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Abstract—In this paper, a novel method for gener-
ating tetrahedral finite-element meshes suitable for 3-
D finite element analysis of rotating machines is pre-
. sented. The proposed method enables the easy devel-
opment of 3-D meshes for various rotating machines,
especially in the end-coil region and the surrounding
air region. Tessellation of the 3-D region is made pos-

sible by simple extension of a previously generated.

2-D triangular mesh, used as a model mesl\l,‘ into the
third dimension. The end-coil region is meshed by

" connecting the previously developed patterned sub--

meshes. For meshing the inter end-coil air region, an
additional node input method is employed, followed
by the Delaunay triangulation. The simplified mesh-
ing algorithm and examples of developed 3-D meshes
using the proposed method are presented.

I. INTRODUCTION

For analyzing the magnetic field distribution inside ro-
tating machines, 2-D finite element analysis (FEA) is com-
mon. In order to accurately estimate the working param-
eters and characteristics of rotating machines, however,
3-D FEA must also be considered. Although 3-D FEA
is a powerful analysis tool, it invariably results in diffi-
culties, especially in the development of suitable 3-D di-
vision meshes [1], [2]. The most difficult problem in the
development of 3-D meshes of various rotating machines
is tessellation of the end-coil region and its surrounding
air region. ‘A method for 3-D mesh generation in the end-
coil region of rotating machines was recently proposed,
but the method was for a rather specific type of machine
[3]-

In this paper, the authors propose a novel method
for 3-D mesh generation of rotating machines, including
the end-coil region. The main features of the proposed
method are as-‘follows:

1. The simplicity of the method, which is based on the
extension of a previously developed 2-D mode] trian-
gular mesh into its third dimension.

2. The flexibility of the method, due mainly to the fact
that the desired mesh density can easily be deter-
mined on the 2-D model mesh, before extension into
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the third dimension is performed. Incidentally, it is
easier to perform re-meshing and optimization of the
mesh in 2-D space rather than directly in 3-D space.

3. The end-coil region is meshed by using pre-meshed
flexible patterns.

4. For meshing the air region that surrounds the
end-coil region, a method of adding new nodes is
employed. = Afterwards, the Delaunay tessellation
method is performed over the obtained set of nodes,
ensuring a high-quality generation of the mesh.

5. The density of the mesh in any of its parts can be
easily controlled by the user, resulting in the nearly
desired mesh density.

II. PROPOSED ALGORITHM

In order to 51mpllfy the mesh-generation procedure and
to decrease the amount of input data, the analysis re-
- gion to be meshed is initially divided into two separate
regions: rotating region A and end-coil region B, as shown
in Fig. 1. The meshing algorithm is performed for each

region separately, and finally, the generated meshes are

connected. On the border between regions A and B, the
horizontal cross-sections are the same, so initially a suit-

*able 2-D triangle division mesh for this cross-section is

developed. Afterwards, this 2-D mesh. is used as a model
mesh for both regions, a procedure which enables a large
savings in data input and an easy connection of the sep-
arately developed meshes.

End- Coil Frame

Stator

Rotor

<B—>l€«—A—>|l€ B>
Fig. 1. Structure of rotating machine.
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Fig. 2. Development of 3-D mesh by extension of 2-D model
mesh
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A. Mesh generation of rotating region A

