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Two-dimensional finite element mesh generation algorithm for electromagnetic field calculation is proposed in this
paper to improve the efficiency and accuracy of electromagnetic calculation. An image boundary extraction algorithm
is developed to map the image on the geometric domain. Identification algorithm for the location of nodes in polygon
area is proposed to determine the state of the node. To promote the average quality of the mesh and the efficiency of
mesh generation, a novel force-based mesh smoothing algorithm is proposed. One test case and a typical electromagnetic
calculation are used to testify the effectiveness and efficiency of the proposed algorithm. The results demonstrate that the
proposed algorithm can produce a high-quality mesh with less iteration.
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1. Introduction

With its favorable ability to adapt the geometric shape of
the field boundary and the variation of the physical proper-
ties of the medium, the finite element method has become one
of the powerful numerical calculation methods for numerical
analysis and optimal design of electromagnetic field.!?! Gen-
erally speaking, the finite element analysis is divided into three
stages: modeling, calculation and solution, result processing
and evaluation. Their proportions of time spent in each stage
are 40%—60%, 5%—10%, 30%—-50%, respectively. For com-
plex geometry and fine meshes, it may take too long to gener-
ate a qualified mesh. The mesh generation time may account
for more than 90% of the total CPU time in the whole nu-
merical simulation process.>! Therefore, how to effectively
improve the speed and quality of mesh generation is crucial to
the finite element method.

To improve the efficiency and quality of finite element
meshing, endeavors have been made mainly in parallel mesh
generation, mesh smoothing methods and mesh optimiza-
tion process. Parallel mesh generation techniques can be
classified as discrete domain decomposition (DDD) paral-
lel meshing and continuous domain decomposition (CDD)
parallel meshing.[®°! The DDD parallel meshing generates
coarse meshes sequentially for the input boundaries firstly and
uses the mesh or graphics division technique to refine the
coarse mesh. In the CDD method, more methods such as
quadtree/octree, spatial sorting can be used to decompose the
domain. Parallel mesh generation can increase the speed to
mesh the solving domain based on decomposition. However,
most parallel mesh generation methods need lots of memory to
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generate large-scale meshes; data dependence, load balancing,
and the robustness of the method are still needed considering.
Currently, there are three main approaches for mesh

smoothing: Laplacian and Winslow,
[10

optimization-based
method, and physics-based method.!!?! In the Laplacian and
Winslow method, nodal positions are updated by the arith-
metic mean of connected nodes and minimizing specific
mesh quality metrics, respectively, to prevent mesh from
folding.!"'=131 In the optimization-based smoothing method,
the nodal positions can be derived by solving local or
global optimization problems with different types of objec-
tive functions.['* In the physics-based method, the mesh is
considered as physics system to improve the shape of the
element.!'>19 The mesh smoothing method can improve both
the average quality of the mesh and the efficiency the mesh
generation. However, iterations are often involved in the mesh
smoothing which is time-consuming. A fast mesh smoothing
method is a persisting pursuit for the mesh generation algo-
rithm.

Techniques and schemes are also proposed in the mesh
optimization process to promote the performance of the mesh
generation. A mesh quality metric alternation scheme is used
in the mesh optimization process to obtain the high-quality
mesh.!!718] Some literature proposes a novel automated high-
order unstructured triangular mesh generation method for the
19201 A mesh-generation framework
for image representation based on data-dependent triangula-

two-dimensional domain. !

tion was proposed.>!! These methods have improved the per-
formance of mesh generation to some extent.

In order to improve the convergence speed of mesh iter-
ation and ensure the quality of mesh generation in finite el-
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ement analysis to a forward step, several improvements are
made based on the Persson’s algorithm. An image bound-
ary extraction algorithm based on path optimization is intro-
duced to avoid the interaction between the computer-aided de-
sign (CAD) and the finite element analysis software, which
provides an alternative method to build the geometric bound-
ary for the solving domain. Based on Persson’s algorithm,
identification algorithm for the location of nodes in polygon
area is proposed to determine the state of the boundary node.
Finally, a novel force-based mesh smoothing algorithm is pro-
posed to improve the mesh quality and convergence speed of
the mesh generation method.

