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 Abstract 

In this study, a new design was suggested in order to improve the performance of induction motors. In these new designs, slits 
were applied in the middle of stator and rotor tooth parts. In these slitted models, the depth and width of slits were optimized by 
Finite Element Method Magnetics (FEMM) by using Finite Elements Method (FEM). Starting torque, pull-out torque, rated 
torque and torque-speed characteristics of the new motor model formed with the proposed slitted construction and reference 
motor model are given in comparison. The motor model is made with 56 slits which have different depth and width to see the 
effects of slits in the stator and rotor. In modeling, 3 kW squirrel-cage induction motor was used. As a result of modeling, increase 
in the coupling flux provided 2.085% and 4% increase especially in pull-out and rated torque values respectively. 
 Keywords: Finite Element Method, Induction Motor, Slitted Tooth Core Design, Torque-Speed Characteristic. 
---------------------------------------------------------------------***---------------------------------------------------------------------
1. INTRODUCTION 
Due to its robustness, the simplicity of its structure, its low 
cost and which does not need a regular maintenance, the 
induction motors are commonly used in many industrial 
applications in a wide range. The improvement of the power 
electronics and the advance of technologies of numerical 
controls improve its performance related torque and its 
controllability [1]. Today several approaches have still been 
developed and various studies have been carried out in order 
to develop the performance (torque, efficiency etc.) of 
induction motors. Yetgin and Canakoglu analyzed the 
impacts of the steel sheet plates, which have two different 
characteristics and are used in the industry on engine 
performance. They proved that a 0.7% improvement in the 
efficiency value in the rated operation point of the motor 
was ensured with the sheet plate, whose lost power value 
and magnetization characteristics are more preferable [2]. 
Kim and friends optimized the stator slot geometry in order 
to reduce stator iron and copper losses, including harmonic 
losses. They proved that a 2.22% decrease is achieved in 
stator iron and stator winding losses, due to the optimized 
stator slot geometry [3]. Sundaram and Navaneethan 
analyzed the motor performance using new slot geometry in 
an underwater induction motor. They stated that the 
magnetization current can decrease, and the efficiency value 
can increase by 5% with the new stator geometry they 
suggested [4]. Boglietti and friends outlined how the 
electromagnetic design of a three-phase induction motor is 
effectuated [5]. Benallal et al. [6] analyzed the impact of the 
air gap induction and the relative stator bore diameter values 
of the induction motor on motor performance. They 
analyzed the impacts of air gap length on the main 

inductance, stator and rotor inductance, current, moment, 
output power and efficiency of the induction motor [7]. Aho 
and friends proved that a 1.5% increase can be achieved in 
the efficiency value by changing the solid rotor end iron 
length value of the solid rotor induction motor [8]. They 
analyzed the impact of stator winding and stator bore 
diameter values of the induction motor on motor 
performance [9]. Marcic et al. analyzed the impact of 
different stator and rotor slot geometry combinations of the 
induction motor on motor performance [10]. Yamazaki was 
reported how the motor losses change in slot and slotless 
structures of solid rotor induction motor, and skewed and 
non-skewed structure of the induction motor with squirrel-
cage [11]. They implemented a new design using a genetic 
algorithm in their studies and optimized the losses, power 
factor and efficiency of the induction motor [12]. In his Ph. 
D. study, He analyzed how a motor performance change by 
opening slits in the stator and rotor tooth of the induction 
motor. He also illustrated that the efficiency of the slitted 
motor increased by 1.89% in comparison to the reference 
motor [13]. They analyzed the impact of harmonics in the 
induction motor on motor performance and stated that motor 
temperature increases in direct proportion to the harmonic 
level, shortening motor life [14]. They analyzed the impact 
of space harmonics on transient electromagnetic moment 
[15]. In his post graduate study, He analyzed how to design 
the induction motor step-by-step, how design parameters 
affect motor performance, and analyzed the designs using 
the finite element method [16]. He analyzed changes in the 
stator current for different values of saturation coefficients 
[17]. Sarbu and friends analyzed the impact of windings 
(equal lapped coils, concentric coils), which were obtained 
by connecting the bobbins in different structures, on the 



IJRET: International Journal of Research in Engineering and Technology        eISSN: 2319-1163 | pISSN: 2321-7308 
 

