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 The fault of broken rotor bar (BRB) yields to high levels of stress in 

induction motor drive (IM) and being a common fault. This paper proposes a 

novel hybrid approach combining standstill frequency response (SSFR) 

testing and finite element method (FEM) modeling to improve fault 

diagnosis accuracy. The findings were verified experimentally using a 7.5 

kW three-phase IM by SSFR approach under various failure scenarios. 

Reliability of SSFR method is confirmed by the use of FEM, flux 2D 

magnetic analysis software is employed on the same IM using in SSFR to 

determine the magnetic field under different fault and load conditions. The 

work is finished by current harmonics analyses and the outcomes of the BRB 

model demonstrate that the combined method enhances fault detectability, 

particularly for incipient and partial bar breakages, reducing false alarms 

compared to conventional techniques. 
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1. INTRODUCTION 

Due to their critical importance in diverse industriel aplications, the induction motor drive (IM) is 

the most common electrical machine [1]. Open circuit, bearing failures, short circuit faults, and BRB faults 

are common categories for the problems in the IM. According to [2], the broken rotor bar (BRB) is a serious 

failure that might lead to to stoped production and result in significant financial loss. Fault modeling is 

crucial for improving IM fault detection methods because it provides a detailed understanding of how 

different faults affect the motor's electrical and mechanical behavior. It was the first phase of building fault 

detection systems. These models enable precise assessment by simulating both transient and steady-state 

motor behaviour [3]. 

A wide variety of modeling techniques have been developed over time. Numerous studies have been 

conducted in recent years, and several academics have become interested in modeling the BRB defects in 

IMs. Mustafa et al. [4] suggest an approach for evaluating the sanity of motors in the event that both healthy 

and defective data are not available. They use a model-based support vector classification (SVC) technique 

that uses features derived from the spectrum analysis of the stator's steady state current to detect broken bars 

in IM under full load situations. A precise mathematical model for the IM that can incorporate BRB faults 

with varying severities is proposed in paper [5]. To create such an analytical model, multiple coupled circuit 

modeling is used, in [6] the time-stepping finite element (TSFE) analysis is one of the most used techniques 

https://creativecommons.org/licenses/by-sa/4.0/
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for modeling IMs with defective rotor bars, a comparison of the healthy and faulty cases is done. To explain 

the parametric change of a defective IM model, an easy-to-understand model in an ABC frame is presented 

[7]. A unique fault model has been created to identify parameters by looking at specific parts of the transfer 

functions of the IM using certain model structures [8]. To take into account both healthy and broken bar 

circumstances, researchers in [9] propose a transient model of IM that relies on self and mutual inductance 

estimates based on finite element analysis (FEA). The work in [10] examines the BRB for the IM, 

investigates local saturation to see how the machine operates, and includes the nonlinear B-H curve and 

magnetic-equivalent-circuit (MEC) to clarify the saturation effect and the machine model. An IM with BRB 

is modeled using the time stepping finite element method (TSFEM), all of the motor's geometrical and 

physical properties are included in this modeling [11], [12]. 

Numerous academics employ standstill testing to detect rotor anomalies in IMs. The authors of  

[13], [14] investigate the potential use of the stationary impedance variation test in the identification of the 

BRB defect in inverter-fed IMs. The researchers [15], [16] examine the feasibility of detecting the rotor faults 

of induction machines by performing standstill tests, it is possible to excite with low-frequency resolution the 

faulty modes. Machine learning-based models (ML) have shown significant promise in accurately predicting 

the failure of broken bar IMs. Various approaches leverage advanced algorithms and large datasets to 

enhance diagnostic accuracy. Tahkola et al. [17] demonstrates that ML-based models can accurately predict 

BRB failures in IMs using simulated and measured data, achieving similar accuracy with both logistic 

regression and cat-boost classifiers, particularly with raw fast Fourier-transformed signals. The proposed AI-

based approach in the paper demonstrates a highly effective detection and classification of BRB in IMs, 

achieving 98% accuracy and a prediction time of 1.64 microseconds, indicating strong potential for accurate 

failure prediction [18]. Table 1 give a comparative summarizing key methods with metrics. 