2. Persson’s algorithm

In the Persson’s algorithm, the signed distance functions
is used to specify and describe the geometric regions to be
meshed.[!3] The signed distance functions specify the shortest
distance from any point in the space to the boundary of the
domain, where the sign of the function is positive outside the
region, negative inside, and zero on the boundary. This defi-
nition is used to identify whether the point is inside or outside
the geometric domain. The geometric field £ can be implic-
itly defined as

Q:{x:(x,y)€R2|d(x)<0}. (1)

The Persson’s algorithm is based on the analogy between tri-
angular meshes and two-dimensional truss structures. The
edges of the triangle correspond to the bars, and the vertexes
correspond to the nodes of the truss. Each of the bars in the
truss structure has a force function f(I, ).

aly—1), if 1<l

ﬂ”w:{a if 1> I, @

Persson’s algorithm determines that the relationship depends
on length / and unextended length /y. At every boundary node,
there is a reaction force acting normally on the boundary. This
force is just large enough to prevent the node from moving out-
ward. ¢ is usually set to be 1, it is reasonable to require f =0
for [ = ly. The positions of the joints are found by solving for
a static force equilibrium in the structure.

The equilibrium problem corresponds to a nonlinear
equation: F(p) = 0, where F(p) is an N-by-2 array in which
the first column contains x-components of the forces, and the
second column contains the y-components of the forces. A
simple way to solve the equation is to introduce an artificial
time-dependent solution. For some p(0) = po, the ODES sys-
tem in non-physical units is considered as follows:

dp

L —F(p), 120, ®

If a constant solution is found, the system F (p) = 0 is satisfied.
The system uses forward Euler method for approximation. In

the case of discrete time 7, = kAt, the approximate solution
P* =~ p(t) is updated as follows:

Pt = pharF (ph). 4)

Persson’s algorithm is simple and compatible. For some re-
gions with geometric and mathematical background, it is rel-
atively easy to create signed distance functions; however,
for other regions, distance functions cannot be expressed
quickly and accurately, and some are even difficult to ex-
press. For mesh smoothing, Persson’s algorithm tries to op-
timize the node locations by a force-based smoothing proce-
dure. This method usually generates high-quality mesh ele-
ments, but sometimes extremely low-quality elements are ob-
tained, which will seriously affect the accuracy of the finite
element calculation; and due to the fact that the force balanc-
ing method used in this algorithm has only a repulsive force,
it is inevitable that frequent iterations will occur, which may
lead low efficient mesh to be generated.

3. The proposed algorithm

Due to the lack of Persson’s algorithm in the definition
of complex polygons, and room for improvement in the ef-
ficiency and quality of mesh generation, some improvements
are developed to speed up the convergence and also guarantee
the quality of the output mesh.

3.1. Image boundary extraction algorithm based on path

optimization

The solving domain of finite element analysis is built gen-
erally by the CAD or the modeling operation in finite ele-
ment analysis software. Modern CAD systems tend to inte-
grate finite element analysis tools into the design environment,
but their boundary representation (B-Rep) usually contains a
large number of faces due to the presence of certain surface
elements that may be very narrow or smaller than the mesh
size, this will result in poor element quality or incorrect lo-
cal representation. The Persson’s algorithm is easier to solve
the boundary with a general geometric background, but it is
difficult to effectively and accurately determine the complex
and irregular boundary regions. Therefore, an image mapping
strategy is used to provide an alternative way to determine the
solving domain in this paper. In order to avoid the bound-
ary unsmoothness caused by pixel extraction and ensure the
accuracy of image boundary detection, an image boundary ex-
traction algorithm based on path optimization is proposed to
obtain the image boundary information. The process of the
proposed algorithm is as follows: firstly, the image is grayed
and the gray image adaptive multi-threshold segmentation is
performed; secondly, the polygon boundary is extracted ac-
cording to the gray value; finally, the polygon contour is opti-
mized by path optimization algorithm. The horizontal coordi-
nate x and vertical coordinate y of a point p(x,y) are recalcu-
lated from the following equations:
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X =

y:

D= N =

where i is the number of the points, ¢ is a proportional value
in a range between O and 1, and p is an N-by-2 array of node
coordinates.

