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We propose a topology optimization method that incorporates the concept of the cluster and cleaning method in a
genetic algorithm. This method can be used to design a rotor structure with high output power and low permanent
magnet volume from an empty space. In this study, the effect of the level of the cleaning method on the obtained
rotor structure is investigated. A permanent magnet synchronous generator is designed using the optimal level of the
cleaning method. This generator has higher output power characteristic with low permanent magnet volume than a
generator used in Prius, which is a general hybrid vehicle.
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1. Introduction

Many optimization methods have been proposed and used
in electrical machine design, but many of them start from an
initial structure, which is assumed by a designer. We think
that it is very important to carry out the topology design from
empty state without depending on an existing shape. Several
types of topology optimization methods have been proposed,
because they have a possibility to obtain an initial concep-
tual structure. Some of the topology optimization methods
were proposed approximately twenty years ago (1) (2). Since
then, several papers have been published in this field, for ex-
ample, Takahashi et al. proposed a topology optimization us-
ing ON/OFF method (3), Okamoto et al. proposed a genetic
algorithm (GA) and design space reduction (4), and Sato et al.
proposed topology optimization using normalized network (5).
The authors also proposed a topology optimization method to
optimize the material distribution of electrical machines us-
ing the GA (6)–(8). In the method, the concept of the cluster of
material and cleaning procedure has been proposed, which
can remove small pieces of iron scattered in the air and in the
permanent magnet (PM), and remove small structural spots
in the iron and in the PM. Therefore, this method is differ-
ent from normal parameter optimization methods using GA,
which design the best shape by changing the parameters from
an initial shape.

This paper investigates the effect of the level of clean-
ing procedure on the obtained rotor structure and its perfor-
mance. A permanent magnet synchronous generator (PMSG)
is designed using the optimal level of the cleaning method.
This generator has higher output power characteristic with
low permanent magnet volume. The output power and the
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magnet volume are compared with those of Prius generator.

2. Proposed Topology Optimization

2.1 Design Region and GA Design object is the ro-
tor of a generator used in Prius. The generator characteristics
are as follows (9); stator outer diameter is 246 mm, stator in-
ner diameter is 152.7 mm, stator stack length 27 mm, rotor
outer diameter is 151.3 mm, inner diameter of rotor lamina-
tion is 90 mm, lamination thickness is 0.305 mm, rotor mass
is 3.93 kg, stator mass is 8.58 kg, and number of stator slots
is 12. The design region is not one 16th but one eighth of the
rotor region as shown in Fig. 1(a) because we assume that the
rotor shape is asymmetric in one pole region. At the first it-
eration we will design the distribution of material in 90 cells,
which is composed of 10 by 9 parts shown in Fig. 1(b).

In the rotor topology optimization, several materials such
as air, iron and PM are set to each cell and the material distri-
bution is optimized, and a cleaning method using the concept
of the clusters is used. The GA is one of the optimization pro-
cess, which simulates the biological evolutionary process. It
is possible to optimize the design region from an empty state,
and to optimize for various demands according to the fitness
function. Therefore, we can optimize not depending on an
existing rotor structure. Moreover, the GA has the advantage
that consists of a simple algorithm for easier programming.
The GA process is shown by the flowchart of Fig. 2, where
the portions surrounded by a thick frame are our original op-
timization process.

The information to be optimized is generally encoded in
GA. This code is called chromosome that has a number of
genes. In this paper, the number of genes is same as the
number of cells, whose content represents the materials in
the cell. The materials used for the rotor topology design are
air, iron, and permanent magnet magnetized in x-direction,
45 deg.-direction, and r-direction as shown in Fig. 3. These
materials are represented as 0, 1, 2, 3, and 4. An example of
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(a) Design region

