3e. To understand that 

these two axes have a phase difference of 90 degrees due to the 

inherent nature of the Hilbert function, a shorter range of these 

two signals is plotted simultaneously in Fig.3f. Then, by means 

of the rotating reference frame presented in this paper, the two 

signals of the d and q axes are calculated and drawn in the 

Fig.4a and Fig.4b, respectively. Finally, the current spectra of 

both axes are calculated and given in Fig.4c and Fig.4d. The 

results show the effectiveness of the proposed method so that 

the characteristic frequency of RAF in the d-axis current is 

revealed while the LTOs effects are eliminated. Unlike id, the 

LTOs characteristic frequency is visible in the q-axis while the 

RAF indices are removed. It should be noted that the amplitude 

of the fault indices in the q-axis current is small, so it will be 

difficult to detect the indices in the q-axis in comparison with 

RAF index. Since the signal of q-axis has sharp points (Fig.4b), 

it needs a high sampling frequency to be able to show the 

amplitude and the place of each frequency accurately. By 

decreasing the sampling frequency, the accuracy of the 

measurement will be drastically reduced, contrary to the current 

spectrum of the d-axis. However, detecting RAF in the d-axis 

current by eliminating the LTOs effects is the aim of our 

proposed method, which is well visible in Fig.4c. 

In order to evaluate the performance of the proposed method 

in transient mode, the synthetic signal is evaluated first. For this 

purpose, it is assumed that the slip in the sixth second is 

changed slightly and the rest of the circuit parameters, including 

the frequency of the LTOs effects, are kept almost constant. 

Then, based on proposed method, the current signals of the 

defined axes d as well as q are extracted. Finally, using the 

Synchro-squeezing Wavelet Transforms (SWT), the id and iq in 

time-frequency domain are obtained (Fig.5). The time-

frequency method used in this paper has recently been 

considered and has the advantages of wavelet and EMD 

methods simultaneously [26-28]. The results show that the 

proposed method has the ability to detect and to isolate the RAF 

characteristic frequency from LTOs (Fig.5). Other time-

frequency methods can also be used for the pre-processed signal 

using the proposed method. Since the frequency separation in 

the time domain using the SWT method, has proper clarity, 

SWT method was chosen to be used in this paper.  

 
Fig.6. Test-rig system description for analysis of asymmetries in the rotor 
circuit of IMs –a) Test-rig –b) LTOs emulation by means of digital brake system 

control unit. 

V. EXPERIMENTAL RESULTS 

A. Test-rig description 

In this section, the structure of the experimental system 

implemented for the evaluation of the proposed method is 

described. For this purpose, a 270W WRIM with available rotor 

terminals which have the nominal voltage of 400V, 4 poles and 

the rated speed of 1370 rpm is used for the fault detection 

process. 

In order to emulate RAF, an external resistance with different 

values is added to the rotor circuit of the machine (Runb). The 

measured stator current is then used for the fault detection 

process. Two configurations for testing the proposed method 

are considered in this paper. In the first configuration, a 

flywheel mass with inertia of 0.000612 Kgm2 is linked to the 

motor shaft as a load. In fact, in this case, no LTOs are applied 

to the machine. The rotational speed of the machine due to the 

inherent eccentricity can be considered as LTOs in the current 

spectrum of machine. Due to the speed of the machine, two 

indices (RAF and LTOs characteristic frequencies) will be at a 

considerable distance from each other. The frequency of LTOs 

in this case does not have a significant amplitude compared to 

the RAFs. 
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In the second structure, a digital braking system is linked to 

the shaft of machine in which LTOs can be applied to the shaft 

of the studied machine in torque control mode through a 

function generator. In this case, LTOs, which can be observed 

in real systems with the presence of gearbox or deceleration 

couplings, can be implemented. To better mimic the overlaps 

between two indices, the LTO is set very close to the RAF 

characteristic frequency. Fig.6 shows the test-rig of the 

experimental system. 

