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Abstract: In this paper is presents the results of the magnetic field analysis produced by the two layers stator six—phase windings, of the asynchronous
motor for electric traction compared to the three—phase stator winding of mass—produced asynchronous motors. Applying the finite element method, was
concretized the shape of the magnetic induction curve in the air gap and the values of magnetic flux and induction for different stator winding schemes were
presented. The obtained results give the possibility to select the stator winding scheme, which has technological advantages for the asynchronous motors
used in electric traction.
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1. INTRODUCTION

In the industrial field, three—phase asynchronous electric machines are becoming more and more widespread.
This is due to the construction and operating features, robustness, low cost, minimal maintenance costs and, of
course, the efficient control/regulation with the help of electronic frequency converters. [1-4]. Also for these
reasons, asynchronous cars are preferably used in the electric traction systems of personal and common
passenger vehicles. In order to reduce greenhouse gas emissions, European policies envisage replacing
transport units with internal combustion engines with other environmentally clean engines, such as electric
motors, by 2050 [1, 5, 6]. Of particular importance is the reliability and energy efficiency of the traction motor,
which can be significantly increased by increasing the number of phases of the stator winding [7, 8].
Multiphase electric drives are in the research stage, due to the advantages of multiphase electric machines,
thus, analysis and design methods are sought that will improve the performance of these machines [4, 5].
Among the groups of multiphase machines, the six—phase ones attracted more attention due to the simplicity
of converting the three—phase machine into a six-phase machine. This is done by two sets of three-phase
stator winding, phased between them, having a common magnetic structure.

Multi-phase units are suitable for high power applications as they reduce the phase current to the rated power
and phase voltage required. Therefore, multi-phase drives are a promising solution for safety—critical
applications, such as autonomous electric propulsion [9].

The implementation of multiphase electrical drives in the field of electric transport has become necessary
because, in addition to the fact that it offers superior advantages over three—phase ones, the uncontrolled
activity of businesses, power plants and transportation, leads to excessive environmental pollution and the
appearance of smog in large cities that are harmful to nature and general health.

2. PARTICULARS OF SIX-PHASE ASYNCHRONOUS MOTORS

This paper presents the study of the magnetic field distribution in the asynchronous six-phase motor, intended
for operation in adjustable electric drives, powered by the six-phase inverter. The construction of six-phase
asynchronous motors is based on standard three—phase machines except for the stator winding.

The stator winding can be performed from a double three—phase winding, where one winding is shifted from
the other at an angle of y = 0 electrical degrees, of two asymmetrical three—phase windings shifted from the
other at an angle y = 30 electrical degrees, or from two symmetrical three—phase windings shifted from the
other at an angle y = 60 electrical degrees, as shovvn in Figure 1.
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Figure 1. Six—phase asynchronous machine windings: a) double three—phase winding (y = 0%);
b) asymmetrical six—phase windings (y = 30°); ¢) symmetrical six—phase windings (y = 60%)
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The aim of this paper is to analyze the constructive specificity of the six-phase windings of asynchronous
motors and the magnetic field distribution produced by the currents of these windings. For this, the values of
the phase currents were determined mathematically, based on which the magnetizing forces acting in the air
gap were subsequently determined. The following are proposed the three—phase and six—phase winding
diagrams of the asynchronous motor with power P, = 2,2 kW, U;, = 380 V voltage, frequency f = 50Hz, 2p = 6.
The winding schemes are given for a pair of poles, the others being analog (Figure 2). The winding is mounted
in two layers.
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Figure 2. 36—notch asynchronous motor winding diagrams
a)  three—phase winding; b) asymmetrical six—phase windings; ¢) symmetrical six—phase windings
The number of notches for a phase and a pole g is determined by the expression
z 1)

1

q:2-p-ml

Finally, for the three—phase winding, choose g = 2 neighboring notches, called shower notches in which the
current will have the same direction through the coils, and for the six-phase winding, choose g = 1.

3. MAGNETIC FIELD ANALYSIS OF THE MAGNETIC CIRCUIT

The mathematical description of the magnetic field is made with the Maxwell equations. This system of
equations is acceptable for the magnetic field description in electric machines, in which case the known
assumptions are adopted.

The equations used to describe the stationary magnetic field are given as follows:

rot H = I., dvB=0 )
— - - 0B
rot H =14+ 1[4, rotE=— 3)
ot
The time-varying electromagnetic field is described by the equations:
dvB =0, B=uH, I,=j 4)

The quantitative assessment of the electromagnetic field is determined by the intensity of the electric field E

and magnetic tension H or magnetic induction B .

The calculation of the electromagnetic field comes down to determining these quantities. The solution of the
problems related to the calculations of the magnetic field is obviously simplified, being introduced the auxiliary
functions of the scalar and vectorial potential.