_______________________________________________________________________________________ 
Volume: 05 Issue: 05 | May-2016, Available @ http://ijret.esatjournals.org                                                                   481 

motor performance [18]. Parasiliti et al. analyzed the change 
in the induction motor performance surfaced when different 
steel (standard-premium) and cage (aluminum-copper) are 
used [19]. They studied the effect of different skew angles 
on the induction motor performance. They analyzed the 
axially non-uniform fundamental and harmonic field 
distribution characteristics at typical locations in the core 
parts by using time stepping finite element method [20]. In 
their studies, they analyzed the impact of different rotor 
designs on induction motor rotor slot harmonics and 
compared these impacts with the values they obtained 
through experimental methods [21]. Huang et al. used the 
induction motor mathematical method in their study and 
optimized (identification) the equivalent circuit parameter 
with genetic algorithm [22]. They solved 2-D heat flow in 
the stator part of induction motor by using finite element 
analysis [23]. Han and friends present to reduce the material 
cost of the induction motor by using multi objective genetic 
algorithm and equivalent circuit method. Efficiency and 
power factor are achieved to the aim and the material cost is 
reduced about 5% compared with the initial model [24]. 
They investigate the application of genetic algorithm for the 
estimation of steady-state models of induction motor [25]. 
Recently, to improve induction motor performance through 
alternative core design some other approaches have been 
used such as magnetic barriers, cut-outs and slits. Those 
designs have been applied especially on solid rotor 
induction motor [26], switched reluctance motor [27], and 
hybrid excitation synchronous motors [28]. In the literature, 
until, there is no usage of slitted design for laminated core 
squirrel cage induction motors except for author’s papers. A 
few studies using slitted design are examined below for 
different motors. 
 
In their study, by opening slit in the stator and rotor tooth of 
the induction motor and reduced the zigzag fluxes, which 
arise in the air gap of the motor, by 6.123%, ensuring a 
2.041% improvement in the coupling flux. With the point 
measurements in terms of their flux densities, it was 
illustrated that less strain is present compared to the 
reference motor [29]. In their study, the motor models 
reformed with the proposed shape design were analyzed 
with FEMM software programme that uses finite elements 
method. It was found at the end of the analyses that when 
the optimum slit width value was 0.10 mm, motor efficiency 
gave better results compared with other slit width values. 
The increase in slit width caused saturations in motor teeth 
and thus caused to worsen the motor efficiency. It was 
decided at the end of different modeling that the depth of the 
slits used in the proposed slitted motor models should be 
almost the same height as stator and rotor height. Optimum 
slit value was determined as 15.00 mm. At the end of the 
modeling, 1.869% improvement was obtained in the motor 
models that had 15.00 mm slit depth and 0.10 mm slit width 
compared with the efficiency values of reference model at 
rated operation point [30]. Aho and friends examined the 
electromagnetic torque change by adding slits to solid rotor 
induction motor rotor structure in their study. They have 
shown that electromagnetic torque could be improved by 
6% and power factor could slightly be increased when the 

number of rotor slits increased from 28 to 36. Furthermore, 
they argued that saturation occurs between slits when more 
rotor slit number is available and it worsens the 
electromagnetic performance [31]. In his study, Zaim 
evaluated the performance of solid rotor induction motor 
that has various power, slit number, depth and width by 
using FEM. He showed that while the increase in slit width 
increased the torque of motor in the models that have low 
number of slit, it decreased the torque of motor in the 
models that have high number of slit. He also stated that 
when the slit depth was increased, the torque first increased 
and then it decreased [32]. In their study, Chan and Hamid 
examined the current, torque and magnetic flux density 
changes by slitting in various numbers in the rotor structure 
of switched reluctance motor by using FEM. In the study, 
they stated that a flat topped wave form was obtained in 
both flux and torque graphics for five slitted models and the 
output power increased by 16% (without increase in top 
value of current). Moreover, they stated that the saturation in 
rotor could be controlled by changing the slit number [27]. 
They suggested slitted structure model in order to prevent 
the armature reaction in hybrid excitation synchronous 
machine. They stated that the effect of armature reaction 
could be reduced by making flux line longer with slitted 
structure [28]. 
 