 

 

Table 1. Modeling BRB methods comparison 

 

 

Due to limitations of existing detection techniques, a novel approach involves using the standstill 

frequency response (SSFR) test to extract a high-fidelity set of motor parameters under a fault condition. The 

novelty is validating the accuracy of these extracted parameters by comparing them against the internal 

magnetic flux distribution obtained from a FEM simulation of the same faulty motor. This bridges the gap 

between easy-to-measure electrical tests and the ground-truth physical reality inside the motor (FEM flux 

maps). It proves that the SSFR-derived parameters are physically meaningful and sensitive to the fault. This 

has not been done comprehensively before and would be a significant contribution. In this paper a new 

technique for BRB fault modeling is developed using the SSFR and FEM as an intelligent scheme. The 

various faults EC identification has been studied in order to increase accuracy and reduce diagnosis error 

rate. 

 

 

2. METHOD   

The specific advantage of combined SSFR-FEM method is that it provides a safe, low-cost, and 

repeatable pathway to empirical truth in a field often dominated by simulation and indirect measurement. 

This is a highly valuable contribution, like show Figure 1, the proposed method can be summarized in for 

steps: 

 

 

Method Fault sensitivity Computational cost Key limitations 

TSFEM Very high 

− Directly models  

− Fault location 

Extremely high  

− Requires significant resources 

and time  

− Prohibitive computational cost, requires 

expert knowledge  

MEC High  

− Model fault more 

accurately than analytical 
models 

Medium  

− Much faster than TSFEM, but 

slower than analytical models 

− Model complexity increases with accuracy 

− Reluctance network must be well designed 

SVC High (for diagnosis)  

− Excellent at separating 

classes when trained 

properly 

Low (inference)  

− Classification is very fast  

− Requires large, labeled datasets 

− Requires extensive, labeled, real world data 

for training 

− "Black box" model with no physical insight 

ML 

based 

models 

Very high  

− Can detect subtle, complex 

patterns missed by 

traditional methods 

Very high (training)  

− Requires massive data and GPU 

resources 

− Medium (inference)  

− Highest data requirements 

− Most “black box” approach 

− Performance is opaque and hard to trust 

without explanation 
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Figure 1. Diagram of the SSFR-FEM workflow 

 

 

2.1.  Standstill frequency response-finite element method workflow  

SSFR analysis of the healthy and faulty IM: to perform equivalent circuit at standstill: 

a. Prepare motor and safety: lock rotor and ensure thermal limits won't be exceeded during low-voltage. 

b. Induce BRBs in controlled manner and record exact location and number.  

c. Inject low-amplitude AC voltage at stator terminals sweeping logarithmically from ~0.1 Hz to ~1 kHz. 

d. Measure terminal currents and voltages using averaging and windowing to reduce noise. 

e. Compute transfer function (Vs/Is) to extract magnitude and phase and obtain frequency response. 

Building MATLAB simulation using the EC model: 

a. Fit an EC (choose multi-branch rotor structure to capture deep-bar effects) to the SSFR data using 

nonlinear least squares (Levenberg–Marquardt) to obtain EC model. 

b. Implement SSFR-derived EC in time-domain Simulink. Run scenarios of healthy/faulty IM. 

c. Modeling IM with BRB using the FEM: 

d. Build a 2D FEM model (airgap, stator/rotor slots, bar conductors).  

e. Represent broken bars by setting conductivity to near zero or by introducing an insulation gap. 

Current harmonics analyses: 

a. Implement SSFR-derived EC in time-domain Simulink. Run scenarios of fault/no-fault and compare 

current harmonics and torque pulsations with FEM outputs.  

b. Ratios of spectral lines (sidebands around supply harmonics), specific frequency peaks. 

 

2.2.  Standstill frequency response  

The IEEE committee suggested the SSFR method in 1983, and the studies that serve as its 

theoretical foundation [19]. In order to carry out these tests, the machine is powered only by two phases of 

the stator with a variable amplitude and variable frequency sinusoidal voltage source Vs, when the rotor speed 

is null, the operational impedance Zs of the IM can be measured from stator terminal. In order to measure 

these impedances, a frequency signal is supplied to a single winding, and the amplitude and phase of the 

input current Is are recorded as the frequency is changed. Once these measurements are obtained, the 

machine's parameters may be established [20], [21].  