For the boundary of the geometric domain obtained by
the above method, it is necessary to determine the internal
boundary when generating the finite element mesh, which
fully meets the needs of solving the differential equation with
discontinuous material coefficient. The internal boundary di-
vides the whole finite element solution domain into several
subdomains, which are connected only by common nodes on
the common edge. Generally speaking, a bottom-up method
is often used, that is, before the whole domain is meshed, the
boundaries are meshed separately, and the positions of the gen-
erated nodes and boundary elements are fixed. This method
relies heavily on artificial factor, and there is room for fur-
ther improvement in intelligence and efficiency. In this paper,
the implicit distance function is used to represent the inter-
nal boundary, and this function is used to project the internal
boundary points. The method is slightly different from the
previous one, since there are nodes on both sides of the in-
ternal common edge, and in this paper the fixed points of the
internal boundary are presupposed. In the subsequent itera-
tive optimization process, these fixed nodes are tracked in the
direction perpendicular to the inner boundary edge, and the
tolerance deps = 0.5k (hp denotes the initial mesh size) is
given. For the newly generated nodes that meet the deps cri-
teria, if they try to cross the boundary, they will be added to
the list of boundary nodes and projected on the boundary. The
expression is indicated as follows:

~ grad(p, p;)
A= “deps Ifd(p)|l ©

P(XOJ’O) :P(X_Aay_A)>

where p is the newly generated node which meets the deps
criterion, p; is the fixed point of the internal boundary edge,
fd is the distance function, and p(xo, o) is the internal bound-
ary node after projection processing. It is important to note
that additional quality control is required to avoid overlapping
mesh elements.

3.2. Identification algorithm for the location of nodes in
polygon area

By introducing fixed points and boundary checking algo-
rithm based on crossing number, Persson’s algorithm deter-
mines that the points are located in the polygon region, and
the points are inside, outside or on the boundary. A simple
implementation requires checking each boundary intersection

1 1
(1=0)?2p(i,1)+ 3 (=202 4+20) p(i+1,1) + 5p(i+2, 1),

1 1
(lft)zp(i,l)+§ (—2t2+2t)p(i+1,1)+§p(i+2,1),

of each point, resulting in O(N x M) complexity. In order to
improve the efficiency of node position state identification, in
this paper we propose to estimate the number of segments of
the data obtained from the image to the boundary, and segment
according to the endpoint of the segmented line chart. Then,
starting from the first vertex that intersects the x range of the
boundary, the location can be found by the search algorithm,
and the piecewise distance function is abstracted based on the
coordinates of the head and tail nodes of the boundary, so that
the position can be identified and the search process can be ter-
minated when the x coordinate of vertex is beyond the x range
of this segment. In the search algorithm, the selection of keyn-
odes as the basis of division is crucial to the efficiency of the
entire search algorithm. In this paper, the formula for selecting
the keynodes of the record in the middle is updated as follows:
key —a[i]low
alilhigh —key

where a[i] can be a segment obtained according to image pro-

mid = a[i]low + (alilhigh—ali]low), (7)

cessing, i represents the number of segments, ‘low’ and ‘high’
denote the head and tail data of each segment, and ‘key’ is the
node that needs to identify the position. For the look-up table
with large table length and uniform keynodes distribution, the
average performance of the data search algorithm is better.

3.3. Novel force-based mesh smoothing algorithm

Appropriate mesh smoothing algorithms can optimize the
quality of generated meshes and improve the efficiency of
mesh generation. The Persson’s algorithm only describes the
repulsive force to help distribute the nodes to the entire €2 do-
main, but it is inevitable to be iterated frequently. In this paper,
a novel force-based mesh smoothing algorithm is proposed,
which regards the mesh as a spring-like deformable medium.
The whole process can be divided into two stages: measure-
ment of the quality of each element and the average quality of
the overall mesh; mesh smoothing operation based on mesh
quality.

For the first stage, the mesh quality calculation method
is introduced. In the finite element applications, the quality
measure of the triangular element mesh can be regarded as the
quality measure of the geometric element, which can be cal-
culated in the following way: the upper limit of error depends
on the minimum angle in the mesh. To quantify mesh qual-
ity, the commonly used quality measure is the relationship be-
tween the maximum inscribed circle radius and the minimum
circumscribed circle radius, that is,

q:(b—l—c—a)(c—l—a—b)(a—&—b—c)7 ®

abc
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where a, b, and c are the side lengths. According to the rule of
thumb, if the g, values of all elements are greater than 0.5,
the mesh is favorable.

