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Abstract. At agricultural enterprises, squirrel-cage induction generators (IG), for which batch asynchronous 
motors (AM) can be used, are used as low-power generators of electric energy from renewable and traditional 
sources. The most difficult and technologically time-consuming part of AM is the stator winding. Its 
electromagnetic properties, manufacturability and cost determine the basic parameters of the machine – energy, 
economic efficiency, operational reliability and service life. Therefore, the choice of rational winding diagrams, 
research and optimization of their electromagnetic parameters for different connection diagrams of IG is a 
critical stage in the development and production of AM and IG. Induction generators use capacitances for self-
excitation and the higher harmonics in the EMF of the generator cause additional high frequency currents in 
these capacitances. The scheme analysis principles of three-phase stator windings of IG are discussed in the 
paper. It is indicated that the matrix analysis method of windings on their structural matrices may be possible. 
The paper describes the formalization technique using the Mathcad procedure for constructing and analyzing the 
magnetomotive forces (MMF) polygons. The MMF of windings and their harmonic composition up to 80 
harmonics have been compared. It was shown that such indicators of the harmonic composition of MMF as: 
relative higher harmonic content, the harmonic coefficient quantitative values, along with the differential 
scattering coefficient, allow to compare the winding quality. This allows the determination and optimization of 
electromagnetic parameters of the proposed winding diagrams to minimize the higher harmonics content, 
depending on the coil performance and evaluate their effectiveness and compare different options for the 
winding diagrams. The study results suggest the future parameters of the induction machine and the possibility to 
use in induction generator mode at the design phase of the stator winding. 
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Introduction 

The paper [1; 2] examines features, development trends, methods of reducing motor losses, 
including asynchronous. Usually, there are the following types of basic losses according to the design 
of an asynchronous motor: electric, mechanical, electromagnetic and additional. The efforts to 
diminish losses are continuing in this area, and, ultimately, to increase the efficiency and energy 
efficiency class.  

The developers of energy-efficient electric motors are solving the problem of increasing the 
efficiency by the following means [2]: using new grades of electrical-sheet steel for stator and rotor 
cores with lower specific losses and thickness of the core plates; reducing the air gap between the 
stator and rotor; reducing electromagnetic loads; increasing the cross-sectional area of the stator 
winding and the copper space factor; using copper to make short circuit rotor windings instead of 
aluminum; using high-quality bearings and changing the geometry of the external fan.  

The characteristics of induction machines are affected by their parameters, mainly due to the 
schematic features of stator windings and design features of rotor windings. The well-known paper [3] 
considered the effect of higher harmonic fields on the stator and rotor windings. One of the techniques 
for construction of the Gerges diagram to determine the differential scattering is shown. The 
characteristics of different stator windings and their MMF analysis on the Gerges polygons are given.  

Today’s methods of forming stator windings enable by using methods to improve their diagrams 
to expand the search for ways to improve the energy efficiency of asynchronous motors [5-12]. 

Materials and methods 

The quality of MMF of windings of any distributions is estimated by the minimum value of the 
differential scattering coefficient  
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where F1m, Fvm – fundamental р and ν harmonic amplitudes of the stator winding MMF. 

To exclude the calculation of the amplitudes of even a limited set of harmonics, the value of the 
differential scattering coefficient is calculated from the Gerges diagram.  

When representing the MMF for three-phase winding as  
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where φx – maximum current phase I1m in N efficient coil conductors, located at the slot with х 
 coordinate, and the Gerges diagram.  

For the fundamental harmonic of the winding MMF with N = 2mw/Z conductors in the slot, the 
Gerges diagram is a circle with a radius of: 
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By taking 1 1mI N = , / 2P оbR Zk рπ=  and the stator winding differential scattering coefficient 
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where 2
дR  – polar moment of inertia of the slot points or spot tops of the Gerges diagram. 

 

 

 

Fig. 1. Schematic diagram of a single-layer winding of the maximum distributions, its detailed diagram 

and MMF graph (1-36 number of stator slots) 

For the analysis [12], we use the technique, taking as a basis the detailed winding diagram in the 
form of a table of Mathcad program, Figure 1, where a, b, c with the corresponding signs shows the 
detailed diagram of Table 1.  

