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In this study, a new design has been developed to reduce the rotor reaction generated in squirrel 
cage induction motors. In this new design, slits have been opened between the slots of the stator 
and rotor, and the resulting change in the rotor reaction angle between these slits and the stator 
and rotor flux lines has been then investigated. Comparisons have been made between the rotor 
reaction angle values obtained with the without slitted and slitted models; in case these slits have 
been skewed right or left, the change in the rotor reaction angle has evaluated as well. 
According to the study results, the use of the slitted structure reduced the rotor reaction angle 
by 39.42%. In addition, we have observed that in case the slits were skewed right (by 6o), the 
rotor reaction angle has decreased by 45.67%. On the other hand, in case the slits were skewed 
left, the rotor reaction angle has tended to increase. The Finite Element Method Magnetics 
(FEMM) program has been used to determine the distribution of the magnetic fields.  
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1. Introduction 

 

Nowadays, three phase induction motors are widely used in the industry due to their 

simplicity, high efficiency, low maintenance and cost, robustness, good torque density [1-

3]. One of the important points to save the electrical energy is to improve efficiency of the 

induction motor [4]. Various methods to improve the performance (efficiency, torque e.g.) 

of induction motors are constantly being improved such as field circuit coupled method 

based on finite element theory [5], indirect field oriented vector control [6], use of different 

electrical steel grade [7], use of different rotor slots [8], effect of asymmetrical rotor slots, 

closed slots, reasonable slot combination, and air gap length [9], perform of an induction 

motor solid rotor with rotor slits using time stepping finite element method [10], torque 

control technique for eliminate the electromagnetic torque pulsations [11], sensorless 

control of induction motors [12], stochastic optimization technique to estimate the equation 

circuit parameters of induction machines [13], analysis of motor windings connections [14], 

control design methodology for a three-phase induction machine using a robust control 

technique [15], rotor flux oriented control of induction motor [16], parameter selection of 

an adaptive proportional–integral (PI) state observer [17], stator current parametric spectral 

estimation [18], 2-D magnetic and 3-D mechanical coupled finite element model [19], 

improved fuzzy logic based direct torque control (DTC) [20]. 

A finite element method, coupled field circuit, has been applied to design a solid rotor 

induction motor in their paper. A model coupled with field circuits has been set up for 

considering the velocity effect, eddy current effect and non-linear property. A new end 

region coefficient has been presented to correct the effect of end region. They have 

obtained the designed results of the motor more accurate than other methods and have 
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improved the level of designing [5]. Karanayil, Rahman, and Grantham present a new 

method of online estimation for the stator and rotor resistances of the induction motor for 

speed sensorless indirect vector controlled drives, using artificial neural networks [6]. Their 

paper presents the design of highly efficient high speed induction motors with optimally 

exploited magnetic materials. First, new combined numerical and analytical design 

methods, which closely relate to the classical way of machine design but allow the designer 

to precisely account for material properties have been presented and validated. Second, it 

has been shown how two optimized 20 (kW), 30000 rpm induction machines have been 

realized, i.e., one incorporating cobalt–iron alloy, and the other one using siliconized steel. 

Finally, the influence of the electrical steel grade on their performance has been evaluated 

on the basis of electrical, thermal, vibrational, and noise measurements [7]. Sim, Lee, Cha 

and Lee present the construction and test results of a HTS induction motor. End rings and 

short bars have been made of HTS tapes. Stator of the conventional induction motor has 

been used as the stator of the HTS motor in their paper. Rated capacity of the conventional 

motor has been 0.75 (kW). Performances of the HTS induction motor have been compared 

with those of the conventional motor with same volume and specification. They have 

concluded that the HTS motor has showed better performance than that of the conventional 

induction motor with deep bars or double cage [8]. Their paper presents a design method 

for non-skewed small and medium cage induction motor based on the time stepping finite 

element method, in which the approaches of asymmetrical rotor slots, closed slots, 

reasonable slot combination, and air gap length have been adopted and studied 

systematically [9]. Ho, Niu, and Fu present, a novel solid rotor induction motor with 

skewed slits in both radial and axial directions. The performance of the proposed solid rotor 

has been simulated using time stepping finite element method. The analysis has shown that 

the new torque is about 3.46 times bigger than the motor without rotor slits. By skewing the 

rotor slits in radial direction, motor torque has been increased by 37.7%. Although more 

torque ripples have been generated in rotors with skewed slits in the radial direction, it has 

been shown that the torque ripples can be easily reduced by skewing of the slits along the 

axial direction [10]. Nied, Oliveira, Campos, Dias and Marques present a simple technique 

based on stator flux estimation to control the electromagnetic torque of induction motors 

(IMs) during soft starting. The results obtained validate the proposed technique, showing its 

viability in applications where the objective is to fit the IM torque profile during starting or 

stopping according to the load torque [11]. Esch presents sensorless control of induction 

motors in his paper [12]. Sakthivel and friends present a new stochastic optimization 

technique to estimate the equivalent circuit parameters of induction machines from the 

manufacturer data, such as nameplate data and motor performance characteristics, using the 

bacterial foraging technique [13]. Kundrotas and friends comparison of two type six 

phase motor windings: concentrated double layer full pitch coil six-phase winding and short 

pitch coil six-phase winding [14]. Their paper presents an observation and control design 

methodology for a three-phase induction machine using a robust control technique [15]. 

