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Abstract: The technology of the numerical research
into asynchronous motors with a squirrel-cage rotor with
arbitrary-shaped slots using a universal parametric
generator of the finite-element magnetic field models has
been developed. The mathematical built-in software
packages with an integrated, developed by the authors,
dynamic-link library EMLib are used. The parametric
generator allows a series of models for asynchronous
motors used in programmable numerical experiments to
be created.

Key words: asynchronous motor, finite-element
model, parametric model, numerical experiment.

1. Introduction

In market conditions there is a trend of transition
from a large-scale production of electrical products, in
particular asynchronous motors (AM), to small-scale
manufacturing, and even one-unit-production. This
increases the variety of product requirements. In this
regard, the role of design and engineering departments of
an enterprise grows, and the problem of designing AM
reaches a new level of complexity. A phase of
development and investigation of the prototypes leaves
the product life cycle, it reinforces the role of
mathematical modeling using high-tech precision
numerical methods that are no longer a tool of research
institutions and become an integral part of a design
engineer’s workplace. In particular, the precise verifying
calculation of AM requires the use of techniques based
on the calculation of physical fields by the finite-element
method.

The main disadvantage of any system of finite-
element modeling is the need for a considerable amount
of preliminary work on the development of the model.
Despite the presence of automation considering the
complexity of the design geometry, it may take an
experienced engineer a few hours to create the finite
element model by means of an interactive graphical
editor. There is often a need to generate a lot of similar
models that differ by some parametric features,
dimensions, number of slots (grooves) in the stator and
the rotor, etc. In the problems of this kind, the parametric

image editors, in which the model is based on the
initially formed algorithm operating with a limited set of
variables that uniquely determine the geometry of the
computational domain, turn out to be the most
comfortable things to work with. Changing the values of
variables at a fixed constructs algorithm leads to
restructuring the entire model.

The tools that automate creation of parametric
models are implemented in most modern graphics
programs. However, getting rid of the direct
programming is possible only in typical special cases
that do not require significant changes in the structure of
the model, for example, when you change the size,
number of slots, etc.

In some systems, particularly in AutoCAD,
SolidWorks, Pro / Engeneer, etc., there is a traditionally
radical way, when the parametric drawing is done by the
built-in programming language AutoLisp, C + +, Visual
Basic, etc. This way has the advantages in terms of
flexibility in the formalization of complex constructions.
However, from the point of view of an engineer who is
not a professional programmer, this way is unacceptable.

At the same time, today's design engineers, in their
work, freely handle mathematical packages such as
Excel, MatLab, MathCad, Mathematica, etc. In
particular, computational CAD subsystems of electric
motors are often implemented by means of Excel; to
create and analyse complex mathematical models of
physical processes in electric machines, as well as to
optimize their design, it is convenient to use the
mathematical package MatLab; many designers since
their student days have accustomed to using the
MathCad and Mathematica. All of these packages have
their own built-in programming systems adapted to a
mathematical language conventional for engineers.

Thus, a relevant issue is the development of the
technology which enables a series of finite-element
models of AM in a short time to be generated, as well as
tested (analysed) using common and familiar for the
design engineers mathematical packages.
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2. Library of finite-element modeling of two-
dimensional quasi-stationary magnetic fields

Traditionally, systems of modeling of physical fields
classified as CAE-systems (e.g. ANSYS, Comsol,
Cosmos, ElCut, etc.) function as independent
autonomous objects (Fig. 1). The internal functions of
autonomous systems are separated from the user by the
interface window which the interaction between the
system and the user takes place through. The system
plays a role of the basic environment in which
applications created by an engineer address to the
intrasystem functions [1]. It binds a designer to a specific
CAE-sytem.
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Fig. 1. Scheme of functioning autonomous systems of modeling.

At the same time, there is no system that can satisfy
all the needs of the designer. For example, for large-
scale numerical experiments it is necessary to combine
the capabilities of various software tools. In this sense,
using one of the mathematical packages such as Excel as
a basic system proves to be the most convenient as it
provides the designers with an appropriate for CAD
tasks tabular and graphical interface.

A fundamentally different idea can be realized if the
CAE-system is a software component that can integrate
with any open application that has built-in programming,
supplying it with new features, with which you can
programmatically generate and explore a finite element
model [2]. In addition, the components supply the basic
application with an interface window in which all
operations with the model are displayed (Fig. 2). This
window provides the user with functionality, allowing
them to work with the model interactively.
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Fig. 2. Scheme of components functioning.
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In particular, it has been developed a dynamic-link
library EMLib enabling to generate and analyze (test)
plane-parallel or rotationally symmetric models of a
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quasi-stationary magnetic field in the electric motors [3].
The ways of programming a numerical experiment using
the library EMLib integrable into any custom application
are described in [4].

