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Abstract: This paper investigates the influence of rotor bar number on the thermal and electromagnetic
performance of induction motors using a combined FEM–thermal modeling framework. A systematic
analysis covering 8–26 rotor bars was conducted under both constant voltage and constant current
conditions. Results show that rotor temperature and torque ripple are strongly dependent on bar count.
A multi-objective optimization function is proposed to determine the optimal bar number by balancing
efficiency and temperature rise. The novelty of this work lies in integrating thermal constraints into rotor
bar selection, providing practical guidance for designers. Validation was performed using Motor-CAD
and an extended lumped parameter model, demonstrating good agreement.
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1. Introduction

Due to the robust structure and well-established theory of operation, Induction Motors (IMs) are widely
used in the industry [1, 2]. The performance and lifespan of AC IMs have a strong relationship with the
motor temperature, and the majority of motor failures caused due to overheating [3]. Accordingly, Thermal
analysis has a vital role in motor design, considering its impact on weight, cost, and efficiency. Therefore
its significant role in electric motor design is further affirmed [4]. IMs output characteristic prediction can
lead to optimizing the motor design to improve its performance [5]. The proper combinations of the rotor
bars and stator slots has a strong effect on the characteristics of IMs [6]. Gundogdu et al. [7] conducted
a comprehensive study of the influence of the number of rotor bars (NRB) on the waveform of rotor bar
current and density, as well as other performance aspects including rotor cage copper loss, efficiency,
torque ripple, average torque, etc, has been carried out. Some empirical rules and recommendations have
been proposed [8–10] to determine the appropriate slot combinations in terms of parasitic effects such
as unbalanced magnetic pull, torque ripple, vibration, acoustic and electromagnetic noise, etc. Gyftakis
and Kappatou [11] investigated the effect of different numbers of rotor bars ranging from 24 to 48 on the
air-gap flux density, power, torque, efficiency, and power factor.
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In this paper, the effect of rotor bar number on rotor temperature is evaluated. An extended lumped
parameter thermal model (LPTM) of IM [12] is used to examine machine temperatures. The machine can
be divided into several components to generate a thermal model. The heat transfer coefficients of convection
and conduction, as well as heat storage capacity, can be evaluated for each type of system [13–17]. To
accurately determine the machine’s thermal parameters, the material’s dimensions and characteristics must
be specified [18]. There are several heat sources as windings and core iron losses in an IM [19]. With only
one heat source and one energy storage, an estimation of temperature can be conducted even with a simple
model [20].

This paper studies the effects of the rotor bar number on the rotor temperature and characteristics of a
1.1kW, 2-pole, 3-phase IM using FEM analysis. The stator used for the simulation was chosen from an
IM in the laboratory whose geometrical variables were known. Then the results from 20 simulations with
different rotor bar numbers varying between 8 to 26 bars have been represented and discussed. From the
point of view of IM design, changing the number of bars in this range is certainly not correct. However,
our goal of this analysis is to show that the correct proportion of stator and rotor slots affects the thermal
quality of the motor and some other parameters such as ripple torque and so on.

Simulations were performed in two different cases. In each case to achieve a comparable result, the
same operating conditions and the same motor geometric parameters as well as winding layout, are used in
all calculations. In the first case, the applied voltage to the motor is kept constant in all simulations, and in
the second case, the simulations were performed assuming the stator current remained constant.

After extracting the output characteristics of the motor, the effect of the NRB on the rotor temperature
in different modes is investigated and analyzed utilizing an extended LPTM. Also, to validate the results,
the motor with a different NRB is simulated in the Motor-CAD software. Finally, to find the optimal NRB
based on the specific operating conditions considered by a designer, an objective function is defined which,
has been solved for a specific operating condition of the sample motor, and the results are presented.

In Section 2, the motor specifications, simulation methodology, and the approach for studying the
impact of rotor bar variations on motor characteristics are presented. In Section 3, the rotor bars are
changed while maintaining a constant applied voltage to the motor in all cases. The motor’s performance
characteristics are then extracted and analyzed. Additionally, an optimization function is introduced to
enable motor designers to determine the optimal number of rotor bars based on the motor’s operating
conditions. In Section 4, the same procedure is carried out while keeping the motor’s input current constant,
and in Section 5, the study’s findings are presented.

2. Induction Motor Analysis

This section describes the analytical and numerical procedures used to investigate the influence of
the rotor bar number (NRB) on the electromagnetic and thermal behavior of the induction motor (IM).
The methodology combines finite element analysis (FEM), a modified lumped parameter thermal model
(LPTM), and validation using Motor-CAD software.

