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ΦΦΦΦAbstract – Induction motors are used in a variety of 

industrial applications where frequent startup cycles are 

required. In those cases, it is necessary to apply sophisticated 

signal processing analysis methods in order to reliably follow 

the time evolution of the fault-related harmonics in the signal. 

In this paper, the zero-sequence current (ZSC) is analysed using 

the high-resolution spectral method of multiple signal 

classification (MUSIC). The analysis of the ZSC signal has 

proved to have several advantages over the analysis of a single-

phase current waveform. The method is validated through 

simulation and experimental results. The simulations are 

carried out for a 1.1 MW and a 4kW induction motors under 

finite element analysis (FEA). Experimentation is performed on 

a healthy motor, a motor with one broken rotor bar, and a 

motor with two broken rotor bars. The analysis results are 

satisfactory since the proposed methodology reliably detects the 

broken rotor bar fault and its severity, both during transient 

and steady state operation of the induction motor. 

 
Index Terms—Broken bar, Fault diagnosis, Induction motor, 

MUSIC, ZSC  

I.   INTRODUCTION 

HE induction motor condition monitoring area has 

drawn a prominent attention over recent decades [1]-[3]. 

This is due to the extensive use of these machines in 

industry (more than 90% of the rotating electrical machines 

are either cage or wound rotor induction motors) as well as to 

their paramount importance in most of the processes where 

they operate [4]. Although these machines have been deeply 

studied in the literature, it is a fact that the accurate 

determination of their health condition is not always 

straightforward, and that there are many industrial 

applications where it may be especially difficult [5]-[8]. Note 

also that, in many cases, it is not enough to detect the 

presence of a certain fault or anomaly, but it also becomes 
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necessary to determine its severity with accuracy, in order to 

be able to evaluate, with enough criteria, the necessity of 

adopting proper maintenance actions and decide an eventual 

interruption of the process [1], [4]. As a consequence, it is 

easy to understand that a continuous worldwide interest 

exists, both in industry and in academia, in this challenging 

scientific field. 

Rotor faults constitute about 10-15% of total induction 

motor faults [4]. However, this occurrence rate is higher for 

large motors which are indeed the most costly, critical and 

difficult to repair [9]. Moreover, although the physical 

mechanisms leading to a rotor fault vary depending on the 

manufacturing type, application, and working environment, 

among others [4], [8], [10], it has been proven that industrial 

applications with frequent transients (heavy startups, abrupt 

load variations, plugging transients) are more likely to cause 

rotor damages due to large temperature gradients and high 

stresses during transient operation [10].  Studies have shown 

that the breakage of a bar leads to overcharge the adjacent 

bars, which are more likely to break next [11]. However, 

some industrial users have also reported the breakage of bars 

in non-adjacent positions in the rotor cage [12]-[13]. On the 

other hand, although, in general, a broken rotor bar does not 

lead to an immediate catastrophic machine failure, this is not 

always the case. It has been shown in the past that the 

protrusion of broken rotor bars or the detachment of small 

fragments after the breakage can lead to a damage of the 

stator end winding resulting in forced motor outages [14]. 

Furthermore, it is deduced that prompt and reliable diagnosis 

is a need in order to detect the fault at an incipient stage. 

There is a vast literature on induction motor broken rotor 

bar detection. Many authors have proposed diverse methods 

relying on the analysis of different motor quantities for the 

diagnosis of such fault. In this regard, vibration data analysis 

has been employed to this end, despite this technique has 

proven to be better suited for the detection of mechanical-

related failures [11, 15]. Although other alternatives have 

been recently proposed such as those based on the study of 

torque [16]-[17], speed [18], flux [19]-[21], electrical power 

[22]-[23] or even ultrasound data [24], the most extended 

method for the diagnosis of rotor damages relies on the 

analysis of motor currents. In this context, the most 

widespread approach is the well-known Motor Current 

Signal Analysis (MCSA), which relies on the processing of 

stator current with the fast Fourier transform (FFT) and the 

subsequent evaluation of the fault components amplitudes in 

the resulting frequency spectrum [4].  

