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Automatic Design of PM Motor Using Monte Carlo Tree Search 

in Conjunction with Topology Optimization 
 

Hayaho Sato1 and Hajime Igarashi1 
 

1Graduate School of Information Science and Technology, Hokkaido University, Sapporo, 060-0814, Japan 

 

A novel automatic design method for permanent magnet (PM) motors using a Monte Carlo tree search is presented. The optimal 

motor structures are determined through a tree search in which the motors with different numbers of poles, current phase angles, PM 

configurations, and numbers of PMs are simultaneously considered. At the leaf nodes, parameter and topology optimizations are 

performed to obtain the optimal material shape and distribution. The proposed method was applied to the optimization of a 24-slot 

motor. It was shown to be effective in finding the optimal motor structure and geometry to maximize the average torque while considering 

iron loss. The proposed method can be applied not only to the design of PM motors but also to many types of electric apparatus and 

other systems. 

 
Index Terms—Design optimization, Permanent magnet motors, Tree data structures 

 

I. INTRODUCTION 

HE DEMAND for high-performance permanent magnet (PM) 

motors has been increasing. For the design of PM motors, 

shape optimization based on electromagnetic analysis and 

stochastic optimization algorithms plays an important role. 

Parameter optimization (PO) and topology optimization (TO) 

are used for this purpose. The shape parameters, such as length 

and position, which must be set beforehand, are determined in 

PO, which leads to a manufacturable structure. The material 

distribution in the design region is determined by TO, accepting 

the generation and annihilation of holes without introducing 

shape parameters [1], [2]. Owing to its properties, TO can 

generate novel shapes without human dependency. It has been 

shown that PO and TO can be performed simultaneously to 

leverage their advantages [3]. This is called here “hybridized 

parameter–topology optimization” (PTO). For the design of PM 

motors, it would be effective to determine the position and 

shape of the PM by PO for ease of manufacturing, whereas 

determining the magnetic core shape by TO with high 

flexibility would be appropriate. 

There are still limitations for these approaches. One must 

assume basic structures of PM motors, such as the number of 

poles and PM configurations before optimization, which have 

considerable effects on their design. To realize automatic 

design that determines not only the machine shape but also 

basic machine structures, a method that combines tree search 

and reinforcement learning has been proposed [4]. This method 

associates basic machine parameters with tree nodes. The 

machine structures are selected and evaluated based on 

exploration and exploitation. Although the method has been 

shown to be effective for the design of linear induction motors, 

it would be difficult to find a novel structure because it is based 

on PO. Moreover, the automatic design of PM motors is not 

considered. 

In this article, a novel automatic design method for PM 

motors is proposed based on a Monte Carlo tree search (MCTS), 

which has been used for generic gaming artificial intelligence 

(AI) [5] and field computations [6]. In the proposed method, the 

basic structure of PM motors is determined by MCTS 

performing PTO to obtain a novel rotor structure at the leaf of 

the tree. The method is applied to the optimization of the PM 

motor to maximize the average torque under given constraints. 

It was compared with the conventional PTO, where the basic 

structure was predetermined. 

II. AUTOMATIC DESIGN METHOD 

A. Problem definition 

The optimal design problem is given by 

���, �� → max., (1a) 

sub. to ����, �� ≥ 0 �� = 1, . . . , ���, (1b) 

where �  and ��  are the objective and constraint functions, 

respectively, and ��  is the number of constraints. The 

parameter � represents the basic motor structure, such as the 

number of poles, while � represents the rotor geometry defining 

the position and shape of the PMs, as well as the rotor shape. 

The goal is to optimize �, �  to maximize ���, ��  under the 

given constraints. 

B. Automatic design method 

The algorithm of the proposed method is schematically 

shown in Fig. 1. The basic machine parameters are associated 

with the tree nodes. Once a path from the root to the leaf node 

is determined, the basic motor structure parameterized by � is 

defined. For �, the number of poles ��, current phase angle �, 

PM configuration, and number of PMs are considered. 

