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 Generation of Mechanical Frequency Related 

Harmonics in the Stray Flux Spectra of Induction 

Motors Suffering from Rotor Electrical Faults 

Konstantinos N. Gyftakis, Senior Member, IEEE, Panagiotis A. Panagiotou and Sang Bin Lee, Fellow, IEEE, 

 

Abstract — Lately, the monitoring and analysis of the 

induction motor stray flux has been a modern trend and 

significant research work was accomplished. Most papers have 

focused on the monitoring of rotor electrical faults around the 

fundamental stray flux signature, imitating in this way the 

traditional Motor Current Signature Analysis (MCSA). 

However, such signatures may still have some disadvantages 

leading to false alarms. This is the motivation behind the use of 

alternative signatures such as, in this particular case, the 

mechanical frequency. The existence of the mechanical 

frequency in the stator current is still the best signature for 

detection of the mixed rotor eccentricity fault and load 

imbalances. Even healthy motors present this harmonic due to 

some low-level inherent eccentricity and inherent load 

oscillations. Despite that, it will be shown for the first time in 

this paper that the mechanical frequency associated harmonics 

in the stray flux is possible to originate purely from rotor 

electrical faults. Those signatures present significant sensitivity 

to the broken bar fault severity. Moreover, they are 

advantageous for low load operation compared to traditional 

signatures. Finally, the sidebands of the mechanical frequency 

related harmonics are very sensitive to the broken rotor bar 

fault while quite immune to the number of the rotor bars. 

Index Terms — Fault diagnosis, Flux Monitoring, Induction 

motors, Rotor Faults.  

 

I. INTRODUCTION 

LTHOUGH induction motors are robust devices, 

faults may appear and either directly or 

progressively, will lead to degradation and eventual 

motor failure. An unexpected motor failure leads to increased 

financial losses not only from the transportation, 

maintenance, service and repair of the motor but most 

importantly from the interruption of the production process. 

This is the main motivation behind the rapid advance in the 

area of electrical machines condition monitoring and fault 

diagnosis worldwide.  

Many different methods have been proposed for reliable 

fault detection in induction machines [1]-[4]. Those methods 

differ on the diagnostic variable to be used for health 

information extraction and the signal analysis and processing. 

The stator current [5], electric power [6] and torque [7] are 

some of the most widely used signals. Depending on the 

operating state of the motor (steady state or transient), 

different signal processing techniques include the family of 

Park’s Vector Approach techniques [8]-[9], Fast Fourier 

Transform (FFT) [10], Short Time Fourier Transform (STFT) 

[11]-[12], Wavelets [13]-[14], Hilbert [15] and MUSIC [16]. 

Recently, significant attention has been given to 

advancement of the monitoring and analysis of the stray flux. 

The reasons behind the latest flux-monitoring trend are 

many. Firstly, depending on the flux direction (radial, axial 

or mix of both) different diagnostic information can be 

retrieved [17]-[18]. Moreover, the monitoring of the air-gap 

flux has proved a reliable diagnostic technique, although 

intrusive [19]-[20]. Furthermore, the flux spectral 

information is similar to that of the stator current, which 

means that there is a strong past expertise [21]. Moreover, 

multiple rotor faults happening at pole pitch-dependent 

locations tend to mask their existence in the stator current 

while cancelling out each other’s asymmetry. In that sense, 

the stray flux monitoring is immune to faults with polar 

symmetry, and superior to the stator current. The term stray 

flux corresponds to magnetic flux lines radiating to the 

exterior of the machine’s main magnetic circuit. This inherent 

weakness of the MCSA originates in the fact that the stator 

winding forms the stator magnetic field poles. Finally, the 

flux proves to be immune to certain phenomena, where the 

MCSA was leading to false diagnostic alarms [22]. 