It is worth noting that in Persson’s algorithm, the force
balance state is achieved by fine-tuning the position of mesh
vertex. After a certain number of mesh iterations, when the
fine-tuning moving distances of all internal nodes are less than
the set convergence accuracy, the algorithm must be termi-
nated. Since the quality of the mesh in the mesh generation
may already meet the finite element calculation requirements,
using the convergence accuracy as the termination condition
in the original Persson’s algorithm may cause additional iter-
ations. A threshold value of mesh quality is set as the termi-
nation criterion of the proposed mesh generation algorithm.
When the quality values of all meshes are greater than 0.5,
the mesh generation algorithm will be terminated, which will
effectively avoid excessive mesh iteration.

For the second stage, in this paper, each edge is set to have
an [;j = [p;, pj| variable spring constant, f(p;,p;) depending
on its current length ||/;;|| and the desired length ¢;;. In this
paper, we adopt the normalized length concept, and define it
on an edge by

1211
e,-j

sij = 9
Then a triangular element mesh with normalized edge length
of 1 is created, and the bar force function f(I,ly) in Persson’s
algorithm is changed into

if Sij < 1,

if S,'jZ 1. (10)

f(sij) = { (1)7 b
This function only has a repulsive force in mesh smoothing. If
the distance between two vertexes is too close, they will repel
each other. For the situation that the distance between vertexes
may be far away, the function does not consider it, which may
cause unnecessary iteration. In order to avoid extra iterations,
in this paper we consider giving each bar an attractive force or
a repulsive force when performing mesh smoothing iteration.
According to f(s;;), with s = 1 as the boundary, when
5 €(0,1), the value of the constructed function is greater than O
and less than 1; when s = 1, the value of the constructed func-
tion is equal to 0, which conforms to the principle of force-
based smoothing function, in order to satisfy the smoothness
of the following constructed function and be close to f(s;;),
the preliminary construction is f(s) = (1 —s?); when s > 1,
the value of the constructed function is less than 0, and ap-
proaches to 0 before s = 2, which is more in line with the size
requirements of the generated mesh.
Based on the above requirements, in this article, we com-
bine f(s;;) and use the exponential function as the basis for de-
scription, and then we use f(s;;) function curve as the bound-

ary to spread points appropriately, and conduct the curve fit-
ting experiments In order to try to construct several eligible
smoothing functions as shown in Fig. 1.

1.2
1.0
0.8
0.6
0.4
0.2

0
—0.2
—-0.4

f(s)

0 0.5 1.0 1.5 2.0

Fig. 1. Several curves of smoothing function f(s), with blue line denoting
the results from Persson’s algorithm, red line representing (1 — s)exp(s® —

s*), black line referring to (1 — s?)exp(s® — s*), and green line indicating
13 _ 7
s -5

The blue dotted line in Fig. 1 represents the smoothing
function adopted by Persson’s algorithm, which only has a re-
pulsive force; the green line is f(s) = s~ '3 — 57, for mesh
generation purpose, this model suffers numerical instabilities,
since f(0T) — oo. Performing the iterative tests on the smooth-
ing function represented by the red and black lines, in this arti-
cle we find that a smoothing function f(s) = (1 —s*)exp(s® —
s*) with this attraction/repulsion behavior can produce better
results. If two nodes are too close to each other, they repel,
and if too distant, they attract. This is different from Persson’s
smoothing where nodes always repel each other regardless of
distance.

Then, a novel smoothing function is constructed based on
f(s) = (1 —s?)exp(s® —s*). The novel smoothing function
(NSE) Eq. (11) constructed in this paper has both repulsion
and attraction, in addition, the smoothing function can accu-
rately constrain the magnitude of the force in the smoothing
process through quality monitor. After experimental verifi-
cation, the function is numerically stable, this will allow the
smoothing process to proceed steadily. Specifically, the NSE
is expressed as

1-¢
§:) =
flsij) 1 —qavg

(1—s7;)exp (s, —s3)) (11)
where ¢ is the element quality of the finite element, gy, is the
average of the overall mesh, s;; = ||l;||/e;;, with ||/;;|| being
the current length, and e;; the desired length.