In these recent years, different constraints of MCSA have 

been reported by different authors. As a consequence, novel 
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methods based either on the most sophisticated and 

optimized analysis of stationary currents [25] or the study of 

motor currents during transient operation [6, 26] have been 

proposed. In this context, a vast diversity of signal 

processing, transforms and analysis tools have been 

proposed, such as Park’s vector-related approaches [27]-[28], 

Hilbert transform [29], wavelet-related variants [6], [30], 

[31]-[32], Hilbert-Huang transformations [33]-[34], Wigner-

Ville and Choi-Williams Distributions [35], among many 

others. This has come together with the proliferation of 

artificial intelligence and pattern recognition algorithms 

which have been successfully employed, especially for 

automatic fault classification purposes [3]. 

Recently, a promising approach has been introduced in 

the induction motor fault diagnosis area. This approach relies 

on the study of the Zero-Sequence Current (ZSC). Some very 

recent works have proven the suitability of the tool to detect 

rotor failures, even at no-load or low-load applications, due 

to its relation to the saturation level of the motor, bringing in 

this regard notorious advantages versus MCSA [36].  

Moreover, the analysis of the ZSC reveals other faults such 

as the static eccentricity in the principal slot harmonic (PSH) 

of the diagnosed motor. This is not feasible with the classical 

analysis of a single-phase current [37]. Finally, it offers a 

generalized diagnosis potential as it has been shown in [38]. 

Hence, in spite of its measurement requirements, the study of 

the ZSC may bring decisive information for a more reliable 

determination of the motor condition.  

Most of the recent methods proposing the use of the ZSC 

for diagnosis purposes have been focused on the analysis of 

the signal during steady-state regime, by applying the 

classical FFT. These methods suffer from the inherent 

disadvantages of the FFT, such as the spectral leakage, 

quantization errors as well as low-frequency resolution. An 

interesting possible alternative, following the same approach 

used when analysing phase currents, is to extend the ZSC 

analysis to transient motor operation [39]. In this context, 

some available time-frequency tools such as the short-time 

Fourier transform (STFT) methods may have a poor time-

frequency resolution that prevents the observation of low-

energy harmonics close to high-energy harmonics, as the 

main component. Therefore, high-resolution methods are 

necessary for a successful extension of the ZSC analysis to 

transient regimes. In this regard, Multiple signal 

classification (MUSIC) is a technique that belongs to the 

family of sub-space spectral estimation methods, which is 

particularly suited for the analysis of noisy signals [40]. It 

offers an excellent resolution with non-stationary signals 

whereas it requires only a short time window [41]. 

In this paper, for the first time, a new ZSC-based 

methodology is proposed aiming at the reliable fault 

detection of broken rotor bars in induction motors under 

transient and steady-state operation. The proposed method is 

based on the analysis of the ZSC spectrum during a start-up 

and the subsequent steady-state. The analysis is performed 

with the application of the MUSIC algorithm to extract the 

time-dependant behaviour of the ZSC fault-related 

harmonics. To prove the general validity of the approach, the 

method is applied to motors with very different sizes and 

operating conditions: firstly the method is applied to a large 

industrial 1.1MW induction motor under healthy condition 

and one broken rotor bar, with the use of the Finite Element 

Analysis (FEA). Then a 4kW induction motor is also studied 

with FEM while starting under load conditions. The 

extensive FEA simulations are entirely new contributions 

with respect to [39]. Moreover, they allow for the validation 

and generalization of the proposed method despite the size 

and electromagnetic characteristics of the tested motor.  

Then, experimentation is performed in the laboratory on 

1.1 kW motors under different fault conditions (healthy 

motor, motor with one broken rotor bar and motor with two 

broken rotor bars). The results prove to be satisfactory in all 

considered motors, and the fault is reliably detected, as well 

as its severity level. The method itself proves to be superior 

to the well–established traditional monitoring and analysis of 

a single stator current for low time transients. 