Tests are performed on a bench (Figure 2), which contains; (a) frequency generator (0.1 Hz to  

1000 Hz) with fixed voltage, (b) 2 pole IM, 7.5 kW, 400/230V with broken cage bar, (c) personal computer 

with software CASSY_LAB, and (d) sensor card Cassy_Lab. 
 

  

  
 

Figure 2. Experimental unit of IM with broken bar at standstill 
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Frequency (rad/s) 

A series of SSFR measurements are made on the three motors at standstill and with a reduced 

voltage (10 V) and variable frequency ranging from ɷ=2πf=0.1005 Hz to 995.88 Hz. The frequency analyzer 

records the vectors, frequency, amplitude and phase shift between the current and the voltage. Then we can 

determine: magnitude (dB) response vs. frequency in Figure 3. The SSFR test allows for the derivation of the 

motor's operational inductance Ld(p) and Lq(p) (the direct and quadrature axis inductances) as functions of the 

Laplace variable p (or frequency). 
 
 

 

 

Figure 3. Experimental inductance variation versus BRB 
 

 

A BRB creates an asymmetry in the rotor cage, which breaks the magnetic symmetry of the rotor. 

This asymmetry is directly captured by a growing discrepancy between Ld(s) and Lq(s), a condition known 

as saliency, which is not present in a healthy squirrel-cage motor. Table 2 quantifies how the key operational 

inductance parameters change with the severity of the BRB. 
 

 

Table 2. Comparison of operational inductance variation as a fault indicator 

Parameter/indicator 
Healthy motor (symmetric 

rotor) 
Motor with BRB(s) 

Quantified change and physical 

explanation 

Direct axis 
operational 

inductance, Ld(s) 

For a symmetric rotor, 
Ld(s)≈Lq(s) across all 

frequencies. The curves are 

nearly identical. 

Decreases slightly. The path for 
d-axis flux is marginally affected 

as the fault introduces asymmetry 

and increases leakage. 

-2% to -8% in the mid-frequency range. 
The effective impedance to the d-axis 

flux increases slightly due to the 

distorted rotor current path. 
Quadrature axis 

operational 

inductance, Lq(s) 

Lq(s)≈Ld(s) across all 

frequencies. 

Decreases more significantly than 

Ld(s). The q-axis flux path is 

more severely disrupted by the 
broken bar. 

-5% to -15% in the mid-frequency 

range. BRB creates a significant barrier 

for q-axis currents, increasing leakage 
and reducing the effective inductance. 

Saliency (Ld(s) vs 

Lq(s)) 

No saliency. Ld(s)/Lq(s)≈1 

across the entire frequency 
spectrum. The rotor appears 

isotropic. 

Emergence of saliency. A clear 

and measurable difference 
appears, where Ld(s) > Lq(s). 

This is a primary fault signature. 

The ratio Ld(s)/Lq(s) becomes > 1. A 

ratio of 1.03 to 1.20+ is observable, 
increasing with fault severity. This 

quantifies the induced asymmetry. 

 

 

2.3.  EC model identification  

The goal is to find the parameters of the IM's equivalent circuit presented in Figure 4, (e.g., stator 

resistance Rs, stator leakage inductance Lσs, rotor resistance Rr1-Rr2, rotor leakage inductance Lσr1-Lσr2, 

magnetizing inductance Lm) that make OE model's predicted impedance best match the measured impedance 

across all frequencies, with ψs, and ψr are the stator and rotor flux in the d axis. 
 
 

Rr2

Lσr2Lσr1

Rr1

Ir2Ir1Rs Ir

Lm

ImLσs

Is

Vs dψs/dt

dψr1/dt dψr2/dt

 
 

Figure 4. The D-axis EC model parameters at standstill 
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The OE estimation algorithm is used to identify the transfer function model parameters, the transfer 

function from “frequency input” to “impedance output”. The stator impedance is a complex function of the 

Laplace variable p. 