When �� , �� are the number of visits and the value for node �, 
the value �� is defined as the average of ���, �� obtained during 

the tree search iterations. The algorithm is summarized as 

follows. 

1. Set �� ← 0 , �� ← 0  for all nodes. Set number of 

iterations  ← 0. 

2. Selection: Select a node, which corresponds to a basic 

parameter, to visit. Under parent node !, node � with 
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the largest value of ��!, �� defined by 

is selected [7], where " is a constant that controls the 

balance between exploration and exploitation. As 
" becomes larger, greater focus is placed on exploration. 

In this study, " is set to 0.5. If �� = 0, ��!, �� is set to a 

sufficiently large value. 

This operation starts from the root node and is repeated 

until one of the leaf nodes is reached. Here, �  is 

determined from the selection result. 

3. Optimization: After selection, PTO (described later) is 

performed to maximize ���, �� to obtain the optimal 

rotor geometry parameter �  under given � . Here, a 

motor model with optimal rotor geometry is obtained, 

which has the value �# of the objective function. 

4. Backpropagation: Update ��  and ��  for all visited 

nodes. The value �� is defined as 

�� = 1
��

$ �%
&'

%()
, (3) 

where * is the internal index over visits in node �. 
5. If   reaches a given number,  +,-, terminate the process. 

Otherwise, set  ←  . 1 and return to step 2. 

In the early stage of this algorithm, nodes with a smaller �� 
tend to be visited. As ��  increases, nodes with a large ��  are 

selected more intensively. This makes it possible to determine 

the optimal structure and geometry simultaneously. 

C. Hybridized parameter–topology optimization 

For the optimization of rotor geometry, PTO [3] is employed, 

where PO is applied to PMs, and TO is applied to the magnetic 

core. 

First, the PO strategy is described. Here, /  is the shape 

parameters of the PM shown in Fig. 2. Each PM configuration 

has different shape parameters. For an I-shaped PM, / =
01, 2, ℎ4, length, width, and height. For a V-shaped PM, / =
01, 2, 5�, 6�, 784, length, width, center coordinates, and angle 

from the horizontal. For a U-shaped PM, / = 09, 7:, 2, ℎ4 , 

radius of curvature, angle of the arc, width, and height. A ∇-

shaped magnet is represented by a combination of the 

parameters for I- and V-shaped PMs. If the number of PMs is 

doubled, the shape parameters are doubled to define each PM. 

For example, if “I-shaped” and “double” are selected in the 

selection part of the proposed method, optimization is 

performed with respect to / = 01), 2), ℎ), 1<, 2<, ℎ<4, where the 

suffixes identify the PMs. 

For TO of a magnetic core, the NGnet on/off method [1], [3] 

is adopted to parameterize the shape of the magnetic cores. In 

the NGnet on/off method, the material distribution is 

determined from the shape function 6�=, >� defined by 

6�=, >� = $ 2�?��=�
@A

�()
, (4a) 

?��=� = B��=�
∑ BD�=�@AD()

, (4b) 

where = , B��=�, ?��=� , and EF  denote the position vector, 

Gaussian basis function uniformly arranged in the rotor region, 

normalized Gaussian function, and number of B��=� . If 

6�=, >� G 0 , the finite element (FE) with center =  is set to 

magnetic material, and it is set to air otherwise. Here, > = 02�4 

are the design parameters to be optimized. 

Finally, PO and TO were performed simultaneously for the 

PTO at the leaf node. The set of design parameters � = 0/, >4 

is determined by dd-CMA-ES [8] in this study. During 

optimization, the rotor geometry was determined from �, as 

shown in Fig. 3, which is analyzed by the FE method. After 

determining the PM geometry from / , FE meshes were 

generated adaptively. The rotor geometry is determined by 

performing optimization with respect to > for the FE model 

represented by the generated mesh. This makes it possible to 

obtain fine FE meshes to represent PMs. 