3. Parametric generation of finite-element
asynchronous motor models

The need to generate a series of finite-element
models may arise while solving the problem of the opti-
mization the AM design. At the same time the variable
parameters can be the values determining not only
parametric, but also structural features of the design.
Specifically, the finite-element model of asynchronous
motors generated at each step of finding the optimal
solutions can differ not only in geometrical dimensions,
but also in quantity, as well as in shape of the rotor and
stator slots, the number of winding layers in the stator
slots, the connection diagram of the stator coils etc.

This will allow us to approach the formulation of and
solution to the problem of structural optimization. Due to
the discreteness of the model, the optimization may be
performed, for example, using the genetic algorithms.

In the two-dimensional formulation of the finite-
element problem, the computational domain is a plane-
parallel or plane meridian cross section of the magnetic
system of AM, the geometry of which is given by a set
of graphical primitives (lines or arcs)

P={F|F =(0,;.0,,0;)} ey
predetermined by reference points ( Ty, To, T3 ),
belonging to the set of reference points

O={T T, = (x;,y,,1,); @)
where x; and y; denote the coordinates; 7; stands for the
approximation radius of primitives in the vicinity of the
reference point.

Nodes of the finite-element mesh dividing it into
sections are exposed on the primitives,. Piecewise linear
approximation primitives are the boundaries of the sub-
regions R; from the set below

R={R|R =(x;,y;,m,i ) AR, <M, eM} (3)

where x; and y; represent the coordinates of a point
having its guaranteed position inside of the i-th sub-
region; »; is the number of current-carrying conductors in
the subdomain; i; denotes the amount of current in the
conductor.

Each i-th subdomain is uniquely associated with an
object M;, that is an element of a set of media

M:{Mi|Mi z(pi’si’lui)/\Mi (_)Nf EN} )

where p; is the type of media (non-magnetic,
ferromagnetic, etc.), s; represents the class of steel (if
steel), u; stands for the relative permeability (for non-
magnetic media). Media M; can be uniquely related to
the object N, which is the magnetization curve of the
sets
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N:{Ni|Ni:{Nij|Nij:(BijaH[j)}} (5)

where Bj; is the magnetic induction in the j-th point of
the i-th curve; Hj is the magnetic field.

Each subdomain is triangulated by the exhaustion of
the resource (leveling-cut) [4]. In this case, it is filled
with triangular elements, forming a set of

E:{E[|Ei:(U1[9U2[9U3l‘91u1‘)<_)Ri} (6)

where y;, denotes the permeability of the element; Uy,
U,;, and Uj;; are the nodes of the finite element mesh,
which are the vertices of the triangular element and
belong to the set

U:{Ui |Ui :(xl»,yi,pi)} @)

where x; and y; are the coordinates of a point; p; is the
node status (current node, the node Dirichlet boundary or
boundaries of one of the periodicity).

Elementary objects that comprise winding sections
are S;, forming a set of sections

S ={S 18 = (X155 V1is X015 V2i s Wis Ty i) A ®)
AS <R, NS, <R, }.

Each section is characterized by coordinates of the
active part of the beginning of the section (x;; y;;), the
coordinates of the active side of the end section (x,;, v2),
the number of turns of w;, electrical resistivity sections r;.
In addition, the section is uniquely related to a one-way
communication with the subdomains R;; and R, in
which its active sides lie.

The series-connected sections form branches, of
which the windings are constructed.

A universal finite-element model of AM is based on
three objects: a stator, a rotor and a gap. The stator and
rotor in turn are constructed from the corresponding
tooth zones and backs of the stator and rotor. The backs
of the stator and rotor are the usual rings encircling the
tooth zone. The basic object of the tooth zone is a slot.
Thus, when creating a parametric generator of the finite-
element model of AM, work on the algorithmic
construction of different forms of slots is considered the
most time-consuming.

To unify the procedures for constructing a model of
the slot, it is reasonable to break it up into several
elements: the spline, the wedge part, the bottom of the
slot, central part of the slot. The work has been done on
the classification of the data elements used to limit the
number of possible options for their execution. By
choosing different versions of the data elements and by
their combination practically all really existing versions
of the stator slots of AM can be built. At present, the
work directed to the establishment of a comprehensive
library of squirrel-cage rotor slots is being carried on. If
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there emerge new non-traditional forms of the rotor slots,
the library can be expanded by an additional subroutine,
which is generated by a standard method.