 

 𝑍𝑠(𝑝) =
𝑉𝑠(𝑝)

𝐼𝑠(𝑝)
= 𝑅𝑠 + 𝑝𝐿𝜎𝑠 +

1
1

𝑝𝐿𝑚
+

1

𝑅𝑟1+𝑝𝐿𝜎𝑟1
+

1

𝑅𝑟2+𝑝𝐿𝜎𝑟2

 (1) 

 

This can be rewritten as a ratio of polynomials: 

 

 𝑍𝑠(𝑝) =
𝑏0𝑝4+𝑏1𝑝3+𝑏2𝑝2+𝑏3𝑝+𝑏4

𝑎0𝑝4+𝑎1𝑝3+𝑎2𝑝2+𝑎3𝑝
 (2) 

 

The coefficients b0, b1,.., b4, a0, a1, a2, a2 are nonlinear algebraic functions of the 7 physical parameters we 

want to find, then fitting a discrete-time model that approximates the continuous-time impedance. 

OE model structure should be: OE (nb, nf, and nk), nb=5 (number of numerator coefficients, b0 to 

b4), nf=4 (number of denominator coefficients, f1 to f4, since f0=1, f0=1), nk=0. The identifyied model is 

given by (3), where q is the shift operator, and the input is “frequency”: 

 

𝑍̇̂(𝑞, 𝜃) =
𝐵(𝑞)

𝐹(𝑞)
=

𝑏0𝑞−0+𝑏1𝑞−1+𝑏2𝑞−2+𝑏3𝑞−3+𝑏4𝑞−4

1+𝑓1𝑞−1+𝑓2𝑞−2+𝑓3𝑞−3+𝑓4𝑞−4  (3) 

 

The goal is to find the OE coefficients θ that minimize the sum of squared errors between the measured Z and 

the model's prediction Ẑ using the gauss-newton loop: 

 

𝜃 =  [𝑏0, 𝑏1, 𝑏2, 𝑏3, 𝑏4, 𝑓1, 𝑓2, 𝑓3, 𝑓4] (4) 

 

Once we have the optimal OE coefficients θ, we must solve the system of nonlinear equations to find the 

physical motor parameters [Rs, Lσs, Lm, Rr1, Lσr1, Rr2, and Lσr2]. This is itself another nonlinear least-

squares problem, we can use the Levenberg-Marquardt algorithm here. An EC have two rotor circuits is give 

in Table 3. 

 

 

Table 3. The equivalent circuit parameters of IM 
Parameter Healthy motor 1 broken bar 2 broken bars Δ (1BB) %  Δ (2BB) % 

Rs (Ω) 1.70 1.70 1.70 +0.0 0.0 
Lσs (mH) 30 30.1 3.0 0.0 0.0 

Lm (mH) 190 177 165 -0.68 -1.35 

Rr1 (Ω) 1. 9 2.6 3.2 +36.84 +68.42 
Lσr1 (mH) 1 1. 1 1.3 +10 +30  

Rr2 (Ω) 3.70 4.05 5.03 +9.4 +35.94 

Lσr2 (mH) 3.2 4.0 5.2 +22 +62.5 
FPE 0.0114 0.0112 0.0040 x x 

 

 

The identification technique used is the output error (OE) method, and the search direction to 

minimize the criteria can be calculated using the Gauss-Newton method for minimizing the final prediction 

error (FPE).  
 

FPE=LF*(1+2*d/M) (5) 
 

Where LF is the loss function, d is the number of estimated parameters, and M is the number of estimation 

data samples, denoted as d<<M. The machine model is estimated using the IDFRD routine from the 

experimentally delivered frequency response. 

− The dramatic increase in Rr1 and Rr2 is the clearest signature of the broken bar fault. The severity of the 

fault (1 BRB vs 2 BRB) is clearly reflected in the magnitude of the increase. 

− The fact that Rs, Lσs, and Lm remain relatively constant confirms that the changes in rotor parameters are 

not due to measurement error or temperature drift but are indeed caused by the rotor fault. 

− The changes in leakage inductances Lσr1 and Lσr2 provide supporting evidence for the fault. 

 

2.4.  Modelling broken rotor bar based on finite element method analysis 

In this section, a squirrel cage IM is simulated using FLUX-2D software, and its performance under 

BRB faults is examined. A robust FEM study for this purpose requires careful configuration [22], [23].  
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a. Boundary conditions: 

1) Periodicity: use Master-Slave boundary conditions on the radial boundaries of a pole-pair segment to 

simulate the full machine. 

2) Excitation: for the stator windings, applied a three-phase, sinusoidal current source excitation. The current 

amplitude should be set based on the motor's rated current (e.g., for a 7.5 kW, 400 V motor, ~15 A line 

current, 2880 rpm nominal speed, tow pole). In rotor bars, for a transient analysis, the rotor circuit can be 

short-circuited by connecting the end rings. 