Their paper presents an improved rotor resistance on-line estimation algorithm that 

contemplates the iron losses of the electrical machine, the iron saturation curve and the 

mechanical losses [16]. Bialon and friends discuss problems connected with the parameters 

selection of the proportional-integral observer, designed for reconstruction of magnetic 

fluxes and angular speed of an induction motor [17]. The paper present faults detection 

using stator current parametric spectral estimation of induction motor [18]. Their paper 

presents a coupled finite element model in order to study the vibrations in induction motors 

under steady-state [19]. Sudheer, Kodad and Sarvesh present improvements in Direct 

Torque Control (DTC) of induction motor using Fuzzy logic switching controller [20]. 

Rosic and Bebic show an analysis of torque ripple reduction in modified DTC algorithm by 

using multiple voltage vectors with the appropriate multilevel hysteresis controller. Their 
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analysis has shown that the proposed DTC algorithm allows significant torque ripple 

reduction while retaining the simplicity, computational burden and good dynamic 

characteristics of the classical DTC [21]. Vlad, Campeanu, Enache and Petropol in their 

study, have tried to decrease the active and reactive energy losses in induction motor. In 

order to do this, he has used minimum cost optimization method. Thirteen variables 

regarding electromagnetic stresses and main constructive dimensions have been considered. 

The operating costs of the optimized motor decreased by 25.6%, as compared to the 

existing solution [22]. Terzic, Mihic, and Vukosavic present the procedure for stator design 

and optimization of the air gap length and rotor thickness of this kind of motor in order to 

achieve the highest efficiency in the speed range of interest. Simple procedure for stator 

dimensioning has been developed and it has been shown how the optimal number of stator 

conductors can be calculated. The effect of change in rotor thickness and air gap lengths on 

motor performance has been demonstrated through some analytical considerations [23]. 

Bayindir and Vadi proposed a novel remote monitoring and control system for induction 

motors using GPRS/GSM communication. The designed system monitored and controlled 

the three-phase currents drawn from the network, the three-phase voltages applied to the 

induction motor, power factor and rpm successfully [24]. Differently from these methods, a 

number of studies have been made using the slit construction [25, 26]. 

In this study, a new teeth geometry has been proposed to reduce the rotor reaction and 

magnetic flux of induction motors, and other associated significant effects such as leakage 

flux and the loss of efficiency that adversely affect performance, without using higher 

quality sheet iron. The proposed geometric design thus has aimed to reduce the rotor 

reaction and to increase the working performance. In this context; based on the flux 

distributions obtained from the models of without slitted and slitted motors, it has been 

demonstrated that the new geometry will reduce the rotor reaction. In addition, the 

influences that resulted in cases the slits have been skewed right and left have been 

evaluated as two different categories. The slits were modelled by shifting to the left and 

right side ways from the zero point to the upper curvature (tangent point) of the slots (see 

from Figure 5). The difference between the stator magnetic field and the rotor magnetic 

field is calculated for each slit skewed.  

 

2.  Notation 

 

The notation used throughout the paper is stated below. 

 

Indexes: 

FEMM

FEM  

finite element method magnetics 

finite element method 

PI  proportional–integral 

FEA  finite element analysis 

IMs  induction motors 

DTC  direct torque control 

J  density of the current  

H  magnetic field strength 

B  magnetic flux density  

A  magnetic vector potential  

E  strength of the electric field  

σ  specific magnetization  
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∇V  gradient of the voltage rating in areas outside of the conductive material within 

the context of 2-D magnetic field problems 

SRC
J  phasor transform of the applied current sources 

µ  permeability 

a  complex number 

 

3. Motor specification and finite element method analysis 

 

A three phase, 2-pole, 50 Hz, star, 380 V, 3 kW squirrel cage induction motor has been 

used in the motor modelling. The other motor specifications are given in Table 1. 

 

Table 1: Specification of the squirrel cage induction motor 

Parameters Value 

Rotor speed 2844 rpm 
Axial length 100 mm 

Outer diameter of stator 150 mm 

Inner diameter of stator 80 mm 
Outer diameter of rotor 79.38 mm 

Inner diameter of rotor 36 mm 
Air gap diameter 0.31 mm 

Number of stator slot 24 

Number of rotor slot 18 

The FEM is one of the most popular numerical methods used for computer simulation. 

