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Topology Optimization of Synchronous Reluctance Motor
Using Normalized Gaussian Network

Shunpei Sato, Takahiro Sato, Hajime Igarashi, Member, IEEE

Graduate School of Information Science and Technology, Hokkaido University,
Kita 14, Nishi 9, Kita-ku, Sapporo, JAPAN,

This paper presents the topology optimization of a synchronous reluctance motor using the normalized Gaussian network. In the
optimization, the average torque and iron loss are considered. In the resultant motor, the area of the rotor surface adjacent to the
stator is found to be reduced when the weight for the iron loss is sufficiently large. On the other hand, large flux barriers present in the
rotor when the average torque is maximized without considering the iron loss.

Index Terms—Iron loss, Normalized Gaussian network, Synchronous reluctance motor, Topology optimization

I. INTRODUCTION

HE synchronous reluctance motor (SynRM) has widely

been used due to its simple structure and low

manufacturing cost. However, it is known that the maximum

torque and the efficiency of SynRMs are inferior to those of

permanent magnet motors [1]. To solve those drawbacks, it is

important to optimize the rotor shape of SynRM aiming at
increase in the torque without increasing iron losses.

To realize SynRMs with large torque, multiple flux barrier
designs have been introduced, and their rotor shapes have
been optimized based on parameter optimization approaches
[2-4]. Although the torque has successfully been increased by
these optimizations, there would exist better flux barriers
which cannot be approximated by the assumed parameterized
shapes.

The topology optimization allows us to obtain optimized
shapes without parameterization. Because no assumptions are
necessary for the topology optimization, it is advantageous
especially for initial concept design. The rotor of SynRMs has
been optimized using the level set method [5-6] so far which is
a gradient-based topology optimization method. However, the
level set method has difficulties in evaluation of iron losses
which are often expressed by a non-differentiable function. On
the other hand, the stochastic topology optimization method
called on/off method [7] can easily treat with the non-
differentiable objective functions. There are little studies on
performance of the on/off method applied to optimization of
SynRMs. It is known that the on/off method tends to result in
unacceptably complicated shapes when there are large number
of cells to which on/off states are assigned [8].

In this work, the rotor of SynRMs is optimized using the
on/off method based on the normalized Gaussian network
(NGnet) [9]. The present method is shown to converge to
relatively simple shapes which are suitable for industrial
realization. Moreover, the iron loss is newly taken into
account in the optimization. It is shown that the resultant rotor
shapes drastically change when the iron loss is introduced in
the objective function.

Il. OPTIMIZATION AND CALCULATION METHODS

A. Topology optimization using NGnet

In the topology optimization of SynRM using NGnet [9],
the rotor shape is determined from the output of NGnet, which
is given by the weighting sum of normalized Gaussian
functions G;, as shown in Fig. 1. The output of NGnet y(x) is
computed from

N
y(x) = D wibi (%), (1)

i=1

N
bi(x) =G () D G;(x), )

j=1

where N and w; are the number of Gaussian function and
weighting coefficient, respectively. The state S, of cell e in the
design region, which is assumed identical to a finite element in
this study, is determined from the output of NGnet as follows:

on
Se <—{

off
where X, is the center of element e. When S is on (off), its
material attribute is set to steel iron (air). In the optimization,
w={w; | i=1,2,..,N} is determined so as to maximize the
objective function by the real-coded genetic algorithm (GA)
subjected to constraints. The Gaussian centers and their

deviations are determined before the optimization so that they
fully cover the design region.
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Fig. 1. The output of NGnet in case of four Gaussian functions.
B. Iron loss computation

To evaluate the iron loss, we employ the 1-D FE method
[10] in which magnetic saturation and eddy current are taken
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into account. It has been shown that this method can analyze
the iron loss of the rotating machineries at satisfactory
accuracy.

1) Computation of eddy current loss

In the 1-D FE method [10], the eddy current in the electrical
steel sheet is computed in the post processing of magnetostatic
FE analysis. As shown in Fig. 2, we analyze the field in the
half region of the electrical steel sheet because of the
symmetry. In this method, we solve the following equations:

fi{vanJ—<fan. @)
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under the boundary conditions given by

B,d

Axlz:dlz :%’ (6)
B,d

Aylz:d/Z = ; ) (7)

Ax|z:O:Ay|z:0:Ov (8)

where A,, Ay, v, oand d are x and y components of vector
potential, magnetic reluctivity, conductivity and thickness of
the electrical steel sheet, respectively. From this method, the
eddy current in one electrical steel sheet can be computed
considering the skin effect. The eddy current loss W, is then
computed from

2
dzdt , )

where Ng, AV;, T and « are the number of elements in the
design region, the volume of the i-th element, the period and
the correction coefficient for excess eddy current loss,
respectively.