3) Motion setup: for transient analysis with motion, define a band region around the rotor and specify 

rotational motion with an initial mechanical load. 

b. Mesh density and strategy: 

A poor mesh will render all results invalid and structured strategy is essential. 

1) Strategy: curvature-based meshing with a minimum number of elements per circle (e.g., 12-18). 

2) Critical regions for refinement: air gap requires the finest mesh due to the rapid decay of fields. At least 

3-5 elements across the radial length of the air gap, stator/rotor tooth tips (highly saturated regions with 

complex flux paths). Conductors skin effect must be captured, especially at higher frequencies. Around 

BRB the flux distortion is localized; a finer mesh here captures the anomaly accurately. 

c. Convergence study, the process is: 

1) Solve the model with a coarse mesh. 

2) Refine the mesh globally (e.g., reduce element size by 25%) and solve again. 

3) Compare a key result (e.g., torque ripple, stator current) between the two solutions. 

4) Repeat steps 2-4 until the change in the result is below a predefined threshold (e.g., <1-2%). The mesh 

before the final refinement is considered “converged”. 

d. Solver type and setup: 

1) Type: transient/motion with time-stepping. This is mandatory to capture fault harmonics, torque ripple, 

and speed oscillations caused by broken bars. Magnetostatic solvers are useless for this fault. 

2) Time step: critical for accuracy and stability. Must be small enough to resolve the fastest dynamics. 

3) Rule of thumb: time Step < 1/(20*f_max), where f_max is the highest frequency of interest. For broken 

bar analysis, sidebands around the fundamental (50/60 Hz) are key, so f_max is ~150-200 Hz. A time step 

of 0.1 to 0.5 ms is usually appropriate. 

4) Duration: simulate enough electrical cycles to reach steady-state (5-10 cycles) and then several more 

cycles to capture the low-frequency oscillation caused by the fault (1-2 seconds total simulation time). 

Meshing of study domain and problem solving is given in Figure 5. 

FLUX-2D was used to create IM model, three scenarios were analyzed to investigate the BRB fault: 

a healthy rotor, one broken bar, and two broken bars. This fault was simulated by removing the designated 

number of bars, as depicted in Figure 6(a) the currents in the bars produce a symmetrical distribution of flux 

lines around each pole, in contrast, the broken bars do not conduct current Figure 6(b), indicating any 

localized demagnetization effect in the broken bar region. This results in a magnetic flux concentration and 

an asymmetrical distribution surrounding the damaged bar. Furthermore, an increase in BRB exacerbates the 

disparity in the flux line distribution Figure 6(c). Which can be used to diagnose defects by monitoring 

changes in magnetic flux [24]. 

 

 

 

   
(a) (b) (c) 

   

Figure 5. Complete geometrical 2D 

model of the IM 

Figure 6. Different cases of faults; (a) healthy, (b) one BRB, 

and (c) two BRB 

 

 

3. RESULTS AND DISCUSSION  

3.1.  Simulation based on standstill frequency response and finite element method 

With the comprehensive model of the IM established, it is now pertinent to analyze the evolution of 

temporal quantities such as currents, torque, and speed in the event of rotor failure, utilizing electromagnetic 

characteristics and the FEM model. During the initial phase of IM operation, specifically within 0 to 0.5 
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seconds, there is no indication of rotor failure. This period is characterized by current amplitudes peaking at 

approximately 60 A, as illustrated in Figure 7(a). Following this phase, a steady state is achieved, resulting in 

a decline in current to exhibit sinusoidal oscillations around 5 A. When a nominal resistive torque of 25 Nm 

is applied, the current levels rise, potentially exceeding a maximum of 20 A, as depicted in Figure 7(b). 