(b) Design region divided by cell

Fig. 1. Design region and cell

Fig. 2. Flowchart in GA

chromosome in this case is represented in Fig. 4.
At first in the optimization process, 40 units as initial pop-

ulation are generated using random numbers. They have a
variety of possibilities, and therefore have a low fitness func-
tion. Individuals are growing up by “crossover” and “mu-
tation”. Two indivisuals are selected as parents, and then
“uniform crossover” is performed as shown in Fig. 5. The
ratios of crossover and mutation are set to 20% and 2%, re-
spectively. In addition the elitist selection is adopted so as to
inherit an indivisual, which has the maximum fitness func-
tion, to the next generation. The number of generations is set

(a) Magnetizetion in
x-direction

(b) Magnetization in
45◦-direction

(c) Magnetization in
r-direction

Fig. 3. Magnetized direction of PMs

Fig. 4. Image of chromosome

Fig. 5. Uniform crossover

to 300 at the first iteration and 600 at the second iteration.
2.2 Cluster and Cleaning Method In this section,

we will explain the cluster and cleaning method. The clus-
ter is the mass of cells within the design region, which have
the same material and are adjacent to each other. The size of
the cluster is the number of cells. If the cluster of cells is in
contact to the periodic boundary, a special treatment is nec-
essary. The number of cells in the cluster of iron and air is
doubled at both sides of the periodic boundary. Figure 6(a)
shows an example to demonstrate three materials of air, iron
and PM, which are scattered in the rotor. In this figure, Air1
and Air6 are the cluster that consists alone and the number of
their cells are two and one, respectively. Air2 and Air3 are
regarded as one cluster because they connect to each other at
the corner, and the number of cells is four. Air4 and Air5 are
regarded as one cluster, because they connect to each other
by the periodic boundary. Therefore the number of cells in
Air4 and Air5 is three. The concept of the cluster and its size
are utilized in performing the cleaning process.

Next, we will explain the cleaning method and the clean-
ing level Nmin we have proposed. The cleaning method
changes the material of a small cluster to the surrounding ma-
terial, when the number of cells in the cluster is less than
a positive number Nmin, that is, the cleaning level. Fig-
ure 6(b)∼(f) show the material distribution after the cleaning
process, where Nmin is set to 2 ∼ 6. In the case of Nmin =
2 as shown Fig. 6(b), Air6 is removed and changed to iron,
which is the material surrounding Air6. The cleaning pro-
cess is executed for each Nmin as shown in Fig. 6(c)∼(f). It
is found that the larger Nmin, the larger effect of cleaning
process. When Nmin = 6 as shown in Fig. 6(f), all clusters
expect the largest permanent magnet cluster are changed to
the iron. The performing this cleaning process is possible to
eliminate micro region from design region. In other words,
the proposed method is possible to design the topology by re-
moving micro magnet regions and iron regions in the air, and
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(a) Before cleaning

(b) After cleaning (Nmin = 2) (c) After cleaning (Nmin = 3)

(d) After cleaning (Nmin = 4) (e) After cleaning (Nmin = 5)

(f) After cleaning (Nmin = 6)

Fig. 6. Execution examples of the cleaning method

magnet regions in the iron. In this paper, Nmin is set to the
same value for all design materials. However, it is possible to
set different Nmin to each material.
2.3 Fitness Function In this section, the fitness func-

tion used for the evaluation in the GA is described. In order
to design the rotor with a large electric power while reducing
the volume of PMs, a fitness function below is used.

Fitness =
Pave

1 + kVpm/Vrotor
· · · · · · · · · · · · · · · · · · · · · · · (1)

where, Pave is average electric power, Vrotor is the volume
of the rotor except for shaft, Vpm is the volume of PMs in
the rotor, and k is a positive number. The fitness function is
proportional to Pave and becomes small when Vpm is large.
When a constant k is large, Vpm strongly influences the fit-
ness function, and then a small amount of PMs is obtained.
We investigated the obtained results for k = 1, 2 and 4. The
PM volume of rotor obtained for k = 2 at the first iteration
was approximately similar to that of PMSG used in Prius.
Therefore, this paper designs the rotor topology by setting k
= 2.