B. Emulation of LTOs by means of a flywheel mass 

In this section, a mechanical load in form of a flywheel mass 

is implemented by means of a squirrel cage induction motor 

with the inertia of 0.000612 Kgm2. The emulation of LTOs by 

means of flywheel mass leads to appearance of additive 

sidebands frequencies around the supply frequency (fs±fr). The 

stator current of a WRIM is measured under RAF. Then, 

according to the proposed method, a stationary reference frame 

with two orthogonal axes is defined, the first of which is the 

measured current of single stator phase, and another is the 

Hilbert transform of the measured phase current. It should be 

noted that according to the points presented in the previous 

sections, these two signals are 90 degrees apart in phase. Then, 

by means of rotating reference frame introduced in this paper, 

two currents, id and iq, are extracted. The currents associated to 

the dq axes of the rotating reference frame are shown in Fig.7a 

and Fig.7b.  The presented results are fully consistent with the 

simulations performed in Fig.4a and Fig.4b. The Fourier spectra 

of the original signal of the stator current and id are given in 

Fig.7c and Fig.7d, respectively. The spectrum of original 

current shows that the characteristic of the RAF is visible as 

sidebands around the supply frequency. These fault indices are 

shown in the original signal at frequencies of (1 ±2s)fs. 

The fault characteristic at 2sfs frequency in the d-axis current 

is well visible in the Fig.7d. In this case, since the deceleration 

components such as the gearbox are not implemented in the 

drive-train of the system, the rotational frequency of the motor 

fs ±fr in the original stator current (or fr instead of fLTO in the 

currents of the d and q axes) is investigated. As can be seen in 

Fig.7e and Fig.7f, the rotational frequency of the machine, 

which causes false alarms, is not visible in the d-axis of current 

spectrum. Since the sampling frequency of the original signal is 

equal to 2kHz, the iq frequency spectrum has not been 

evaluated. This is because the q-axis signal includes some sharp 

changes. Moreover, the machine used in our experiments does 

not have inherent eccentricity. Another important point to 

consider in this regard is that LTOs cause instantaneous 

variations in the speed of machine, which make the detection of 

LTOs complicated. However, the effect of the rotational 

frequency is visible in the q-axis current, but as the sampling 

frequency decreases, the accuracy of the current spectrum value 

will decrease. Since the objective of this paper is to detect RAFs 

and separate it from LTOs, the d-axis current spectrum is 

considered for this purpose. Therefore, with a sampling 

frequency of one-fifth of sampling frequency of simulation in 

the practical system, the fault index is still detected and the 

rotational frequency is eliminated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.7. Experimental results in the case of emulation of LTOs by means of a 

flywheel mass -a) id(t) -b) iq(t) -c) i(f) [0Hz-60Hz] -d) id(f) [0Hz-60Hz] -e) i(f) 

[45Hz-55Hz] -f) id(f) [0Hz-10Hz]-g) i(f) [20Hz-30Hz] -h) id(f) [20Hz-30Hz]. 
 

It is worth noting that the frequency resolution is directly 

proportional to the sampling frequency. It is obtained through 

dividing the sampling frequency by FFT size. In this study, we 

considered the sampling frequency of 10 kHz for the synthetic 

signals in both steady state and transient analysis to be able to 

generate Fourier spectra in different conditions with clear 

resolutions. This value was selected empirically so that best 

data representation in time and frequency is obtained. In reality, 

the maximum sampling frequency is limited by the capacity of 

the sampler and storage devices. On the contrary, the minimum 

sampling frequency is determined by the Shannon-Nyquist 

criterion. In this work, the frequencies which we are interested 

to detect are around 40 Hz. Hence, the sampling frequency does 

not need to be very high as long as it meets the Shannon-

Nyquist. However, we want to have a high frequency 

resolution. As a result, the suitable sampling frequency we used 

for all our real-data experiments has been selected 2 kHz in this 

study. 

To further validate the proposed method, real experimental 

data have been evaluated in acceleration (1400 to 1450 RPM) 

and deceleration (1450 to 1400 RPM) conditions with slightly 

changes in the slip of machine (Fig.8). Generally, the rotational 

speed variations during start-up of machines are analyzed for 

fault detection purpose in the literature. However, electric 

machines are faced to different rotational speed variations. 

Therefore, in this paper, the transient mode with slight 

rotational speed variations is investigated to confirm the 

resolution of the presented time-frequency method along with 

the validity of the proposed pre-processing method. Since the 
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asymmetric rotor faults can be detected from the id according to 

mathematical analysis, the d-axis current, has been evaluated 

and analyzed. The presented results in transient states show that 

the proposed method can detect and confirm the presence of 

RAF in the stator current of machine, appropriately (Fig.8). The 

variation of fault index can be tracked in the time-frequency of 

stator current clearly. The slip of machine varies from 0.067 to 

0.032 in acceleration mode. In other words, the frequency of 

fault characteristic changes from 6.67 Hz to 3.33 Hz. In 

deceleration mode, the slip of machine based on variation in the 

speed of machine changes from 0.032 to 0.067. In this regard, 

the fault characteristic frequency varies from 3.33 Hz to 6.67 

Hz.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.8. Time-frequency analysis of WRIG stator current with rotor asymmetry 
faults based on proposed method in transient condition, fs=50 Hz -a) Rotational 

speed of WRIG in acceleration condition, -b) Rotational speed of WRIG in 

deceleration condition –c) SWT of id(t) in acceleration condition -d) SWT of 
id(t) in deceleration condition.  

