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Calculating the current of the rotor bars in a squirrel cage induction motor (SCIM) using 

stator data is difficult, but it is very useful. With the calculation of the rotor bars’ current, 

analysis and investigation of various parameters of the motor can be conducted precisely. 

One of the faults faced by SCIM is the broken rotor bar (BRB) fault. The breakage of 

one or more bars causes a change in the current of the healthy bars, as well as in the 

behavior and parameters of the motor. In this paper, the method of calculating the rotor 

bars’ current in the SCIM in both healthy and defective states (breakage of one bar and 

two adjacent bars) is introduced using the multiple coupled circuit (MCC) model. In 

addition to currents, some important parameters, such as speed and magnetic field, will 

also be calculated. For validation of results, a two-pole SCIM with a nominal 

specification of 1.1 kW, 220/380 V, and 50 Hz is subjected to experimental testing. The 

results are confirmed by practical tests and simulations using the Ansys Maxwell 

software. 

 

I. Introduction 

Squirrel cage induction motors (SCIMs) are widely used in 

industrial applications due to their simplicity, low cost, easy 

maintenance, high efficiency, and reliability [1-2]. IM 

failures lead to significant process delays, increased 

maintenance costs, and lost revenue. Therefore, 

implementing predictive maintenance is crucial for 

identifying the root causes of these failures [3]. Types of 

faults in induction motors (IMs) include faults related to the 

stator winding, faults related to bearings, faults related to the 

rotor, and finally, faults related to external devices. These 

faults result in unexpected motor failures and substantial 

costs for the production department [4-6]. Consequently, it is 

crucial to regularly monitor the condition of IMs. 

Understanding a machine's electrical, magnetic, and 

mechanical behavior is essential for reliable condition 

monitoring [7]. Mathematical models are required for 

accurate motor performance prediction, computer 

simulation, and fault signature identification [8-10]. Non-

destructive testing is vital for investigating faulty motors in 

both healthy and faulty conditions, and motor performance 

models are effective tools for this purpose [11]. As shown in 

Figure 1, the modeling of IMs can be categorized into three 

main groups: 1. circuit models, such as multiple-coupled 

circuits [12] and magnetic equivalent circuit models [13]; 2. 

state space models, including modified d-q models [14]; and 

3. finite element method models, which include full FEM 

and FEM-SS methods [15]. To obtain a complete solution, 

full FEM solutions require the utilization of a FEM solver 

for all solution stages. On the other hand, FEM-SS involves 

using FEM modeling to estimate parameters for a separate 

simulator. Table I compares these methods. By examining 

the characteristics of each of these methods, it can be said 

that the use of MMC modeling for circuit analysis has proven 

to be highly effective and versatile, capable of accurately 

modeling a variety of stator and rotor faults, such as BRB, 

end ring faults, open circuit and short circuit in the stator 

winding, static and dynamic eccentricity, and even corrosion 

[16]. Parameterization of an MCC model for IM requires 

either detailed knowledge of the internal structure and 

materials of an IM or sophisticated measurement and testing 

methods. In [17], the modeling parameters are automatically 

determined and optimized using measurement data from 

standard operation with a differential evolution algorithm. 

mailto:hrizadfar@semnan.ac.ir
https://orcid.org/0000-0003-3867-867X
https://orcid.org/0000-0002-9685-0389


International Journal of Industrial Electronics, Control and Optimization (IECO). 2026, 9(1)                                                                                         98 

 

The method is primarily oriented toward practical suitability 

for industrial applications. The multilevel approach allows 

for the simulation of the dynamic behavior of unknown IMs. 

The parametric modeling can then be used to diagnose and 

identify fault cases. [18] presents a method for coupled 

electromagnetic and dynamic modeling of an IM with a 

BRB. It involves creating an MCC model of the IM, a 

dynamic model of the rotor, and addressing the interaction 

between these two models. Dynamic simulations and 

analyses are conducted to investigate the effects of the BRB  

fault on both the electromagnetic and dynamic 

characteristics of the IM. [19] presents a model of an SCIM 

with BRB, utilizing MCC. This analytical model 

encompasses all spatial harmonic components of the air-gap 

magnetic force, allowing for an examination of the machine's 

transient behavior. Equivalent circuits (EC) compatible with 

both healthy and faulty squirrel-cage rotor topologies are 

developed. In the EC for a healthy rotor, placing an 

independent current source in the bar that breaks in the

 

Induction Motor

Circuit ModelsState Space ModelsFEM Models

Magnetic circuit Electric circuit Modified d-q ModelsFEM-SSFull FEM

 
Fig. 1. Types of IM modeling methods 

TABLE I COMPARISON OF COMMON IM MODELING METHODS  

Disadvantage Advantage Method 

• Some geometric constraints, such as those for 

cooling ducts in the stator or rotor, are difficult 

to manage. 

