
Abstract—This paper presents a new optimization method to 
design a rotor structure of surface-mounted permanent magnet 
(SPM) motor which can reduce the vibration. The optimization 
problem is formulated to minimize both the harmonic 
components of radial force and the torque fluctuation which are 
main factors of motor vibration. To obtain the optimal rotor 
shape consisting of permanent magnet and ferromagnetic 
material, a multiple level set model is employed to express the 
structural boundaries and magnetic properties of each material. 
The updating process of level set function based on the adjoint 
sensitivity and the time evolutional equation makes possible to 
obtain the novel rotor configuration of SPM motor. To verify the 
usefulness of the proposed method, the rotor design example of 
SPM motor for electric power steering (EPS) system is 
performed. 

Index Terms—Surface-mounted permanent magnet motor, 
vibration reduction, rotor design, harmonic elimination, torque 
ripple reduction 

I. INTRODUCTION 

Since mechanical vibration is harmful to the robustness of 
an integration system and generates audible noise, which is a 
critical factor in human sensitivity, vibration reduction has 
become an important issue especially in motor design of 
automotive applications [1]-[2]. Many studies have noted that 
the main sources of motor vibration are harmonic components 
of magnetic force and the fluctuation of torque, and hence 
proposed several methods such as modification of motor 
shape [3]-[4] and pole-slot combination [5] to eliminate them. 
Especially in the surface-mounted permanent magnet (SPM) 
motor where the permanent magnet (PM) dominates the 
magnetic flux path, the shape change of the rotor is a key to 
vibration reduction [6]. However, it’s hard to design the 
detailed motor’s geometry for minimizing vibration by using 
previous approaches depends on the experimental data and 
engineering intuition. 

In this paper, an optimization method with consideration 
of localized geometrical change [7] is introduced to get an 
innovative rotor design that guarantees a decrease in the motor 
vibration. The level set functions are employed to express the 
clear boundaries of the rotor and calculate the magnetic 
properties of PM and ferromagnetic material (FM). The 
optimization problem is formulated to minimize both the 
harmonic components of radial magnetic force and the torque 
ripple with maintaining the power density. The optimization is 
performed by solving the time evolutional equation which can 
lead to initial-independent results. The design example of a 
SPM motor is provided to investigate the effectiveness of the 
proposed method and achieve the optimum rotor design that 

promises reducing the vibration while the output torque is not 
deteriorated. 

II. PROBLEM FORMULATION 

A. Material Modeling and Analysis 

To perform the magnetic analysis, two level set functions 
(

1 2,  ) which have a signed scalar value are introduced for 

representing the structural boundaries and material properties 
of PM and FM in the rotor [8]. Magnetic properties ( p ) such 

as the relative magnetic reluctivity (
r ) and the remanent flux 

density (
rB ) are defined by characteristic function as follows: 
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where 
i  is the characteristic function of which value is 1 or 0 

according to the sign of each level set function. Fig. 1 shows 
how to separate each material domain and express its 
boundaries. 

Fig. 1. Expression of multiple material domain 

B. Optimization Problem Formulation 

The optimization problem for vibration reduction can be 
formulated with the multi-objective function and the volume 
constraints as follows: 
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where fF  is the objective function for fitting the fluctuation 

curve of radial force (
rf ) on a single teeth to the modified 

waveform ( *
rf ) that all harmonic components are removed 

except the fundamental wave (
0f ). TF  indicates the amount 

of torque fluctuation from the target value (
targetT ). Hence, by 

minimizing F , we can reduce two main sources of motor’s 
vibration by maintaining the average torque, within the 
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volume fraction ( VF ) of each material. 

C. Optimization Process 

In each design step, the design sensitivities of two 
objective functions calculated by the adjoint variable method 
for reducing the computational time are combined as follows: 
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where fw  and Tw  are the weighting factor for normalizing 

the effect of each objective function. Then the level set 
functions are updated by solving the time evolutional equation 
as follows: 
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where t  is the fictitious time interval for moving boundaries 

and i  is the Lagrange multiplier to satisfy the each volume 

constraint. These processes are continued until the 
convergence condition is satisfied. 

III. NUMERICAL EXAMPLE 

The proposed method is applied to the design optimization 
of 8-pole 12-slot SPM motor. The initial design illustrated in 
Fig. 2 is developed for the EPS system required to minimize 
the vibration. The average torque of the motor is 3.18 Nm and 
its torque ripple is 3.7 %. The optimization is performed in the 
upper side of the rotor (design domain), as shown in Fig. 2, 
with the target torque of 3.2 Nm. The same amounts of PM 
and FM of an initial design are applied to identity the different 
configuration. 

Fig. 3 depicts the optimal rotor design consisting of PM 
and FM represented by the shaded color. The edge of PM is 
changed to smooth curve and the thickness of PM is varied 
along the rotor angle. It is noted that the air gap between the 
stator and rotor is not uniform due to the modified shape of 
PM. 

Fig. 2. Initial design and design domain of SPM motor 

 

 
Fig. 3. Optimal rotor design of SPM motor 

 

(a) 

(b) 
Fig. 4. Comparison between initial and optimal design: (a) torque profiles (b) 
harmonic components of radial force 

 
Fig. 4 shows that the optimal design provides a decrease in 

the torque ripple from 3.7% to 0.5% and the harmonic 
components of radial force which create the mechanical 
resonance can be reduced. 
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