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Abstract— This paper presents harmonic reductions of 6-

phase induction motors related to increased torque and 

filtered a sine waveform of magnetic flux density by 

adjusting coil pitch with the original structure. Full pitch 

and fractional pitch systems were considered in terms of 

simulation results and characteristics for optimized 

applications. There were 2 tools in MATLAB used for these 

solutions, a 3-D finite element method to do simulations of 

this system and a Fast Fourier Transform to calculate the 

harmonic distortion, respectively. The equation used in the 

simulations is a second order partial differential equation 

with time-dependent conditions. The results of both full 

pitch and fractional pitch systems based on steady state and 

full load of a 6-phase induction motor, 2-pole, 3-HP, 

squirrel-cage and double-layer motor were obtained. 

MATLAB was used for 3-D graphics of the simulated 6-

phase induction motor. 

 

Index Terms—6-phase induction motor, simulation, 3-D 

finite element method, fractional pitch, harmonic 

 

I. INTRODUCTION 

Over the past 10 years, multi-phase induction motor 

drives have been developed with more than 3-phases. 

Three-phase induction motors provide higher torque. A 

6-phase power supply can be used for high power drive 

systems such as ships, airplanes and electric vehicles. 

Output torque of these multi-phase induction motors is 

higher than that of 3-phase induction motors. A multi-

phase induction motor can be directly used in the form of 

a 3-phase induction motor, but the performance may not 

be good if the new stator winding is not designed 

properly. The important parameters in designing 

induction motors include torque, output power, vibration, 

heat generated and harmonic distortion [1-4]. These 

characteristics depend on the distribution of the magnetic 

field in the motor [5]. Based on previous research, it was 

found that 3-phase induction motors can be modified to 

operate with a 6-phase power supply to act as 6-phase 

induction motors. Their torque and output power increase 

can be as much as 1.5-2.0 times, which makes them very 

attractive since the weight of the motor has not changed. 

Torque and power can be increased with increasing 
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numbers of phases, which also lowers the phase current 

and the electronic switch equipment at a lower current 

rating. However, the development of a 6-phase induction 

motors for higher torque applications, leads to higher 

harmonic distortion. This distortion causes decreased 

torque and performance [6]. Therefore, the concept of 

fractional pitch induction motors to reduce harmonic 

distortion was investigated using Fast Fourier Transforms 

(FFT) [7-8].  

The finite element method is a numerical method 

commonly used to solve partial differential equations 

(PDE). It is very widely used in engineering to find 

solutions of problems concerning electric fields, magnetic 

fields, heat, and stress distributions, among many others 

[9-10]. This method will divide regions of the problem 

into sub-regions composed of nodes and connected by 

grids. For 3-D problems, the linear tetrahedral element is 

used to approximate the domain of the problem. 

Therefore, the current study used a 3-D finite element 

method (3-D FEM) in the MATLAB environment for 

simulation to determine the characteristics of this type of 

induction motor.  

II. THE 6-PHASE INDUCTION MOTOR  

Multi-phase induction motor drives can be used 

directly in the structure of a 3-phase induction motor. 

Three-phase induction motors, which have two sets of 

stator windings, are operated as a 6-phase induction 

motor with a second set of symmetric stator windings. 

This results in a different phase angle, shifting from the 

first stator windings by 60
o
 as shown in Fig. 1 [11-12]. 

 

Figure 1.  Symmetric type of stator winding  

The induction motor structure featuring a 6-phase 

induction motor, 2-pole, 3-HP, squirrel cages and double-

layer motor was used. Details of this motor are given in 
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Table I. It consists of 36 stator slots with a coil pitch of 

the stator windings of either full pitch or 16/18 fractional 

pitch as shown in Figs. 2-3. 