The most important performance criterion of induction 
motor is the torque values. There are many parameters 
affecting starting, pull-out and rated torque. Frequency f1, number of poles p, applied voltage V1, stator and rotor 
resistances R1, R2 and leakage reactances X1, X2, slip s are 
the parameters affecting torque changes. The general torque 
T formula was given in Equation 1. In the statement, ns and 
s represent shaft speed and slip respectively.  
 

 
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12 2 21 21 1 2

3 1
2

VpT Rf s RR X Xs
      

                            (1) 

 
Especially leakage reactances greatly affect the torque 
produced by motor. So, in design process, leakage 
reactances should be kept to a minimum. Magnetization 
reactance Xm should be as high as possible and X1 and X2 values should be as low as possible in order to get maximum 
motor performance. Since short circuit reactance Xk is the 
criterion for the maximum torque of the machine, the 
designers determine the machine sizes and windings in such 
a way that X1+X2 reactances can have a certain value and 
they try to make Xm reactance as big as possible. Moreover, 
the growth of X2 reduces the maximum torque and so the 
performance of the machine is negatively affected. When X1 increases, flux linkage which is the multiplier of torque is 
reduced [33]. 
 
In this study, a new core design is developed in order to 
improve the torque-speed characteristic of induction motor. 
In the core design, stator and rotor slot shapes, air-gap 
length, stator outside diameter and shaft diameter etc. values 
are not changed. Starting, pull-out and rated torque values 
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gained from reference motor model and proposed slitted 
motor models and the change of torque-speed characteristics 
are given in comparison. Induction motor design is getting 
improved toward to excellence during the century. Proposed 
slitted tooth core design in the paper, not only improves the 
torque-slip characteristics of the induction motor, but also 
improves some other performance parameters which are 
discussed in the paper. Energy efficiency and quality matters 
are important issues in the millennium. The proposed design 
will be applicable since it offers a few points of 
improvements in the journey of excellency for the high 
induction motors. 
 
2. FEM AND TORQUE CALCULATION 
The FEM is one of the most popular methods for computer 
simulation. This method is suitable for solving the problem 
involving electric and magnetic field. Finite Element 
Analysis (FEA) provides a certain numerical technique for 
engineering design [34]. There are many studies in the 
literature using FEMM program [35-39] and the results 
obtained from comparing the experimental and simulations 
are supported by each other. When FEMM simulation and 
experimental study were compared by [38], error rate was 
found as 0.065%. 
 
2.1 FEMM Process 
Motor models are described with length, problem type, 
frequency and angle. After definition of the problem, 
materials properties, B-H curve, values of the conductivity 
are assigned and then circuit, number of turns in the stator 
windings must also be defined at this stage. After that 
FEMM has an automatic mesh generator, which generates a 
uniform mesh for the whole geometry. The boundary 
condition is set, which minimizes the model size as shown 
in Figure 1 [34]. In Figure 1, W, Al, Air and Iron are present 
windings, aluminum, air and iron core respectively. 
 

 Fig -1: Problem parameters for motors 

In solving stage, the FEMM program starts to solve the 
formulated field equations [34]. The mesh distribution is 
given in Figure 2 for the reference motor. 
 

 Fig -2: Finite element mesh distribution for the reference 
motor 

 
The measurement and required parameters are calculated by 
using solver process in the last stage [34]. In this study, for 
mesh distribution, 80422 nodes, 160318 elements are 
created for the reference motor and 137260 nodes, 274008 
elements are created for the slitted motor, the solver 
precision is chosen 1e-008 and the minimum angle for 
triangles are chosen 30o. 
 
2.2 Torque Calculation 
Electromagnetic torque in an electrical machine can be 
acquired with the evaluation of Maxwell Stress Tensor 
along with a contour. In this method, torque is directly 
calculated with the distribution of magnetic field. Torque is 
evaluated with integration of the force density on the surface 
surrounding the related part (for three dimensional models) 
or on a contour (two dimensional problems) [40]. 
 

  2
0 0

1 1. .2CF B B n B n dC 
                                         (2) 

 
When the integrand of Equation 2 is taken, normal and 
tangent force intensity are decomposed and it plays an 
important role in the analytical and mathematical 
calculations of the force and the torque. These components 
of force density are generally known as Maxwell Stresses 
and they are shown as follows [41]. 
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Torque is acquired with the multiplication of tangential 
force by the radius of contour in Equation 5 [42]. In the 
statements, Bn and Bt, µ0, C, n and L represent normal and 
tangential components of magnetic flux density, magnetic 
conductivity of space, integration contour, unit vector and 
stack length respectively. 
 