In this paper, the authors are studying the associated to the 

mechanical frequency sidebands in the stray flux spectra 

under healthy and faulty induction motor operating 

conditions [23]. Extensive Finite Element Analysis (FEA) 

simulations and experimental testing with induction motors 

of different sizes, geometrical features and operating 

conditions has been carried out.  The results show that, the 
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mechanical frequency related components in the stray flux 

are a strong indication of rotor electrical faults. So far, such 

harmonics have been associated with the mixed eccentricity 

fault, especially through the application of the MCSA.  

Moreover, the existence of such harmonics in the stator 

current of a healthy induction motor are known to be due to 

an inherent level of mixed eccentricity, typically below 10%. 

It will be shown that, the existence of such harmonics in the 

stray flux is due to inherent cage manufacturing asymmetries 

distorting the rotor field symmetry, such as porosity, 

magnetic anisotropy as well as actual faults such as broken 

rotor bars. 

II. FINITE ELEMENT ANALYSIS 

In this section, three induction motors are simulated with 

FEA under steady state operation. The characteristics of the 

three motors are shown in the following Table I. The 

investigation aims to study the impact of the motor size as 

well as the rotor slot number on the mechanical speed 

frequency in the radial flux spectra. All motors have been 

simulated under healthy operation, as well as with one broken 

rotor bar. Furthermore, Motor C is simulated under different 

broken rotor bar fault severity levels to allow for a close and 

detailed inspection of the severity impact on the frequency 

area under interest. A sensing coil has been created on the 

exterior and close to the yoke of each motor. The sensing 

coils have 50 turns and are connected to a large resistance 1 

MΩ to emulate an open circuit. The stray rotating magnetic 

flux induces an electromotive force to the sensing coil, which 

is proportional to the penetrating magnetic flux. Such a 

sensor is illustrated later on for Motor C (Fig. 3). 

A. FEA Results of Motors A and B 

Both motor cases A and B have been simulated to operate 

under healthy and one broken rotor bar conditions at the same 

mechanical nominal load 26 Nm (100% rated load). The FE 

simulation calculated 4 seconds of steady state for each 

motor, while the speed ripple effect was taken into 

consideration.  

The stray magnetic flux and the stator current have been 

extracted from the FEA with a sampling rate 10 kHz. Then 

the Fast Fourier Transform is calculated for all cases. The 

resulting spectra are illustrated in the following Fig. 1 and 

Fig. 2 for Motor A and B respectively. 

The appearance of the well-known 𝑓𝑠 ± 2𝑘𝑠𝑓𝑠  fault 

related components (orange color arrows) are present in both 

the stray flux and stator current as expected in both motors 

suffering from a broken rotor bar. However, there is a distinct 

difference between the stray flux and the stator current. That 

is the appearance of the mechanical frequency related 

harmonics located at fs±fr  in the stray flux spectra, where 

𝑓𝑟 =
(1−𝑠)

𝑝
𝑓𝑠 (black colour arrows). Those signatures appear 

to have by far the highest amplitudes among all fault related 

signatures. Furthermore, those harmonics are absent in the 

stator current. The mechanical frequency components have 

their own broken bar fault sidebands at frequencies fs ± fr ±
2𝑠𝑓𝑠 (blue colour arrows). 

 

 
a) 

 
b) 

Fig. 1. Frequency spectra of: a) the stator current and b) the stray flux of the 

motor with 28 rotor bars under healthy (blue) and faulty (red) operation. 

  

 
a) 

TABLE I 

CHARACTERISTICS OF THE THREE SIMULATED MOTORS 
 

Characteristics Motor A Motor B Motor C 

Nominal Voltage 400 V 380 V 6.6 kV 

Frequency 50Hz 60Hz 50Hz 

Rated Power 4 kW 5.5 kW 1.1 MW 

Number of poles 4 4 6 

Stator slots 36 36 54 

Rotor slots 28 44 70 

 



 
b) 

Fig. 2. Frequency spectra of: a) the stator current and b) the stray flux of the 

motor with 44 rotor bars under healthy (blue) and faulty (red) operation. 