Table 1 
The winding layout with the maximum distributions in Mathcad:a, b, c with corresponding signs 

shows a detailed diagram in Figure 1 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 
Y = 

a a a a a a -c -c -c -c -c -c b b b b b b -a -a -a -a -a -a c c c c c c -b -b -b -b -b -b 

Table 2 
The structural matrix of the winding is as follows (1-36 number of stator slots) 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 

1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 -1 -1 -1 -1 -1 -1 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 -1 -1 -1 -1 -1 -1 -1 
C = 

0 0 0 0 0 0 -1 -1 -1 -1 -1 -1 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 0 0 0 0 0 0 
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Coordinates of the center of the MMF polygon are defined as 
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where Z – number of winding slots; 
 |A| – unit vector; 
 |M| – summation matrix; 
 |C| – structure matrix of winding; 
 |P|T – transposed matrix of the direction of phase axes. 

After centering, we have a MMF graph spread to the winding slots and a MMF polygon. 

The estimated parameters of the winding: 

• distribution factor kоb = 0.95614; 
• fundamental harmonic radius of MMF R = 5.47829; 
• polar moment of inertia of the slot points R2

p = 30.1667; 
• differential scattering coefficient τd = 0.005163. 

 

Fig. 2.Steps of the MMF curve in 36 grooves (left) and the polygon of the MMF winding  

of the maximum distribution (right) 

The winding quality in addition to the differential scattering coefficient is also determined by the 
harmonic composition of MMF. The estimation of the harmonic composition of MMF from Gerges 
polygon has two disadvantages.  

The first one is that the number of diagram slot points is limited by the number of slots. If we 
consider the stages of the MMF curve from Z slots as discretization points, according to Kotelnikov’s 
theorem, the maximum frequency that we can calculate will be the Z/2 frequency, that is, this is the 
frequency of the 18th harmonic for this winding.  

The second one is that the differential scattering coefficient does not change, if there is a slot 
skewing, when the graph of MMF changes can be presented not by step, but by linear change of the 
MMF from slot to slot.  

If we want to increase the maximum frequency of the harmonics found, the number of 
discretization points for this MMF curve should be increased in the interval between slots. 

The authors defined the discretization, which is 4 times higher than the maximum number of a 
harmonic to be calculated. Then the harmonic analysis carried out from the expressions 
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• cosine component –  
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• harmonic amplitude –  

 22
nGnGnG B+A=C , 

where Ns – number of discretization points of one stage of the MMF graph, 
 nG – number of harmonic to be defined, 
 Dk – value of k stage of the MMF graph, provides the following result for harmonics 

 above the first. 

Total harmonic distortion of the MMF of this winding is 
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Fig. 3. Relative values of the MMF harmonics of the winding with maximum distributions 

If we take into account the slot skewing, the MMF curve shape of the winding and the harmonic 
composition will change. The total harmonic distortion of MMF kg decreased by 20 %, although the 
Gerges MMF polygon remains unchanged. 

 

Fig. 4. MMF graph and the relative values of the MMF harmonics, if there is a slot skewing, kg = 0.054958 

Results and discussion 

The analysis of windings for their use in different connection diagrams of IG was made according 
to the above technique. 

The result of the calculation shows that the higher harmonics composition of the MMF curve is 
highly dependent on slot skewing that affects the stage equalization of the MMF curve. This is 
demonstrated by the data in Figures 5 and 6.  

The difference in the values of higher harmonics decreases with the increase in the number of the 
stator winding slots. 
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Fig. 5. Structural matrix of the winding and the polygon MMF( top row), kоb = 0.93301, R = 3.562, R2
p = 13, 

τd = 0.023542, without taking into account the bevel of the stator slots ( middle row) kg = 0.14773, taking into 
account the bevel of the stator slots (bottom row) kg = 0.045513 

In this case, the calculated total harmonic distortion has changed almost three times, when 
considering the slot skewing. 

 

Fig. 6. Structural matrix of the winding and the polygon MMF ( top row),kоb = 0.95776, R = 3.658, 
R

2
p = 13.5,τd = 0.008896, without taking into account the bevel of the stator slots ( middle row) kg = 0.089645, 

taking into account the bevel of the stator slots (bottom row) kg = 0.062662 

Conclusions 

1. The assessment of the harmonic composition of the MDS by the Gerges polygon has two 
disadvantages. The first is that the number of slot points in the diagram is limited by the number 
of slots in the stator. If we count the steps of the MDS curve along the slots Z as sampling points, 
then according to Kotelnikov’s theorem, the maximum frequency that we can calculate will be the 
frequency Z/2, that is, for this winding, it is the frequency of the 18th harmonic. The second 

Double-layer winding Z = 12 

Double-layer winding Z = 24 
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drawback is that the differential coefficient of dispersion does not change in the presence of the 
bevel grooves, when you can submit a schedule change of the MDS is not stepped but linear 
change of MDS from groove to groove. 

2. Research has shown that depending on the number of stator slots, our calculation method reveals 
10-15 % more harmonics than the known methods (up to 80 harmonics). 
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