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Topology Optimization Using Gabor Filter: 
Application to Synchronous Reluctance Motor 
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This paper proposes a novel topology optimization method using the Gabor filter, which is widely used in the field of image processing. 
The proposed method is applied to the optimization of a synchronous reluctance motor; its average torque is maximized, and 
simultaneously, the torque ripple is minimized. It is shown that the proposed method results in a motor with thin layer-shaped flux 
barriers, which achieves a better torque performance in comparison with a conventional model and a motor optimized using NGnet. 
 

Index Terms—Gabor filter, Genetic algorithm (GA), Synchronous reluctance motor (SynRM), Topology optimization. 
 

I. INTRODUCTION 
HE synchronous reluctance motor (SynRM) has been 
widely used in various electric apparatuses because of its 

low manufacturing cost and simple structure. To improve the 
performance of SynRM, parameter optimization of flux barriers 
in the rotor core has been performed [1]−[3]. This approach can 
improve the motor performance but can make it difficult to 
obtain new rotor shapes. 

Topology optimization, which will be discussed in this paper, 
allows us to obtain a novel motor structure with excellent 
performance. In particular, the on/off method based on the 
normalized Gaussian network (NGnet) has been shown to be 
effective for the design of electric motors such as permanent 
magnet motors [4, 5] and SynRMs [6]. However, when using 
this method, it is difficult to obtain thin-layered flux barriers 
that effectively generate the reluctance torque for SynRMs and 
other rotating machines. This is due to the fact that optimization 
tends to converge to the rotor shape with thick or large flux 
barriers because they are robust against the fluctuation in 
material distribution; thus, the objective function has a rather 
broad distribution in the search space. In contrast, thin-layered 
flux barriers can easily be broken by perturbation in material 
distribution. This implies that a small change in material 
distribution can have a significant impact on the magnetic field 
distribution in the rotor. Hence, the corresponding objective 
function may be steep, making it difficult for optimization 
algorithms to find the optimum. Indeed, this tendency can be 
observed when the gradient-based method is employed [7, 8]. 

This study aimed to develop a topology optimization method 
through which high-performance solutions can be obtained 
including structures with thin-layered flux barriers. In this paper, 
we propose a novel topology optimization method using the 
Gabor filter, which is widely used in image processing [9]. The 
proposed method will make it possible to represent thin flux  

 
Fig. 1. On/off method using Gabor filter 

barriers because the Gabor filter can represent spatial 
anisotropy. Moreover, because our approach can apply a real-
coded genetic algorithm (GA), global search can be performed 
without relying on the initial shape, unlike gradient-based 
methods. The proposed method is applied to the topology 
optimization of an SynRM, aiming at the maximization of the 
average torque and minimization of the torque ripple. The 
performance of the SynRM optimized using the proposed 
method is compared with that of a conventional SynRM with 
thin flux barriers and a motor optimized using the NGnet 
method. 

II. OPTIMIZATION METHOD 
Topology optimization using the Gabor filter is 

schematically shown in Fig. 1. The material distribution in the 
design region Ωcore is determined from the value of the shape 
function defined by 

𝑦𝑦(𝒙𝒙,𝒘𝒘,𝜽𝜽) = �𝑤𝑤𝑖𝑖𝑔𝑔(𝒙𝒙, 𝜃𝜃𝑖𝑖)
𝑁𝑁

𝑖𝑖=1

 (1) 

where 𝑤𝑤𝑖𝑖  (−1 ≤ 𝑤𝑤𝑖𝑖 ≤ 1)  and 𝑁𝑁  denote the weighting 
coefficient and the number of the Gabor filters, respectively. 
The function 𝑔𝑔(𝒙𝒙, 𝜃𝜃𝑖𝑖)  in (1) is the Gabor filter defined by 

𝑔𝑔(𝒙𝒙,𝜃𝜃𝑖𝑖) = 𝑏𝑏𝑖𝑖(𝒙𝒙) cos[𝑘𝑘(𝑋𝑋𝑖𝑖 cos 𝜃𝜃𝑖𝑖 + 𝑌𝑌𝑖𝑖 sin 𝜃𝜃𝑖𝑖)] (2) 