��!, �� = �� . "HIln �LM/��, (2) 

Fig. 1. Proposed automatic design method. Current phase angle is selected 

from {0, 10, 20, 30, 40}. 

 

 
Fig. 3. Process to generate rotor from design variable � = 0/, >4. 

 

Fig. 2. Shape parameters for assumed PMs. “Sym.” represents symmetric axis.
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D. Flowchart of proposed method 

A flowchart of the proposed method is shown in Fig. 4. This 

algorithm consists of a tree search and rotor optimization, 

which can be implemented independently. 

III. NUMERICAL RESULTS 

A. Optimization problem 

The proposed method with the tree structure shown in Fig. 1 

was applied to the automatic design of a 24-slot PM motor. All 

models are based on the IEEJ Dmodel [1] [3] of four-pole and 

24-slot PM motors. Fig. 5 shows the four-pole optimization 

model and Dmodel. The structure of the design region is 

determined by the PTO assuming symmetry. The two- and 

eight-pole optimization models had similar settings with an 

appropriate distribution of B��=�. 

The optimization problem is defined as 

���, �� = 0.95 Q,RS
Q,RSTUV W 0.05 QTXY

QTXYTUV → max., (5a) 

sub. to 

�)��, �� = ZTUV W Z ≥ 0, (5b) 

�<��, �� = 0.05Z W Z[U+,S ≥ 0, (5c) 

�\��, �� = min ^Z)
Z<

, Z<
Z)

_ W 0.5 ≥ 0, (5d) 

where Q,RS and QTXY denote the average torque and torque ripple, 

respectively, and Q,RSTUV and QTXYTUV denote their reference values for 

Dmodel. Here, QTXY = Q+,- W Q+X� , where Q+,-  and Q+X�  are 

the maximum and minimum torques, respectively. The 

constraints are as follows: �)��, ��  is about the PM area Z , 

which should be less than ZTUV of Dmodel; �<��, �� is relevant 

to the demagnetized area Z[U+,S, which should be less than 5% 

of Z; and �\��, �� is applied only for doubled PMs or for ∇-

shaped PMs, which prevents convergence to a single PM [9], 

where Z) and Z< denote the areas of the first and second PM 

(each pair of V-shaped PMs is considered to be one PM). One 

more constraint must be considered.  

sub. to �`��, �� = �XTa�TUV W �XTa� ≥ 0, (5e) 

where �XTa� and �XTa�TUV  denote the iron loss and that of Dmodel, 

respectively. In the following section, the results are compared 

for case (A) without considering the iron loss constraint 

�`��, ��  and for with (B) considering �`��, �� . The other 

settings are listed in Table I. The oracle penalty method [10] is 

employed to consider the constraints. In this method, ���, �� is 

converted to 

�b��, �� = ���, �� W Ω, (6) 

provided that ���, �� G Ω  and all constraints are satisfied, 

where Ω is a constant that is set to 0.90, assuming Q,RS = Q,RSTUV 
and QTXY = QTXYTUV . Otherwise, the penalty Ω  is adaptively 

changed (for details, see a previous article [10]).  

B. Results 

Fig. 6 shows the convergence history of the tree search with 

and without constraint �`��, �� . In both cases, �′��, �� 

 
Fig. 6. Convergence histories. At all the points in (a), rotor optimization 

is performed, whose convergence at point P is shown in (b). 

 

TABLE I 

PARAMETERS FOR MACHINE AND OPTIMIZATION 

Parameter Value 

Magnetic core sheet 50A400 

Thickness (mm) 65.0 

Current amplitude (A) 10.0 

Number of turns of coil (turns) 35 

Rotation speed (rpm) 1800 

Residual flux density (T) 1.4 

Number of design variables 53 (I-single), 55 (V-single), 54 

(U-single), 58 (∇), 56 (I-double), 

60 (V-double), 58 (U-double) 

Number of individuals in rotor 

optimization, �X�[ 

64 

Number of generations in rotor 

optimization, e+,- 

300 

Number of search iterations,  +,- 30 

 

 
Fig. 4. Entire flowchart of proposed method. 