 

The amplitudes of the fault related signatures because of 

the broken bar fault in the flux and current spectra are 

depicted in Tables II and III respectively.  

Some remarks are the following regarding the stray flux 

results: It can be seen that, the right mechanical frequency 

sideband is less affected by the total number of rotor bars, 

while the amplitude difference between the two motors is 

only 3 dB. The same stands for its left broken rotor bar 

sideband,  fs + fr − 2sfs , which is practically the same 

between the two motors. The term “less affected” refers to 

the magnetic asymmetry caused by the fault. Both machines 

are 4-pole ones however the rotor bars per pole are different. 

For the Motor A it is 7, while for Motor B it is 11. In that 

sense, the fault severity of one broken bar and consequently 

the magnetic asymmetry caused by it is higher in Motor A.  

The reason behind the insensitivity of the right-hand side 

mechanical frequency harmonic and its associated broken bar 

sideband from the fault severity level is attributed to two 

factors. Firstly, those harmonics are produced by the speed 

ripple effect caused by torque pulsations. The torque 

pulsations are due to the fs − fr component of the air-gap flux 

and the primary stator current of frequency fs . That 

dependency associates the examined signatures with the 

combined moment of inertia of the rotor and load. Therefore, 

their amplitudes are affected less by the magnetic asymmetry 

caused by the broken bar. Secondly, the amplitude of the right 

mechanical frequency sideband is enhanced by the three 

times more frequency than the left one, as occurring from 

Faraday’s law of induction.  

The broken bar fault will induce the 𝑓𝑠 − 𝑓𝑟 induced 

voltage to the sensor. As expected and seen from the results 

in Table II, this signature has stronger amplitude in Motor A. 

This happens because its cage has less bars and therefore one 

broken bar causes a greater magnetic asymmetry.  

B. FEA Results of Motor C 

Motor C has been simulated to operate under the nominal 

11 kNm applied load torque (100% rated load). The speed 

ripple effect has been taken into consideration. The stray flux 

is captured with the application of a flux sensor placed on the 

stator’s exterior. Part of the FEM Motor C model together 

with the flux sensor (pointed with a white arrow) is shown in 

Fig. 3 while the magnetic flux distribution is also illustrated 

under healthy operation. The flux sensor consists of a 

coreless coil with 50 turns and an in-series ohmic resistance 

100 MΩ to account for the open circuit conditions. 

 

 
Fig. 3. Cross section of the 1.1MW induction motor FE model and magnetic 

flux spatial distribution in it. 

 

The stator current and stray flux signals have been 

extracted and analyzed via the FFT. The resulting spectra are 

shown in Fig. 4. In all faulty cases, the mechanical frequency 

sidebands located at fs±kfr  appear with significant 

amplitudes in all cases. Those harmonics are absent in the 

healthy motor. Furthermore, the amplitudes of those 

signatures have a monotonic amplitude increase with the fault 

severity level. However, the broken rotor bar-related 

signatures are not visible. This happens because the speed of 

the motor is very close to the synchronous one (slip s<1%). 

This is usual in large electric motors. The low slip leads to 

broken bar sidebands, which are then hidden in the leakage 

TABLE II 

SIGNATURE AMPLITUDES IN THE STRAY FLUX 
 

Signature Motor A Motor B 

fs-fr -31.51 dB -39.85 dB 

fs+fr -23.66 dB -26.52 dB 

fs-2sfs -38.97 dB -56.31 dB 

fs+2sfs -39.11 dB -54.12 dB 

fs-fr-2sfs -33.16 dB -42.86 dB 

fs-fr+2sfs -47.06 dB -58.79 dB 

fs+fr-2sfs -28.95 dB -29.42 dB 

fs+fr+2sfs -30.08 dB -43.39 dB 

 

TABLE III 

SIGNATURE AMPLITUDES IN THE STATOR CURRENT 

 

Signature Motor A 

(healthy) 

Motor A 

(faulty) 