II.   THEORETICAL BACKGROUND 

A.   The Zero-Sequence Current in Induction Motors with 

Broken Rotor Bars 

The ZSC can be monitored in either delta-connected or 

star-connected, with the neutral connected, induction motors. 

From the theory of classical machines, the ZSC consists of 

the direct sum of the three-phase instantaneous currents: 
 

                          iZSC= ia + ib + ic                                   (1) 

This means that in the case of delta-connected induction 

motors it is required to monitor all three phase currents 

independently and then sum the monitored waveforms. 

Furthermore, in the case of star-connected induction motors, 

one can monitor the neutral current, so only one current 

sensor is required. If the neutral is not connected, then it is 

evident that the zero-sequence current is zero and thus cannot 

be monitored for diagnosis. 

 Due to the stator magnetomotive forces (MMF) higher 

harmonic index due to supply harmonics, as well as the iron 

core saturation level, the fundamental harmonic of the ZSC is 

given by Eq. (2) as follows: 

I
ZSC_1

= 3 I
ph_3

cos 3ω
s
t( ) + I

sat _3
cos 3ω

s
t +ϕ

sat( )é
ë

ù
û
            (2) 

where:  

Izsc_1: fundamental ZSC harmonic 

Iph_3: third MMF phase current harmonic 

Isat_3: third phase current harmonic due to saturation 

ωs: radial supply frequency 

ϕsat: saturation phase angle 
t: time 

When there is a broken bar fault, two opposite waves are 

created in the rotor rotating with s·fs and –s·fs, being fs the 

fundamental supply frequency and s the motor slip. The third 

stator harmonic 3fs induces eddy currents to the rotor. Those 

superimposed eddy currents have frequency 3��� and 

produce an electromagnetic torque which forces the rotor to 

rotate at a speed of 3(1-s)· fs. So, the s·fs and –s·fs travelling 

waves interact with the rotational speed 3(1-s)·fs and induce 



  

in the stator winding the characteristic broken rotor bar 

frequencies: 3·fs-2·s·fs and 3· fs-4·s·fs. A second mechanism 

co-exists with the aforementioned. The 3· fs stator rotating 

magnetic field induces eddy currents in the rotor with a 3s·fs 

frequency. When there is present a broken bar fault, there 

appears another couple of opposite traveling waves with 

frequencies 3·s·fs and -3·s·fs. The first one is added to the 

3(1-s)·fs rotor speed and thus it rotates along to the 3· fs stator 

magnetic field without inducing any broken bar fault 

signatures to the stator winding. However, the latter -3·s·fs 

induces 3·fs-6·s·fs harmonics to the stator winding. It is worth 

noticing that due to the speed ripple effect, harmonics at 

3· fs+k·s·fs, k=2,4,6 are also expected, especially at greater 

fault-severity levels. 

B.   The MUSIC algorithm 

The MUSIC algorithm, which was introduced at the same 

time in [42] and in [43], belongs to the family of methods 

based on the decomposition of the observation space into 

signal and noise subspaces. These methods have the high-

resolution property. MUSIC considers that a signal x(t) is a 

sum of P complex sinusoids in an additive white noise:  
 

                       x t( ) = A
k
e

j 2π f
k
t+ϕ

k( )
+ w t( )

k=1

P

å                    (3) 

where Ak is the amplitude, fk is the frequency, φk is the phase 

of the kth space vector and w(t) is white noise, and P is also 

known as the MUSIC order. The sinusoid amplitude and 

frequency are not random and unknown. The phases of the 

sinusoids are uncorrelated random variables, uniformly 

distributed over the interval [−π, π]. 