Generation of the 3-D mesh for rotating region A is easy

~ and straightforward. The initially generated 2-D model

mesh is extended into its third dimension (usually along

the z-axis) using several blocks with the same or different

lengths along the third dimension, as shown in Fig. 2a.
.Each triangular finite element from the 2-D model mesh
is extended into the third dimension, generating a trian-
gular prism. Afterwards usmg several previously defined
subdivision patterns such as those shown in Fig. 2b, each
tna.ngula.r prism is subdivided into three tetrahedra. Spe-
i c1a1 attention is paid to the determination of the subdi-
vision pattern It is possible to perform node and edge
numeration in the user-defined direction. This process is
very. 1mporta.nt especially if the developed 3-D miesh has to
be used for edge-based finite element analysis where the
direction of edges, pa.rtlcularly on the boundary planes,
must be of a consistent type in order to employ periodi-
_cal boundary conditions. This is made possible by user-
. defined vector L, which defines the direction the node and
edge numbering will be performed (Fig. 2¢). Usually, the
user is interested in the development of a 3-D mesh with
graded mesh density. This is not, however, always satis-
fied by simple division of each tna.ngular prism into three
tetra.hedra. To aid in this task, addition of new nodes
‘ofi“certain’ edges of the mesh is’ poss1ble In order to ob-
n‘etrahedral elements with ‘approximately the same
volute, the determination: of the number of new added
' tomatically’ carried ‘out by the program, ac-

Number of ..
new nodes

ljccx.;ion of edge dzm'tmn
using subdivision pattern -

Fig. 3. Subdivision of triangular 'prism into tetrahedra.

cording to the area of each triangular finite element and
using the following equation

S; .
NB,m\/ ot )

where n; is the tot@l n mber of new. a.dded nodes for block
%, NBpmaz'is t fm number of subdivisions for
block i (see I the area of the triangular el-
‘  basis for block i, while Spin is the
minimum area of all triangular areas that compnse the
area of interest. After a new set of nodes is generated,
the Delaunay procedure is employed to generate a suit-
able 3-D mesh without' degenerated or sliver-type finite
elements. In Fig. 3, the procedure for determination and
addition of new nodes and generation of new tetrahedral
elements for one“-‘blce'k is'schematically presented.

B. Mesh generatzon of end-coil region B

Tessellation of the end-coﬂ region usually presents a
problem due to the geometrical complexity of the wind-
ings. ' The mismatch between the cylindrical structure
of this region and the orthogonal coordinate system em-
ployed for tesséllation is overcome by appropriate coor-
dinate transformation. Figure 4 shows; step-by-step, the
procedure for the development of a 3-D mesh for the end-
coil region.

Initially, the cylmdncal structure of the end-coil region
of a rotating machme is: converted into an orthogonal co-
ordinate structure, as show in Fig. 4a. The initial 2-D
i .'"erformed using modules of
xample of which is shown in -

Fig. 4b. Du} to

PeuLt
ndings, it is possible to develop the
esh division usmg a copy-and-translate
The obtained 2-D model mesh (see
Fig. 4b), is:fu tended into its third dimension to
account for‘th ickness (Fig. 4c) Finally, backward
coordinate tra.ﬁsformatlon results in a final mesh for the
end-coil region. Connecting the terminal surfaces of each
end-coil and, in turn, connecting them to the appropriate
terminal surfaées of the previously developed mesh for ro-

entire end-e
technique (Fi

_ tating region A, the tessellation of the entire coil region
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a) conversion of cylindrical structure of an end-coil region
into orthogonal coordinate system

Copy of Module

- 1Module’ .
b) Module for lap winding end-coil

coil
thickness
2P "\ y4// 1 Direction of
o ‘1: B - extension

c) Compeosition of end-coil :

d) Geometric conversion im;b cylindrical structure
Fig. 4 Composition of lap winding end-coil by module
method.
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of the rotating machine is performed (Fig. 4d).

C. Mesh generation for free air-space surrounding end-
coil region

The final part that has to be meshed is the air-region
that surrounds the end-coil region. Here, the tessellation
method must satisfy two conditions:

1. To fill up the entire free air-space between the end-
coil region and the frame of the rotating machine,
and . :

2. To result in a suitably dense and regular division
mesh with no overlapping finite elements and with
the prescribed density of the mesh defined by the
user. :

To realize these two features, we proposed the following
algorithm: '

e Step 1: Division of the free air-space into two sub-
regions: sub-region b1, which reaches to the area with
rotating parts; and sub-region b,, which encompasses
the area from the end. of sub-region b; to the frame
of the rotating machine (see Fig. 5a).

o Step 2: Addition of a set of new nodes in the end-coil
region B. To control the mesh density, the user can
input a set of new nodes following a desired pattern,
where the number of nodes and their position can be
defined for both sub-regions separately (Fig. 5b).