B, B,

®—> (B, B,) :Obtained by main FEM
z

[NJ)-%

y

Fig. 2. 1-D FE model of electrical steel sheet.

2) Computation of hysteresis loss
The hysteresis loss is also computed in the post processing
using the 1-D FE analysis [10]. In this method, the hysteresis
loss is computed from

NE ne

ZZV' i(B”x) +Z(B”y)

i=1 k=1

(10)

where Ky, D and ne are the coefficient of hysteresis loss, the
density of electrical steel iron and the number of 1-D FE, m,
and m, are the number of extrema in the x and y component of
magnetic flux density, respectively. BY and B', represent the
amplitudes of the magnetic induction determined from the 1-D
FE analysis.

I1l. OPTIMIZATIONS OF SYNRM

A. Optimization problems

Fig. 3 shows a simple salient pole motor (reference model)
whose performance will be compared with that of the motors
optimized using the present method. The shape paremeters,
height and angle of the salient poles, in the reference model
are optimized so that the torque is maximized. The average
torque T, and the iron loss W, of this model are described in
Fig.3. The stator structure of this model is based on the IEEJ
D-model [7, 11] whose specifications are summarized in Table
I. In the FE analysis, the nonlinear magnetic property of the
core, which is assumed to be made of 50A470, is considered.
The material parameters of 50A470 for loss computation are
summarized in Table 11 [12].

The design region in which the rotor shape is determined by
the present method is shown in Fig. 4. The number of finite
elements in the design region is 2256. For the NGnet-based
topology optimization method, 86 Gaussians whose deviation
is 107 are uniformly deployed in the design region. The
chromosome size in GA is 86. Because of large chromosome
size in GA, 800 individuals are created for the first generation,
and 100 children are generated in every generation. The
optimization is performed over 50 generations. The total
function calls for FE analysis are 800+100x50.

Because our main aim is to maximize the average torque
suppressing the increase in iron loss, the torque ripple is not
taken into account in the optimization.

To=1.73(Nm), W=2.77(W).
Fig. 3. Reference model

y[mm]
56
Design Region

CA000008q

56 X[mm]

Fig. 4. SynRM for optimization based on
IEEJ D-model [7, 11]

Fig. 5. Distribution of Gaussian
functions
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TABLE |
SPECIFICATIONS OF THE REFERENCE MOTOR
Phase and pole 3-phase, 4-poles
Phase current (Arms) 6
Rotation speed (rpm) 1500
Current phase angle (degree) 45
Stator and rotor core grade 50A470
TABLE Il
CHARACTERISTICS OF ELECTRICAL STEEL SHEET (50A470)
Kn 2.71x10%
D (kg/m°) 7.70x10°
K 0.96
Conductivity o (S/m) 2.56x10°
Thickness d (mm) 0.5

B. Maximization of torque

The optimization is performed only considering the average
torque. The optimization problem is defined by

T
F =—2% — max.,
0

(11)

where T,. and T, denote the average torques of the
optimization model in Fig.5 and the reference model.

The optimization result is shown in Fig. 6(a). It can be
found that avegrage torque is increased by 43.4 percent in
comparison with that of the reference model, whereas iron loss
is also increased by 50.9 percent. This result suggests that
there is a trade-off relation between average toque and iron
loss. The thin bridge between the flux barriers would be made
thicker to increase mechanical strength for its production.

Fig. 6(b) shows the iron loss density distribution. It can be
observed from this result that iron loss density in the rotor core
concentrates near the rotor surface. This is due to the fact that
the magnetic fields near the rotor surface have large time
variations, whereas they have little changes in the region far
from the surface, as pointed out in [13].

C. Minimization of iron loss with torque constraint

We optimize the rotor shape to minimize the iron loss
keeping the average torque as large as possible. Thus, the
optimization problem is defined as follows:

W,
F, =——%5% — max., sub. to Tae > T,
Wo

(12)

where W, and Wy denote the iron losses of the optimization
model and the reference model. In this optimization, the
penalty is imposed when the constraint is violated.