 

 
Fig. 5. Motor models used in this study (unit: mm). For Dmodel (b), current 

phase angle � is fixed to 30°. 
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converges well after 30 search iterations. Fig. 7 shows the 

resulting rotor structures. Figs. 8 and 9 show the torque 

characteristics and harmonics in the iron loss. For comparison, 

the values of Dmodel are also shown. These values are 

summarized in Table II. In case (A), an eight-pole motor is 

obtained with a V-shaped PM. The position and shape of the 

PM with flux barriers are optimized to enhance Q,RS, mainly 

depending on the magnet torque. In contrast, in case (B), a four-

pole motor is obtained with double V-shaped PMs with � =
40°. PMs and flux barriers form double layers in the rotor, 

which enhances Q,RS  by leveraging the reluctance torque. In 

both cases, Q,RS  increases and QTXY  decreases compared with 

Dmodel. For iron loss, �XTa� in case (A) is more than twice that 

of Dmodel. This is understandable since �XTa� is not considered 

in case (A). The main reason for the higher value of �XTa� in 

case (A) is that it has eight poles, so the electric angular speed 

hU = ��� 2⁄ �h+, (7) 

is higher than others. When �XTa� is considered in case (B), the 

optimal shape has almost the same �XTa�  as that of Dmodel, 

which means that the constraint is satisfied. 

Table III shows the number of visits at the first level of the 

tree and the number of poles in each case. In case (A), four- and 

eight-pole nodes are mainly visited. In case (B), a four-pole 

node is visited more intensively, mainly for the above-

mentioned reasons. In both cases, the two-pole node is not 

visited frequently, which implies that it has less potential to 

generate a high Q,RS. 

For verification, a conventional PTO in which the rotor 

geometry was performed while the motor structure was fixed to 

Dmodel. The values in parentheses in Table II show the results. 

The proposed method yields higher values of �′��, �� 

compared with the conventional PTO, whereas all the 

constraints are satisfied in all cases. This demonstrates the 

effectiveness of the proposed method. The tree structure can be 

modified to consider other characteristics. The proposed 

method provides a general framework for the automatic design 

of electric motors and other devices. 

IV. CONCLUSION 

A novel automatic design method was proposed that 

optimizes the basic motor structure as well as the rotor 

geometry. Its validity was demonstrated for the optimization of 

PM motors. It can be easily extended to other motors and 

devices. 
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Fig. 7. Optimized rotor shapes. Black lines represent flux lines. 

 

Fig. 9. Harmonics in iron loss for optimized motors shown in Fig.7. 

 

 
Fig. 8. Torque characteristics of optimized motors shown in Fig. 7. 

 

TABLE II 

CHARACTERISTICS FOR MOTOR MODELS OBTAINED IN EACH CASE 

Case �′��, �� 
Q,RS 

(Nm) 

QTXY 

(Nm) 

Z 

(mm2) 

Z[U+,S 

(mm2) 

�XTa� 

(W) 

Case (A) 
0.401 

(0.349) 

8.42 

(8.05) 

1.62 

(1.23) 

218 

(218) 

8.60 

(3.30) 

22.0 

(17.8) 

Case (B) 
0.188 

(0.171) 

6.97 

(6.84) 

0.682 

(0.507) 

217 

(217) 

7.84 

(9.63) 

9.69 

(9.69) 

Reference 0.00 6.02 2.61 218 0.00 9.71 

The values (.) represent the characteristics of motors obtained by PTO, 

where the basic motor structures are fixed to those of Dmodel: �� = 4, � =
30°, I-shaped, and single. The other settings are the same as those in Table I. 

 

TABLE III 

NUMBER OF VISITS FOR NUMBER OF POLES IN EACH CASE 

Case 2-pole 4-pole 8-pole 

Case (A) 4 15 11 

Case (B) 7 17 6 

 