Motor B 

(healthy) 

Motor B 

(faulty) 

fs-4sfs -81.25 dB -57.77 dB -91.49 dB -60.26 dB 

fs-2sfs -67.04 dB -36.31 dB -59.04 dB -39.55 dB 

fs+2sfs -67.76 dB -35.87 dB -66.08 dB -40.14 dB 

fs+4sfs -81.4 dB -57.71 dB -95.75 dB -71.03 dB 

 



of the main harmonics such as the fundamental and the 

mechanical frequency ones. Despite that, the sensitivity of 

the mechanical frequency related sidebands on the fault 

severity level provides an obvious alarm for the fault 

existence, even at low slip operation. 

This outcome is very satisfying for low slip operating 

motors. This is where the MCSA usually provides unreliable 

results. This is due to the inherent  difficulty of monitoring of 

the broken rotor bar fault close to the fundamental stray flux 

harmonic. The amplitudes of the mechanical frequency 

components are shown in Table IV for all cases. 

 

 
a) 

 
b) 

 
c) 

 
d) 

Fig. 4. Stray flux spectra of Motor C for: a) healthy operation, b) motor with 

1broken bar, c) motor with 2 broken bars and d) motor with 3 broken bars.  

C. Analysis of the Transient Behaviour via the Short Time 

Fourier Transform (STFT) 

The analysis of machine signals during operation, using 

spectrograms is valuable because one can examine not only 

the harmonics’ energy but also their frequency variations 

which are expressed as distinct trajectories. The stray flux has 

been used as a reliable diagnostic mean during the start-up of 

the induction motor [24]-[25]. The behavior is supposed to be 

similar to that of the stator current, where several fault 

components appear when there is a broken rotor bar fault, 

however the V-pattern of the (1 − 2𝑠)𝑓𝑠  is the most 

characteristic and distinct [26].  

The motors are simulated to start from zero speed and 

accelerate up to the nominal load and steady state. The V-

shape is clear in Motor C’s stator current during the start-up 

under faulty operation, as shown in Fig. 5 (black arrows). 

Other fault related trajectories are also recognized such as the 

(1 − 4𝑠)𝑓𝑠 (purple arrow) and (1 + 2𝑠)𝑓𝑠  (blue arrow) 

harmonics. However, the fundamental harmonic sidebands 

are not distinctly clear in the stray flux in Fig. 6. On the other 

hand, a great number of additional harmonics’ trajectories 

characterizes the stray flux spectra. Those trajectories are 

derived by the mechanical speed frequency sidebands around 

the stator time harmonics. Those harmonics create a net of 

trajectories in the start-up region of the induction motor 

which clearly reveals the fault however it is not easy to isolate 

each individual trajectory. At the steady state though, the 

trajectories are quite clear. The motors reach the steady state 

after approximately 1.5 s. The healthy motor’s start-up is 

slightly longer than the faulty due to the increase of the rotor 

resistance due to the fault, which shifts the torque versus 

speed characteristic to the left leading to increase of the 

starting torque.  

 

 
a) 

TABLE IV 
SIGNATURE AMPLITUDES IN THE STRAY FLUX (MOTOR A) 

 

Signature 1 broken bar 2 broken bars 3 broken bars 

fs-fr -36.97 dB -29.95 dB -20.05 dB 

fs+fr -29.88 dB -22.06 dB -13.54 dB 

fs-2fr -46.51 dB -39.46 dB -29.36 dB 

fs+2fr -28.06 dB -20 dB -12.44 dB 

 



 
b) 

Fig. 5. The STFT spectrogram of the Motor C stator current under a) healthy 
operation and b) two adjacent broken rotor bars fault.  

 

 
a) 

 
b) 

 
c) 

Fig. 6. The STFT spectrogram of the Motor C stray flux under a) healthy 

operation b) one broken rotor bar and c) two adjacent broken rotor bars fault.  