TABLE I.  PARAMETER OF 6-PHASE INDUCTION MOTOR  

Parameter Value 

Output power 3 HP 

Voltage 380 V (Star) 

Number of poles 2 P 

Frequency 50 Hz 

Rated speed 2910 rpm 

Stator type of winding Double layer 

Stator slot 36 

Rotor slot 44 

Air gap width 0.4 mm 

Number of turns 15 turns 

 

Table I., shows the parameters of a 6-phase induction 

motor redesigned from the original structure of a 3-phase 

induction motor, which allowed the voltage and power to 

remain unchanged. It was found that when applied to a 

6-phase system, the poles are less and the speed 

increases. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.    Full pitch stator windings 

Fig 2 shows a 6-phase induction motor designed from 

an original 3-phase structure. The 6-phase concept 

applied to 3-phase system is divided into 3 steps. In 

step 1, the 6-phase concept for a 3-phase system can be 

done by setting the first stator winding  position at the 

number 1 stator slot in the first layer, starting with phases 

A, D, B, E which are positive poles and phases C, F are 

negative poles. Then set the phase angle using the 

symmetry concept with the phase angle of phase D, E, F 

shifting from phase A, B, C by 60
o
. Step 2 set the position 

of the stator windings to the negative pole, starting with 

the negative pole phase A with 180
o
 phase angle shift to 

the positive pole phase A at stator slot number 19 because 

this motor is a 2-pole system. Then set phases D, E, F 

with a 60
o
 phase angle increase from phase A, B, C. In 

the final step, the stator windings will be placed in the 

second layer by the coil pitch of the stator windings of 

full pitch. Then set the stator windings to be the same as 

the first layer, which starts from the negative pole phase 

A at stator slot number 19 in the second layer.  

 

 

 

 

 

 

 

 

 

Figure 3.    16/18 Fractional pitch stator windings 

Fig 3 shows a 6-phase induction motor designed from 

an original 3-phase structure of stator windings that is 

16/18 fractional pitch. The stator windings will be placed 

in the second layer by coil pitch of the stator windings at 

a 16/18 fractional pitch. Then set the stator windings to 

be the same as the first layer, which starts from the 

negative pole phase A at stator slot number 17 in the 

second layer. 

III. MODELING OF MAGNETIC FIELD FOR  INDUCTION 

MOTOR  

A magnetic field (B) can only be computed by the 

magnetic vector potential (A) represented by (1).  

 

  AB              (1) 

 

Mathematical modeling of the magnetic field of the 

induction motor was done, which induces current in the 

circuit of the rotor based on the slip (s) of the motor. 

Considering a 3-D motor in an xyz plane coordinate, 

which varies over time and can be calculated using the 

second order partial differential equation represented by 

(2). 
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where µ is the magnetic permeability of the magnetic 

material, σ is the electrical conductivity of the conducting 
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media in the rotor, s is the slip of the rotor at a specific 

operating condition, J0 is the applied external current 

density, n is number of turns, I is phase of the current and 

a is the cross-sectional area of the coil. 

Finding the correct solution of the second order partial 

differential equation shown in (2), is extremely difficult. 

Therefore, this research used a 3-D finite element method 

to estimate the solution, which is the most efficient 

numerical method for solving these types of equations. 

IV.  3-D FEM FOR INDUCTION MOTOR  

A.  The Element of the System to Study 

This research considers a 6-phase induction motor,  

2-pole, 3-HP, squirrel cages and double-layer using a 

finite element method to simulate the distribution of 

magnetic vector potential and magnetic field. It divides 

the region of study using linear tetrahedral elements 

throughout the simulated induction motor in a 

SolidWorks environment. The dimensions of the 

induction motor are shown in Fig. 4. A 3-D mesh of the 

induction motor is shown in Fig. 5. It consists of 42,635 

nodes and 220,353 elements. 

 

Figure 4.    Dimension of induction motor (mm) 

Fig. 4 shows a cross section of a 6-phase induction 

motor showing one quarter of the motor. The figure 

shows the distance from the center of the stator, rotor, 

shaft, and air gap between the stator and the rotor. The 

model of a 6-phase induction motor used in simulation 

has a double layer stator with 36 slots while the rotor has 

44 slots.  

 

Figure 5. The 3-D mesh of induction motor 

Fig. 5 A model of a 6-phase induction motor used for 

simulation with the finite element method. The model 

was created in SolidWorks with a tetrahedral mesh. The 

tetrahedral have nodes in each element and are pyramid 

shaped.  