The advantage of using FEM over other numerical methods in engineering applications is 

the ability to handle nonlinear, time-dependent and circular geometry problems. Finite 

Element Analysis (FEA) provides a reliable numerical technique for analyzing several 

engineering design such as transportation engineering design, mechanical engineering 

design, civil engineering e.g. Finite element method is also suitable for solving the problem 

involving electric and magnetic field [27]. With the development of numerical modelling 

techniques, finite element analysis is convenient for the precise prediction of 

electromagnetic device. 2-D FEM method has been used in order to determine the steady-

state performance results of the induction motor [28]. 

There are numerous studies in the literature in which the finite elements model has been 

used to determine the performance and various parameters (e.g. magnetic field distribution, 

magnetic saturation points, and torque-speed characteristics) of squirrel cage induction 

motors [2-4, 29, 30]. The 2-D FEMM program has been used to analyze the performance of 

the motor. The general formula used with the FEMM program to perform these analyses 

has been shown below [31]. The magneto static problems have been defined using fields 

independent of time. According to this definition, the density of the current J, the magnetic 

field strength H and the magnetic flux density B must satisfy the conditions listed below. 

 

H J∇ × =                                                           (1) 

0B∇ ⋅ =                                              (2) 

In the defined area, the relationship between B and H is as follows for each different 

material. µ is permeability. 

 

B Hµ=                                                 (3) 

Magnetic flux density in terms of magnetic vector potential A is represented as follows: 
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B A= ∇×                                               (4) 

( )
21 1

A J J A
Bµ µ

 
∇× ∇× = → = − ∇  

 
                                  (5) 

 

3.1. Time harmonic magnetic problems 

 

In case the magnetic field has changed over time, eddy currents can be induced at a 

conductivity value other than zero. Other Maxwell equations can also be used regarding the 

distribution of the electric field. In case E is used to express the strength of the electric field 

where σ is specific magnetization, the relationship between the two parameters can be 

expressed as follows: 

 

J Eσ=                                                               (6) 

The induced electric field expression is: 

 

B
E

t

∂
∇ × = −

∂
                                                       (7) 

Expression can also be written as follows: 

 

E A∇ × = −∇ ×                                                     (8) 

In the 2-D problem solutions, electric field expression can be written as follows: 

 
E A V= − − ∇                                                     (9) 

If this expression is replaced in refer to equation (6): 

 

J A Vσ σ= − − ∇                                                  (10) 

If this expression is replaced in refer to equation (5): 

 

( )
1

src
A A V J

B
σ σ

µ

 
∇× ∇× = − − ∇ +  

 
                               (11) 

∇V represents the gradient of the voltage rating in areas outside of the conductive 

material within the context of 2-D magnetic field problems and Jsrc represents the phasor 

transform of the applied current sources in equation (11). In certain field problems, the 

FEMM program has used this voltage value to apply current limitation to the areas where 

current is carried. Formula (11) has been used by the FEMM for fields fluctuating at a 

mixed frequency value. In cases where the frequency changes, the phase transformation of 

the magnetic vector potential A can also be applied. This allows the amplitude and phase 

angle values of the value A to be calculated. 

 

( )Re cos sin Re
j t

A a t j t ae
ωω ω  = + =                                  (12) 

where a is a complex number. Substituting into equation (11) and dividing out the 

complex exponential term provides the equation that FEMM actually solves for harmonic 

magnetic problems: 
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( )
1

SRC

eff

a j a V J
B

ωσ σ
µ

 
∇× ∇× = − − ∇ +  

 
                               (13) 

For FEMM modelling, identification of used materials and creation of mesh distribution 

have been shown in Figure 1 for the without slitted motor model. For mesh distribution, 

137260 nodes, 274008 elements have been created for the motor model, the solver 

precision has been chosen 1e-008, the minimum angle for triangles has been chosen 30o and 

problem type is chosen planar type. In Figure 1, winding, al, air and iron have presented 

stator windings, aluminium (for rotor bars), air and iron core respectively. 

 

 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Figure 1. Finite element meshes distribution for the without slitted motor 

 

4. Comparison study of slitted motors 

 

In this section, at first, the rotor reaction angle values obtained from the without slitted 

and slitted (without skewed) motor models have been compared. Following this; the 

changes that resulted in the rotor reaction angle values in case the model was skewed right 

and left, have also been determined. The obtained results have been provided for the 

motor’s nominal operating point. 

 

4.1. Comparison of without slitted and slitted squirrel cage induction motor 

 

To observe the effect of slits on the rotor reaction, the without slitted and slitted versions 

of the squirrel cage induction motor have been analyzed using the FEMM program. The 

width of the slits has been set at 0.10 (mm), while their depth has been set at 15.00 (mm). 