 

Similar spectra are calculated for Motor A, which has a 

fast transient, lasting approximately 0.3 seconds. The V-

pattern is therefore not observable in the stator current (Fig. 

7). For fast start-ups the stator current spectrogram looks 

similar between healthy and faulty conditions under the 

exception of the fault sidebands at higher frequencies. They 

are theoretically better visible with the increase of the load 

and therefore the slip. However, in this case the spectra look 

alike containing mainly the fundamental and third harmonics.  

That is also the case for the stray flux shown in Fig. 8. The 

net of trajectories between stall and steady state are not 

observable due to the very fast transient. Despite that, at 

steady state, the whole family of mechanical frequency 

related harmonics 𝑓𝑠 ± 𝑘(1 − 𝑠)
𝑓𝑠

𝑝
 is visible at frequencies 

that are submultiples of the supply one (approximately 25 Hz, 

75 Hz, etc). Such trajectories can be used to differentiate the 

faulty from the healthy motor.  

 

 
a) 

 
b) 

Fig. 7. The STFT spectrogram of the Motor A stator current under a) healthy 

operation and b) a broken rotor bar fault. 
 

 
a) 

 
b) 

Fig. 8. The STFT spectrogram of the Motor A stray flux under a) healthy 

operation and b) a broken rotor bar fault.  

 



III. EXPERIMENTAL TESTING 

To test the validity of the FEA simulations, two identical 

squirrel-cage induction motors have been tested under 

healthy operation and under one broken rotor bar fault. The 

tested motors have the following characteristics: 400V, 

50Hz, 4kW and 4 poles.   

The experimental setup can be seen in the following Fig. 

9. The induction motor has been mechanically coupled to a 

permanent magnet generator feeding a symmetrical 3-phase 

variable resistance. For safety purposes, the two machines are 

shielded in a protective Plexiglas box. A hole was drilled in 

one of the rotors in order to electrically disconnect one 

broken bar (Fig. 10). When the motor was disassembled, it 

was possible to determine the induction motor’s slots, which 

are 36 and 32, for the stator and rotor respectively. 

Furthermore, the magnetic flux sensor positioned on the 

motor is shown in Fig. 11.  

 

 
Fig. 9. The experimental test bed where: A) 3-phase ohmic resistance, B) 

digital voltage/current meter, C) power cabinet, D) protection switches, E) 

current clamps, F) induction motor and G) permanent magnet generator. 

 

 
Fig. 10. The rotor with one broken rotor bar. 

 

 
Fig. 11. The magnetic flux sensor attached to the induction motor. 

 

Using a commercial current probe, with a sensitivity of 10 

mV/A and an accuracy of ±1% of reading at ±100/±500 mA, 

the stator currents of each motor were captured with a set of 

three identical current probes. Providing a safety BNC 

connector, this measurement was at later stage logged onto a 

digital high-resolution buffer memory unit used for 

acquisition of signal waveforms and data.  

At the same time, the stray magnetic flux was captured 

with the use of an in-house built flux sensor (Appendix A), 

which was developed in the laboratory. The rigid search coil 

consists of 1500 turns wounded on a square-body reel of 

dimensions 40 x 40 mm for the main body and 55 x 55 mm 

for the salient edges at each top and bottom end of the reel.  

Additionally, the 8 mm slot height of the reel is full-filled 

with a 0.1 mm diameter distributed copper winding of 

resistance 3.4 Ω/m. For capturing the waveform of the 

voltage induced on the search coil, a voltage probe has been 

installed in order to clamp one of the two ending connectors 

of the sensor, while the other end of the sensor was grounded. 

The multi-variable measurements of both the current and 

the stray flux signals were logged onto a high resolution, deep 

memory, 8-channel oscilloscope. Offering a 12-bit resolution 

and serial bus decoding with 256 MS buffer memory and a 

20 MHz bandwidth, each signal waveform was captured 

within 12 frames of 10 sec each, providing the ability to 

gather extended waveforms over the steady state of the 

motors for reliable signal representation in both the time and 

frequency domain. 