• Non-uniform air gap 

• Practical winding functions 

• Saturation can be defined in analytical terms. 

• Different types of faults can be simulated. 

• The computation time is significantly lower 

Compared to the FEM. 

• It strikes a great balance between complexity and 

accuracy. 

Multiple coupled 
circuit (MCC) 

• Negligible saturation 

• Uniform air gap 

• Sinusoidal stator winding 

• No inter-bar currents 

• No spatial harmonics 

• No eccentricity faults  

•       No skin effects  

•  Dealing with asymmetries, which are inevitable 

when a fault occurs, can be quite challenging. 

• Simple 

• Comprehensive 

• Provides good equations for parameter estimation 

• Good for control and drives 

d-q modeling 

•      As all slots must be modeled and the faulty 
machine is no longer symmetrical, the model 

becomes quite complex. 

•    Spatial dependencies can be included. 
•   Computationally less intense than FEM but more than 

MCC 

• It can include geometry, material parameters, and 
winding distribution 

Magnetic equivalent 

circuit (MEC) 

•     The computational complexity is the main issue, 

particularly in fault diagnostics where symmetry 

is absent. This problem worsens with 3D analysis 

and makes it unsuitable for hardware-in-the-loop 

environments and inverse problem theory. 

•    Complex geometries can be considered 

•  Non-linearity, such as saturation, skinning effect, and 

non-idealities can be considered 

•     All types of faults can be simulated; combining FEM 

with analytical modeling is a good approach. 

Finite element method 

(FEM) 

damaged rotor—whose current is the negative of the current 

through the same bar—and replacing all voltage sources in 

the remaining bars with short circuits results in an EC that 

can be used to resolve the deviations in the rotor mesh 

currents caused by the bar breakage. Depending on the type 

of fault, the model parameters can be adjusted to match the 

machine's behavior. This allows the fault severity to be 

estimated from the model parameters. Classical models 

based on the Clark transform are unable to reproduce 

asymmetric fault conditions. For this purpose, models based 

on modified WFT and MCC are used. These models allow 

flexible emulation of many different fault conditions and 

match the machine's behavior over a wide operating range, 

even in the faulted condition. The developed model has been 

evaluated using steady-state measurements on a 5.5 kW 

inverter-fed induction machine [20]. [21] presents an 
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approach for detecting BRB in an IM based on an MCC. All 

self-inductances and mutual inductances of the model are 

calculated based on the WFT. By employing a genetic 

algorithm (GA), optimized parameters are obtained by 

minimizing the errors between the experimental results and 

the simulation results. The comparison of speed and current 

shows good agreement between the model and the 

experimental data under healthy conditions. Because faults 

related to the rotor account for about 20% of all IM faults 

[22], and given the importance of monitoring the condition 

of the motor to prevent unexpected failure, the purpose of 

this paper is to estimate the rotor bars' current in the SCIM 

under healthy operating conditions and with a BRB fault 

using WFT and the MCC model. In other words, we intend 

to measure the impact of BRB on the main parameters of the 

SCIM, including the current of other rotor bars. For this 

purpose, a 2-pole SCIM with nominal specifications of 1.1 

kW, 220/380 V, and 50 Hz is subjected to experimental 

testing and 2D FEM analysis. This motor is tested and 

analyzed under healthy and defective conditions (breakage 

of one and two adjacent bars). Under these conditions, the 

current of the rotor bars is calculated. 

The rest of the paper is as follows. In section II, the SCIM 

modeling based on the MCC model is presented. In section 

III, the modeling of the BRB fault is described. In section IV, 

the proposed method for calculating the RBC is shown as a 

flowchart. In section V, the experimental results are 

examined and compared with the simulation results. In 

section VI, losses are evaluated in the BRB fault, and finally, 

in section VII, the conclusion is presented. 

