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Abstract: In paper is proposed a new solving method of the electromagnetic field problem for the 
rotor of a two-phased induction motor. The field problem is solved in harmonic regime in two-
dimensional, it takes into account the magnetic core saturation and it considers the presence of the 
superior harmonics. Using the equivalent magnetic permeability it is analyzed the magnetic field in a 
small area.       
 

1. INTRODUCTION 
The solving of the electromagnetic field is made by direct applying of the 

electromagnetic field lows. The equations of the electromagnetic field are solved using the 
equivalent magnetic permeability that allows the solving in complex [1]. The equivalent 
magnetic permeability is a set value imposed by the maximal value of the magnetic flux 
density in each point from region. 

To solve the electromagnetic field it is used the finite element method of triangular 
form. The rotor length is considered long enough, so that the electromagnetic field in the 
machine can be solved in two-dimensional. The end-effects are taken into account using the 
end ring impedance, and the saturation effects are take into account using the magnetising 
characteristic of the material that is used to built the magnetic core. 

The separate solving of the rotor field problem toward stator is possible by the 
electromagnetic interconnecting of both, the rotor part and the stator part, using the field 
sources of the stator, i.e. the sinusoidal current sheets of different frequencies created by stator 
windings. For the stability of the rotor the air gap is added. The problem is solved 
simultaneous for rotor and air gap together. The separated solving of the electromagnetic field 
for rotor eliminates the inconveniences that can occur due to the different frequency of the 
magnetic field sources. The specific of the two-phased motor is the existence of forward and 
backward progressive waves. These are the field magnetic sources for rotor. 

2. STATOR SOURCES FOR ROTOR 
 In order to solve field problem using the finite element method, the stator boundary 
towards air gap is discretizated in more segments in accordance with figure 1. The points 
Mα1,k and Nα2,k, are the middles of two commune segments set at the geometrical angles α1 k şi 
α2 k toward the symetrical axis of a rotor 
slot. Relating to a node k, the stator 
source is represented by the magnetic 
voltage between nodes Mα1,k şi Nα2,k, for 
each harmonic of ν order. For spatial 
harmonic of ν order, the stator source for 
the rotor problem written in complex has 
two components: forward sources: 

Fi

 

 
g.1. With reference to the stator sources for rotor 
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and the backward sources: 
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In these expressions wSa is the number of turns of the main phase,  is the winding factor 
for harmonics of ν order [5], β is the geometric shift between magnetic axes of the two stator 
phases and γ is the angle of difference phase between the two currents i

νwsak

Sa and iSb that flow the 
phases. The current in the auxiliary phase is shifted to the current in the main phase.  

Relating auxiliary winding to main winding it results: 

ννν SbTsb IkI ⋅=  
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3. ELECTROMAGNETIC FIELD EQUATIONS 

The first set of equation of the electromagnetic field result applying the Ampere’s 
circuit low on the polygonal contour that is formed by parts of median in the node each round 
from the element finite region considered for the field problem solving. For applying of the 
Ampere’s circuit low it is considered that the current density is distributed uniformly over 
each conductor elementary triangle of area ∆. 

Considering that the finite element mesh has m nodes and n conductor triangles, the 
Ampere’s circuit low for each node of mesh becomes: 

[ ] { } [ ] { } { } 1mx1nxmxn1mxmxm SJCAM =⋅−⋅  (3) 

Where [M] is the influence matrix of potential at the mesh nodes, [C] is influence matrix of 
current density at conductor triangles. }S{  is the vector of stator sources for rotor. 

The second set of equation needful to solve the field problem it results coupling the 
finite element region to an external circuit of impedance: 
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ererer jXRZ +=  (4) 

Where Rer is the end-ring rezistance and Xer is the end-ring reactance 
The equations system resulted after the coupling through electromagnetic induction 

low of an external circuit at finite element region is: 

[ ] { } [ ] { } [ ] [ ]0IzAGjJ bR1nxer1mxnxm1nxnxm =⋅+⋅⋅+⋅ ωρ  (5) 

where [ρ] is the rezistivities diagonal matrix, (n x n), [G] is the matrix used in the computing 
of the medium magnetic potential vector for a finite element (n x m) and ]z[ er is the circuit 
external impedance matrix on length unity and  bRI   is the bar current.  
 The current expression from bar that bind the systems of the equations (4) and (5): 

[ ] { } 0IJ bR1nxxn1 =−⋅Λ  (6) 

Where [Λ] is the matrix of the elementary conductor triangle areas (1 x n). 
Results a system (4),(5) şi (6), that has unknowns the current densities vector in the 

conductor triangles {J}, the vector of magnetic potentials vector {A}  and the bar current IbR. 
The system is solved with the decomposing method LU for each forward and backward 
harmonic of ν order, after the setting of the boundary condition.  