2.1. Motor Specifications

The investigated motor is a three-phase, 1.1 kW, two-pole squirrel-cage induction motor with 18 stator
slots and 16 rotor bars in its reference design. The geometrical parameters of the stator and rotor were
extracted from an experimental prototype available in the laboratory. Table 1 presents the key specifications
of the tested motor.

To analyze the impact of NRB variation, rotor bar numbers were systematically changed from 8 to 26 in
steps of 2. Although this range exceeds typical industrial values (generally 14–24 bars), it was intentionally
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selected to provide a broader theoretical understanding of bar number effects on both electromagnetic and
thermal characteristics.

Table 1. Squirrel cage IM parameters

Parameter Value

Power 1.1 kW
Voltage 380 V
Frequency 50 Hz
Nominal Current 2.48 A
Pole number 2
Number of stator slot 18

2.2. Electromagnetic Modeling

The electromagnetic field of the IM was modeled in Ansys Maxwell 2D using the finite element method.
The model incorporated accurate geometric dimensions, slot shapes, and material properties for both
stator and rotor components. The air gap, copper, and core losses were computed under sinusoidal supply
conditions. Figure 1 illustrates the main motor simulation. The electromagnetic analysis provides key
outputs such as flux density distribution, stator and rotor current waveforms, electromagnetic torque and
copper and core losses.

These outputs form the input heat sources for the thermal model described in the next subsection. The
analysis was performed under two operating scenarios:

1. Constant voltage: the input voltage remains fixed for all NRB values.
2. Constant current: the stator current amplitude is kept constant across all simulations.

Figure 1. IM model in Maxwell software

2.3. Thermal Modeling

To estimate the temperature distribution in the machine, an extended Lumped Parameter Thermal
Model (LPTM) was developed based on the equivalent thermal resistances and capacitances of the main
components—stator core, stator winding, rotor cage, shaft, and air gap.
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The thermal resistances were calculated from the material properties, geometry, and heat transfer
coefficients. The heat sources obtained from the FEM analysis (rotor and stator losses) were applied to the
model to predict the temperature rise in each component.

The main advantages of the LPTM approach are:

• Low computational cost compared to full 3D CFD models
• Ability to couple directly with electromagnetic loss data
• Flexibility for design optimization

Temperature results obtained from the thermal model were cross-verified with Motor-CAD simulations
to ensure accuracy. Figure 2 shows the experimental test bench used for validating the temperature
measurements.

Figure 2. Test bench of IM and temperature metering hardware

2.4. Coupled Electromagnetic–Thermal Workflow

The overall simulation process is illustrated in Figure 3, which shows the interaction between the FEM
analysis, thermal model, and optimization algorithm.

Figure 3. Workflow of the electromagnetic–thermal analysis and optimization process

2.5. Validation Procedure

To verify the reliability of the coupled analysis, the following validation steps were performed:
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Experimental temperature measurements were taken from the stator winding using thermocouples during
rated operation. The LPTM and Motor-CAD temperature results were compared with these measurements,
showing less than 3% deviation in steady-state conditions.

This validation confirms that the combined FEM–LPTM framework can predict rotor temperature trends
with sufficient accuracy for design and optimization purposes. The validated electromagnetic–thermal
framework was then used to analyze the effect of rotor bar number on motor performance under both
constant voltage and constant current conditions, as presented in Section 3.

3. Analysis Under Constant Input Voltage

In this section, the rotor bars are changed while maintaining a constant applied voltage to the motor
in all scenarios. Subsequently, the motor’s performance characteristics were evaluated, and the resulting
variations were analyzed. Finally, the rotor temperature is obtained by using the extended LPTM and
the Motor-CAD software to validate the results. The effect of the number of motor bars on the torque
amplitude, torque ripple, losses, efficiency, power factor, losses, and heat generated in the rotor, will be
introduced.