 

Since the characteristic frequency of RAF is directly related 

to the slip of the WRIM, the frequencies of (fs±fr) and (fs±fRAF) 

are not sufficiently close to each other. Therefore, the effective 

performance of the proposed method in terms of the interaction 

between LTOs and RAF indices cannot be fairly studied. This 

is because the studied machine is not inherently eccentric due 

to manufacturing design, thus the LTOs amplitude is small. 

Therefore, the SWT of q-axis is not given in this section. 

Instead, studied test-rig is modified to properly realize the 

interaction between LTOs and RAF in the next subsection. 

C. Emulation of LTOs by means of controlled brake units 

In this subsection, a digital braking system with external 

torque excitation supplied is used to mimic the behavior of 

LTOs. To emulate the behavior of LTOs, torque reference 

signal is applied to the external control input of the control unit 

by means of a function generator. To study the behavior of 

LTOs in interaction with RAF indices, the frequency of torque 

oscillations is set at 8Hz as it can be observed in the spectrum 

of the external control input (Fig.9a). The rotational speed of 

WRIM with the regulation of external control input offset is set 

at 1365 rpm approximately. Therefore, the characteristic 

frequency of RAFs indices (2sfs) will be 9 Hz. These two 

indices are as far apart as 1 Hz, which is significantly reduced 

from a value of about 16 Hz compared to the previous case 

(subsection B) (Fig.9b). 
 

 

 
 

Although the index of RAF in the frequency of (1±2s)fs can be 
observed in the current spectrum, its overlap and proximity with 
LTOs, in times when there is no RAFs while LTOs exist, leads 
to false alarm (Fig.9b). From the proposed d-axis current 
spectrum, it is easy to detect the RAF index (9 Hz) while the 
LTOs index is eliminated (8 Hz) (Fig.9c). Furthermore, it is 
possible to detect the frequency of 8 Hz originated from LTOs 
in the q-axis current spectrum while no trace of RAFs index is 
visible (Fig.9d). The important point is that despite the coupling 
of rubber material, which leads to significant damping of LTOs, 
the effect of interaction between these two frequencies is well 
observed in the proposed d-axis of stator current. This indicates 
that in the case of rigid coupling, LTOs may be observed with 
greater clarity and magnitude on the motor shaft and thus in the 
proposed d-axis of stator current. 

When the mass of the flywheel inertia is linked to the shaft 
as the load of the machine (subsection B), the magnitude of the 
LTO index is very small. Therefore, LTOs index cannot be well 
detected in the considerable distance from RAFs index. In fact, 
this is because the studied machine is not inherently eccentric 
due to manufacturing design. As a result, this index cannot be 
observed in the q-axis current. However, in this subsection, 
LTOs are applied to the machine by means of braking system 
and external excitation. Therefore, the magnitude of LTOs 
index, unlike the previous case, has a considerable amplitude 
and emerges near RAF index, which can be observed well in 
Fig.9c and Fig.9d. 

The proposed method is also tested in the transient condition 
in which the braking system along with external control 
excitation is used (Fig.10). In order to test the proposed method 
and compare it with the simulation results, the currents of αβ 
and dq axes and the variations of the machine speed are given 
in Fig.10. The test is carried out in deceleration mode where the 
speed of machine reduces from 1425 rpm to 1380 rpm 
(Fig.10a). The currents of αβ are given in Fig.10b. It can be 
observed that the currents of αβ axes are 90 degrees apart as it 
has been expected. Based of flowchart presented in Fig.2, the 
currents of d and q axes are given in Fig.10c and Fig.10d, 
respectively. 

 

                                                 
                       

 
 

 
Fig.9. Experimental results in the case of the emulation of LTOs with 

controlled brake system in steady-state condition- a) Reference torque signal 

generated by function generator [0Hz-10Hz]- b) i(f)- c) id(f) - d) iq(f) . 

