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ABSTRACT: The permanent magnet rotor structures had a marked influence on the torque, efficiency, and 
power density of permanent magnet synchronous motor (PMSM). This paper presents the design and 
comparison of five different rotor topologies of PMSM. The rotor topologies including surface magnet, 
decentered magnet, broad-loaf magnet, buried (spoke) magnet, and interior permanent magnet. The optimal 
design was established using the Taguchi method and finite element analysis (FEA). The purpose of the 
study was to create a design solution for PMSM rotor with high output power, torque, and efficiency for 
high-speed spindle applications. The performance characteristics which including magnetic thickness and 
mass, magnetic flux density, cogging torque, torque and efficiency were compared and analyzed through a 
two-dimensional (2D) transient FEA, and the feasibility of the rotor designs is validated. The results show 
that the decentered permanent magnet motor generates the highest magnetic flux density, thus yielding the 
highest output power, torque, and efficiency.  
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1. INTRODUCTION 
 

The desired characteristics of a PMSM are high 
torque, efficiency, and power density [1]-[3]. 
Furthermore, for the spindle motors, PMSM torque 
and efficiency must be high in a wide constant 
power speed range operation. The constant power 
speed range, torque and efficiency are greatly 
influenced by the permanent magnet (PM) rotor 
structures [2]-[6]. Thus, to improve the 
performance of PM motor by optimizing the rotor 
design has been widely performed by researchers.  

The recent development in PM motor has 
presented a solution for variable speed operations. 
Aimeng at al. [2] presented a detailed comparison 
of the major performance characteristics at 
variable speed operations of five rotor topologies. 
In which their advantages and limitations of the 
rotor were discussed. Michael at al. [7] developed 
of rotor lamination for high-speed and torque 
operations. Moreover, through the rotor design, 
high performance of PM motor can be achieved [3], 
improve fault tolerance [4], reducing cogging 
torque [5], and minimization torque ripple [6]. 
Constant power speed operations can be achieved 
using optimal field-weakening, through control of 
the air-gap flux density by modifying the armature 
reaction demagnetization [7]-[9]. The PMSM rotor 
structure substantially influenced the constant 
power speed range, and design optimization of the 
rotor parameters enhances torque [1]-[8]. PM 
rotors are classified as surface, segmented, and 

interior rotors, with each having its unique 
applications. 

Interior PM motor (IPM) have been 
investigated for hybrid electric vehicle applications 
[14], [15]. In which the results revealed that SPM 
and IPM deliver nearly the same output power, 
however SPM motors are easier to manufacture. 
IPM motors have enhanced overload capabilities 
compared with SPM motors. But, IPM motors 
have higher joule losses at low speeds because of 
the end connections and the high number of stator 
slot and rotor segments necessary to regulate 
harmonic loss, which increases fabrication costs. 
These characteristics must be considered in the 
development of high-speed PM rotor. In addition, 
the location of the rotor magnets has significant 
effect on the motor mechanical and electrical 
characteristics, especially on the inductance of the 
motor [10].  

The most crucial point from previous research 
results are by optimizing the rotor geometry we 
can optimize the PM motor performance which 
makes the total loss minimum. Furthermore, the 
present study design and comparison of five 
topologies rotor PM motor to improving the 
performance of a high-speed spindle PMSM for 
machine tool applications. 

This study was started by developing analysis 
of PMSM. Then, the Taguchi method coupled with 
FEA were employed to obtain five geometry of 
PM rotor including surface magnet, decentered 
magnet, broad loaf magnet, buried (spoke) magnet, 
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and interior PM rotor.  
The objective of this study is to develop 

PMSM with high output power, torque, and 
efficiency for high-speed spindle motor 
applications. Finally, the rotor designs are 
compared and analyzed their characteristics 
through a 2D transient FEA. Then, the feasibility 
of the rotor designs is validated.  

 
2. MATHEMATICAL ANALYSIS AND 
DESIGN OF PMSM   
 
2.1 Mathematical Analysis 
 

Mathematical analysis of PMSM can be 
represented as d-q model [8]: 
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where vqa and vda are the stator voltage in the q and 
d-axis, iqa and ida are the stator current in the q and 
d-axis, Lq and Ld are the inductances in the q and 
d-axis, λf is the armature flux linkage, ωr is the 
synchronous electrical speed, R1 is the stator 
resistance, and va is the rms stator voltage. 

For a ma-phase salient pole, electromagnetic 
power can be described as [13]: 
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where Vi is the input (terminal) voltage, Ef is the 
electromagnetic force induced by the rotor 
excitation flux, δ is the power angle, Xd is the 
synchronous reactance in the d-axis, and Xq is the 
synchronous reactance in q-axis. Then, by 
determining electromagnetic power and angular 
synchronous speed ωs = 2πns, the electromagnetic 
torque can be derived as 
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Maximizing the electromagnetic torque is 
crucial to obtain the higher torque and compact 
size of the PMSM motor. It can be achieved when 
the torque is handled only in iqa while maintaining 
ida = 0. Furthermore, maximum torque can be 
reached by increasing the power electronics as 
well as air-gap flux, which is determined by rotor 
and stator geometry, the number of winding turns 
per slot, slot geometry, and rotor and stator 
material [13].  

