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Abstract— The skewing is the most commonly used technique 

for noise minimization in induction motors. In order to take the 
skewing into consideration in FEM simulations, one should design 
a multi-slice 2D model or a 3D model, since the skewing affects the 
motor design along the shaft axis. As a consequence, the 
complexity of the FE model increases as well as the computational 
time, especially when the analysis performed, takes into 
consideration the non-linearity of the iron core. This paper offers 
a technique for the skewing consideration in the induction motor, 
when simulated as un-skewed in transient electromagnetic 2D 
FEM analysis. The proposed technique could be particularly 
useful for faster simulations when the necessary simulation time is 
long, e.g. for diagnostic purposes. Experimental testing verifies the 
simulations' results with accuracy.  
 

Index Terms— Finite Element Method, Induction Motor, 
Skewing, Transient Analysis. 
 

I. INTRODUCTION 

HE skewing of the cage bars in the induction machine is a 
rather old technique [1]. It serves for the electromagnetic 

variables' harmonic content minimization in squirrel-cage 
induction motors. As a technique, it is also frequent in other 
types of electrical machines [2]-[5]. During the years, extensive 
studies have studied skewed induction motors and their 
characteristics, offering a rich information library on this 
scientific subject [6]-[9]. Much work has also been 
accomplished, connecting the skewing with the inter-bar 
currents and the iron core saturation in induction machines [10]-
[12]. 

Nowadays, a great deal of work, in the scientific research 
area of electric motors, is performed with Finite Element 
Analysis. With the use of FEM, researchers are able to take into 
account the actual geometry and materials' characteristics of the 
motor. Using FEM one can study also, the spatial and time-
dependant electromagnetic characteristics of the electric motor. 
In order to simulate the skewing, two types of models have been 
developed and studied so far: the 2-D multi-slice and the 3-D 
models [13]-[18]. Skewed machines can be modeled as 2-D 
multi-slice models, using a set of slices which rotate at different 

angles. Any section of a machine can have a skewing angle. The 
analysis makes a copy of the mesh for each slice, offsetting all 
but the central slice by the appropriate angle [19]. Moreover, in 
each slice a 2-D magnetic field problem is assumed, only the 
component of the current density perpendicular to the cross-
section and that of the perpendicular to the shaft are considered. 
So in this way the inter-bar currents and the axial saturation 
variation are neglected [20].  

However, the main disadvantage of the FE Analysis still 
remains and concerns the large computational time [10], 
especially when the non-linear magnetic characteristics of the 
rotor and stator iron cores are taken into consideration. 
Consequently, researchers often simulate the induction motors 
un-skewed, saving computational time, on the cost of the 
accuracy.  

In this work, a new technique will be presented aiming to aid 
to in this direction. More specifically, this paper shows how to 
take into consideration the rotor skewing in the post-processing 
calculations, while having simulated un-skewed induction 
motors with 2-D FEM. The proposed technique concerns the 
time-dependant variables, results of the FE Analysis, such as 
the stator currents and the electromagnetic torque. So, the 
proposed technique is particularly useful when the simulation 
is highly time-consuming e.g. for diagnostic applications using 
frequency spectrums of the diagnostic means such as currents, 
torque, power etc [21]-[24].  

II. THEORETICAL INVESTIGATION 

A. Analytical Calculations for Un-skewed Motor 

In this section, the formula which describes the air-gap 
magnetic flux density of an un-skewed induction motor will be 
shown. When q is an integer, then the stator's MMF presents 
space harmonics of rank ν where: 

6 1ν κ= ±                                                                                       (1) 
and so, the stator MMF can be written as: 

( ) ( )1
6 1

, cosmF a t F vp tν
ν κ

α ω
∞

= ±

=                                          (2) 

Also, for the rotor MMF there is: 
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where: 
2 1

s

p
μ κ= ±                                                                                 (4) 

and α is the geometrical angle: 
1

a x
p

π
τ

=                                                                                     (5) 

According to [25] the air-gap relative permeance is given by: 

0 1 2( ) ( ) ( )g g g gα λ α λ αΛ = Λ                                                         (6) 
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and 
 

2 2 (1 ) 2 (1 ) 2s m ms f s n p n p pω π π π= − = − = = Ω                  (10) 

kΑ and 
lΑ  are related to the stator and rotor slot geometrical 

variables.  
So if we introduce (7), (8) and (9) into (6) then: 

0
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The first term of (12) describes the equivalent uniform air-
gap’s permeance, the second and third term describe harmonics 
of the stator and rotor permeance respectively and the last term 
represents harmonics of the permeance due to reciprocal effect 
of the stator and rotor. 