B.  The 3-D Finite Element Formulation 

The equation of each element uses the Galerkin 

weighted residual method. In this way, the weighting 

function is equal to the shape function and the magnetic 

vector potential at any coordinate can be expressed as (3) 

[13].  

    llkkjjii NANANANAzyxA ,,   (3) 

In (4) Ni, i = i, j, k, l is the shape function within an 

element and Ai, i = i, j, k, l is the resulting magnetic 

vector potential at each node i, j, k, l of the element. V is 

the volume of a linear tetrahedral. 
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This approach is then applied to the PDE, where the 

integrations are performed over the element domain (Ω) 

in (5). 

0

111

0 

























































































dJNdsN

d
zzyyxx

N

nn

n

t

A

AAA



      (5) 

582

International Journal of Mechanical Engineering and Robotics Research Vol. 8, No. 4, July 2019

© 2019 Int. J. Mech. Eng. Rob. Res



Or in compact matrix form 
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Then, the equations of each of the elements in the 

region under study are assembled into a system equations. 

The problem is divided into sub-elements that consist of n 

nodes. The solution requires the solution of a system of n 

equations. 

The solution to such problems is iterative over a series 

of short time-steps, t, in (6). In this research, the 

backward difference method was used because this 

method guarantees convergence even when the results are 

constantly changing [14].  
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V.      SIMULATION RESULTS AND DISCUSSION  

The solution starts from the initial condition of the 

motor and continues for each rotation of the motor 

considering the boundary conditions of the problem. This 

research used an initial condition that the magnetic vector 

potential (A) at start time is zero. The boundary 

conditions were applied at the inner surface area of the 

rotor and the outer surface area of the stator, A = 0. The 

conductivity is σ = 4.90×10
7 
S/m in the rotor bars, and the 

relative permeability of the stator and rotor cores was 

μr = 5000. The free space permeability (μ0) was 4π×10
-7

 

H/m [15]. In the solution, the motor characteristics 

consisted of the rotor speed, as shown in Fig. 6. The 

magnetic vector potential of full pitch and fractional pitch 

systems during steady state is shown in Figs. 7-12 and 

magnetic field of full pitch and fractional pitch systems 

during steady state are shown in Figs. 13-18. 

 

Figure 6.  Speed of a 6-phase induction motor 

Fig. 6 shows the rotation speed of a 6-phase induction 

motor from its starting time until reaching steady state. 

The start time was 0 sec and the motor reached steady 

state at 0.3 sec as can be seen in the figure. During this 

time, the speed increased continuously and then the speed 

was constant.  

 

Figure 7.   Cross-sectional magnetic vector potential (wb/m)  
of a full pitch induction motor 

 

Figure 8.    Cross-section of magnetic vector potential (wb/m) 
at 0o of full pitch of an induction motor 

 

Figure 9.    Cross-section of magnetic vector potential (wb/m) 
at 90o of full pitch in an induction motor 
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Fig. 7 shows the 3-D model of a 6-phase full pitch 

induction motor. The vertical axis and graph are fill 

plotted. In Fig. 8-9 displays the cross-section of a 6-phase 

induction motor giving the top view with contour plots. 

 

Figure 10.    3-D magnetic vector potential (wb/m) 
of a fractional pitch induction motor 

 

Figure 11.    Cross-section of magnetic vector potential (wb/m) 
at 0o of fractional pitch in an induction motor 

 

Figure 12.    Cross-section of magnetic vector potential (wb/m) 
at 90o of fractional pitch in an induction motor 

Figs. 7-12 show the magnetic vector potential 

distributed throughout
 
the induction motor for full pitch 

and fractional pitch systems. The distribution of the 

magnetic poles shows
 
three ranges.

 
The red range is a 

positive magnetic vector potential. The blue range is a 

negative magnetic vector potential and the green range 

gives 
 
positive and negative values that near

 
zero. The 

distribution of the colour bars

 

depends on the polarity of 

the input current in the stator slot. From the distribution 

of magnetic vector potential, the rotation of each angle of 

the

 

motor will be slightly different. The full pitch system 

will have a higher magnetic vector potential than the 

fractional pitch system at every angle of the motor.