 

 

  
(a) (b) 

 

Figure 7. Stator current of the healthy and faulty rotor; (a) no load and (b) full load 

 

 

Rotor bar failures induce current imbalances, with amplitude increasing proportionally to the 

number of broken bars. Notably, the amplitude of the oscillations also depends on the load, which contributes 

to accelerated aging of the motor components, thereby elucidating the cumulative effect that results in the 

fracture of the bars. Figure 8(a) presents the simulation outcomes of the electromagnetic torque under no load 

conditions for scenarios involving 0, 1, and 2 broken bars. The ripple content within the torque escalates as 

the severity of the fault intensifies. These ripples become even more pronounced when subjected to full load 

conditions, as Figure 8(b) illustrates. Notably, as rotor resistance increases, the rotor current diminishes, 

reducing the opposing armature reaction. This reduction results in an enhancement of the net flux within the 

air gap. Given the direct proportional relationship, a more substantial flux yields an increase in torque.  

 

 

   
(a) (b) 

 

Figure 8. Torque of the healthy and faulty rotor; (a) no load and (b) full load 

 

 

Figure 9(a) depicts the evolution of speed during startup. Initially, the speed rises from 0 to  

3000 rad/s within 0.5 seconds, reaching a steady state. However, introducing a resistive torque of 25 Nm 

slows down the motor shaft, resulting in a decrease in speed Figure 9(b) illustrates how the presence of BRBs 

influences the duration of the transient regime during startup. These broken bars affect the transient operation 

time. A comparison between a machine in good condition and one with faults reveals that startup time 

increases with the number of broken bars. 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
-100

-50

0

50

100

Time(s)

C
u
ra

n
t(

A
)

 

 
SSFR Healthy

FEM   Healthy

SSFR 1 BRB

FEM   1 BRB

SSFR 2 BRBs

FEM   2 BRBs

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
-100

-80

-60

-40

-20

0

20

40

60

80

100

Time(s)

C
u
re

n
t(

A
)

 

 

SSFR Healthy

FEM   Healthy

SSFR  1BRB

FEM    1BRB

SSFR   2BRBs

FEM   2BRBs

0.2 0.25 0.3 0.35 0.4 0.45

0

20

40

60

80

100

 

 

Time(s)

T
or

q
u

e(
N

.m
)

SSFR Healthy

FEM   Healthy

SSFR 1 BRB

FEM   1 BRB

SSFR 2 BRBs

FEM   2 BRBs

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
-50

0

50

100

150

200

Time(s)

T
or

q
u

e(
N

.m
)

 

 
SSFR   Healthy

FEM   Healthy

SSFR 1 BRB

FEM   1 BRB

SSFR 2 BRBs

FEM   2 BRBs



Bulletin of Electr Eng & Inf  ISSN: 2302-9285  

 

Modeling broken rotor bar faults in induction motors: a combined SSFR and FEM … (Abdelhakim Mabrek) 

4363 

  
(a) (b) 

 

Figure 9. Speed of the healthy and faulty rotor; (a) no load and (b) full load 

 

 

3.2.  Study of healthy and broken rotor bar motors current harmonics 

The BRB model obtained from the SSFR test is validated by means of motor current signature 

analysis (MCSA). The study's 500 Hz bandwidth restriction allows for a focused analysis of low-frequency 

phenomena and guarantees that the frequency-domain induction machine model is limited to pertinent factors 

like sources of current, voltage, resistances, and inductances [25], [26]. 

 

𝐹𝑏 =  𝐹𝑛(1 ±  2𝑘𝑠), 𝑘 =  1, 2, 3, (6) 

 

The fault frequency component is observed near the fundamental frequency of 50 Hz. When the 

system is at no load, the fault frequencies are not detectable because they are very close to the fundamental 

frequency (Fn). Under load conditions, the slip is calculated to be 4%. As a result, the faults generate higher 

and lower frequency components. Using in (6), we find that Fb1 is 46 Hz and Fb2 is 54 Hz [27]. 

a. No BRB fault: the healthy IM is first simulated under no-load. Figure 10(a) illustrates the stator current 

spectrum at the motor's rated speed, with a fundamental amplitude recorded at 7.5 dB (50 Hz). Under a 

load of 25 Nm resistive torque “Figure 10(b)”, the value is recorded at 12.5 dB (50 Hz). It is essential to 

observe that the current spectrum does not display any harmonics. 

b. One BRB fault: Figure 11(a) depicts the power spectrum of the defective IM exhibiting a single broken 

BRB under no load conditions. The fault frequencies are 46 Hz and 54 Hz, corresponding maxima of  

-75.83 dB and -73.3 dB, respectively. At maximum load “Figure 11(b)”, fault frequencies are detected at 

46 and 54 Hz, corresponding peaks of -70.92 dB and -72.64 dB, respectively. The results demonstrate that 

the amplitude of the fault frequency escalates with an increase in load. 

c. Two BRB fault: the fault's severity has intensified, with power spectrums for no-load and full-load 

circumstances depicted in Figures 12(a) and (b), respectively. This defect produces supplementary 

harmonic line current components at no load (46 Hz, -69.46 dB and 54 Hz, -72.00 dB), and full load  

(46 Hz, -60.13 dB and 54 Hz, -59.41 dB). The results indicate that fault frequencies escalate with load 

and severity. 
 