3. Design Results by the Topology Optimization

3.1 Design Results at the First Iteration The pur-
pose of this paper is to clarify the effect of the cleaning level
Nimin on the obtained rotor structure and the performance
of PMSG. This paper optimizes the rotor topology by setting

(a) Nmin = 1 (b) Nmin = 2

(c) Nmin = 3 (d) Nmin = 4

(e) Nmin = 5 (f) Nmin = 6

Fig. 7. Obtained results (1st iteration)

Nmin = 1∼6. Since this method uses random numbers, the
obtained results depend on them. We have performed the op-
timization using four different random numbers, that is, the
seed of them was set to Randseed = 1∼4. This paper shows
the results when Randseed = 1. In addition, the CPU time
for 300 generations is about 35 hours on a 2.9 GHz Intel Core
i5- 3470S.

Figure 7(a)∼(f) shows the rotor topologies obtained by set-
ting the number of cells and generations to 9*10 = 90 and
300, respectively. Figure 8 shows the convergence character-
istic of the fitness function with each Nmin at the first iter-
ation. If Nmin = 2∼4, the fitness function converges to the
optimum solution at about 300th generation, and it achieves
significantly higher value than the case of Nmin = 1, 5 and 6.
The rotor has a shape of the interior permanent magnet type.
In the case that Nmin = 5 or 6, the fitness function converges
a lower value at a smaller generation than those of Nmin =
1∼4, and the material distribution is strongly limited. The ro-
tor becomes a shape of the surface magnet type. By setting
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Fig. 8. Convergence characteristic of fitness function
with each Nmin (1st iteration)

Table 1. Obtained PM volume, output power and fitness
(1st iteration)

Nmin to 1, lots of small regions remain because the cleaning
procedure does not perform. Note that approximately similar
shapes were obtained in the case of the different random num-
ber whose Randseed = 2∼4, but different shapes were some-
times obtained. Therefore, we think that the results shown in
Fig. 7 are due to not only the cleaning level Nmin but also the
material distribution of individuals at 1st generation.

Table 1 shows the comparison of the output power and the
magnet volume of obtained PMSG with those of Prius gener-
ator.

It is found that the fitness functions are higher than that of
Prius model in the case of Nmin = 2 and 3. They generate the
similar amount of electric power with low permanent magnet
volume. Therefore, it is confirmed that proper Nmin in the
proposed method gives an excellent design result.
3.2 Design Result at the Second Iteration In the

previous section, the design region is divided by 10 × 9 = 90
cells and therefore the designed results are rough shape. In
order to get more detailed design results, the design region is
divided by 30 × 27 = 810 cells; 30 cells in the radial direc-
tion and 27 cells in the circumferential direction. Therefore,
the computational cost can be reduced, compared with the
method using a large number of design variables at the first
iteration. At the second iteration, a set of initial individuals
is generated by using the individual that has the best fitness
at the first iteration. The initial material in a cell is gener-
ated by the probability of 1/5 from materials in five cells;
the existing cell and four surrounding cells. The number of
generations is set to 600 at the second iteration. The design
results are shown in Fig. 9(a)∼(f), and Fig. 10 shows the con-
vergence characteristic of the fitness function with each Nmin
at the second iteration. The CPU time for 600 generations is
about 76.5 hours on a 2.9 GHz Intel Core i5-3470S. When
generation number = 1500th, the fitness function is almost

(a) Nmin = 1 (b) Nmin = 10

(c) Nmin = 19 (d) Nmin = 28

(e) Nmin = 37 (f) Nmin = 46

Fig. 9. Obtained results (2nd iteration)

Fig. 10. Convergence characteristic of fitness function
with each Nmin (2nd iteration)

the same as 900th. Therefore, the fitness function converges
to the optimum solution at about 900th generation.