 

II. IM modelling based on the MCC model 

The MCC model was initially introduced in [16] to 

analyze concentrated winding IMs. This model formulates 

multiple induction circuits by coupling the stator and rotor 

of an SCIM. Consider an SCIM having m stator circuits and 

n rotor bars. The rotor cage is assumed to have n equal loops 

that are equally spaced, each comprising two rotor bars and 

the connecting parts of the end rings between them. This 

configuration is illustrated in Figure 2. In the circuit shown 

in this figure, we use an RL model. Since we focus on low 

frequencies, we can ignore the capacitance between turns 

and windings. Once we have the values for the parameters, 

we can calculate the loop currents using standard circuit 

analysis techniques [23]. 

Therefore, the equations of the IM can be written as a 

vector matrix in equations (1) to (4). 

 

𝑉𝑆 = 𝑅𝑆𝐼𝑆 +
𝑑𝛬𝑠

𝑑𝑡
                                                                         (1) 

𝑉𝑟 = 𝑅𝑟𝐼𝑟 +
𝑑𝛬𝑟

𝑑𝑡
                                                                     (2) 

𝛬𝑠 = 𝐿𝑠𝑠𝐼𝑠 + 𝐿𝑠𝑟𝐼𝑟                                                                    (3) 

𝛬𝑟 = 𝐿𝑠𝑟
𝑇 𝐼𝑠 + 𝐿𝑟𝑟𝐼𝑟                                                                   (4) 

 

The 𝐿𝑠𝑟
𝑇  matrix is the transpose of the L𝑠𝑟 matrix. Also: 

𝐼𝑠 = [𝑖𝑠1 𝑖𝑠2 …  𝑖𝑠𝑚]𝑇                                                     (5) 

𝐼𝑟 = [𝑖𝑟1 𝑖𝑟2 …  𝑖𝑟𝑛]
𝑇                                                            (6) 

𝑉𝑠 = [𝑣𝑠1 𝑣𝑠2 …  𝑣𝑠𝑚]𝑇                                                          (7) 

[𝑅𝑠] = 

[
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⋮
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𝑚×𝑚

                                   (8) 

 [𝑅𝑟] =

 

[
 
 
 
 
2(𝑟𝑏 + 𝑟𝑒)

−𝑟𝑏
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−𝑟𝑏
2(𝑟𝑏 + 𝑟𝑒)
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0
−𝑟𝑏
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…

−𝑟𝑏
0
⋮
⋮

2(𝑟𝑏 + 𝑟𝑒)]
 
 
 
 

𝑛×𝑛

             (9) 

In the case of the squirrel cage rotor,  𝑉𝑟 = [O]. To clarify, 

it should be noted that the currents in the stator and rotor 

circuits are assumed to be independent. These circuits can 

then be connected in any way to create the phases of the 

stator windings, and the configuration of the rotor bars and 

end rings can be considered. The torque and mechanical 

equations of the machine are: 

 

 
Fig. 2. MCC topology 

𝑑𝜃

𝑑𝑡
= 𝜔                                                                               (10)  

𝑑𝜔

𝑑𝑡
=

1

𝐽
(T𝑒 − T𝐿)                                                                   (11) 

T𝑒 = 
1

2
𝐼𝑠
𝑇 𝜕L𝑠𝑠

𝜕𝜃𝑟
I𝑠 +

1

2
𝐼𝑠
𝑇 𝜕L𝑠𝑟

𝜕𝜃𝑟
I𝑟 +

1

2
𝐼𝑟
𝑇 𝜕L𝑟𝑠

𝜕𝜃𝑟
I𝑠 +

1

2
𝐼𝑟
𝑇 𝜕L𝑟𝑟

𝜕𝜃𝑟
I𝑟       (12) 

where 𝜃 is the mechanical angle, 𝜔 is the mechanical speed, 

T𝐿 is the load torque, and 𝐽 is the rotor inertia. 

The calculation of all machine inductances, as indicated 

by the inductance matrices in the above relations, is the key 

to a successful simulation of an IM. These inductances are 

easily calculated using WFT. This method does not assume 

any symmetry in placing each coil in the slots. According to 

WFT, the mutual inductance between windings i and j in any 

electric machine can be calculated using (13) (assuming the 

permanence of iron is infinite): 

L𝑖𝑗(𝜑) = 𝜇0𝑟𝑙 ∫ 𝑔−1(𝜑. 𝜃)𝑁𝑖(𝜑. 𝜃)𝑁𝑗(𝜑. 𝜃)𝑑𝜃
2𝜋

0
         (13) 

Where 𝜑 is the angular position of the rotor relative to the 

stator reference, 𝜃 is a specific angular position along the 

inner surface of the stator, 𝑔−1(𝜑. 𝜃)  is called the inverse of 

the distance function, which becomes l/g assuming the air 

gap is uniform. l is the stack length and r is the average radius 
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of the air gap. 𝑁𝑖(𝜑. 𝜃) is called the winding function. 