3.1. Effect of NRB on motor performance characteristics

Assuming constant voltage, the effects of the change of bar numbers have been simulated and analyzed.
Simulation has been done for the values of 8 to 26 bars. The magnitude of the stator in these cases is shown
in Figure 4. According to it, as the NRB increases, the motor input current increases significantly. By
increasing the number of bars, the equivalent resistance equivalent of the rotor and therefor the impedance
of the motor decreases and this will increase the current. The change of NRB also affects on harmonic
distortion of currents. The variation in harmonic distortion with the number of rotor bars can be theoretically
explained by the interaction between stator and rotor slot harmonics. The spatial harmonic order in the air
gap is expressed as h = kNs ± p where Ns is the stator slot number, p is the pole-pair number, and k is an
integer representing the harmonic index. When the ratio between stator slots and rotor bars approaches an
integer, some harmonics coincide, causing magnetic coupling and increased current distortion. Conversely,
increasing the number of rotor bars shifts the harmonic frequencies to higher orders, thereby reducing
low-order harmonics that mainly contribute to torque ripple and total harmonic distortion (THD). However,
when Nr = Ns, strong coupling occurs, leading to pronounced distortion and acoustic noise. This behavior
is consistent with the theoretical analyses reported in [21–23]. According to Figure 5, for 12 and 22 bars,
less distortion in the current has occurred. The waveform of stator current for 12, 18, and 22 rotor bars is
plotted in Figure 6.

Figure 4. Variation of stator current
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Figure 5. Variation of stator current THD

Figure 6. Phase A stator current waveform

The current distortion in the rotor bars is highly dependent on the ratio of the number of bars to the
number of poles [24]. Furthermore, recent studies have demonstrated that the rotor bar current can become
non-sinusoidal under specific operating conditions, such as low slip, significant loading, or a small air gap
length [25, 26]. Another critical characteristic of the induction machine is the electromagnetic torque. Its
variation is illustrated in Figure 7. In the design of the IM rotor, determining the NRB and their geometry
is one of the most crucial factors, as it directly affects noise, vibration, torque density, and torque ripple.
As shown in Figure 7, the electromagnetic torque increases with the number of bars. The variation of
torque ripple is presented in Figure 8. The results demonstrate that the torque ripple increases when the
NRB equals the number of stator slots. Torque ripple induces vibration and acoustic noise, which directly
impacts the machine’s failure rate and service life.

Figure 7. Variation of rotor bar current
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Figure 8. Variation of rotor bar current THD

Figure 9. Current of rotor bars in the case of 14 rotor bars

Another performance characteristic of the IM is the torque; which changes are shown in Figure 10,
With regards to torque quality and density, some key parameters such as pole and stator slot number
combinations considering the long- and short-pitch winding layout, and stator/rotor slot opening should be
optimized either.

In designing the IM rotor, determining the NRB and their geometry is one of the most crucial factors
that determine noise, vibration, torque density, and torque ripple. As shown in Figure 9, the electromagnetic
torque increases with the number of bars. The variation of torque ripple is presented in Figure 11. As
demonstrated, the torque ripple increases when the NRB and the stator slot are equal.

Figure 10. Variation of the average torque



Transactions on Energy Systems and Engineering Applications, 7(1): 759, 2026 8 of 20

Figure 11. Variation of the torque ripple

Torque ripple will cause vibration and acoustic noise, which will have a direct impact on the failure rate
and life of the machine. The electromagnetic torque waveforms in the case of 14, 18, and 22 rotor bars are
plotted in Figure 12. As can be seen, there is a large amount of distortion of the motor torque in the case of
an equal number of rotor and stator slots.

Figure 13 shows the power factor variation and the efficiency changes are shown in Figure 14. Based
on Figures 13 and 14, 22 rotor bars provide a better power factor and higher efficiency. Figure 15 illustrates
the variation of stator winding losses, core losses, and rotor cage losses.

Core losses remained constant as long as the voltage was constant, but due to the increase in the motor
input current amplitude, the stator winding losses have increased significantly. In addition, despite the
small changes in the current of the rotor bars, increasing the number of bars has led to an increase in rotor
cage losses. Therefore, by raising the NRB, the total motor losses will have increased.

Figure 12. Electromagnetic torque waveforms in the case of 14, 18, and 22 rotor bar
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Figure 13. Variation of power factor

Figure 14. Variation of efficiency

Figure 15. Variation of motor losses

By losses calculated for different numbers of rotor bars, the rotor temperature can be calculated by the
LPTM and also Motor-CAD software. Figure 16 Shows the Motor-CAD simulation results in the case of
24 rotor bars. The obtained temperature for the rotor by the thermal model and Motor-CAD software for
different numbers of rotor bars are shown in Table 2. The rotor temperature variation is shown in Figure 17.
As can be seen, the rotor temperature increases significantly upon the number of the bar.
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Figure 16. Motor-CAD simulation results in the case of 24 rotor bars

Table 2. Variation of rotor temperature

Rotor bars Number Thermal Model Rotor Temp (°C) Motor-CAD Rotor Temp (°C)

8 76.9 75
10 80.12 81
12 85.99 85.9
14 92.86 91.5
16 104.56 101
18 113.1 111.4
20 117.55 113.1
22 122.37 119.6
24 132.32 131.5
26 157.39 157.5

Figure 17. Variation of rotor temperature
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3.2. Finding optimal NRB

According to the parameters such as efficiency, average torque, torque ripple, power factor, motor
temperature, etc., the number of optimal bars for examining IM can be determined by defining the objective
function according to Equation 1.