 The radial component of the air-gap magnetic flux density 
can be calculated by: 

( ) ( ) ( ) ( )1 2, , , ,gb t F t F t tα α α α= + Λ                                 (13) 

Or, if b(α,t) is divided into the stator and rotor MMF 
contribution to the magnetic flux density : 

( ) ( ) ( )1 2, , ,b t b t b tα α α= +                                                 (14) 

where: 

( ) ( ) ( )1 1, , ,gb t F t tα α α= Λ                                                    (15) 

and 

( ) ( ) ( )2 2, , ,gb t F t tα α α= Λ                                                   (16) 

In order to examine each term of (12), 
1 ( , )b tα  is divided 

into four components: 
1 2 3 4

1 1 1 1 1( , ) ( , ) ( , ) ( , ) ( , )b t b t b t b t b tα α α α α= + + +                (17) 

and each individual term of (17) is: 
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same for the rotor MMF contribution to the magnetic flux 
density term: 

1 2 3 4
2 2 2 2 2( , ) ( , ) ( , ) ( , ) ( , )b t b t b t b t b tα α α α α= + + +              (22) 

and each individual term of (22) is: 
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In equations (20), (21), (25) and (26), one can observe the 
existence of the rotor slot related harmonics 

2 2ls tω . They 

depend on the rotor slot number and the mechanical angular 
velocity, consequently also dependant on the operating slip.  

Also, there are spatial rotor slot related harmonics in 
equations (23)-(26): ( )2,p p lsμ α μ α+ , which depend on the 

geometrical angle, the rotor slot number and the number of pole 
pairs. The skewing is implemented in the induction motors 
aiming to significantly decrease the amplitudes of the above slot 
harmonics. 



According to [25], the air-gap relative permeance takes the 
following form in order to take into account the iron core 
saturation, considering the fundamental harmonic: 

0( ) ( , )sat tα αΛ ≈ Λ + Λ                                             (27) 

where: 
( )1( , ) cos 2 2 2sat sat st p tα α ω ϕΛ = −Λ − −                                  (28) 

So, the influence of the rotor and stator MMF on the magnetic 
flux density, due to the saturation will be: 

( ) ( )1 2( , ) , , ( , )sat satb t F t F t tα α α α= + Λ                                  (29) 

This means that, in the current spectrum the third harmonic 
is saturation related.  

B. Presentation of the Proposed Technique 

The skewing has as impact to significantly decrease the 
amplitudes of the slot harmonics, which produce torque 
pulsations, noise and losses [2]-[3], resulting to decreased 
induction motor life-cycle.  In the literature, the proposed 
skewing angle for open rotor slot induction motor is equal to a 
slot pitch. If the assumption is made that, at the first edge of the 
motor, opposite from a referenced stator tooth there exists a 
rotor bar, then along the shaft, at the other motor edge opposite 
from the same stator tooth there is a rotor tooth. In Fig. 1, one 
can see the two previously described edges in a 3-phase cage 
induction motor. 

 

 
                         a)                                                    b) 
Fig. 1.  The two induction motor edges along the shaft, in a skewed cage rotor. 
Opposite from the referenced stator tooth there is: a) rotor tooth and b) rotor 
bar.  
 

The aim is to be able to take the skewing into consideration 
for post-processing calculations, while having simulated a 
rotating un-skewed induction motor.  