The magnetic field distribution obtained with the without slitted motor model has been 

shown in Figure 2. 
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Figure 2. Magnetic flux distribution and rotor reaction angle for without slitted motor 

model 

 

Saturation has been observed in certain locations of the field’s distribution. In addition, 

the rotor reaction can be clearly discerned within the field. The magnetic field distribution 

obtained with the slitted motor model has been shown in Figure 3. 

 

Figure 3. Magnetic flux distribution and rotor reaction angle for slitted motor model 

 

For the without slitted motor model, a 20.8o difference has been observed between the 

stator and rotor flux lines (see Figure 2). On the other hand, the angle for the slitted model 

is 12.6o (see Figure 3). This has clearly indicated that the slitted structure reduced the rotor 

reaction by 39.42%. The graph regarding the change in the rotor reaction angle of both the 

without slitted and slitted models has been provided in Figure 4. 
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Figure 4. Change of rotor reaction angle for without slitted and slitted motor models 

 

We have observed that the presence of slits reduced the circulation of the magnetic flux 

lines in the air-gap and over the slots, and allowed these flux lines to penetrate the rotor 

area to a greater extent. This has played a significant role in reducing the rotor reaction. The 

other performance values and graphs (the zig zag flux lines and permeance values, the 

stator and rotor leakage inductance values, the magnetizing inductance values, torque, 

efficiency, e.g.) obtained with the without slitted and slitted motor models have been 

provided in detail [25, 26, 32]. 

 

4.2. Comparison of slitted squirrel cage induction motor with different skewed angle 

 

In this section; to further evaluate the effect of the slitted model on the rotor reaction of 

the squirrel cage induction motor, the slits have been positioned at an angle. The effects 

related to changes in the slit angles have been evaluated using two different cases. The first 

case involved involves the skewing of the slits from their origin to the left, while the other 

case involved the skewing of the slits from their origin to the right. In both cases, the slits 

have been positioned such that they would be tangent to the slot edge at an angle of 1o. This 

case has been illustrated in Figure 5. 

 

Figure 5. Representation of skewed slits in detail 
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4.2.1. Right side displacement of slits 

 

In this situation, the slits have been skewed towards the right from their origin. The 

magnetic field distribution and rotor reaction angle value obtained with these skewed slits 

have been shown in Figure 6 (for 6o skewed). 

 

Figure 6. 6o skewed to the right side of the slits and magnetic flux distribution 

 

Figure 7. Change of rotor reaction angle vs angle of slits 

 

As is seen in the Figure 7, an increase in the skewing of the slits towards the left has led 

to a decrease in the rotor reaction angle, with the minimum angle between the stator and 

rotor flux lines being observed at a skew angle of 6o. When the slits have been positioned 

with a skew angle of 6o, the angle of the rotor reaction has decreased to a value as low as 

11.3o. Compared to the without slitted motor model, the slitted motor model with 6o skew 

has led to a 45.67% improvement in the rotor reaction. In case the slits were tangent, the 

magnetic flux density has increased to high values. 
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4.2.2. Left side displacement of slits 

 

In this situation, the slits have been skewed towards the left from their origin. The 

magnetic field distribution and rotor reaction angle value obtained with these skewed slits 

have been shown in Figure 8 (for 1o skewed). 

 

Figure 8. 10 skewed to the left side of the slits and magnetic flux distribution 

 

 

Figure 9. Change of rotor reaction angle vs angle of slits 

 

As is seen in the Figure 9, an increase in the skewing of the slits toward the left has led 

to an increase in the rotor reaction angle. This is because skewing the slits towards the left 

has caused the rotor flux lines to shift towards the right. The minimum rotor reaction angle 

(14.11o) has been obtained in case the slits have been skewed at an angle of 1o. However, 

this rotor reaction angle of 14.11o has been higher than the angle obtained (12.6o) when the 

slits haven’t been skewed. In case the slits are tangent, the magnetic flux density has 

increased to high values. 
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5. Conclusion 
 

In this study, a new design has been proposed to reduce the rotor reaction generated in a 

squirrel cage induction motor. Based on the proposed design, the following results have 

been obtained:  

Compared to the without slitted structure, the slitted structure has reduced the rotor 

reaction angle by 39.42%. Skewing the slits towards the right has led to a decrease in the 

rotor reaction angle; in case the slits have been skewed to the right by 6o, the rotor reaction 

angle has decreased by 45.67%. When the slits have skewed towards the left, increasing the 

skew angle also has led to an increase in the rotor reaction angle. When the slits are close or 

tangent to the slots, the magnetic flux density values have tended to be considerably higher.  

We observed that the use of a slitted structure has enabled the rotor flux lines to 

penetrate the inner sections of the rotor without dissipating. In addition, we observed that 

using a slitted structure has allowed the direction of the rotor flux lines to be controlled.  
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