The optimization result is shown in Fig. 7(a). It is found that
the iron loss is reduced by 33.9 percent in comparison with
that of the reference model. Moreover, the average torque is
kept almost to T,. The resultant rotor shape shown in Fig. 7(a)
is quite different from that for problem (11); the rotor surface
adjacent to the stator is reduced and there are no flux barriers
in the former. We can see in Fig. 7(b) that the lossy region
near the stator becomes small.

D. Maximization of torque with iron loss constraint

Finally, we perform the optimization to maximize the
average torque under the condition that the iron loss is lower
than that of the reffecence model. The optimization problem is
defined as follows:

Fy= T;‘i — max., sub. to Wisss < Wo. (13)

0

The constraint is again included in the object function as a
penalty term.

The optimization result is shown in Fig. 8(a). The avegrage
torque is now increased by approximately 8.7 percent in
comparison with that of the reference model, while the iron
loss is kept almost the same as that of the reference model.

The width of the resultant salient poles in Fig. 8(a) is found
to be larger than that in Fig. 7(a). On the other hand, the air
gap in the middle of the salient poles is wider in the former.

|

Tave=2.48 (Nm), Wiess=4.18 (W).
(a) Optimized shape
Fig. 6. Optimization result to problem (11)

q 5o 0000 1500 jari 0
(b) Iron loss density distribution
(W/m?®)
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Tave=1.73 (NM), W)05s=1.83 (W). (b) Iron loss density distribution
(a) Optimized shape (W/m?®)

Fig. 7. Optimization result to problem (12)

q 5o o 1500 jari 20w
Tae=1.88 (NM), W)05s=2.70 (W). (b) Iron loss density distribution
(a) Optimized shape (W/m?®)

Fig. 8. Optimization result to problem (13)
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E. Discussions

Although the optimized shapes shown in Figs. 6, 7 and 8
seem relatively simple, their rotor surfaces are wavy. Their
shapes should be simplified for productions. To consider the
effect of the shape simplification on the performance, the rotor
shape in Fig. 6 is simplified and the performance is evaluated.
The results are shown in Fig. 9(a), from which we can see that
the simplification gives no significant effects on the
performance. In addition, the mechanical strength of the
revised rotor is evaluated by the mechanical FEM. The motor
speed is assumed to be 15000rpm which is ten times as large
as the rated speed. The distribution of stress in the rotor core is
shown in Fig. 9(b). It can be seen from Fig. 9(b) that the
maximum stress Spa IS 88.17 MPa, which is sufficiently
smaller than the yield stress of 50A470.

Furthermore, the shape expression capability of present
method is considered because the optimized results shown in
Figs. 7-8 are relatively simple compared to the rotor shapes
mentioned in [3-4] which have multiple flux barriers. This
might be due to the fact that the number of Gaussians is
insufficient to express multiple flux barriers. For this reason,
to improve the shape expression capability, the optimization is
performed using 125 Gaussians in which the optimization
problem (11) is solved. As a result, we find that the resultant
shape is almost identical to that in Fig. 6(a). This suggests that
the shape expression capability is sufficient for at least
problem (11). The rotor shapes of the best individuals during
the optimization process are shown in Fig. 10. It is found from
Fig. 10 that the rotor shapes are much different from that in
Fig. 6(a) although they will evolve to the simple rotor shape
shown in Fig. 6(a).

20 an ] Hm
Tae=2.39 (NmM), Wioss=3.40 (W). Sna=88.17 (MPa)
(a) Simplified shape (b) Stress distribution
Fig. 9. Simplification of motor in Fig.6 for production

Tave=1.75 (Nm)
(a) 86 Gaussians

(b) 125 Gaussians
Fig. 10. Rotor shape of best individuals at 15th generation of GA process

IV. CONCLUSIONS

In this paper, the topology optimizations of SynRMs
considering both torque and iron loss have been performed
using the present method. It has been shown that the optimized
shapes drastically change depending on the objectives. It has
been suggested that there would be trade-off relation between
average torque and iron-loss. The torque can be increased by
the flux barriers and wide rotor surface adjacent to the stator,
while the latter should be made smaller to reduce the iron loss.
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