 

2.2 Design of Five Rotor Topologies 
 

 
 
Fig. 1 High-speed spindle PMSM prototype, (a) 

stator core, (b) decentered magnet PM rotor 
 

 
 

Fig. 2 B-H curve material 
 

 
 

Fig. 3 Core loss of core material 35CS250 
 

 
 

Fig. 4 Five topologies of PM rotor, (a) surface PM, 
(b) decentered PM, (c) broad loaf PM, (d) 
buried (spoke) PM, (e) IPM, and (f) stator 
configuration of PM motor  
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Fig. 1 shows the prototype of the stator and 
decentered magnet rotor geometry of high-speed 
spindle PM motor. The stator and rotor material 
are silicon electric steel 35CS250 and rotor magnet 
type is NdFe35. Fig. 2 and 3 provides the B-H 
curve and stator core loss characteristics of the 
material. This material exhibits the highest flux 
density with a low-saturation at Region A. 
However, it exhibits the lowest saturation flux 
density in Region B (high-saturation region). 
Therefore, the material exhibits the highest 
efficiency when used in Region A because a 
reduction in current and core loss can be achieved. 

Fig. 4 presents the cross-section of the 
purposed SPM and IPM rotor motor topologies. 
Fig. 4(a), (b), and (c) show the surface (SPM), 
decentered (DPM), and broad loaf (DLPM) motors, 
respectively. Fig. 4(d) and (e) present buried 
(spoke; (BPM)), and interior (IPM) motors, 
respectively. The differences between the SPM 
and IPM rotors are only in the geometry of their 
magnets in surface rotor area. 

 
Table 1 PMSM Specifications  
 

Parameter  Value  
Rated Output Power (kW) 30 

Rated Voltage (V) 220 
Speed (rpm) 15000 

Number of Poles 8 
Number of Stator Slots 12 

Outer Diameter of Stator (mm) 120 
Inner Diameter of Stator (mm) 79 

Length of Stator Core (mm) 120 
Outer diameter of rotor (mm) 69.5 
Inner diameter of rotor (mm) 46.5 

Length of rotor (mm) 120 
 

Table 1 lists the specifications of the PM motor 
used in this study. The Taguchi method is used to 
obtain the optimal combination of the five rotor 
topologies. The Taguchi method uses five factors 
and five levels for all rotor designs, and the 
standard Taguchi method orthogonal array L25 
(55) is used [11], [12], with efficiency and torque 
as the objective functions. Spindle motor 
performance in L25 matrix experiments are 
obtained using 2D FEA. The optimal combination 
of the rotor geometries are determined using 
response table, effect plots, and analysis of 
variance (ANOVA) drawn from the matrix 
experiments as developed in [16], [17]. The 
obtained optimal combination is verified using 
FEA as described [18]. The optimization results 
are listed in Table 2. To make a fair comparison 
for five rotor designs, and to ensure, that the 
performance characteristics as output power, 
torque, efficiency, and magnetic flux density are 
only defined and controlled by PM rotor geometry, 

we use the stator winding configuration is fixed, 
same rated voltage, frequency, output power, stator 
and rotor core material, and rotor magnet type. 
 
Table 2 Optimization Results 
 

Parameters PM Rotor  
SPM DPM DLPM BPM IPM 

Rotating 
angle on 
basis of 
center of 

PM motor 
(0) 

10 12 8 10 10 

Magnet 
thickness 

(mm) 
7 5 5 6 4 

Wide of 
magnet 
(mm) 

17 18.5 18 9 16 

Rotor 
Length 
(mm) 

130 120 120 110 120 

Air gap 
length 
(mm) 

0.5 0.6 0.8 0.8 0.5 

 
3. PERFORMANCE ANALYSIS AND 
COMPARISON   
 
3.1 Magnetic Thickness and Mass 
 

 

Fig. 5 Rotor yoke flux density with magnetic 
thickness 

 

 
Fig. 6 Air gap flux density with magnet thickness 

 
Magnet thickness of the PM rotor is closely 

associated with the rotor yoke flux density, air-gap 
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flux density, and armature copper loss. Magnet 
mass is closely related with q and d-axis line 
currents and maximum line induced voltage. It 
affects the torque generated by the PM motor [2], 
[15]. Fig. 5 compares magnet thickness and rotor 
yoke flux density. In the SPM, DPM, and BLPM, 
magnet thickness considerably influences rotor 
yoke flux density, which is not the case in the 
BPM and IPM. 