Firstly, let's assume as 
0t  the moment when spatially the 

maximum of the rotating magnetic field 
maxB  is located at a 

stator point ( )0 0,x y  on the extension of a bar's bisector. This bar 

is taken as reference. This happens for all points with the same 
coordinates ( )0 0,x y  along the shaft because the motor is un-

skewed.   
The magnetic field rotates with 60 /s sn f p=  , while the rotor 

with ( )1mech sn s n= − . At this stage, it is important to identify the 

exact time 
criticalt , at which the magnetic field will reach its 

maximum at the same point ( )0 0,x y  and this point will now be 

on the extension of any rotor tooth's bisector. This phenomenon 
happens periodically if n=constant. As a consequence, it is 

logical to find out the first time that it happens, in order to 
achieve the minimum value of 

criticalt .   

The motor has 
2s  rotor slots. So, the angle between a bar's 

and the neighboring rotor tooth's bisectors is 
2180 / sθ °= . 

Moreover, the rotating period of the stator's magnetic field is 
/sR sT p f=  and the period of the rotor rotation is 

( )/ 1mech sT p s f= −    .  

At the time: 

                    

one expects to find maxB  at the point ( )0 0,x y . Naturally, at 
time:       

 
 the referenced rotor bar's bisector will be at the same position 

as in 0t .  
What matters now is to identify the referenced rotor bar's 

angular position ( )1tθ  at 1t . Easily, it occurs that: 

( ) 1
1

2

360
t

t
t

θ β°= ⋅ ⋅                                                                        (32)          

Now, if: 

 
the goal has been achieved. This means that, at this specific time 

1t  opposite from the stator point ( )0 0,x y , which is characterized 

by 
maxB  , one may find a rotor tooth's bisector, and as a 

consequence: 

1criticalt t=                                                                                        (34)     

With the use of the FEM simulation, one may calculate 
several time-dependent variables, like the phase currents and 
the motor's torque. The extracted signals have been obtained 
with a specific frequency sampling. This means that, the user 
has the instant value of the selected variable (current, torque 
etc) at each specific time. Now, it is needed to phase shift the 

extracted signal at the calculated criticalt  and sum it with the 
original. Then divide the sum by 2. By doing so, the following 
have been achieved in the occurring signal: 

 The stator and rotor MMF related harmonics have 
been kept intact. 

 The geometrical phase difference caused by the 
skewing is taken into consideration. 

 The saturation harmonics have been kept intact. 
The main advantage offered by the multi-slice models has 

been covered with this technique. The user obtains similar 
results by simulating an un-skewed motor, saving in this way 
the computational time needed for the other slices. In the next 
paragraph, the verification of the described method will be 
shown with 2-D FEM, for a specific induction motor. 

III. FEM SIMULATIONS   

In this paragraph, a 3-phase, 4 pole, 400V, 50Hz, aluminum 
cast-cage induction motor will be simulated and studied with 
transient FE analysis. It has 36 stator and 28 rotor slots. The 
stator winding is delta connected. For all cases, the non-linear 



BH magnetic characteristics of the stator and rotor iron cores 
are taken into consideration. 

In order to be realistic, the un-skewed motor will be 
simulated to operate under nominal load. In this way, the 
analysis will take into consideration the actual speed 
oscillations. The load is set 30Nm. The analysis results are 
presented in Fig. 2. 

 

 
a) 

 
b) 

 
c) 

Fig. 2.  The electromagnetic variables of the motor under 30Nm operation:    a) 
phase current, b) electromagnetic torque and c) zero-sequence current, versus 
time. 

 
The speed is now crucial for the proposed technique's 

application. That's because the speed will determine the phase 
shifting of the electromagnetic variables. The mean value of the 
speed is 1465.3rpm. This implies that: 0.04094secmechT = .     

After calculations, it occurs that after 7 periods of the 
magnetic field, the rotor has acquired, with good accuracy, the 
desired position. This means that the needed phase shifting is 
0.28sec. The previously described technique is applied and the 
new resulting signals are presented in Fig. 3.  

 

 
a) 

 
b) 

 
c) 

Fig. 3.  The transformed electromagnetic variables of the motor under 30Nm 
operation:    a) phase current, b) electromagnetic torque and c) zero-sequence 
current, versus time. 

 
The comparative phase current spectra of Fig. 2 and Fig. 3 

are presented in Fig. 4. The rotor slot related harmonic index 
(marked with arrows) has been decreased, but still it remains 
high. The results are due to the fact that, the rotor tooth bisector 
is not perfectly located on the desired and relative to the 
magnetic field position. This angle error, is projected through 
the results in Fig. 4.  