Gabor filter

Weighted sum

𝑦𝑦 𝒙𝒙,𝒘𝒘,𝜽𝜽

Gaussian function
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where 𝑘𝑘 , (𝑋𝑋𝑖𝑖 ,𝑌𝑌𝑖𝑖) = (𝑥𝑥 − 𝑥𝑥𝑖𝑖 , 𝑦𝑦 − 𝑦𝑦𝑖𝑖) , 𝒙𝒙𝑖𝑖 ≡ (𝑥𝑥𝑖𝑖 ,𝑦𝑦𝑖𝑖) , and 
𝜃𝜃𝑖𝑖  (0 ≤ 𝜃𝜃𝑖𝑖 ≤ 2𝜋𝜋) denote the wavenumber, position vector of 
the Gabor filter, center of Gaussian basis 𝐺𝐺𝑖𝑖(𝒙𝒙), and rotation 
angle, respectively. Moreover, 𝑏𝑏𝑖𝑖(𝒙𝒙)  is the normalized 
Gaussian function, which is given by 

𝑏𝑏𝑖𝑖(𝒙𝒙) = 𝐺𝐺𝑖𝑖(𝒙𝒙) �𝐺𝐺𝑗𝑗(𝒙𝒙)
𝑁𝑁

𝑗𝑗=1

�  (3) 

𝐺𝐺𝑖𝑖(𝒙𝒙) =
1

(2𝜋𝜋)𝜎𝜎2
exp �−

1
2𝜎𝜎2

|𝒙𝒙 − 𝒙𝒙𝑖𝑖|2� (4) 

where 𝜎𝜎  and 𝒙𝒙  denote the standard deviation and position 
vector, respectively. The material attribute 𝑀𝑀𝑒𝑒 of finite element 
𝑒𝑒 in Ωcore is determined as 

𝑀𝑀𝑒𝑒 = �iron (ON), 𝑦𝑦(𝒙𝒙,𝒘𝒘,𝜽𝜽) ≥ 0
air (OFF), 𝑦𝑦(𝒙𝒙,𝒘𝒘,𝜽𝜽) < 0 (5) 

It is observed that the topology optimization is now reduced to 
parameter optimization with respect to 𝒘𝒘 = [𝑤𝑤1,𝑤𝑤2, … ,𝑤𝑤𝑁𝑁]t 
and 𝜽𝜽 = [𝜃𝜃1,𝜃𝜃2, … , 𝜃𝜃𝑁𝑁]t , where 𝑁𝑁  denotes the number of 
unknowns in each variable. In the optimization process, 𝒘𝒘 and 
𝜽𝜽  are determined so as to minimize the objective function 
𝐹𝐹(𝒘𝒘,𝜽𝜽)  that will be given below by a real-coded genetic 
algorithm (GA), called AREX+JGG [10], which shows the 
good performance in ill-conditioned and variable dependent 
problems. 

III. OPTIMIZATION OF SYNRM 

A. Optimization Problem 
The rotor shape of the reference model, which has three flux 

barriers per pole, is shown in Fig. 2. In addition, TABLE I 
summarizes the model parameters and driving conditions. The 
purpose of the optimization is to maximize the average torque 
𝑇𝑇ave while minimizing the torque ripple 𝑇𝑇rip. Thus, we solve the 
optimization problem defined by 

min
𝒘𝒘,𝜽𝜽

𝐹𝐹(𝒘𝒘,𝜽𝜽) , 𝐹𝐹(𝒘𝒘,𝜽𝜽) = −
𝑇𝑇ave(𝒘𝒘,𝜽𝜽)
𝑇𝑇ref1

+ α
𝑇𝑇rip(𝒘𝒘,𝜽𝜽)
𝑇𝑇ref2

 (6) 

where 𝑇𝑇ave(𝒘𝒘,𝜽𝜽) , 𝑇𝑇rip(𝒘𝒘,𝜽𝜽) , 𝑇𝑇ref1 , and 𝑇𝑇ref2  denote the 
average torque and torque ripple for the optimized and 
reference models, respectively. Moreover, α is the weighting 
coefficient that controls the balance between the first and 
second term. In this work, we set 𝛼𝛼 = 0.25. 