 

  
(a) (b) 

 

Figure 10. Current spectrum density for healthy motor; (a) under no load and (b) under load 
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(a) (b) 

 

Figure 11. Current spectrum density for 1 broken bar; (a) under no load and (b) under load 
 

 

  
(a) (b) 

 

Figure 12. Current spectrum density for 2 broken bars; (a) under no load and (b) under load 

 

 

3.3.  Discussion and interpretation 

While not suited for online monitoring, SSFR is an invaluable tool for confirming faults suspected 

by MCSA, for precise model-based simulation of faulty motors. The results of the simulations and 

experiments allowed us to conduct the following discussion and interpretation: 

a. Current analysis: BRBs induce an imbalance in the current waveforms. The severity of this imbalance is 

proportional to the number of broken bars and is exacerbated by higher loads, leading to accelerated wear 

and further bar fractures.  

b. Torque analysis: broken bars increase effective rotor resistance. This reduces rotor current and its 

opposing magnetic field, leading to a stronger net magnetic flux in the air gap. Since torque is directly 

proportional to flux, this results in a torque increase in the faulty sections, creating the observed ripple. 

c. Speed analysis: the motor accelerates from 0 to 3000 rad/s in 0.5 s, broken bars negatively impact 

performance during the transient startup period. The time required to reach operating speed increases with 

the number of broken bars, indicating a loss of efficiency and available torque. 

d. Spectral analysis: the simulation successfully demonstrates that BRB faults are most effectively 

diagnosed by analyzing the stator current spectrum under load conditions. This data is crucial for 

developing predictive maintenance systems that can prevent motor failure by identifying rotor bar 

fractures early.  

e. The intelligent scheme: the validated digital twin can then be run in simulation to see how specific faults 

(like broken bars of varying severity) alter the motor's electromagnetic response, including its SSFR 

signature. This creates a known baseline and a library of fault signatures. This scheme is fundamentally 

different from the online, signal-based methods like MCSA. The SSFR method provides a quantitative 

and highly reliable means of detecting BRBs by directly measuring the resulting increases in rotor 

resistance (Rr) and leakage inductance (Lr). The key indicators are: 

− A significant rise in the calculated Rr value (e.g., +15%). 

− Asymmetry in the derived parameters when measured from different phases. 

− A measurable shift and increase in the low-frequency stator impedance magnitude. 
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4. CONCLUSION 

Establishing an easy framework of the BRB in IM is the aim of this work. The experimental test 

measurements of a 7.5 kW IM at standstill became the foundation for this model. The SSFR approach is an 

attractive method that produces accurate BRB models, is used to calculate the EC parameters. It is crucial to 

remember that because of BRB, the EC's resistance, self-inductance, and mutual inductance fluctuate based 

on how severe the fault is. The identified BRB models can be easily simulated, and their performance is 

validated through comparisons with results obtained using FEM. These results demonstrate that the proposed 

combination of SSFR and FEM modeling offers a powerful framework for the accurate modeling and 

diagnosis of BRB in IMs. The SSFR test provides quick and non-invasive parameter extraction, while FEM 

supplies detailed spatial insights into electromagnetic behavior. This synergy enhances both diagnostic 

accuracy and model reliability, making it suitable for integration into condition monitoring systems. Results 

demonstrate improved detection sensitivity and physical interpretability versus either approach used alone. 

This work provides practical solutions to industry challenges, benefiting both the academic working towards 

diagnostic and electric drive control. Additionally, future research could evaluate the potential of the 

proposed combination on other faults types, (eccentricity, stator winding). In addition to determining the 

automated fault classification for IM faults, this method should eventually integrate both ML technique. 
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