0
n t CC

rT B B d n L
                                                           (5) 

 
In this study, the torque values of reference and slitted motor 
models modeled with FEMM [43], software package were 
found by using Maxwell Stress Method. The obtained values 
are calculated at the nominal operating point. 
 
3. PROPOSED SLITTED CONSTRUCTION 
New tooth geometry is proposed in order to improve torque-
speed characteristic which is the most important 
performance criterion in induction motor without using 
higher grade lamination sheets. By proposed slitted 
construction, it is aimed to overcome rotor reaction effects 
by decreasing quadrature axis flux such as leakage and 
zigzag flux in the air gap and, to increase d axis coupling 
flux which is the major parameter of induced torque. Thus, 
induction motor performance will be improved by using 
slitted core design. To model slitted core design, a 3 kW 
squirrel cage induction motor was used and the motor 
parameters were given in Table 1. 
 

Table -1: Parameters of the Induction Motor 
Motor parameters Symbol Value 
Voltage (V) V1 380 
Current (A) I1 6.6 
Power factor Cosθ 0.88 
Frequency (Hz) f1 50 
Speed (rpm) nr 2844 
Number of poles 2p 2 
Winding connection  Star 
Stator slot shape  Trapezoidal 
Rotor slot shape  Round 
Number of stator slot Ns 24 
Number of rotor slot Nr 18 

 
Slits were applied in the middle of both stator and rotor teeth 
of rotor squirrel-cage induction motor. In the models, slit 
depth were determined from 6.25 mm to 23.00 mm. The slit 
widths were the models changing from 0.09 mm to 2.50 
mm. For each slit depth models having slit width were 
created. The aim is to determine which slit depth and width 
provides the most efficient motor torque-speed. In this 
respect, an optimization work carried out on 56 different 
designs was presented in Table 2. Motor models having 
different slit depth and width were shown as “o”. Slit depth 
and width values are chosen to be made by laser cutting. 

 Table -2: Motor Models Having Different Slit Depth and Width 
Width of 
slit (mm) 

Depth of slit (mm) 
6.25 7.50 11.25 13.12 15.00 16.87 18.75 19.60 21.00 23.00 

0.09  o o o o o o    
0.10 o o o o o o o o o o 
0.15 o o o o o o o o o o 
0.25  o o o o o o    
0.50  o o o o o o    
1.00  o o o o o o    
1.50  o o o o o o    
2.50  o o o o o o    

 
As a result of various modeling for slit depth of stator and 
rotor, it is concluded that slit depths should be about the 
same with slots (15.00 mm). Modeled samples show that the 
best slit width is 0.10 mm preventing saturation. It is seen 
that flux lines complete the circuits around slits at the 
models which slit depth is selected smaller than slot height 
values. At the models which slit depth is high since slit 
twisted inward of stator and rotor back iron yoke parts, it 
has been caused saturation at these parts. With increasing 
slit width, saturation occurred in the stator and the rotor 
teeth. As a consequence, it is seen that obtained motor 

performance values is worsening [13]. Reference motor 
model whose analysis were carried out with FEMM 
software package is shown in Figure 3 and the motor model 
on which the proposed slitted structure was applied is shown 
in Figure 4. The analyses are carried out with the same  
 
values without changing the parameters such as stator and 
rotor slot shapes, internal-external diameter, number of turns 
etc. Detail of stator and rotor slits are given in Figure 5. 
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 Fig -3: The reference motor (R.M.) model 
 

 Fig -4: Proposed slitted motor (S.M.) model (15.00 mm slit 
depth, 0.1 mm slit width) 

 

Fig -5: Detail of stator and rotor slits 
 
3.1 The Advantage of Proposed Slitted 
Construction [13] 
 The more effective using of the magnetic flux in core: 

reduction of saturation, better flux distribution at the 
teeth, reduction of rotor reaction. 

 Increased zigzag path reluctance. That results in low 
additional losses.  

 Decreased saturation. That results in reduced core loss. 
 Smaller slip. That causes less rotor copper loss. 
 Lowered total losses. That results in better efficiency. 
 Improved overall performance on the rated operating 

point. 