For the decreasing of the fill level of storage locations of the potentials matrix it has 
been used the Crout’s algorithm with local factorisation [4]. 

4. PERIODICITY AND BOUNDARY CONDITIONS 
 Due to the utilization of the equivalent magnetic permeability in terms of 
asynchronous motor the magnetic potentials have the same periodicity as the geometrical 
structure and the solving domain of the field problem may be reduced [1]. In the case of 
asynchronous three-phase machine the domain may be reduced to a single notch of the rotor. 
 In the case of asynchronous two-phased induction motor with symmetrical windings 
flowed by symmetrical currents, due to the fact that maximal magnetic induction is constant 
in time and space, the backward magnetic wave annulling for the fundamental, the field 
problem can be resolved same as the three-phased induction motor field problem. 

For the two-phased induction motor with asymmetrical and unorthogonal windings, 
because of the stator saturation, the maximal magnetic induction in the rotor zone is easily 
oscillating in time. This is the reason why the solving of the field problem can be considered 
possible under presumption from [1] also for the two-phased induction motor with 
unorthogonal windings.  

5. CALCULUS OF MAGNETIC PERMEABILITY 
The magnetic permeability is inhomogeneous and depends of the local magnetic field 

that is unknown in the problem starting. Inside an elementary triangle of a network of finite 
elements the equivalent magnetic permeability is constant and is defined by the relation 

max

max

H
B

=µ  [2]. At first, for the solving of the field problem and the calculation of the 

permeability for nonlinear environment, the permeability values of each triangular element in 
the unsaturated zone of magnetizing characteristic are required. The equations system of the 
electromagnetic field is solved, the maximal values of the magnetic induction are deduced in 
each triangle for a fixed slip value and magnetic permeability is corrected. 

The iterative process that eliminates the oscillations and makes sure the convergence is 
using the magnetic permeability curve in function of the magnetic field intensity. 
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For the two-phased motor the field problem is resolved separately for each forward 

and backward harmonic of ν order. The solutions obtained after the solving of the field 
problem for harmonic of ν order are becoming initial values in the new equations system that 
will be resolved for the finding of field problem solutions for the next harmonic. It has 
considered the fact that the system of equations is reformed after each iteration. The process is 
presented in figure 2 for the fundamental and the third order harmonic. 

 

 
Fig.2. The iterative process for the calculus of the maximal magnetic induction and equivalent magnetic 

permeability for the rotor of the two-phased induction with unorthogonal windings 

6. CALCULUS OF FIELD SOURCES 

 Solving the rotor field problem of the two-phased induction motor it is raised an 
important question. The field currents used as program data and which yield the field sources 
are unknowns, and the resolving of the field problem can be done only if the currents that 
yield the field sources are determined. 
 The calculation method of the currents that yield the field sources proposed in paper is 
an original method. The method requires the utilization of the saturation factor analytical 
calculated, for the geometrical structure of the motor for which the field problem is resolved, 
according to the maximal magnetic induction of air gap fundamental. The currents that are 
producing the field sources are the ones that are passing through the stator winding, each 
multiplied through the saturation factor. 
 Because of the non-linearity existent between the maximal magnetic induction and the 
saturation factor it results that the next iterative process is required for the determination of 
the saturation factor (fig.3). ksat is imposed and the field sources are calculated multiplying by 
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ksat the sources calculated from input data for solving the field problem. The maximal air gap 
magnetic induction is calculated from the field problem solution and the new ksat is 
determined by the relation ksat = f(Bmax) analytical calculated. The new ksat is compared with 
the initial ksat. If the error does not enter into an admissible range Bmax and ksat are 
recalculated. 

  
Fig.3. The iterative process for the computation 
of the field sources using the saturation factor 

Fig.4. The saturation factor in function of maximal 
induction from air gap 

 
Behind the analytical calculus using the relationships from technical literature, it 

resulted that for a two-phased induction motor made by IMEP (www.anaimep.ro), motor for 
which the solving of the field problem will be exemplified in the next paragraph, between the 
saturation factor and the maximal magnetic induction of the air gap fundamental is a non-
linear dependence ksat = f(Bmax) (fig. 4). 