@z I
Fig. 5. Elemental density designation in air region
a) Designation of sections b) Node density designation of
e each section. :

e Step 3: New nodes that accidentally lie inside the
eend-coil itself must be removed from the total set of
‘available nodes for 3-D' mesh'generation in order to
avoid overlapping finite elements.

o Step 4: Using newly generatéd nodes and nodes
whose position in the.3-Dspace are already deter-
mined by previously developed:meshes for rotating
region A and for end-coil region B, the tessellation
of the free air-space that belongs to the end-coil re-
gion B is performed using the Delaunay meshing al-
gorithm.



1356

D. Connection of separately generated sub-meshes into
global 3-D mesh

The last step in the proposed procedure is the connec-
tion of all separately generated 3-D sub-meshes into one
“global”3-D mesh. As the same 2-D model mesh is gener-
ated in the boundary between rotation region A and end-
coil region B, the connection between these two meshes
is very easy and straightforward. Meshing of the free air
region is also performed using the generation of a patt-
ernized 2-D set of nodes, which is very convenient and
computationally cheap.

III. APPLICATIONS

To verify the validity of the proposed method, examples
of developed 3-D finite element meshes for two types of ro-
tating machines including end-coil region are presented in
Figs. 6 and 7. Figure 6 shows the generated 3-D mesh for
rotating machine with lap windings, while Fig. 7 shows
the generated 3-D mesh for rotating machine with con-
centric windings. On both figures the developed meshes
for air-gap region are enlarged. The graded mesh density

"and the high-quality mesh developed for the end-coil re-
gion and its surrounding air-region are readily apparent.
The number of nodes and finite elements for the gener-

a) b)

Fig. 6. Subdivision map of rotating machine with lap
windings a) end-coil region with enlarged air-gap area
b) air-region.

ated 3-D mesh of a rotation machine with lap windings
presented in Fig. 6, and the computation time for its gen-

eration, using SGI - Indigo® workstation (120 MIPS) are

presented in Table I.

Y,

a) b)

Fig. 7. Subdivision map of rotating machine with concentric
windings a) end-coil region with enlarged air-gap area
b) air-region.

TABLE I
Results
Nodes  Elements |
End-coil region 5300 25165
Entire analysis region 9503 50034
Computation time 125.435 [s]

IV. CoNCLUSIONS

A simple and effective novel tessellation method for 3-
D finite-element mesh generation of rotating machines,
including the end-coil region, was proposed. By extending
an initially generated 2-D model mesh and pre-meshed
patterned modules into the third dimension, generation
of a 3-D mesh was carried out with relative ease and little
input data. The proposed method is general and highly
flexible and therefore suitable for any rotating machine
and for generating high-quality 3-D meshes with graded
mesh density.

REFERENCES

[1] Y. Tanizume, H. Yamashita and E. Nakamae, “Tetrahedral el-
ements generation using topological mapping and space divid-
ing for 3-D magnetic field FEM,” IEEE Trans. on Magnetics,
Vol. 26, No. 2, March 1990, pp.775-778.

 [2] A. Perronnet, “A generator of tetrahedral finite elements for
multimaterial objects or fluids,” Numerical Grid Generation
in Computational Fluid Mechanics ’88, Ed. S. Sengupta et al.
1988, pp.719-728. :

[3] M. A. Alhamadi and N. A. Demerdash, “Three dimensional
magnetic field computation by a coupled vector-scalar poten-
tial method in brushless DC motors with skewed permanent
magnet mounts - The formulation and FE grids,”IEEE Trans.
of Energy Conversion, Vol. 9, No. 1, March 1994, pp.1-10.




	Untitled