Min F(n) = w1

(
T

Tdesired
− 1

)2

+ w2

(
η

ηdesired
− 1

)2

+ w3

(
τ

τdesired
− 1

)2

+ . . . (1)

Where T is the rotor temperature (in °C), η efficiency, τ torque (in N.m), and w1 to w3 are the weights
that determine the importance of each characteristic in the design process.

Weight is defined for each of the motor performance characteristics, which the designer determines
depending on the operating conditions of the motor and the importance of improving each of the motor
features.

To find the optimal state for efficiency and temperature, the above equation is revised and solved as
Equation 2 for ηdesired = 79% and Tdesired = 90◦C. Figure 18 shows the fitness values versus bar numbers
and weight w. As demonstrated, for each desired weight depending on the motor design conditions, there
is a minimum point that provides the optimal number of motor bars to satisfy the designer’s desired
conditions.

Min F(n) = w
(

T
90

− 1
)2

+ (1 − w)
( η

79
− 1

)2
(2)

Figure 18. Solving optimization function for rotor bar number and desired weight

4. Analysis Under Constant Input Current

In this section, the rotor bars are altered while ensuring that the input current to the motor remains
constant in all cases. The motor’s performance characteristics are then extracted and analyzed to assess the
resulting variations. Finally, the rotor temperature is determined using the extended LPTM and validated
through Motor-CAD software. Additionally, the impact of the number of rotor bars on torque amplitude,
torque ripple, losses, efficiency, power factor, and heat generation in the rotor is analyzed.

4.1. Effect of NRB on motor performance characteristics

The simulations were carried out under the assumption of a constant input current. Figure 19(a)
illustrates the variation of the stator induced voltage with respect to the rotor bar number, while Figure 19(b)
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presents the corresponding voltage waveforms for motors with 8, 16, and 26 rotor bars. As can be
observed, the magnitude of the stator induced voltage decreases as the number of rotor bars increases. The
voltage waveforms exhibit noticeable distortion, which arises from the combined effects of slotting and
magnetomotive force harmonics.

The rotor bar current variation and its corresponding THD are depicted in Figures 20 and 21. It can be
seen that the rotor bar current amplitude decreases with an increasing number of rotor bars. According to
Figure 21, motors with 26 rotor bars experience greater harmonic distortion compared to those with fewer
bars. Figure 22 shows the rotor bar current waveforms for 8 and 26 rotor bars, respectively. As can be
observed, the current waveforms are distinctly non-sinusoidal, exhibiting harmonic distortion primarily
caused by slot harmonics and magnetic coupling effects, as discussed in Section 2.1.

Figure 19. The induced voltage in the stator winding (a) RMS value for rotor bar number (b) voltage
waveform

Figure 20. Variation of rotor bar current
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Figure 21. Variation of rotor bar current THD

Figure 22. Rotor bar current waveforms for 8 and 26 rotor bars

Variations of average torque concerning rotor bar number are shown in Figure 23. The maximum torque
is obtained in the 20 and 22-rotor bars. Figure 24 shows the torque ripple. If the number of rotor and stator
slots is equal, we will have the maximum torque ripple. To avoid torque ripple, and noisy operation, the
number of rotor and stator slots should not be equal. Figure 25 shows the motor torque for 10 and 18 rotor
bars. The high torque ripple in the case of 18 rotor bars is well illustrated in Figure 25 (b).

The variations of power factor and efficiency versus to bars number have been shown in Figures 26
and 27, respectively. According to Figure 26, as the NRB increases, the motor power factor improves.
Efficiency is also relatively increasing. The highest efficiency is achieved in the case of 20 rotor bars.
Figure 27 illustrates the variation of core losses and rotor cage losses.

The core losses have decreased due to the reduction of the motor input voltage, but despite the decrease
in the current of the rotor bars, due to the increase in the number of these bars, the total losses of the rotor
cage have increased. Due to the constant stator current, the stator winding losses remain constant in all
states. In general, as the NRB increases, the total motor losses will increase.