The power spectrum of x(t) consists of a set of P impulses 

of area 2π|Ak| at frequencies fk for k = 1, 2, ..., P, plus the 

power spectrum of the additive noise w(t). Based on the 

orthogonality of the signal and noise subspaces, the MUSIC 

pseudo-spectrum PMUSIC of the current space vector is given 

by the following frequency estimation function [40]: 
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where v
i
 is the noise eigenvector and e
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defined as ( ) ( )
],,,1[

122 −−−
=

Mfjfj

i

H

i
ii eefe

ππ
Κ . The Eq. 4 

shows a maximum when, for a certain fk truly present in the 

signal, the signal and noise subspaces projections are zero. 

III.   FINITE ELEMENT ANALYSIS 

FEA is the ideal tool to study the effectiveness of the 

proposed method excluding manufacturing tolerances, 

inherent motor asymmetries and measuring equipment errors. 

Furthermore, the actual motor geometry and non-linear 

properties of the materials are taken into consideration thus 

the FEA simulation results come very close to reality.  

A.   The case of a 6-pole, 6.6kV, 1.1MW induction motor 

In this section, a large industrial induction motor has been 

simulated and studied with MagNet from Infolytica. The 

studied motor is a 6-pole, 6.6kV, 1.1MW, 50Hz cage 

induction motor. The FEA model of the motor has been built 

based on the manufacturer blueprints and material 

characteristics. The rotor of the real motor is fabricated from 

copper bars where the cage is un-skewed, which is usual for 

motors of this size. Moreover, the copper bars are electrically 

isolated from the iron core. So, if there is a broken rotor bar 

then the inter-bar currents are negligible, and this plays an 

important role when simulating the faulty case of the motor 

with FEA.  

In a real broken rotor bar case, two phenomena happen 

depending on the rotor type. In cast aluminium motors the 

rotor bars are not isolated from the iron core, and inter-bar 

currents are free to circulate due to the iron’s conductivity. 

This means that there is a low current flowing from ring to 

ring through the broken bar and which produces some useful 

torque. However this does not exist in fabricated from copper 

cages. That is because there is insulation between the bars 

and the rotor iron core which forbids the inter-bar cross 

currents. However, the broken bar is still in place and has a 

conductivity. This will result to eddy currents in the bar 

which do not produce torque but just heat. However, in large 

motors due to the extremely low slip, the impact of those 

broken bar eddy currents can be neglected.  

Usually, cast aluminium rotors have skewed bars which 

further enhance the inter-bar currents, which have an adverse 

impact on the diagnosis of broken rotor bars because they 

allow the current flow through the iron thus negatively 

influence the fault severity estimation. Despite that, in the 

case of the motor under investigation, the rotor bars are 

isolated from the iron and they are un-skewed, so no 

significant inter-bar currents exist. This is why the broken 

bar has been practically considered an open circuit in this 

analysis. This has been accomplished by adding a very high 

resistance (1MOhm) in series with the broken rotor bar. 

Motors of this size usually start without load, accelerate 

until low-load speed and then the load is mechanically 

coupled. This is due to the very low rotor resistance which 

leads to low starting torque. So, both healthy and faulty 

motors have been simulated to start and accelerate to steady 

state without mechanical load. Only a relatively small load 

exists (50Nm) to account for friction. Fig. 1 illustrates the 

spatial distribution of the magnetic flux density amplitude for 

both studied cases at t=300ms which is practically during the 

startup transient. It is clear that the skin effect impact is 

strong due to the high rotor frequency. Thus the magnetic 

flux does not penetrate deep into the rotor core but stays on 

the surface. Furthermore, in the faulty case it is clear that 

there is some local saturation involved at the teeth adjacent to 

the broken rotor bar.  

A similar investigation at steady state did not offer 

significant results. This is because the rotor frequency is 

almost zero and the skin effect weak. So, the flux penetrates 

deep in the rotor core. As a result, the magnetic asymmetry 

caused by a single bar proved to be very small. This was also 

due to the low rotor current since the motor was simulated to 

operate at low load.  