In this paper, we adopt the first order motion Eq. (3), with
p(0) = po for the novel smoothing algorithm. Equation (3)
is approximated by using the forward Euler method. At the
discretized (artificial) time 7, = kAt, and p{-‘ is set to be the po-
sition of node i at the k-th time step, the approximate solution
p* =~ p(t) is updated by

15
P =plr Al Y r(ph) L i= 1N 2)
JjeN; Sij
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In order to reach a static state, the algorithm in this paper
will be iterated through Eq. (12) to update the node position.
In Eq. (12), the bar force is applied to a vector of length ¢;;,
e;j being the desired edge length, and »; is the neighborhood

of node i.

(a) > <0 =
f=0 I > ()

Fig. 2. (a) Ideal triangle shape, (b) schematic diagram of smoothing func-

tion.

image graying processing

mesh
smoothing

image boundary extraction
algorithm based on path
optimization

termination
criteria

identification algorithm for the boundary
location of nodes in polygon information
area extraction
delaunay
triangulation FEA

Fig. 3. Algorithm flow chart.

As shown in Fig. 2(b), mesh smoothing is performed.
When the distance between two vertexes in a triangle element
of the mesh is too close, s < 1, the NSE will exert a repulsive
force on the bar formed by connecting the two vertexes; when

the distance between the two vertexes is far, s > 1, the NSE

(a)

will give bar attractive force. Since the NSE can generate an
attractive force or a repulsive force according to the value of
s, when it is used for the entire mesh, the repulsive force or
attractive force on the edges of adjacent meshes will produce
mutual assistance and can reduce the adjacent mesh iteration
time, which will reduce the overall mesh iteration time. And
the applied force is limited based on the mesh quality, which
will avoid generating the extremely poor quality meshes.

The process of mesh smoothing proposed in this paper
is as follows. After Delaunay mesh generation is ended, the
mesh quality is measured; then according to the quality of the
mesh, each element performs a corresponding mesh smooth-
ing. For each element, a set of nodal forces preserves the
global topology in order to transform the element itself into the
best element, and the displacement constraint at the boundary

of the domain should be selected correctly.

4. Numerical examples and application

The following tests are for verifying the effectiveness of
the proposed algorithm for improving the mesh generation al-
gorithm.

Experimental conditions: computer configuration is as
follows:

Intel (R) Core (TM) i5-7500 CPU @3.40 GHZ

4.1. Alpha Lake of Marcus Garvey

The more complex Alpha Lake of Marcus Garvey is taken
as the test case. This area is of a polygon with one polygonal
hole. Due to the limitations of the conditions, the image of
Alpha Lake is taken from the image provided in the Distmesh.
In order to facilitate the gray processing, the surface of Alpha
Lake is filled with black as shown in Fig. 4(a). Without being
processed by the path optimization algorithm, the image ex-
traction is shown in Fig. 4(b), the fit between the boundary of
the image and the boundary of the geometric domain is obvi-
ously not high; after the path optimization algorithm is used, it
can be seen from Fig. 4(c) that the image boundary extraction

algorithm based on path optimization can improve the fit.

() 7~ (d)

Fig. 4. Alpha Lake (hy = 10). (a) Gray image. (b) Geometric contour map based on boundary extraction algorithm. (c) Geometric contour map
processed by path optimization algorithm. (d) Effect diagram of mesh generation.
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To test the influence of identification algorithm for locat-
ing the nodes in polygon area and the NSE smoothing function
on Persson’s algorithm, for the visualization requirements of
Alpha Lake meshing, take hy = 10, 9, 8, 7, where hy is the
initial defined mesh size.

As shown in Table 1, the number of iterations required
to optimize the mesh to reach a steady state using the NSE
smoothing function is about 50% of the number of iterations
required for Persson’s algorithm, and the overall mesh gener-
ation speed is increased by 40%.