The presence or absence of the slot insulation is taken
as a separate parameter (to simplify the model, the presence
of the slot insulation is often neglected).

The Slot Generator provides the
operations:

1) calculation of control points’ coordinates on the
basis of the list of values characterizing the geometry of
the domain under discussion,;

2) formation of a description of the graphic
primitives based on the generated reference points;

3) formation of a description of the subdomains
limited by the generated graphic primitives;

4) triangulation of subdomains.

In particular, Fig. 3 shows some of the options of
stator slots created by the generator of the finite-element
model of AM.

following

Fig. 3. Variants of stator slots of AM.

The array of the slots is generated by subsequent
shifting of one slot by an angle of tooth-shift-distance.
Furthermore, the teeth are generated between the slots.
The back is formed separately. The gap between the
rotor and stator is the last to be triangulated.

Sections of the stator windings are generated after
the generation of a finite-element mesh. The stator
windings and the contours of the rotor winding are built
from these sections.
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One of the AM models created in this way is shown
in Fig. 4.

Fig. 4. A generated finite-element AM model.

4. Programming of numerical experiments using
finite-element model of AM.

Generation of a finite-element model of AM is not
an end in itself. The formed finite-element model can be
used in the numerical experiments, built on the principle
of imitation of a real experiment.

We can distinguish two modes of numerical experiments:

1) interactive;

2) program.

A traditional mode is an interactive mode, where a
researcher works directly in the IDE of a field modeling
system, taking the advantage of this system control
means and providing feedback to the model by the
means of its visualization.

The study comes, as a rule, to analyzing an impact
of various deformations of the investigated domain on
the picture of the field or to analyzing field patterns for
different values of the currents in the windings, etc. In
order to carry out a series of calculations, it is necessary
to record the results of single experiments.

The software implementation is used if you need to
obtain a series of calculations. The method of execution
of numerical experiments using the library EMLIib is a
continuation of the idea of parametric generation of the
field model which allows, by varying the parameters, to
perform a programmed series of deformations of a
magnetic system structure, as well as a series of
calculations of the magnetic field at different currents
in the windings and at different positions of the rotor,
etc. to be implemented.

To program the numerical simulation, the library
EMLIib delivers into a selected mathematical processor
several functions enabling:

I)to set currents in the windings and individual
sections of AM;
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2)to rotate the rotor to a predetermined angle with a
subsequent re-triangulation of the gap;

3) to calculate the magnetic field at given input data;

4)to visualize the results of the calculation in the
interface library window;

5)to return the value of the magnetic vector poten-
tial at the points with given coordinates, the components
of the magnetic induction in triangular elements, the flux
linkage of sections and windings, the value of the
electromagnetic torque acting on the rotor, etc.

Processing of the results of the numerical
experiment is carried out by means of mathematical
processor according to the algorithm provided by a
designer. There are two possible modes of the use of the
field calculation results:

1. Training mode. The experiment is divided in time
into two stages. The first stage is an exhaustive search
for variants with the help of a finite-element model and
defining a relationship between the calculation results
and varying values, for example by means of a spline
approximation. This relationship is used at the second
stage of the numerical experiment as a function replacing
the finite-element model. The advantage of such a mode
is its high-speed performance at the second stage. The
disadvantage is the need for a large number of
preliminary calculations.

Fig. 5. The results of the numerical experiment: 1 denotes the
time dependence of the angular velocity w; 2 represents the
time dependence of the electromagnetic moment M.

2. The mode with a direct application of the finite-
element model at each step of the numerical experiment.
This causes a significant reduction in the model
performance speed. It can "make a noise", that is to
produce the outcomes (results) which are distorted by the
limitation of bit values. The error increases sharply if the
results of calculation are differentiated. This mode is
preferred if the number of variable values exceeds 5-6.

In [5,6,7,8], the results of modeling of the dynamic
modes of AM in both modes of using the field model. In
particular, Fig. 5-6 show the curves of AM acceleration
taking into account the displacement of current in the
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rotor slots, calculated by using the library EMLib. It is
planned to optimize AM using the finite-element model.

Fig. 6. The results of the numerical experiment: the time
dependence of the currents in the stator windings.

5. Conclusions

The developed technology allows us to carry out
programmable numerical research of asynchronous
machines using a finite element model of magnetic field.

The work is performed within the contract with the
Ministry of Education and Science of the RF
02.G25.31.0049.
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