7. THE RESULTS OF THE FIELD PROBLEM SOLVING FOR A TWO-PHASED 
INDUCTION MOTOR 

 Consider a two-phased motor made by ANAIMEP, type M12.93.98.43 for which are 
known: the number of turns for each phase of the stator windings, wSa=416, wSb=476, 
winding factors for the fundamental and third harmonic k1 wSa = 0,832, k3 wSa = 0,034,  k1 wSb = 
0,894 şi k3 wSb = 0,388 and the electrical shift between the two phases 105p =⋅ β  degrees. The 
building data of the rotor are shown in figure 5. 
 The field problem is solved with the MagField 2D’s program, original program for 
Windows XP which had been made using the method presented in this paper, for the cases 
when the slip is s=0,041 (rated operating) and s=1 (starting). The lower boundary of the rotor 
is the rotor axle, and the high boundary is the stator side area from air gap. 

http://www.anaimep.ro/
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 By rated operating the currents 
between the two phases of the motor 
have values equal to 2A. The difference 
of phase between the two currents is 120 
electrical degrees. On start, the current 
values between the two phases are 4,5A 
for the main phase and 1A for the 
auxiliary phase. The difference of phase 
between the two currents is 80 electrical 
degrees. The mesh for a slot has 260 
elementary triangles and 154 nodes. On 
rated slip, after the iterative process of 
determination of the saturation factor 
results ksat = 0,31. On start up the 
saturation factor calculated after an 
iterative process is ksat = 0,71. The 
maximal magnetic induction spectrums 
that result after the solving of the field 
problem for the selected two cases are 
presented in figure 5. By analyzing the 
two spectrums of the maximal magnetic 
induction it was found that the magnetic 
core of the rotor it is not saturated neither 
rated regime neither on start up. 
 By rated operating it is observed 
that the maximal value of the magnetic 
induction of the rotor tooth is 1,5 T, the 
value that corresponds the magnetic 
characteristic knee. The maximal 
magnetic induction in the rotor yoke is 
slowly rising from 1 T at the base of the 
tooth to 1,25 T near the rotor axle. The 
maximal air gap magnetic induction is 
Bmax=0.54 T. 

At starting it is observed that the 
maximal value of the magnetic induction 
in the rotor tooth is 1,15 T. The maximal 
magnetic induction in the yoke is slowly 
rising from 0,75 T near the tooth base to 
a value of 1 T near the rotor axle. The maximal m
is Bmax=0.42T and is smaller that in rated regi
current flowing by the main phase of the stato
regime, and the current flowing by the auxilia
conditions the upset of the current in the rotor 
repartition in the rotor is not causing saturation o
rotor. 

Fig

F

At the utilization of the numerical progra
errors at each iteration. The MagField 2D’s prog
errors evolution of the real part of the vec
permeability, maximal magnetic induction and e
In figure 7 a graphical of these errors at rated o
 
.5. Building data for  the rotor of the induction motor, 

type M12.93.98.43 

  
ig.6. Induction magnetic spectrums for s=0.045 (left)  
and s=1 (right) 
Fig.7. The errors evolution 
agnetic induction from the air gap at starting 
me. This is happening because at start the 
r is 2,5 bigger than the operating in rated 
ry phase of the stator is 2 smaller. In this 
bars does not appear and the magnetic field 
f the magnetic core at the upper zone of the 

m a very important role has the convergence 
ram gives the information about the maximal 
tor magnetic potential, maximal magnetic 
ffective bar current error after each iteration. 
perating after stabilization of the saturation 



ATEE - 2004 
factor (fig.2) is shown for the first iteration cycle. The first iterative process is closed after 30 
iteration. After a set of iterations, when the magnetic permeability enters into an admissible 
error range, it is conclude that the iterative process of computation of the magnetic 
permeability can be closed and the results of the problem solving can be displayed. 

8. CONCLUSIONS  
 The solving method of the induction motor field problem proposed in this chapter 
allows to calculate the maximal magnetic induction in the air gap and in every zone of the 
rotor of an induction two-phased motor with unorthogonal windings. 
 This method allows a fast optimization of the induction two-phased motor. By 
changing the rotor slots one can obtain different stress in the magnetic core and losses 
according with the slot shape. 
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