Table 1. CPU time (in unit s) (composite geometry).

ho 10 9 8 7
Persson’s algorithm 368 465 517 673
Iter/time (s) 13.91 17.29  28.00  44.32
Proposed algorithm 192 235 283 341
Iter/time (s) 7.39 10.13 1659  21.68

The average mesh quality and the minimum mesh quality
generated by the Persson’s algorithm are compared with those
generated by the proposed algorithm (79 = 10), and the results
are shown in Tables 2 and 3, respectively.

As shown in Table 2, the average quality of the mesh gen-
erated by the proposed algorithm is roughly the same as that
by the Persson’s algorithm, all being above 0.8. It can be seen
from Table 3 that the mesh quality generated by the Persson’s
algorithm is usually high, but the mesh quality will sometimes

phase groups

A, B, and C are

located on 60°

centers and lag (C)

each other in
phase by 120°

rotor steel
o =1.60X10°Q/m

winding
J=310 A/em?
=2045.175 A

rotor aluminum

o =3.72X10" Q/m

(b)

be low because of the instability of the algorithm. The pro-
posed algorithm performs well in this respect and ensures that
the gmin s more than 0.5.

Table 2. Average quality of generated mesh.

Algorithm L1 L2 L3 L4
Persson’s 091 08 09 093
algorithm
Proposed

. 0.87 0.84 0.87 0.85
algorithm

Table 3. Minimum quality of mesh generation.

Algorithm L1 L2 L3 L4
Persson’s 0280 0279 0612 0253
algorithm

Proposed 0.504 0501 0513 0.507
algorithm

4.2. TEAM workshop problem 30A

The proposed algorithm is then applied to the numerical
solution of the TEAM workshop problem 30A. The TEAM
problem 30A is to simulate a three-phase induction motor.
The physical parameters are given in Fig. 5(a).[??! The wind-
ing in the stator is excited at a frequency f = 60 Hz. The
rotor is made of steel (with electric conductivity o = 1.6 X
10% S/m) and aluminum (with electric conductivity & = 3.72 x
107 S/m), with the rotor steel surrounded by the rotor alu-

minum. The stator steel is laminated and its conductivity is
settobe o0 =0.

n
AR
XK
KR

K]
by
5
X
X7

i
2

23
AR
7

SR
OOSARY

oy

0.20
0.18
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Fig. 5. (a) Setting of TEAM workshop problem 30A. (b) Gray image. (c) Geometric contour map based on boundary extraction algorithm. (d) Geometric
contour map processed by path optimization algorithm. (e) Mesh for TEAM workshop problem 30A. (f) Flux density and flux lines at 600 rad/s.
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Fill the Fig. 5(a) with equal difference RGB values.
On the basis of gray processing, the image adaptive Multi-
threshold segmentation (Otsu) is used for gray segmentation,
and then the image geometric edge is extracted by image edge
detection technology. It can be seen from Fig. 5(c) that the
extracted geometric boundary is not smooth, which may have
a limited influence on the accuracy of finite element analysis.
Through the boundary smoothing algorithm based on the path
optimization proposed in this paper, the extracted geometric
edge is smoothed and optimized as shown in Fig. 5(d). Ob-
viously, the smoothness of geometric boundary is improved,
which helps to improve the accuracy of mesh generation. Fi-
nally, using the mesh generation algorithm proposed in this pa-
per, the mesh generation graph is shown in Fig. 5(e). It can be
seen from the figure that the performance of the inner bound-
ary processing method adopted in this paper is outstanding,
and the inner boundary is in a smooth state.

It can be seen from Table 4 that after the introduction of
the NSE smoothing function, the number of iterations of the
algorithm is about 50% of the Persson’s algorithm’s, and the
running speed is increased by 50%. Comparing with the com-
mon meshing algorithms Gmsh, the speed is about 20% higher
than that of the Gmsh. The mesh quality obtained by the pro-
posed algorithm is stable. Comparing with the original algo-
rithm, the mesh quality has not decreased significantly.

Table 4. Results obtained by different algorithms.