The combination of the skin effect and the high starting 

rotor current make the diagnosis of rotor faults during the 

transient of starting very appealing for industrial practice.  



  

The ZSC waveforms for healthy and faulty motors have 

been extracted for the whole motor simulated operation and 

presented in Fig. 2. It can be seen that although the motor 

accelerates without mechanical load the starting time is 

relatively long due to high rotor inertia. The healthy motor 

reaches steady state after 1.45s whereas the faulty after 1.8s. 

It is to be noted that, during starting the ZSC waveform of 

the motor with a broken rotor bar (Fig. 2-b) experiences 

oscillations unlike the smooth starting of the healthy motor 

(Fig. 2-a). This is the result of multiple combined 

mechanisms. Firstly, the rotor current is maximum during 

starting. Simultaneously, the frequency of the rotor current is 

maximum at zero speed. This implies significant skin effect 

and weak magnetic flux penetration in the rotor body. The 

above two remarks combined lead to stronger distortion of 

the magnetic field due to the broken rotor bar. Furthermore, 

it was shown in the past that more harmonics are generated 

in the stator currents due to the speed ripple effect [44]. The 

overall combination of the above distortions Together with a 

minor impact of the higher local to the broken rotor bar iron 

core saturation leads to the increased oscillations of the ZSC 

during starting. 

 

 
a) 

 
b) 

Fig. 1. Spatial distribution of the amplitude of the magnetic flux density 

during starting (at t=300ms) for: a) healthy and b) faulty motor.  

 

 
a) 

 
b) 

Fig. 2. The ZSC waveforms for: a) healthy and b) faulty induction motor 

(FEA results). 

 

The original sampling frequency from FEA has been 10 

kHz. Both data sets have been resampled to a final sampling 

frequency of 1024 Hz. Then, the pseudospectrum is 

estimated using the MUSIC algorithm. The results are 

presented in Fig. 3. The MUSIC order necessary to produce 

such spectrograms was 180, with a window length of 0.2 

seconds. It can be seen that the healthy motor has limited 

harmonic index easily predictable by analytical formulae. 

The fundamental ZSC harmonic at 150Hz is easily observed. 

Moreover, the stator current fundamental harmonic at 50Hz 

can also be seen. The 50Hz harmonic exists in the motor 

because it is not a PSH induction motor. Moreover, a rotor 

slot related harmonic is observed close to 400Hz. The 

expected 9
th

 harmonic at 450Hz is quite strong during the 

transient operation but significantly weakens at low load 

steady state operation. 

On the other hand, the spectrogram is rich in harmonics 

for the case of the motor with a broken rotor bar. The three 

harmonics previously mentioned for the healthy motor are 

still there. Yet, now the 450Hz harmonic is really strong 

even at steady state. This is due to the increased saturation 

level of the motor at low load operation. Furthermore, the 

well-known broken bar fault related sidebands located at: 

3· fs-2·s·fs and 3· fs-4·s·fs are very clear (arrows at the bottom 

left corner of Fig. 3-b). The latter creates a V-shape 

trajectory while the speed of the motor increases. Moreover, 

since the rotor magnetic field is now asymmetrical, it creates 

a weak but noticeable harmonic at the mechanical frequency 

20Hz. The remaining newly appeared harmonics are related 

to the mechanical speed and the rotor slot number. 

The FEA results prove to be interesting and point out 

harmonic trajectories that can reliably reveal the broken rotor 

bar fault in large industrial induction motors during the 

startup transient. 

 
a) 



  

 
b) 

Fig. 3. MUSIC spectrogram of: a) the healthy motor and b) the motor with a 

broken rotor bar at no load. 

B.   The case of a 4-pole, 400V, 4kW induction motor 

In this section, similar procedure to the previous section A 

has been followed. However, the motor under investigation 

is a smaller motor with aluminium cast cage rotor. The FEM 

model has been built based on the manufacturer’s blueprints 

as well. Same as before, a 1MOhm resistance has been 

connected in series with a bar to account for the breakage. 