It is found from Fig. 9 that the obtained rotor shapes are
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Table 2. Obtained PM volume, output power and fitness
(2nd iteration)

(a) Prius model (b) Designed model

Fig. 11. Comparison of electromotive force when Ie = 80 A

similar to those shown in Fig. 7, and are a little bit smooth
except for Nmin = 1. Table 2 shows the PM volume, aver-
age output power and the fitness of the rotor designed at the
second iteration. It is found that the shape of PMs shown in
Fig. 9(d) is very similar to that of generator used in Prius, but
the fitness function is not the best. Comparison of Table 1
and Table 2 shows that the fitness is improved. However, the
improvement of average output power is very small, that is,
less than ((43.9−42.5)/42.5 =) 3.3%, and there is sometimes
no improvement. From this fact, the average output power is
affected mainly by the rough topology shape obtained at the
first iteration. The detailed shape design at the second itera-
tion does not affect the output power very much. However,
relatively large improvement is seen for PM volume. In case
of Nmin = 4 at the first iteration and 25 at the second iteration,
for example, the PM volume is reduced by ((5.60−6.49)/6.49
=) 13.7% at the second iteration, and the output power is im-
proved by ((40.9 − 39.7)/39.7 =) 3.0%. We think that the
detailed shape design at the second iteration can remove a
magnet region that does not contribute to the output power
by making a smoother shape. In case of Nmin = 1 at the
first and second iterations, that is, the GA without using the
cleaning procedure, a lot of small pieces of magnet are re-
mains and the fitness function is low. Therefore, it is found
that the GA without using the cleaning procedure cannot give
good results.

Next, we compare the generator characteristic of Prius
model with that of the rotor obtained by setting Nmin = 19 at
the 2nd iteration. Figures 11 and 12 show the comparison of
electromotive force and output power, where Pu is the output
electric power of one phase and P is that of three phases. For
the Prius model, the phase angle of stator current is chosen to
25 deg. so as to generate the maximum Pave. In contrast, the
phase angle of the designed machine that generates the max-
imum output power is approximately 0 deg. Here, the phase
angle is not measured from the d-axis, but measured from
the initial position shown in Fig. 9. The maximum output

(a) Prius model (b) Designed model

Fig. 12. Comparison of output power when Ie = 80 A

Fig. 13. Comparison of output power characteristics

power is developed when this current phase angle is almost
0 de.g., which means that this shift of PMs from the initial
position corresponds to the phase angle of the stator current.
Figure 12 confirms that the average output power of the de-
signed machine is higher than that of Prius model. However,
the ripple of output power of the designed machine is a lit-
tle higher than that of Prius model. There is distortion in the
EMF waveforms. As the fifth and seventh components are
2.8% and 3.0%, respectively, this distortion is not so large.
This paper does not discuss the influences of the distortion in
the EMF waveform and the ripple in the output power. They
will be discussed in the future when a simple shape of PMs
is designed by considering ease of manufacturing.

Figure 13 shows the comparison of the output power
characteristics. The designed machine has a larger (output
power)/(stator current) than the Prius model, when the stator
current is less than about 200 A.

4. Conclusions

This paper has clarified the effect of the cleaning proce-
dure level of the proposed topology optimization method on
the designed rotor structure and its performance. An interior
permanent magnet type generator is obtained for a low level
of the cleaning procedure, and a surface type is obtained for
a high level. A new generator has been designed, when the
cleaning level Nmin = 3 at the first iteration and is 19 at the
second iteration. The output power is improved by 11.6% and
PM volume is reduced by 21.8% comparing with those of the
generator used in Prius. The authors think this improvement
is mainly given by the fact that the rotor shown in Fig. 9(c)
does not have iron part between PM and the rotor surface.
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When Nmin = 4 and 28 at the first and second iteration, the
shape of PMs which is very similar to that of the generator
used in Prius is obtained.

Since the designed rotor has a complicated and weak struc-
ture and therefore is difficult to manufacture, the design of a
simple shape of PMs considering ease of manufacturing is a
future work (8).
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