 

A. Monitoring at Steady State 

Firstly, the motors have been set to operate at rated load 

conditions. More specifically, the supplied voltage is 400 V, 

the applied mechanical torque 26 Nm and the rotor speed is 

1460 rpm. The comparative spectra of the stator current and 

stray flux are shown in the following Fig. 12 and 13 

respectively. Moreover, the various signatures amplitudes are 

summarized in Table V. One first remark is that the inherent 

mixed eccentricity harmonic at fs+fr is totally absent in the 

stator current spectra of the healthy motor, while very weak 

in the faulty one. On the other hand, the same component is 

present in the stray flux for both cases. This is a clear 

indication that the mechanical frequency components in the 

stray flux are not necessarily eccentricity related. Moreover, 

they could be a useful indication of the rotor’s inherent 

electrical imbalance due to porosity and magnetic anisotropy 

as well as load imbalance due to the hole that has been drilled 

to emulate the broken rotor bar fault. Moreover, the mixed 

eccentricity sideband at fs − fr  exists in both healthy and 

faulty induction motors. However its amplitude in the stator 

current is significantly lower than that of the stray flux. The 

rotor speed related components are marked with black arrows 

while the broken rotor bar ones with yellow. 

 



 
a) 

 
b) 

Fig. 12. Stator current spectra for: a) healthy motor and b) motor with 1 

broken rotor bar under rated load. 
 

 
a) 

 
b) 

Fig. 13. Stray flux spectra for: a) healthy motor and b) motor with 1 broken 

rotor bar under rated load.  

 

Furthermore, the fault signature at fs+fr-2sfs presents an 

impressive amplitude increase around 18 dB between the 

healthy and faulty cases. During the analysis with FEA, this 

signature appeared to have a certain immunity to the total 

number of rotor bars while its amplitude was greatly 

increased in the faulty motor case.  

Additionally, the signature at fs − fr + 2sfs  is absent in 

the healthy motor and has an impressive amplitude of -44.65 

dB in the motor with the broken rotor bar. Finally, the 

traditional sidebands around the fundamental increase both as 

expected.  

IV. CONCLUSIONS 

In this paper, the impact of the broken rotor bar fault on 

the mechanical frequency of the stray flux has been 

investigated with FEA and experimental testing. The results 

indicate that those signatures, which are known for 

eccentricity and load imbalances detection, increase with the 

broken rotor bar fault also. This finding sets a future 

challenge, which is the discrimination between rotor 

electrical and mechanical faults with the use of the stray flux. 

Furthermore, it appears that the mechanical frequency 

signatures offer satisfying broken bar diagnostic potential for 

large motors operating at very low slip where the traditional 

fault related signatures of both the flux and the stator current 

are masked from the leakage of the fundamental harmonics.  

The analysis of broken bar fault related sidebands around the 

mechanical frequency harmonics reveal also good diagnostic 

potential independently from the number of the rotor bars, 

which is not the case for the stator current primary sideband, 

the amplitude of which is directly dependent on the rotor cage 

bars number. 

 

APPENDIX 

The magnetic flux sensor geometry and dimensions are 

shown in the figure below:  

 

 

TABLE V 
EXPERIMENTAL SIGNATURE AMPLITUDES IN THE STRAY FLUX 

 

Signature Healthy Faulty 

fs-fr -41.4 dB -29.25 dB 

fs+fr -40.92 dB -34.76 dB 

fs-2sfs -52.31 dB -36.47 dB 

fs+2sfs  -39.11 dB 

fs-fr-2sfs -37.82 dB -42.79 dB 

fs-fr+2sfs  -44.65 dB 

fs+fr-2sfs -56.16 dB -38.37 dB 

fs+fr+2sfs -48.94 dB -51.31 dB 

 



 

Top: 3D view of the designed coil reel  

Bottom: the sensor body’s side view with dimensions. 
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