The motor has been simulated to start under applied 

mechanical load 15Nm. The ZSC as well as the line current 

waveforms have been extracted from the healthy and faulty 

cases. The pseudospectrum is estimated again using the 

MUSIC algorithm with a 0.1 seconds window length. The 

results are illustrated in the following Fig. 4 and 5. 

The starting time of the 4kW motor is significantly lower 

than the 1,1MW one, considering also that the former starts 

coupled to a load. In Fig. 4-b, the expected broken bar fault 

signatures are detected. However, no fault related signatures 

can be identified when looking at the line current 

spectrogram in Fig. 5. This implies the diagnostic superiority 

of the ZSC over the traditional monitoring of a single stator 

current. This superiority lies in the fact that the ZSC 

fundamental harmonic is 3 times greater than the line 

current’s. As a result, 3 times more periods are monitored in 

the case of the ZSC than the line current, thus significantly 

improving the resolution of the MUSIC algorithm.  

 
a) 

 
b) 

Fig. 4. MUSIC spectrogram of the ZSC of: a) the healthy motor and b) the 

4kW motor with a broken rotor bar under 15Nm load. 

 
a) 

 
b) 

Fig. 5. MUSIC spectrogram of the line current of: a) the healthy motor and 

b) the 4kW motor with a broken rotor bar under 15Nm load. 

IV.   EXPERIMENTAL TESTING SETUP 

Experimental tests are carried out using a 1.1 kW, 4-pole 

induction motor. Table I shows the rated characteristics of 

this motor. The motor is coupled to a DC machine that acted 

as the mechanical load. The different load levels are obtained 

by varying the excitation current of the DC machine. The 



  

supply voltage of the tested motor could be easily changed 

with the aid of an autotransformer. Fig. 6-a shows a picture 

of the test bench. 

Three different motor conditions are tested: healthy state, 

motor with one broken rotor bar and motor with two adjacent 

broken rotor bars. The bar breakages were forced by drilling 

holes in the corresponding bars at their junction point with 

the short-circuit end-ring. Each drilling was carried out in 

such a way that the complete breakage of the corresponding 

bar is guaranteed. Different motor startups are developed at 

different voltage-supply levels. 

In each test, the three phase currents are acquired during 

the motor startup by using Fluke i3000s flexible current 

clamps, connected to a waveform recorder (YOKOGAWA 

DL-850). The clamps are based on Rogowski coils that are 

suited for the measurement of large motor currents but can be 

also employed for measuring low currents with enough 

resolution. Fig. 6-b shows a detail of the current clamps. The 

signals are captured at a sampling rate of 5 kHz and the 

register length is 100 seconds, which guarantees the 

acquisition of the whole startup as well as a significant 

portion of the steady-state regime. The current signals are 

initially stored in the recorder and afterwards transferred to a 

computer, where the ZSC is computed and further analyzed.  

 
TABLE I 

INDUCTION MOTOR CHARACTERISTICS 

Rated Power 1.1 kW 

Rated frequency 50 Hz 

Rated Voltage 230 V 

Rated primary current 4.5 A 

Rated speed 1410 rpm 

Rated slip 0.06 

Stator windings connection Delta 

Number of pole pairs 2 

Number of rotor bars 28 

Number of stator slots 36 

 

   
(a)                                                       (b) 

Fig. 6. Experimental test bench: a) motor-load bench and b) the current 

clamps configuration. 

V.   EXPERIMENTAL RESULTS 

In this section, the experimental results are presented. 

Nine currents containing the startup transient and the 

subsequent steady-state have been analyzed. The ZSC is 

calculated from the three phase currents of the motor, 

acquired in each test. The ZSC is preprocessed by resampling 

to a final 1024Hz sampling frequency and then filtered 

through a low-pass filter with a cut-off frequency of 200Hz. 

Afterwards, the pseudospectrum is estimated using MUSIC. 