 

 
Fig. 4. Comparative spectrums of the phase current for un-skewed motor (blue) 
and transformed one (red) at frequency area 0-1000Hz, for 30Nm operation. 

 

Since, a little error in the location of the rotor relatively to the 
magnetic field position strongly affects the harmonic index of 
the motor, a different strategy should be adopted. Instead of 
taking as reference the magnetic field period, the rotor will  be 
calculated to be located perfectly at the desired position. The 
mechanical period of the motor is known. As a consequence, 
one can calculate the time the rotor needs to take the required 
position. So considering that 0.04094secmechT = , easily it 

occurred that 360
0.0402sec

360critical mecht T
θ−=   .  

The un-skewed motor's signals from Fig. 2-a,b,c are phase 
shifted left at the calculated time 

criticalt , then summed with the 

original ones and divided by 2. The resulting transformed 
signals are presented in Fig. 5.  

 



   
a) 

 
b) 

 
c) 

Fig. 5. The second transformation resulting electromagnetic variables of the 
motor under 30Nm operation:    a) phase current, b) electromagnetic torque and 
c) zero-sequence current, versus time. 
 

The signals presented in Fig. 5, have much less harmonic 
content than the original ones (Fig. 2). The frequency spectra of 
the signals Fig. 5-a and Fig. 5-c will be shown in the next 
paragraph, in comparison to the experimental results.  

IV. EXPERIMENTAL VERIFICATION 

In order to verify the proposed technique, the real motor was 
tested in the laboratory. The skewing angle has been measured 
6.2 degrees, very close to the angle θ, which was previously 
used for the calculations. 

The induction motor was coupled to a DC generator, which 
has been used as mechanical load. The motor was delta 
connected and fed by a symmetrical, sinusoidal, 3-phase, 380V 
system. Using a LABVIEW data acquisition card the motor’s 
currents have been measured and analyzed in MATLAB in 
order to calculate the signal’s FFT. The motor’s measured 
speed is 1465rpm. 

In Fig. 6 and Fig. 7, the phase currents and the zero-sequence 
current are presented respectively in pu values. The rated phase 
current was 5.3A. This means that the amplitude of the 
measured phase current is 7.5A, very close to the 8A amplitude 
which occurred from the simulation (Fig. 5-a).  

One can see by comparing Fig. 5-a with Fig. 6 and Fig. 5-c 
with Fig. 7 that the transformed signals, which occurred from 
the FEM analysis, match the experimental qualitatively with 
accuracy. Finally, the phase current amplitude seems to have 
about 4 times greater amplitude than the zero-sequence current 
amplitude in both simulation and experimental results. 

 

 
Fig. 6. The induction motor's measured phase currents for speed 1465rpm. 
 

 
Fig. 7. The induction motor's measured zero-sequence current for speed 
1465rpm. 
 

In Fig. 8, the spectra of the transformed simulated and 
measured phase currents are presented. The locations of the 
rotor slot related harmonics are marked with arrows. One can 
see that, the rotor slot related harmonics present decreased 
amplitudes in the simulated motor's current spectrum, matching 
with satisfying accuracy the experimental results. The 
comparison clearly reveals the proposed technique's reliability.  

      

 
a) 

 
b) 

Fig. 8. Frequency spectrum of the transformed simulated phase current (red) 
and the measured one (blue) for frequency range: a) 0-500Hz and b) 500-
1000Hz. 

V. CONCLUSION 

In this paper, a new technique for FEM post-processing is 
presented. With this technique, one can simulate an un-skewed 
induction motor and transform the time-dependant 
electromagnetic characteristics in order to include the skewing 
influence. Analytical calculations have been presented aiming 
to clearly identify the location of the rotor slot related 
harmonics in the magnetic field and as a consequence in the 
current spectrum. The technique has been described thoroughly 
and tested with 2-D FEM simulations and experimental results. 



The methodology described in the paper, is considered a useful 
tool to the research community, since it presents a clearly great 
advantage over the multi-slice 2-D models and the 3-D models, 
concerning the significant reduction of a motor's FEM 
simulation time.  
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