 

Then the magnetic vector potential is calculated for the 

magnetic field (1) by considering the motor in 3-D, the 

xyz coordinates can be used to calculate the magnetic 

field along

 

the x-axis (Bx) and the magnetic field along

 

the y-axis (By). This is

 

because the current is represented 

by

 

the z-axis as is shown in (7) and (8) enabling

 

calculation of

 

the magnetic field [16]. 
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Figure 13.    3-D magnetic field (T) of

 

a full pitch induction motor   

 

  

 

 

Figure 14.  Cross-section of the magnetic field (T)

 

at 0o

 

of a full pitch 
induction motor 
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Figure 15.    Cross-section of the magnetic field (T)  
at 90o of a full pitch induction motor 

Figs. 13-15 show the 3-D model and cross-section of a 

6-phase full pitch induction motor. It shows the vertical 

axis and top view. The figure was made by fill plotting. 

 

Figure 16.    3-D magnetic field (T) of a fractional pitch induction motor 

 

Figure 17.    Cross-section of the magnetic field (T) 
at 0o of a fractional pitch induction motor 

 

Figure 18.    Cross section of the magnetic field (T) 
at 90o of a fractional pitch induction motor 

Figs. 13-18 show the distribution of the magnetic fields. 

It was found that the distribution of the magnetic field did 

not occur in the stator slot, but occurred in the iron core. 

The magnetic vector potential can be seen in Figs. 7-12. 

The distribution pattern corresponds to the magnetic 

vector potential. The magnetic field distribution at each 

angle is slightly different. Based on the simulation, it was 

found that the magnetic field for the full pitch system was 

higher than the fractional system. The air gap flux density 

showed harmonics in the full pitch and fractional pitch 

systems as is shown in Figs. 19-20. 

After calculating the magnetic field in Cartesian 

coordinates, the coordinate system was converted to 

cylindrical coordinates. Radial flux density (Br) and 

tangential flux density (Bt) can be expressed as (10)-(11), 

respectively. 

 

  cosxr BB   sinyB                 (10) 

 

  sinxt BB   cosyB                 (11) 

 

  
22

trag BBB                  (12) 

 

Figure 19.    Air gap flux density (T) of a full pitch induction motor 

 

Figure 20.    Air gap flux density (T) of a fractional pitch induction 
motor 

Figs. 19-20 show the air gap flux density of a 6-phase 

induction motor. During steady state, it was found that in 

the full pitch system, the magnetic flux was higher than 

the fractional system. Its harmonic distortion was higher 

as well. It can be observed that the magnetic flux graph 

does not exhibit a sinusoidal waveform. FFT was applied 

to the magnetic field data of the induction motor in 

MATLAB to analyze its harmonic distortion with 

program. This is shown in Figs. 21-22.  
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Figure 21.    Air gap flux density (T) harmonic distribution  
of a full pitch induction motor 

 

Figure 22.    Air gap flux density (T) harmonic distribution 
 of a fractional pitch induction motor 

As can be seen from Figs. 21-22 for the full pitch 

system, harmonic distribution occurred at odd order 

numbers. In the fractional pitch system, the harmonic 

distribution decreased. The spectrum of the air gap flux 

density was calculated to determine %THD.  

The full pitch system had a THD = 27.35% and the 

fractional pitch system had THD = 5.42%.  

VI. CONCLUSION 

This work studied the characteristics of induction 

motors, including their magnetic vector potential and 

magnetic field using a 3-D FEM method and harmonic 

considerations with a FFT method in MATLAB. A full 

pitch 6-phase system induction motor was designed to 

achieve higher magnetic vector potential, magnetic field 

and harmonic distortion than the fractional pitch system. 

Therefore, fractional systems will reduce the harmonics. 

It can be seen that the FEM is a highly accurate method 

to calculate the characteristics of induction motors and 

the FFT method can solve the harmonic problem. These 

are useful designing induction motors for higher 

efficiency.  
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