MUSIC provides a spectrogram of the ZSC for every 

measured induction motor case. So, Figs. 7 to 15 depict the 

spectrograms of the nine ZSC cases. The MUSIC order used 

to analyze each ZSC is indicated in the figure label. This 

parameter is determined experimentally for each analyzed 

signal. The window length is the same for all cases and it is 

set to 0.20s. A window overlap of one sample is used in all 

cases. 

   Figs. 7-9 depict the results of the three condition cases with 

the motor operating at no load. The analysis of the healthy 

motor spectrogram (Fig. 7) offers some interesting 

characteristics. Firstly, the fundamental ZSC current 

harmonic at 150 Hz is very clear. At the same time, the 

fundamental phase current harmonic at 50 Hz, due to some 

level of 3-phase supply unbalance, is also strong. The supply 

imbalance is also verified by the existence of an important 

2sfs component at 100 Hz. The inherent mixed-eccentricity 

harmonic close to 25 Hz is also present. Finally, a V-shape is 

observed at 150 Hz and it drops to 50 Hz. In Fig. 9, it is 

shown the spectrogram of the motor at no-load and with two 

broken bars.  

If it is compared with the healthy case (Fig. 7), it is 

observed supplementary information. A second V-shape 

appears at 150 Hz and it drops down to 0 Hz. The energy 

close to the ZSC fundamental seems increased because the 

broken bar fault signatures are located very close to the 150 

Hz. Noticeably, in the case of the two broken bars (Fig. 9), 

the inherent mixed-eccentricity harmonic close to 125 Hz 

appears. Moreover, Fig. 8 illustrates the spectrogram of the 

motor with a broken rotor bar and operating at no load. It is 

anticipated the results observed in the case of 2 broken rotor 

bars (Fig. 9), but with a lower energy level. Even at no load, 

the energy of the fault related harmonics increases during the 

startup transient. 

 
Fig. 7. MUSIC (order 36) spectrogram of the motor in healthy condition and 

at no load. 

 



  

 
Fig. 8. MUSIC (order 40) spectrogram of the motor with 1 broken rotor bar 
and at no load. 

 
Fig. 9. MUSIC (order 39) spectrogram of the motor with 2 broken rotor bars 

and at no load. 

 

The MUSIC spectrograms of the cases where the motor is 

at half-load are depicted in Figs 10-12. The healthy motor 

shows a behavior very similar to the no load case (Fig. 10). 

The MUSIC spectrogram of the motor with 1 broken rotor 

bar (see Fig. 11) shows a second V-shape trajectory, while 

the 3·fs-2·s·fs and 3·fs-4·s·fs sidebands are clearly visible and 

with a high-energy amplitude. Fig. 12 shows the MUSIC 

spectrogram of the induction motor case with 2 broken rotor 

bars. 

A second V-shape trajectory can be recognized and the 

ZSC sidebands around the 150 Hz are identified with high 

energy, as in the case of one broken bar. Additionally, the 

inherent mixed-eccentricity harmonic close to 125Hz 

increases. Finally, the left sideband of the inherent mixed-

eccentricity harmonic close to 25 Hz increases also. 

 

 
Fig. 10. MUSIC (order 38) spectrogram of the motor in healthy condition 

and at half load. 

 
Fig. 11. MUSIC (order 38) spectrogram of the motor with 1 broken rotor bar 

and at half load. 
 

 
Fig. 12. MUSIC (order 44) spectrogram of the motor with 2 broken rotor 

bars and at half load. 

 

Finally, the results of motor operating at full load are 

shown in Figs 13-15. At full load, the healthy motor displays 

two V-shape trajectories in the MUSIC spectrogram (see Fig. 

13). Yet, none of them drops down to 0Hz. 