We optimize the rotor colored in green shown in Fig. 3. 
Topology optimization is performed only for the half rotor 
region Ωcore  assuming mirror symmetry. Considering 
manufacturing, the surfaces of the rotor core facing the shaft 
and air gap are excluded from the design region. 

B. Optimization Setting 
In this topology optimization, 30𝑁𝑁  individuals were 

generated for the first generation, and 8𝑁𝑁 children were 

 

Fig. 2. Reference model (𝑇𝑇ave = 0.96 Nm,𝑇𝑇rip = 22.4 %) 

 

Fig. 3. Optimization is performed for Ωcore considering mirror symmetry. 

TABLE I 
SPECIFICATIONS OF REFERENCE SYNRM 

Phase and pole Three-phase, four poles 
Coil current (A) 3.0 

Driving frequency (Hz) 20 
Initial current phase angle (deg) 135 

Number of coil turns 100 
Rotation speed (r/min) 600 

Thickness (mm) 37.5 
Rotor and stator grade 50JN400 

generated from 2𝑁𝑁 + 1  parents at each generation. The 
evolution process was continued over 1,500 generations in the 
abovementioned setting. It took approximately 6 days to obtain 
the optimization results using an Intel Xeon CPU (3.5 GHz, 16 
threads). 

IV. OPTIMIZATION RESULTS 

A. Optimization Using Gabor Filter and NGnet 
To validate the performance of the proposed topology 

optimization using the Gabor filter, (6) is also solved using the 
NGnet-based on/off method [4], where if the wavenumber 𝑘𝑘 =
0 in (2), the Gabor filter corresponds to NGnet. 

We uniformly deploy the basis functions for the proposed 
method and the NGnet method as shown in Fig. 4. The design 
region is covered by the circular domain of influence of the 
basis functions centered at 𝒙𝒙𝑖𝑖. To compare the two optimization 
methods using the same number of unknowns, 2𝑁𝑁 Gaussian 
bases are deployed in the design region for NGnet as shown in 
Fig. 4 (b) because the design variables in the Gabor filter are 
2𝑁𝑁. The resultant rotor shapes are shown in Fig. 5 where the  

Ωcore

U +

U +

V −

V −

W−
W−

39 mm

75 mm



> 326 < 
 

 

3 

  

(a) Gabor filter 
(𝜎𝜎 = 3.0 mm, λ = 6.0 mm 𝑁𝑁 = 78) 

(b) NGnet  
(𝜎𝜎 = 2.0 mm,𝑁𝑁 = 156) 

Fig. 4. Distribution of each basis 

  
(a) (b) 

Fig. 5. Resultant rotor shapes. (a) Gabor filter (𝑇𝑇ave = 0.97 Nm,𝑇𝑇rip =
9.6 %). (b) NGnet (𝑇𝑇ave = 0.92 Nm,𝑇𝑇rip = 24.2 %). 

 

Fig. 6. Torque waves for resultant shapes 

values of the average torque and torque ripple are described. 
We can see that the rotor shape obtained by the Gabor filter 
shown in Fig. 5 (a) has thin flux barriers along the d-axis in a 
way similar to that of the reference model in Fig. 2. In contrast, 
the rotor obtained by NGnet shown in Fig. 5 (b) consists of thick 
flux barriers despite of the fine distribution of the Gaussian 
basis functions. Similar thick flux barriers have been obtained 
in conventional works [6]−[8]. 

The torque waves for the reference and optimized shapes are 
shown in Fig. 6. The torque ripple for Fig. 5 (a) is considerably 
smaller than that of the reference model, while there is no 
significant difference in the average torque. The NGnet method 
can moderately improve the average torque and torque ripple. 
The dominant Fourier components of the torque and magnetic 
force density for the optimized and reference rotor shapes are 
shown in Fig. 7 to clarify the difference between the torque 
ripples for these rotor shapes. The magnetic force density 𝑇𝑇rθ in 
the air gap in Fig. 7 (b) is computed from the Maxwell stress 
tensor as follows: 

  
(a) Torque (b) Magnetic force density 
Fig. 7. Spectrum of torque and magnetic force density 

   
(a) (b) (c) 