Therefore, it is possible to calculate the RBC using these 

equations.  

The key challenge in the analytical approach of SCIM lies 

in accurately determining the induced current in the rotor 

bars of the squirrel cage. This requires a precise estimation 

of the magnetic flux passing through the rotor surfaces. 

Moreover, it necessitates the use of a highly precise electrical 

equivalent circuit, whose elements must be correctly 

identified and determined [16]. 

 

III. BRB modeling 

The rotor bars of the SCIM are short-circuited by end rings 

on both sides. This can be modeled as several resistors of 

equal size (each bar) in parallel with each other. Therefore, 

when the BRB occurs, it leads to a sudden increase in the 

resistance of the rotor to a certain extent. There are different 

methods to identify the resistance of the BRB. One method 

of measuring the amount of rotor resistance change with the 

broken bars is expressed as (14). According to (14), the 

amount of rotor resistance change depends on the number of 

BRBs [24-25]. 

∆𝑅 =
𝑛𝑏

𝑁

3
−𝑛𝑏

𝑅𝑟                                                                 (14) 

where 𝑅𝑟 is the resistance of the healthy rotor, N is the total 

number of rotor bars, and 𝑛𝑏 is the number of BRB. 

As mentioned, the method based on MCC and WFT can 

be used to model SCIM. Using this model, it is possible to 

successfully simulate the IM under different conditions 

without changing the model. Therefore, by ignoring the 

saturation effect, it is possible to simulate the BRB fault by 

increasing the resistance of the broken bar. The greater the 

resistance, the greater the severity of the fault. It is sufficient 

to increase the resistance of the bar to several times its initial 

value to model the BRB fault [26]. [27] To model an initial 

fault (a partial BRB), the resistance of the defective bar has 

been increased. A 10-fold increase in the resistance of the bar 

creates a similar effect to that of a complete BRB. A 3.5-fold 

increase is used to simulate a partial BRB fault. 

 

IV. Proposed method for calculating the RBC 

The IM's dynamic simulation involves solving the 

differential equations (1), (2), (10), and (11) together. 

Various methods can be employed for this purpose. This 

section describes a relatively simple method. Assuming that 

the simulation time step (Δt) is chosen to be small enough, 

these equations can be well approximated in the form of 

differential equations as follows: 

[Λ𝑠]𝑖 = {[𝑉𝑆]𝑖 − [𝑅𝑆][𝐼𝑆]𝑖−1}∆𝑡 + [Λ𝑠]𝑖−1                      (15) 

[Λ𝑟]𝑖 = −[𝑅𝑆][𝐼𝑆]𝑖−1∆𝑡 + [Λ𝑟]𝑖−1                                  (16) 

𝜔𝑖 =
1

𝐽
(T𝑒.𝑖−1 − T𝐿.𝑖)∆𝑡 + 𝜔𝑖−1                                      (17) 

𝜃𝑟.𝑖 = 𝜔𝑖∆𝑡 + 𝜃𝑟.𝑖−1                                                        (18) 

Also, (3) and (4) can be expressed in terms of the current 

vectors as follows: 

[I𝑟]𝑖 = ([L𝑟𝑟]𝑖 − [L𝑠𝑟]𝑖
𝑇[L𝑠𝑠]𝑖

−1[L𝑠𝑟]𝑖)
−1 × ([Λ𝑟]𝑖 −

[L𝑠𝑟]𝑖
𝑇[L𝑠𝑠]𝑖

−1[Λ𝑠]𝑖)                                                      (19)   

 

[I𝑠]𝑖 = [L𝑠𝑠]𝑖
−1[Λ𝑠]𝑖 − [L𝑠𝑠]𝑖

−1[L𝑠𝑟]𝑖[I𝑟]𝑖                     (20) 

The simulation process depicted in Figure 3 begins with 

the initial step, followed by a loop of simulation stages. 