Number of
Algorithm  Time(s) o % g daver
1terations
Persson’s
erssor s 33.17 1573 0308  0.965
algorithm
Gmsh 21.03 1072 0516  0.842
Proposed
1OPOse 16.34 736 0641 0927
algorithm

Then the finite element boundary information obtained by
the proposed algorithm is applied to the numerical solution of
TEAM workshop problem 30A. Let Na represent the turns’
density for the phase winding in Fig. 5(a), where the current in
the phase winding is indicated. Using a similar nomenclature
for phase windings and B and C windings, Fourier space de-
composition can write the current density of three-phase wind-
ing as

J(8,1) = i %Sm <m295> {IA(Z)NAcos(mG)

m=1

2
+Ig(t)Np cosm <9 - 3”>

+Ic(t)NCcosm<6—43n>}. (13)

Assume that the three phases have the traditional time har-
monic distribution, each phase with the same current density

IN, then we will have

IANp = IN cos(ot),

27
IgNg = IN t— —
nifh = [ cos (w 3 ) (14)

4r
IANA = IN cos a)t—7 .

Using Euler’s rule to represent the cosinusoidal dependence,
equation (13) can be written as

=

J(6,)=Re ¥ (f+ ed(0r-mb) | j ei<W+m">), (15)

m=1
where
. 2 . [ mb 2@
= IN— — | |1 —j— (1
Ji mnsm( > ){ +exp< i ( :Fm)>
Arm
+ exp <—_]3(1:Fm))]. (16)

In this form, it is clear that the three-phase winding yields
two counter-rotating waves. In a single-phase machine, equa-
tion (15) may take the following form:

J(0,)=Re ¥ (f+ei(w’—”'9> J ei<‘°’+m">), (17

m=1

where

2 . [ mb6
Ji:INm;rsm( 5 > (18)
The problem of Fig. 5(a) consists of multiple piecewise homo-
geneous regions. The solution can be developed in each region
by using the transfer relation concept given by Melcher.[23-24]
In nonconducting regions, the magnetic vector potential is as-
sumed to have a coulomb gauge dependence and satisfies the

Poisson’s equation
VA =—puJ. (19)

Then, by using the finite element method in the time domain to
solve the following time-domain eddy current equation repre-
sented by Euler’s formula and homogeneous Dirichlet bound-
ary conditions, the magnetic field in TEAM workshop prob-
lem 30A three-phase induction motor can be simulated. The
flux density and flux line of 600 rad/s in Fig. 5(f) can be ob-
tained by solving the following equation:

dA d [ dA d d

Taking the center of motor as the origin of coordinate system,
the unit coordinate length is 1m. The following four points
are selected to verify the flux density: P1: (0.0151, 0.0131),
P2: (—0.0283, 0.0131), P3: (—0.0534, —0.0122), and P4:
(0.0510, —0.0214), which are shown in Table 5.

010101-7



Chin. Phys. B Vol. 30, No. 1 (2021) 010101

Table 5. Influences of different algorithms on solution of potential.

Methods position P1 P2 P3 P4 Time (s)
Commercial ) 1770 00863 02890 01909 2375
software
Gmsh 0.0725 0.0867 02839 0.1974  23.14
Persson’s 0.0703 0.0825 02824 0.1872 3501
algorithm
Proposed 00727 00864 02895 0.1932  18.72
algorithm

By obtaining random points from the results of commer-
cial finite element software and combining the numerical val-
ues solved by the proposed algorithm, a clear comparison can
be made to prove the correctness of the algorithm calculation
results. Comparing the times taken by the four finite element
solution methods, it can be seen from Table 5 that the finite el-
ement processing based on this algorithm is about 20% more
efficient than commercial software. Comparing with the finite
element processing based on Persson’s algorithm, the time is
reduced by 50%; comparing with Gmsh, the speed is increased
by 20%.

5. Conclusions

Two-dimensional unstructured mesh generation based on
Persson’s algorithm is proposed for calculating the electro-
magnetic field in this paper. The numerical results demon-
strate that compared with the original Persson’s algorithm and
commercial software, the algorithm can generate high-quality
meshes in the solving domain, the iteration time is reduced
by about 50%, and comparable solutions can be obtained in
electromagnetic calculations. As the structures of electromag-
netic devices become more complex, electromagnetic models
are built in three dimensions to obtain a precise solution. In the

future work the authors will focus on improving the efficiency
of mesh generation in three-dimensional problems.
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