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Abstract— In the paper the representation of electrical magine
stranded windings usingT, formulation has been presented. In the
discussed method the electric vector potentidly has been applied.
In the proposed approach the distribution of the ptential T, inside
the winding is determined for given distribution of T, on the
boundaries of the winding subdomains. Usefulness gfroposed
method has been tested on the example of multi-turnoil of two
layer winding of the high voltage asynchronous mache stator.

Index Terms—Numerical analysis, electromagnetic devices,
electric machines, coils, finite element method.

I. INTRODUCTION

The one of the problems presently being under exatioin
in the area of FEM modeling of electrical machiisegroper
and accurate representation of the windings thatnaaide of
stranded conductors [1], [2]. In such windings ¢eaductors
are treated as thin wires where skin effects agtented. The
most commonly used methods of the representatiothief
kind of windings in the space of finite elementlgisiz base on
implementation of the Biot-Savart law [2],[4]. Tlelvantage
of those methods is simple algorithm of determiniiejd
sources. However
characterize rather high computational costs eafpgdn the
windings with geometrically complicated shape. Ateresting

way of stranded coils representation in finite edatrspace has

been presented and discussed in [1]. In this dantdn author
proposes two methods: (a) method based on definibib
number of wires (turns) passing through finite edaimfaces;
and (b) method, in which winding distribution isfided by
crosses of element edges and surfaces formed by tfirthe
coil. As author demonstrates the proposed methass
universal [1], however the complexity of automatiprocess
of determining field sources highly depend on nundfdurns
in the winding. Other interesting methods have hemposed
in [3],[5]. To represent windings and determinddisources
authors of those papers propose to define and heseutn
density vectors. Typically these vectors are caled on basis
of supposed current density distributidn Nevertheless the
examples presented in the contributions relateg tinlcoils
with simple geometry, where current density distiidn Jo
can be described by analytical functions.

In this paper the method of electrical machine retea
winding description using electric vector potenflal[6] has
been presented and discussed. The method has @amed
on the basis of example of a multi-turn coil shoirnnthe
Figure 1. In the proposed approach the distributibrihe

potential T, inside the winding is determined for given
distribution of Ty on the boundaries of the winding sub
domains. The major advantage of discussed method

implementation of those algorithm

versatility and usefulness in the description senphd also
geometrically complex coils. Moreover by using prsed
method the field sources for formulations usinesitscalad

or vector A potentials can be easily determined. The
correctness and accuracy of the method has betl tes the
example of the two layers winding coil of asynchvos
motor working in cryogenic conditions [7].

II. DESCRIPTION OF THE WINDING USIN@ g FORMULATION

In the considered domaif2 two sub-domains have been
isolated: (a) sub-domai. that simple shaped represent multi-
turn coil with turn number equalg; and (b) sub-domaiQ,,
without currents. Considered domdhhas been shown in the
Figure 1. Between sub-domains (a) and (b) two bagnd
surfaced , i 't, have been defined. That surfaces disintegrate
considered sub-domains and boundary surfagef domain
Q. Therefore the coil sub-domain is treated as atiphel
connected region.
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Fig.1. A considered multi-turn coil

For given above conditions the distribution of &lecvector
potential Ty for considered domain can be found by solving
following equations

Ox pOxT, :o|Qc (1a)
in sub-domair)., and
OxOxT, =0, (1b)
in sub-domairQ,, for defined boundary conditions
To=70 ] (2a)
To=0| ... (2b)

where:p is tensor of resistivity and, is function that describe

dii§tribution of potentially on the surfac€q,.



Equations (1) have been derived on basis of thec@ent

identical results for chosen cross-sections otthiehave been

conduction field for domairQ and relation between currentobtained the with 7-decimal—place accuracy. Onlthsis of

density vector J, and electric vector potentiall,, i.e.

obtained results it can be said that proposed rdetfives

J, =0xT,. Taking into account the boundary conditions (2) igufficient accuracy.

(1) the distribution of potentialy inside domainQ can be
determined from

OxpOxT, |, +0xpOxzy| =0 (3a)
for sub-domaif)., and
OxOxT, |, +O0x0xz,| =0 (3b)

for sub-domain,,

The boundary functionr; can be easily determined by
numerical solving a condition that normal componeit
current densityJy at considered boundary surfa€e, of
coil sub-domaim, is equal zero, i.e.

(Oxzy)on=0 (4)

wheren is the normal vector to the considered boundarface.
To solve (4) it is necessary to satisfy the refati®tween
magnetomotive forced, vector J, passing through cross-
section of the coilS. perpendicular to current flow direction
and vectorT, along loopL surrounding surfac&. (Fig. 1).
That relation can be expressed in the followingrfor

0=2i, = [J ds= §Td =7, ],
S L(&)
wherei. is the coil currentp;. is the value of boundary function
assigned to the edd®P, of loopL (Fig.1),l, is the length of the
edgeP,P, corresponding to the coil height.

®)

. EXAMPLE

the calculated distribution of
vector Jy in the coil

the coil of two layers
winding

Fig.2. Distribution of current density vectdy in coil of the double layer
winding

IV. CONCLUSION

The method of the description of electrical mackine
stranded windings has been discussed. The applmsshon
determining the electric vector potentig distribution inside
the coil for given its distribution on the boundsriof sub-
domains. The way of defining boundary function kmrown
value of magnetomotive force in the coil has bempgpsed.
The major advantage of presented method of winding
description in finite element space is the versatiProposed
To approach can be successfully applied either fopl as
well as for geometrically complex coils and it céde

) successfully applied for field sources descripfionector and
As mentioned the correctness and accuracy of theatle gcajar potential formulations. The usefulness ofisitered

have been tested on the example of the two layérding  mnethod for complex shape coil has been proved ebasis of

coil (Fig. 2) of asynchronous motor working in cggmic

presented example. Obtained results, performeds testd

conditions [7]. In the considered example the aurdensity gnalysis prove accuracy of the proposed method.

distributionJy inside the coil was unknown. The distribution of
Jo has been determined on the basis of distribufign
calculated by solving (3) for given boundary coiwis (2). [q
The distribution of boundary functiom describing potential
distribution for chosen surface has been calculatederically
on the basis of (4) and (5). The calculations haeen
performed for rated coil curreit equals 32 Ampere and turn
numberz, equals 20. 13]
In order to solve (3) the edge element method (EBRY
been applied [8]. Considered region has been meshied)
tetrahedron elements. The number of tetrahedranesits in [
the presented example was about 24 000 elementghand
number of EEM equations being solved was equal 38. 5
Obtained distribution of current density has be®ows in the [5]
Figure 2. In order to verify correctness and accyraf
obtained results of distributionk two numerical tests have (6]
been proposed and performed: (a) first based owmkoig
current flow continuity(JeJ, = 0, and second test (b) in which[7]
the magnetomotive forces calculated for differembss-
sections perpendicular to current flow of the dwlve been
compared to each other. For test (a), the restlteohumerical
integration of the expressioflcJ, over whole considered
domain was on the level of 1% whereas for test (b) the
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