During each stage, the parameters and variables of the IM 

are calculated using the given equations. This loop repeats 

until the end of the simulation time. The simulation method 

described here is similar to the numerical solution of state 

equations and can be accomplished by using software codes 

such as MATLAB. The proposed method, utilizing 

numerical and iteration-based techniques with stator data 

and motor nominal specifications, has a higher convergence 

speed and accuracy than the conventional MCC method. 

This is confirmed by the results of Maxwell software 

simulations based on the FEM method. In the governing 

equations of the proposed model, considering that the motor 

power is low and the saturation effect is insignificant, the 

saturation effect has been ignored to reduce computational 

load and increase the convergence speed of the proposed 

model. The advantages and disadvantages of the proposed 

method are presented in Table II. 

The proposed model has the potential to be used in 

industrial motors and is not limited to a specific power range; 

in this respect, it is completely scalable. 

In this model, given that it focuses more on modeling 

steady-state conditions of the motor to increase the accuracy 

of calculations and to consider the effect of increasing motor 

temperature in steady-state, based on (21) and motor 

temperature changes in these conditions, this effect has been 

applied as a coefficient to the constant values of the resistors 

[28]. 

𝑅𝑛𝑒𝑤 = 𝑅0(1 + 𝛼∆𝜃)                                                              (21) 

where, α is the temperature coefficient of copper or 

aluminum, ∆θ is the temperature change. 

Also, in order to consider the effect of skewed rotors in 

the proposed model, the skew factor approach has been used. 

In this method, a skew factor is applied to the mutual 

inductance. This factor is given by (22) [29]. 

 

𝐾𝑠𝑘𝑒𝑤 =
sin (𝛼𝑠𝑘𝑒𝑤/2)

𝛼𝑠𝑘𝑒𝑤/2
                                                        (22) 

𝐿𝑠𝑟.𝑒𝑓𝑓 = 𝐾𝑠𝑘𝑒𝑤𝐿𝑠𝑟0                                                         (23) 

 

V. Simulation results 

A SCIM, whose parameters are given in Table III, is 

investigated in this paper. The stator winding connection is 

Y. The simulation results are obtained using a balanced 

three-phase power supply of 380 V, 50 Hz, and under a load 

of 3.5 Nm (full load). It should be noted that the calculations 
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motor
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loop

t < t final

Yes

No

 
Fig. 3. Flowchart of the calculation process of rotor bars' current 

TABLE II ADVANTAGES AND DISADVANTAGES OF 

THE PROPOSED METHOD  

Advantages Disadvantages 

It is Suitable for real-time 

calculation of the RBC as well 

as online fault diagnosis 

Noise or sensor inaccuracies 

effect on the RBC calculation. 

It is easily implemented on 

DSPs because they are based on 

differential equations. 

Ignoring the skin effect, 

hysteresis losses and eddy 

current at high frequencies 

It is straightforward and 

directly provides information 

about the IM under different 

operating conditions. 

High sensitivity to changes in 

motor parameters, including 

changes in resistances due to 

temperature changes, changes in 

inductances due to magnetic 

saturation. 

It uses a smaller number of 

sensors and only standard 

variables (voltage, current, and 

speed). 

 

It is capable of operating under 

various loading conditions. 

 

It can be used for industrial 

motors with different rated 

power or number of poles. 

 

It can model any type of stator 

and rotor winding structure. 

 

 

of the proposed model focus more on the steady-state 

conditions of the motor and do not examine the start-up 

transient conditions. Therefore, the results presented in this 

section are the results of the steady state of the motor. This 

model performs under different loading conditions, and there 

are no limitations in this regard. In this section, as an 

example, the results of the proposed model under nominal 

load (3.5 N·m) are presented. As shown in Figure 4, this 

motor is evaluated and tested under both healthy and faulty 

conditions with a BRB fault (one and two adjacent bars). 

Figure 5 shows a picture of the laboratory setup. 

Additionally, to confirm the experimental results, the 

simulation results of this motor have been obtained using 

Ansys Maxwell software based on FEM. 

 

A) Matrices of Self and Mutual Inductance 

After calculating the inductance matrices based on a 

method involving repetition by solving the dynamic 

equations, the stator winding current, the mutual inductance 

of the stator windings and the rotor bars (𝐿𝑠𝑟), and finally the 

RBC are calculated. 