 Smaller leakage reactance. That results in a better speed-
torque characteristic. 

 Increased power factor via increase output power. That 
causes improvement in reactive power consumption. 

 
3.2 The Disadvantage of the Proposed Slitted 
Construction [13] 
 For small power motors, the initial construction cost is 

slightly high owing to cut off the core with laser. 
However, the cost will be reduced in case of mass 
production. 

 The analytical solution is difficult. 
 
3.3 Cut Out of Slits 
In proposed design, slits on the teeth of rotor and stator can 
be machined by laser cutting, wire cut EDM or water jet 
cutting machines. Sheets for small horsepower motors can 
be cut one by one or multiple at once up to 20 mm 
thicknesses. In application of proposed slitted design to high 
power motors, it is more convenient to use die cutting 
technics. Since stamping die mold is manufactured once, 
there will be no additional costs for high power motors in 
mass production. 
 
4. RESULTS and DISCUSSION 
Figure 6 and 7 illustrate the magnetic flux density 
distribution of the reference and the slitted motor models. 
 

Fig -6: Magnetic flux density distribution of the reference 
motor model 
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Fig -7: Magnetic flux density distribution of the slitted 
motor model which has 15.00 mm slit depth and 0.1 mm slit 

width 
 

It can be easily seen from the figures that, magnetic field 
distribution in slitted motor model is more conditioned. 
Magnetic flux density in teeth and yoke parts of stator and 
rotor is lower than the reference motor’s. However, 
magnetic flux density near the teeth tips in slitted model is 
higher than the reference motor’s. This can be corrected by 
rounding slit tips. The stator and rotor reactances and 
relative difference values obtained using FEMM are given 
in Table 3. It is seen that the stator and rotor reactances 
value decreased by 2.460% with proposed slitted motor. 
 

Table -3: Stator and Rotor Reactances 
Motor 
parameters 

Reference 
motor (ohm) 

Slitted 
motor (ohm) 

Relative 
difference 
(%) 

Stator and rotor 
reactances 
(X1+X2) 

0.319 0.311 -2.460 
 
The coupling flux for different points are given in Table 4 
both motors [13]. 
 Table -4: The Coupling Flux for Different Points 

Coordinates (mm) Coupling flux (mWb) Relative 
difference 
(%) x y Reference 

motor 
Slitted 
motor 

-4.2 22.1 0.934937 0.954496 2.092 
-21.7 10.6 0.973707 0.976006 0.236 
32.9 12.3 1.229049 1.307770 6.405 
-16.9 30.7 1.363618 1.392062 2.085 
4.28 43.28 1.275455 1.293198 1.391 
-27.6 32.9 1.355180 1.369690 1.070 

 

According to coupling flux values taken from various 
coordinates, coupling flux values which are occurred in 
slitted motor model are increased by 2.041% when 
compared with reference motor model. With decreasing of 
zigzag flux in slitted motor model, flux lines which flow air 
gap to rotor part increase and that is concluded with an 
increase in coupling flux.  
 
In Figure 8, torque-speed characteristic curve obtained from 
reference and slitted motor models are presented [13]. 
 

Fig -8: Torque versus speed curve for the reference and the 
slitted motor models 

 
Starting, pull-out, rated torque values and their relative 
differences for reference motor model and proposed slitted 
motor models are shown in Chart 9 [13] 
 

Chart -9: Torque values of the reference and the slitted 
motor models 

 
5. CONCLUSION 
In this study, a new teeth design is suggested so that the 
torque-speed characteristic which is one of the most 
important performance indicators of an induction motor 
could be improved. The re-engineered motor models with 
the suggested geometry are analyzed with FEMM software 
package and the following results were obtained. 
 
The suggested slits constitute additional reluctance in zigzag 
flux paths and 6.123% decrease was seen in the zigzag 
permeance. Thus, it yields 2.460% reduction in the stator 
and rotor reactances values [29]. Some improvement is seen 
in the torque-speed characteristic of motor depending on the 
stator and rotor reactances reduction. As a result of the 
reduction of the zigzag flux in the air-gap, 2.041% increase 
was obtained in the coupling flux with the realigning of the 
flux produced in the stator [13]. The increase in the coupling 
flux provided 2.085% and 4% increase especially in pull-out 
and rated torque values respectively.  
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