Fig. 8. Resultant rotor shapes at each generation optimized by Gabor filter 
(a) 200 generation (𝑇𝑇ave = 0.82 Nm,𝑇𝑇rip = 19.0 %), (b) 500 generation 
( 𝑇𝑇ave = 0.90 Nm,𝑇𝑇rip = 14.0 % ), (c) 550 generation ( 𝑇𝑇ave =
0.91 Nm,𝑇𝑇rip = 12.1 %) 

  
(a) (b) 

Fig. 9. Smoothed rotor shapes. (a) Gabor filter (𝑇𝑇ave = 1.0 Nm,𝑇𝑇rip =
9.9 %). (b) NGnet (𝑇𝑇ave = 0.82 Nm,𝑇𝑇rip = 35.4 %) 

 

Fig. 10. Torque waves for smoothed rotor shapes 

𝑇𝑇rθ =
1

2𝜇𝜇0
𝐵𝐵r𝐵𝐵θ (7) 

where 𝜇𝜇0 , 𝐵𝐵r , and 𝐵𝐵θ  denote the vacuum permeability, radial 
and circumferential magnetic flux densities, respectively. Fig. 
7 (a) shows that the rotor shape shown in Fig. 5 (a) effectively 
decreases the 12th and 24th order harmonics, which generate the 
torque ripple. The higher harmonics in the magnetic energy are 
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also reduced in the motor shown in Fig. 5 (a). The motors in Fig. 
2 and Fig. 5 (b) have relatively large harmonics both in terms 
of the torque and magnetic energy. 

The best rotor shapes at 200th, 500th, and 550th generations 
optimized using the Gabor filter are shown in Fig. 8. There are 
minor changes in the average torque after the 500th generation, 
while there are slow but continuous changes in the torque ripple 
until the final generation. We do not observe significant 
changes in the rotor shape after the 500th generation. This 
suggests that the torque ripple is very sensitive to the core 
structure. The final rotor shape shown in Fig. 5(a) is obtained 
after a delicate tuning of the structure of the rotor core. 

B. Smoothing of Rotor Shapes for Manufacturing 
Although the optimized rotor shapes shown in Fig. 5(a) and 

Fig. 5(b) are relatively simple, the rotor surfaces are wavy. In 
terms of manufacturing, it may be better to make these shapes 
smoother. The smoothed rotor shapes and their torque waves 
are shown in Figs. 9 and 10. We can see that the simplification 
of Fig. 5(a) has no significant effect on the performance as 
shown in Figs. 9(a) and 10. In contrast, as the main magnetic 
flux changes by connecting the rotor core to the shaft, the 
performance shown in Fig. 9(b) is significantly deteriorated. 
This result indicates the superiority of the Gabor filter at least 
for the optimization of SynRMs. 

C. Discussion for Gabor Filter Setting 
It is suggested that the resultant solution obtained by the 

Gabor filter depends on the wavelength and the number of 
deployed Gabor filters. To clarify the difference between the 
optimization results, we consider cases with a different 
wavelength 𝜆𝜆 and a different density of the Gabor filter shown 
in Fig. 11, where 𝜆𝜆 is smaller than the tooth width of the stator 
core in (a) while the filter is made to be coarser in (b). The 
resultant rotor shapes are shown in Fig. 12. The optimized 
shape shown in Fig. 12(a) is rather complicated and its average 
torque is less than that for Fig. 5(a). In contrast, the resultant 
shape shown in Fig. 12(b) achieves almost the same 
performance as the motor in Fig. 5(a). Further reduction in the 
number of the Gabor filters would deteriorate the representation 
of the thin-layered structures. 

V. CONCLUSION 
In this paper, we have proposed a novel topology 

optimization method for SynRMs using the Gabor filter. It has 
been shown that the optimized SynRM using the Gabor filter 
has thin-layered flux barriers with good performance both in 
terms of average torque and torque ripple. The proposed 
method is concluded to be suitable for the optimization of 
SynRMs. The wavelength of the Gabor filter should be set to be 
larger than the tooth width. The proposed method can be 
applied to the topology optimization of rotor and stator shapes 
of permanent magnet motors, which will be discussed in future 
studies. 
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