 

TABLE III CHARACTERISTICS OF THE STUDIED SCIM 

Specifications Parameter 
1.1 Power (kW) 
380 Voltage (V) 
50 Frequency (Hz) 

2850 Speed (RPM) 
2.46 Nominal Current (A) 

2 Pole number 
18 Number of stator slot 
16 Number of rotor bars 
1 Air gap length (mm) 

67 The inner diameter of the stator core (mm) 
121 The outer diameter of the stator core (mm) 
85 Number of conductors per stator slot 
76 Stator core length (mm) 
5 Skew angle of rotor bars (degrees) 

 

 
Fig. 4. Squirrel cage rotor: (a) healthy (b) 1 broken bar (c) 2 

broken bars 

According to the proposed method (Figure 4) to calculate the 

RBC at full load (3.5 Nm) under different conditions, the 

matrices of self-inductances include the inductance of the 

stator windings (𝐿𝑠) and the inductance of the rotor bars (𝐿𝑟). 

Additionally, the mutual inductance matrices of the stator 

windings and the rotor bars have been calculated in the BRB 

condition, with one BRB (bar number 1) and two BRBs (bars  
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Fig. 5. Laboratory set to calculate the rotor bars' current 

number 1 and 2). To validate the experimental results, the 

results of Ansys Maxwell software have been used.  

 

B) Stator Winding Current 

The results of calculating the stator current (Phase A) in a 

healthy condition, with one BRB (bar number 1), and with 

two BRBs (bars number 1 and 2) under nominal voltage and 

full load (3.5 Nm) are shown in Figure 6. The results of the 

laboratory test measurement of the stator current under the 

above conditions are equal to 3.5, 4, and 1.4 amps, 

respectively. 

 

C) Rotor Bars Current 

After calculating the matrices of inductance and stator 

current, the magnitude of RBC under different conditions at 

time t = 180 ms is presented in Figure 7. As an illustration, 

Figure 8 displays the current curve for rotor bar number 8. 

When a BRB fault arises in a rotor, the resistance of the 

damaged bars increases significantly compared to the 

resistance of the healthy bars. Figure 7 illustrates that when 

there are broken bars, some rotor currents flow into the 

adjacent bars instead of the broken bars due to high 

resistance, causing an uneven distribution of rotor currents. 

When a rotor experiences a broken bar, the current in the 

adjacent bars increases. However, the total current in the 

rotor is less than what flows through an undamaged rotor. 

The high current density in the affected bars leads to 

overheating, which can cause a number of issues, including 

fluctuations in torque and speed, increased noise, unstable 

stator currents, and reduced average torque [30]. 

The sensitivity of the proposed model to changes in the 

resistance value of the rotor bars is notable. In this model, a 

5-fold increase in the bar resistance produces a similar effect 

to complete BRB, and a 2-fold increase in the bar resistance 

produces a similar effect to partial BRB. As an example, the 

current of one of the rotor bars (bar number 8) for a 5-fold 

increase (complete BRB), a 2-fold increase (partial BRB), 

and a 10-fold increase at full load (3.5 Nm) is shown in 

Figure 9. 

 

D) Evaluation of Other Characteristics of the Motor 

When the BRB fault occurs, it causes a significant 

imbalance in the magnetic field within the air gap. As a 

result, rotating flux harmonics are generated, which consume 

a considerable amount of reactive power. This reactive 

power can be greater than the active power, thereby reducing 

the motor's torque. Rotor faults in IMs generally originate 

from a minor break in the rotor bar or a point of high 

resistance. Once such a fault spreads, the magnetic field 

becomes increasingly asymmetric because of the lack of 

induced current in the broken bars. This can lead to uneven 

magnetic distribution and saturation in the stator and rotor 

teeth near the broken bars, resulting in high harmonic 

components that can cause electromagnetic issues such as 

reverse magnetic field generation, torque ripples, and 

unbalanced magnetization. In Figure 10, you can see the 

curve of the magnetic flux density in the air gap, which was 

obtained from the motor models in both healthy and faulty 

conditions. Figure 11 compares the harmonic components of 

the magnetic flux density in the air gap. When the rotor is in 

a healthy state, the THD is equal to 17%, while that of the 

rotor with one broken bar and two broken bars is equal to 

25% and 28%, respectively. 

The electromagnetic force is calculated by averaging 

torque in the simulation. The radial electromagnetic forces 

(𝐹𝑟) are computed using Maxwell's stress tensor in (27). 