Using the losses obtained for various numbers of rotor bars, the rotor temperature is calculated by
the extended LPTM and also by simulation in Motor-CAD software. Figure 29 Shows the Motor-CAD
simulation results in the case of 24 rotor bars. Table 3, shows the Variation of rotor temperature concerning
rotor bar number.

As can be seen, assuming the stator current remains constant, the rotor temperature increases significantly
as the NRB increases. Therefore, with increasing the NRB, despite increasing the motor torque and
improving the torque ripple, the motor temperature increases severely. The rotor temperature variation is
shown in Figure 30.
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Figure 23. Variation of average torque

Figure 24. Variation of torque ripple

Figure 25. Electromagnetic torque waveforms in the case of 10 and 18-rotor bar
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Figure 26. Variation of power factor

Figure 27. Variation of efficiency

Figure 28. Variation of rotor cage and core losses

4.2. Finding optimal NRB

In this section, according to (1), the optimal NRB can be obtained depending on the different operating
conditions of the IM according to the discretion of the machine designer. To get a better view of the results
of solving (1), for the case ηdesired = 65% and Tdesired = 82◦C (1) rewrite as (3) and solve.

Figure 31 is drawn in a three-dimensional device for different weights w. As shown, for each desired
weight, depending on the motor design conditions, there is a minimum point that provides the optimal
number of motor bars to satisfy the designer’s desired conditions.

Min F(n) = w(T/82 − 1)2 + (1 − w)(η/65 − 1)2 (3)



Transactions on Energy Systems and Engineering Applications, 7(1): 759, 2026 16 of 20

Figure 29. Motor-CAD simulation results in the case of 24 rotor bars

Table 3. Rotor temperature under constant current

Rotor bars Number Thermal Model Rotor Temp (°C) Motor-CAD Rotor Temp (°C)

8 72.5 71.8
10 75.3 74.9
12 79.1 78.5
14 83.6 82.9
16 89.2 88.7
18 95.8 95.1
20 99.4 98.6
22 103.7 103.0
24 110.2 109.5
26 120.8 120.1

Figure 30. Variation of rotor temperature
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Figure 31. Solving Optimization function concerning rotor bar number and desired weight

5. Practical Applicability and Limitations

The overall findings of this study reveal a clear trade-off between torque enhancement and thermal
performance. Increasing the rotor bar number improves torque and efficiency but causes higher copper losses
and rotor temperature. Recent studies further reinforce these conclusions. Goman et al. [27] demonstrated
that electromagnetic–thermal coupling is essential to predict realistic temperature distributions, while
Mahmouditabar and Baker [28] reported that optimizing rotor slot and bar geometry significantly improves
heat dissipation efficiency. Similarly, Zhao et al. [29] and Gronwald and Kern [30] showed that neglecting
transient thermal effects could underestimate rotor temperature by up to 6%.

When more emphasis is placed on efficiency (lower weighting for temperature), the optimal number of
bars shifts toward higher values (22–24). Conversely, prioritizing thermal safety yields an optimal value of
approximately 20 bars.

The proposed optimization framework thus provides a flexible and practical approach for balancing
design priorities in induction motor development.

The developed electromagnetic–thermal coupled model and optimization framework can be directly
applied to small and medium-size industrial induction motors used in pumps, compressors, and fans.
It enables designers to consider both electromagnetic and thermal constraints early in the design stage,
reducing prototype iterations and design time.

However, the current work is subject to several limitations:

1. Steady-state assumption: The model neglects transient heat transfer effects.
2. Single machine validation: The model was validated using one motor prototype. Extending it to

motors with different ratings or frame sizes will enhance generalization.
3. Manufacturing constraints: Mechanical tolerances, rotor slot fill factors, and cost factors were not

included in the optimization. These aspects will be integrated in future research.

Despite these limitations, the methodology offers a robust foundation for multi-physics-based design
optimization of induction motors, providing a clear pathway for future enhancement.

6. Conclusions

This study investigated the influence of rotor bar number on the electromagnetic and thermal
performance of induction motors. Using finite element analysis and an extended lumped parameter
thermal model, it was shown that increasing the rotor bar number enhances torque and efficiency but
simultaneously raises rotor temperature. An optimization function was developed to identify the best
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trade-off between performance and thermal constraints. The results demonstrated that for the studied 1.1 kW
motor, 20–22 rotor bars provide a favorable balance between efficiency, torque ripple, and temperature rise.
Practically, the proposed approach helps designers consider both electromagnetic and thermal effects when
selecting rotor configurations. The study is limited to steady-state analysis and a single motor prototype;
future work will extend the model to transient thermal behavior and other motor ratings.
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