The ZSC sidebands are visible, possibly because of 



  

inherent rotor asymmetries and shaft-load misalignment. The 

left sideband of the inherent mixed-eccentricity harmonic 

close to 25Hz can also be observed, but this may be related 

to the aforementioned asymmetries and not the broken bar 

fault. In both faulty cases, the second V-shape trajectory 

drops down to 0Hz (see Fig. 14 and 15). It is also noticeable 

in Fig. 14 for 1 broken rotor bar that the 3·fs-6·s·fs band 

appears.  

The MUSIC spectrogram shows excellent diagnostic 

capabilities when the motor with 2 broken rotor bars is at full 

load (see Fig. 15). Besides, in the above-mentioned 

signatures, it is increased the energy of the left sideband 

harmonic around the 125Hz inherent mixed-eccentricity 

harmonic. Also, the right sideband harmonic close to 75Hz, 

due to inherent mixed-eccentricity, is also visible, as well as 

the left sideband at 50Hz. Finally, both sidebands of the 

inherent mixed-eccentricity harmonic close to 25Hz are 

easily noticed. 

The MUSIC spectrograms allow identifying some fault-

related signatures unequivocally in the time-frequency plane 

during the startup transient and the following state-state (see 

Fig. 15). Two trajectories are born at 50Hz and evolve to the 

150Hz harmonic. These patterns correspond to the 3· fs-2·s·fs 

and 3·fs-4·s·fs sidebands, which display a higher energy as 

the fault severity increases. The first sideband goes straight 

from 50 to 150Hz. The second sideband depicts a trajectory 

with a V-shape pattern. A third sideband, 3·fs-6·s·fs, appears 

at steady state in the case of two broken rotor bars. It is also 

present the lower side band fs-2·s·fs, observable in the phase-

current spectrum during the startup of line-fed IM with a 

rotor asymmetry. 

Therefore, the fault severity can be evaluated by the 

number trajectories of fault related harmonics visible in the 

spectrogram, the portion of these trajectories observable and 

their color intensity. Table II summarizes the graphic results 

in a qualitative manner. The greater the fault severity, the 

bigger the number of fault related harmonics present in the 

spectrogram. For example, the 3fs-6sfs and fs-2sfs are only 

present when the rotor suffers two broken rotor bars. The 

visible portion of the fault harmonic trajectory also depends 

on the fault severity. For example, the full trajectory of the 

3fs-4sfs harmonic is only visible for the maximun full 

severity and the motor operation at full load. Also the 

intensity color of the harmonic trajectory changes with the 

severity of the fault. The colourmap used is called “hot”, and 

as the fault severity increases, the color of the fault related 

harmonics tend to lighter tones. 

 

 
Fig. 13. MUSIC (order 42) spectrogram of the healthy motor and at full 
load. 

 
Fig. 14. MUSIC (order 38) spectrogram of the motor with 1 broken rotor bar 

and at full load. 

 
Fig. 15. MUSIC (order 42) spectrogram of the motor with 2 broken rotor 

bars and at full load. 

 



  

 

VI.   CONCLUSIONS 

In this paper, a novel methodology for the diagnosis of 

broken rotor bars is presented. The proposed method is based 

on a high-resolution spectral analysis of the zero sequence 

current with a multiple signal classification technique. The 

proposed methodology has been investigated, using motors 

with very different characteristics, with both Finite Element 

Simulations and experimentally in a controlled laboratory 

environment. A line-fed induction motor has been tested at 

different loads and in three condition states: healthy, with 

one broken rotor bar and with two broken rotor bars. The 

Finite Element simulation results were verified by the 

extensive experimental testing with success. 

The ZSC, computed from the three phase currents during 

the startup, is analyzed with MUSIC, which provides a high 

spectral resolution during the motor transient and the 

subsequent steady state as well. This signal, compared to the 

phase current usually utilized for monitoring purposes, has 

demonstrated to be very sensitive to the motor condition, 

even when the motor is at no load or very low load levels. 

Moreover, for low time transients the ZSC proves to reveal 

the fault while the traditional analysis of a single stator 

current is unreliable. 
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