𝐹𝑟 =
1

2𝜇0
(𝐵𝑛

2 − 𝐵𝑡
2)                                                            (27) 

where 𝐵𝑛 and 𝐵𝑡 represent the radial and tangential 

components of the magnetic flux density, 𝜇0 is vacuum 

magnetic permeability. The electromagnetic torque is 

determined by integrating T over the stator and rotor surfaces 

[31]. Radial electromagnetic forces are shown in Figure 

12. The results show that under defective conditions, the 

level of these forces increases greatly compared to healthy 

conditions. While the average of these forces is in a healthy 

state, the rotor with 1 broken bar and the rotor with 2 broken 

bars have values equal to 0.5, 67, and 152 newtons, 

respectively. This condition indicates that the areas of the 

broken bars are subjected to more force, which raises the 

likelihood of their breakage. If the level of these forces 

increases, it will result in more electromagnetic noise in the 

motor. 

The speed and torque curves for different motor 

conditions are shown in Figures 13 and 14, respectively. It 

can be seen from the comparison of the speed curves that the 

speed in defective conditions decreases with the increase in 

the number of BRBs. Also, the speed of the motor in its 

steady state in healthy and faulty conditions was measured 

by the tachometer, yielding values of 2791, 2740, and 2720 

rpm, respectively. Furthermore, in the torque curves, it can 

be observed that the torque obtained from the motor with 1 

broken bar and 2 broken bars results in a decrease of 10% 

and 17%, respectively, compared to the healthy motor. 

Therefore, it can be concluded that with the increase in the 
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Fig. 6. Stator current (phase A) in different operating conditions 

 

Fig. 7. Magnitude of rotor bars current in healthy and faulty conditions 

 

Fig. 8. The current of rotor bar number 8 in healthy and faulty conditions 
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Fig. 9. The current of rotor bar number 8 under conditions of increasing the resistance of rotor bar number 1 by 2, 5 and 10 fold. 

 

Fig. 10. Flux density distribution curve in healthy and defective conditions 

 

 

Fig. 11. Comparison of harmonic components of flux density in healthy and defective conditions 

 

number of broken bars, the values of speed and torque 

decrease. The torque ripple in healthy conditions, with a 

rotor having 1 broken bar, and with a rotor having 2 broken 

bars, was measured as ±0.4, ±0.5, and ±0.7, respectively 

 

0

0/1

0/2

0/3

0/4

0/5

0/6

0/7

0/8

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

m
ag

n
it

u
d

e

harmonic order

healthy

1 broken bar

2 broken bars



105                                                                 Analysis of the Squirrel / H. Shadfar, et al 

 
.

 

Fig. 12. Radial electromagnetic force in healthy and defective conditions 

 

Fig. 13. Rotor speed in healthy and defective conditions 

 

Fig. 14. Torque in healthy and defective conditions 
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VI. Losses in the BRB fault 

The losses in an IM include constant losses and variable 

losses. Constant losses are those that remain constant in the 

normal operating range of the motor, and their value does not 

change. These losses include iron losses (core losses), 

friction losses, and windage losses, which can be calculated 

by performing a no-load test. Variable losses are also referred 

to as copper losses. These losses include stator copper losses 

and rotor copper losses. Copper losses can also be calculated 

by performing a blocked rotor test. A no-load test (Figure 15) 

and a blocked rotor test (Figure 16) have been performed on 

the studied motor. By using the DC test, the resistance of 

each stator phase can be calculated. The results of these tests 

on a healthy motor under nominal conditions are presented 

below. It is important to note that the presence of a BRB can 

have a significant effect on the efficiency of an SCIM. Due 

to broken bars, the motor losses increase, and some of the 

rotor bars may become overloaded. This overload can cause 

an increase in inter-bar currents that flow from the rotor core 

between the broken bar and adjacent bars. This can 

compromise the motor's efficiency. However, there is limited 

literature available on this particular effect [32-33]. It's worth 

exploring the effects of non-adjacent bar breaking in addition 

to other factors. While this is a less common occurrence, 

some studies have found that non-adjacent bars in the rotor 

cage can break under certain conditions [34-35]. In such 

situations, diagnosing the fault becomes challenging, as 

existing techniques like motor current analysis may not be 

effective. This is because the impacts of different breaks can be 

compensated for to some extent, depending on the relative 

position of the bars that have broken.  