 
 
 
 
 
 
 
 
 
 
 

 
Fig.4. Test-rig system description for analysis of asymmetries in the rotor 

circuit of IMs. 
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The current spectra of the d and q axes based on SWT 

technique well indicate the separation of the RAF index from 
the LTOs characteristic frequency, which are shown in Fig.11a. 
Since the braking system is used in torque control mode, the 
WRIG operates under speed variations originated from the 
oscillation in the torque of machine (Fig.11b). This can be well 
detected in the q-axis current spectrum (Fig.11b). 

D. Comparison with previous methods 

To compare and further explain the advantages of the 
proposed method, three relevant works are considered. For this 
purpose, fault detection methods using space harmonics, 
rectified stator current signature and square of the stator current 
of WRIM are compared (Fig.12). These methods are known for 
demodulation of RAF indices from supply frequency. Among 
them, the space harmonics of machines, which is considered as 
an alternative choice for rotor asymmetry fault detection (RAF) 
in the presence of LTOs, is given in Fig.12b. 

 
 

It can be found that the fault characteristic frequencies cannot 
be clearly found in the spectrum of stator current due to inertia 
of machine and the level of noise similar to the spectrum of 
stator current signature without any pre-processing (Fig.12a). 
In this regard, the space harmonics of machine in the place of 
(5-4s)fs cannot be detected in the spectrum of stator current, 
properly (214Hz) [11]. Therefore, this method cannot be 
considered as a proper choice for isolation of RAF from LTOs. 
Recently, rectified stator current signature is used for 
demodulation of RAF from supply frequency [5]. Although this 
method can simply demodulate the RAF from the supply 
frequency, the isolation and separation of RAF from LTOs is 
not possible as it is shown in Fig.12c. In addition to these 
methods, the detection of fault based on square of stator current 
(Is

2) is presented in Fig.12d in which the demodulation of LTOs 
and RAF from supply frequency is occurred. However, as seen, 
this method is unable to isolate RAF indices from LTOs [5].  
It should be noted that the fundamental differences between the 
proposed method and some of the pervious methods are given 
in Table I. The number of sensors, the ability to demodulate 
fault indices from the supply frequency and transient analyses 
are the key factors for evaluation of the proposed methods as 
they have been stated in Table I. The proposed methods have 
priority in separation and isolation of fault indices from the 
supply frequency and LTOs based on these factors (Table I). 
Moreover, some of methods presented in Table I are invasive 
and needs installation of external sensors such as flux and 
mechanical rotor speed. The advantage of the proposed method 
in comparison with flux-based methods is its non-invasive 
nature of measuring the stator current.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.12. Comparison of proposed method with previous ones –a) Spectrum of 

stator current in the presence of LTOs in the vicinity of RAF indices –b) 

Detection and isolation of RAF in the Space harmonic of machine ((5-4s)fs) –
c) Spectrum of rectified stator current signature –d) Square of stator current 

spectrum 

VI. CONCLUSION 

In this paper, a new technique for separation of RAF 

characteristic frequencies from LTOs with single-phase of 

stator current is introduced. As solution, a new rotating 

reference frame is proposed. The method can effectively detect 

RAF indices from LTOs in the spectrum of d-axis of rotating 

reference frame even in line-fed induction machine. As results, 

the proposed method can be effectively used for isolation of 

   
 

                                               
                       

 
Fig.10. Experimental results in the case of the emulation of LTOs with 

controlled brake system in transient condition –a) Rotational speed of WRIG 

in deceleration condition –b) iα(t) and iβ(t) –c) id(f) -d) iq(f). 

 
 
 
 
 
 
 
 
 
 
 

 

Fig.4. Test-rig system description for analysis of asymmetries in the rotor 

circuit of IMs. 

 

 
 

 
                       

Fig.11. Time-frequency analysis of dq axes of stator current based on proposed 

technique in the case of the emulation of LTOs with controlled brake system 

in transient condition- a) SWT of id(t) - b) SWT of iq(t). 
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RAF from LTOs in order to avoid false alarm. Moreover, the 

method is validated in transient conditions through time-

frequency analysis based on SWT technique. Since the method 

proposed in this manuscript is based on the use of single phase 

of machine, in order to remove RAF index from the q-axis 

current spectrum, the amplitudes of the fault characteristic 

frequency sidebands on both sides of the supply frequency need 

to be approximately equal to each other. However, when the 

braking system is used in speed control mode, in other words, 

LTOs are applied to the braking system in the form of speed 

oscillation; the amplitude of the left sideband is significantly 

larger than the right one. Therefore, LTOs cannot be detected 

in the q-axis of stator current.  
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