The scalar potential satisfies the requirements of equality

H =grado, (5)
or divgradg, =0
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In electric machines, in most engineering problems, the magnetic field is considered constant in the z—axis
direction and then

2
TP, P _ ©
o'x Oy
and the equation for magnetic field lines
X L o H, ox = H.dy. (7)
H. H,

According to (5) the magnetic tension lines are orthogonal to the equipotential lines. This conclusion plays an
important role in determining the boundary conditions between two environments with different permeability
v

The second additional function by which both the potential and the solenoid magnetic field can be determined

is the potential vector. A. For the two-dimensional magnetic field present in electric machines, the
components of the magnetic induction vector along the X and Y-axis are determined by the equations:
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All the lines with constant magnetic potential, construct with a certain step of modification the values of the
potential vector, being thus determined systematically the picture of the magnetic field in the given plane. The
magnetic field chart determines the intensity of the magnetic flux in the given range of the magnetic circuit.
This method is extremely advantageous in terms of the time taken to solve the problem. In addition, the method
is accurate in calculations and is universal.
Currently, there are methods for calculating the magnetic field in electric machines that allow you to delve into
the physics of electromagnetic processes much deeper, being discovered and confirmed the logical
conception underlying the theory of electric machines.
With the help of the finite element method, two sides of the essence of the magnetic field can be determined
and calculated qualitatively and quantitatively: distribution of magnetic induction lines, well the picture of the
magnetic field in the electric machine and the magnetic induction distribution curve in any cross section of the
magnetic circuit [6].
Next, using the FEMM software, the distribution of the magnetic field overall circuit of the magnetic system is
presented.
Figure 3 shows the currents of the three-phase winding of the asynchronous motor, which produce the
magnetic field, the picture of which is shown in Figure 4. The picture shows the uniform distribution of the
magnetic field overall magnetic circuit of the six poles.
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Figure 3. Three—phase current diagram Figure 4. Magnetic field picture of three—phase asynchronous motor

The FEMM program allows the visualization of the values of magnetic induction and other parameters of the
magnetic circuit. Figure 5 shows a sector of the stator magnetic circuit and the values of the induction and
magnetic flux. These values will be compared with the values obtained by simulating the six—phase
asynchronous motor with the symmetrically and asymmetrically mounted winding.
The distribution of magnetic induction in the air gap of the asynchronous motor is shown in Figure 6.
Below are the results of the asynchronous motor simulation with different six-phase windings.
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Figure 6. Magnetic induction curve in the air gap of the three—phase
asynchronous motor

Figure 5. Data table for induction and magnetic flux in the stator dental area
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Figure 8. Symmetrical six—phase asynchronous motor magnetic field
picture

Figure 7 shows the six-phase winding currents mounted symmetrically in the stator notches of the

asynchronous motor, which produce the magnetic field, the picture of which is shown in Figure 8. Figure 9

shows a stator magnetic circuit sector and the induction and magnetic flux values in the dental area. Figure 10

shows the magnetic induction curve in the air gap of the electric machine.

Figure 7. Diagram of winding currents with six symmetrically mounted phases
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Figure 10. Magnetic induction curve in the air gap of the asynchronous
six—phase motor mounted symmetrically

Figure 11 shows the six-phase winding currents mounted asymmetrically in the stator notches of the

asynchronous motor, which produce the magnetic field, the picture of which is shown in Figure 12.

Figure 13 shows a stator magnetic circuit sector and the induction and magnetic flux values in the dental area

of the asynchronous motor with the asymmetrically mounted six—phase windings.

Figure 14 shows the magnetic induction curve in the air gap of the asynchronous motor with the

asymmetrically mounted six-phase windings.

To analyze the indicators of the parameters of the winding under study, the result of superimposing the curves

of electromagnetic induction in the air gap for the cases of symmetrical and asymmetrical installation of the

stator winding with six phases and three—phase winding is given (Figure 15).

Figure 9. Data table for induction and magnetic flux in the stator dental area
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Figure 12. Asymmetrical six—phase asynchronous motor
magnetic field picture.
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Figure 14. Magnetic induction curve in the air gap of the asynchronous

Figure 13. Data table for induction and magnetic flux in the stator dental area. : .
six—phase motor mounted asymmetrically
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Figure 15. The result of the superposition of the magnetic induction curves in the air gap of the three—phase and six—phase asymmetric and asymmetric
asynchronous motor

Figure 15 shows that the magnetic induction curve for different types of windings used in the construction of
the asynchronous motor is practically identical, with small variations for the case of the six-phase winding
mounted asymmetrically. The values of magnetic induction and magnetic flux in the stator dental area are
approximately equal, which shows that the magnetic field does not change at the same position of the poles
formed by different winding schemes. Thus, we can claim that the stator-winding scheme, mounted in two
layers, for asynchronous six-phase motors can be chosen depending on the power of the asynchronous motor
and the advantage, from a technological point of view.

4. CONCLUSIONS

Were analyzed six-phase winding schemes in two layers of the asynchronous motor compared to the three—
phase winding of the mass—produced asynchronous motor.

With the help of FEMM software, the magnetic field produced by the analyzed windings of the asynchronous
motor was studied and the values and curves of the variation of fluxes and magnetic induction in certain areas

[

26N\ _oF 59\F::sc1cple 3

ANNIVERSARY




B
ANNALS of Faculty Engineering Hunedoara — INTERNATIONAL JOURNAL OF ENGINEERING
Tome XX [2022] | Fascicule 3 [August]

of interest of the magnetic circuit were obtained. The values of magnetic induction for all types of stator

winding schemes analyzed do not differ significantly.

The results show that for six-phase asynchronous motors we can choose the technologically advantageous

two-layer-winding scheme.
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