According to the DC test, the results of the no-load and 

blocked rotor tests of the Y-connected motor are presented in 

Tables IV and V, respectively. Based on the results of the DC 

test, no-load test, and blocked rotor test, motor losses are 

calculated and shown in Table VI. Additionally, the 

efficiency of the motor under healthy and BRB fault 

conditions are calculated and presented in Table VII. As can 

be seen, depending on the severity of the fault, the efficiency 

is affected, and this value decreases. Furthermore, iron and 

copper losses are compared in Table VIII. 

In Table IX, experimental and simulation results are 

compared. In this table, the currents of rotor bars numbers 8 

and 16, obtained from experimental and simulation results, 

have been compared. Rotor bar number 8 is the farthest from 

the BRBs (rotor bars numbers 1 and 2), while rotor bar 

number 16 is located near the BRBs. Additionally, the losses 

and efficiency of the motor under different conditions have 

been compared. 

 
Fig. 15. No-load test laboratory set 

 
Fig. 16. Blocked rotor test laboratory set 

TABLE IV NO LOAD TEST RESULTS  
Parameter Phase A Phase B Phase 

C 

Active power 

(W) 

70 65 50 

Reactive 

power (VAR) 

168 145 150 

Voltage (V) 380 380 380 

Current (A) 1.17 1 1.1 

Power factor 0.27 0.24 0.19 

 

TABLE V BLOCKED ROTOR TEST RESULTS  
Parame

ter 
Ac

tive 

powe

r (W) 

Rea

ctive 

power 

(VAR) 

Vol

tage  

(V) 

Cur

rent  

(A) 

Freq

uency 

(Hz) 

Specific

ations 

40 20 85 2.46 12 

 

TABLE VI BLOCKED ROTOR TEST RESULTS  
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TABLE VII LOSSES OF THE STUDIED MOTOR  
Rotor 

copper loss 

Stator 

copper loss 

Core 

losses 

Losses 

48 136 85 Specifications 
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TABLE VIII ELECTROMECHANICAL CHARACTERISTICS OF THE MOTOR IN THE DIFFERENT OPERATING 

CONDITIONS UNDER NOMINAL CONDITIONS  
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80.02 1.30 1.03 2795 3.5 0.92 2.5 220 Healthy 

75.18 1.33 1 2740 3.5 0.91 3.12 220 1 BRB 

71.73 1.38 0.996 2720 3.5 0.91 3.28 220 2 BRBs 

 

TABLE IX LOSSES IN THE DIFFERENT OPERATING CONDITIONS UNDER NOMINAL CONDITIONS  
Core losses + Windage losses (W) Rotor copper loss (W) Stator copper loss (W) Conditions 

85 48 136 Healthy 

105 54 170 1 BRB 

112 71 197 2 BRBs 

 

TABLE X  COMPARISON OF EXPERIMENTAL AND SIMULATION RESULTS  
Simulation results Experimental results Parameter 

2 BRBs 1 BRB Healthy 2 BRBs 1 BRB Healthy 

4.07 3.92 3.45 3.9 3.8 3.3 stator current(A) 

312 268 235 310 260 230 current bar number 16 (A) 

263 242 235 260 240 230 current bar number 8 (A) 

±𝟏.𝟏 ± 0.8 ± 0.6 ± 0.7 ± 0.5 ± 0.4 Torque ripple(N.m)  

253 303 230 380 329 270 Losses (W) 

80.55 82.35 83.57 72.46 75.18 79.23 Efficiency (%) 

VII. Conclusion 

In this paper, a method for calculating the RBC in an 

SCIM under healthy and faulty conditions was presented. A 

key strength of the proposed approach is that it enables direct 

and precise estimation of individual rotor bar currents using 

the MCC model, which provides deeper insight into motor 

behavior under broken bar faults compared with 

conventional analysis. The results demonstrated that the 

presence of one or two broken bars significantly alters the 

motor’s performance. The stator current increased from 

about 3.3 A in the healthy case to nearly 3.9 A with two 

broken bars, while efficiency dropped from approximately 

80% to 72%. Furthermore, rotor and stator copper losses 

increased noticeably, and the motor speed decreased slightly 

(around 75 RPM). These variations indicate higher thermal 

and electrical stress on the remaining healthy bars and the 

overall motor. Finally, the close agreement between 

experimental measurements and simulation results confirms 

the accuracy of the MCC model and the reliability of the 

proposed analysis. 
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