 

 
Fig. 7 Armature copper loss with magnet thickness 

 

 
(a) 

 
(b) 

Fig. 8 d and q-axis current with magnet mass, (a) 
d-axis current, (b) q-axis current 

In addition, magnet thickness influences air-
gap flux density of the SPM, DPM, and BLPM as 
shown in Fig. 6. An increase in magnetic thickness 
will reduce the armature copper losses in the SPM 
and DPM, respectively, as shown in Fig. 7. 
Moreover, magnetic mass increases with 
increasing magnetic thickness. In the SPM, DPM, 
and BLPM, d and q-axis currents decrease with 
increasing magnetic mass, as shown in Fig. 8 (a) 
and (b). In the PMSM, magnetic mass affects the 

maximum induced voltage. The magnetic mass of 
the five rotor topologies increases the induced 
voltage, shown in Fig. 9. 

 
Fig. 9 Maximum induce voltage with magnet mass 

 
Table 3 Magnet Mass and Dimension  
 

Topology 
Magnet 

thickness 
(mm) 

Mass 
(kg) 

Width of 
magnet 
(mm) 

SPM 7 0.81 17 
DPM 5 0.97 18.5 

BLPM 5 1.08 18 
BPM 6 1.11 9 
IPM 4 0.997 16 
 

Table 4 Performance Comparison  
 
Parameter  SPM DPM BLPM BPM IPM 

Output 
Power (kW) 30 30 30 29.8 30 

Efficiency 
(%) 90.58 93.1 92.1 91.94 90.26 

Torque (Nm) 19.1 23.88 19.1 18.97 19.1 
Frictional 

and Windage 
Loss (W) 

160 160 160 160 160 

Iron-Core 
Loss (W) 162.08 162.67 149.22 121.42 83.25 

Armature 
Loss (W) 1461.22 895.72 933.02 1194.2 1583.61 

Total Loss 
(W) 1783.3 1218.39 1242.24 1475.62 1826.86 

 
Table 3 summarizes the magnet thickness and 

mass of the five optimized rotor topologies. The 
magnetic thickness and mass necessary for 
obtaining optimal performance in each rotor 
topology as reported in Table 4. 
 
3.2 Magnetic Flux Density  
 

Magnetic flux density is a crucial parameter in 
PM motor design. Increasing the magnetic flux 
density increases output power and efficiency, and 
the magnet thickness affects the magnetic flux 
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density, as shown in Fig. 10. The influence of 
magnet thickness on magnetic flux density is the 
highest in the IPM. Fig. 11 and 12 show that 
increase in magnetic flux density improves the 
torque and efficiency. In all five rotor topologies, 
the magnet thickness affects magnetic flux density, 
torque, and efficiency. 

 

 
Fig. 10 Magnet flux density with magnet thickness 

 

 
Fig. 11 Torque with magnet Flux density 

 
Fig. 12 Efficiency with magnet flux density 

 
The variation of the magnetic flux density with 

electric angle is shown in Fig. 13. The BPM and 
IPM difference in the direction of their electric 
angles, with the SPM, DPM, and BLPM, it is 
consistent with the characteristics of IPM motors. 
The FEA result of magnetic flux density is 
depicted in Fig. 14. Generally, strong magnetic 
flux density is generated in the magnet surface. 
The DPM motor (Fig. 14(b)) generates a strongest 
flux density. The IPM magnetic flux density is the 
lowest. The higher concentration of flux density 
the SPM, DPM, and BLPM afford to output power 
and electric angle compared with the BPM and 
IPM, as shown in Fig. 15. 

 
Fig. 13 Magnet flux density with torque angle 
 

 

 
Fig. 14 Magnetic flux distribution for no-load 

condition, (a) SPM motor, (b) DPM 
motor, (c) BLPM motor, (d) BPM motor, 
(e) IPM motor, (f) scale. 

 

 
Fig. 15 Output power with torque angle 
 
3.3 Performance Characteristics  
 

The five rotor designs are analyzed for 
constant-power speed operation through 2D 
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transient FEA [18], and the performance 
characteristics reported in Table 4. The DPM rotor 
produces the highest torque, and the BPM rotor 
produces the lowest torque, as shown in Fig. 16 
and Table 4.  

Cogging torque is caused by the interaction 
between the permanent magnet in the rotor and the 
stator slots of the PM motors. The cogging torque 
is essential in optimal PMSM rotor design. 
Cogging torque causes torque ripples, vibrations, 
and mechanical noise [15]. The cogging torques of 
five rotor topologies presented in Fig. 17. The IPM 
produces the lowest cogging torque (0.12 Nm), 
whereas the highest cogging torque (0.21 Nm) is 
generated by the BPM rotor as shown in Fig. 18. 

 

 
Fig. 16 Comparison of torque profile 
 

 
 

Fig. 17 Cogging torque profile 
 

 
Fig. 18 Peak cogging torque 

 

Increased in output power indicates to higher 
motor efficiency, that is optimal input energy 
conversion. The SPM rotor exhibits the lowest 
efficiency because of high total loss which leads to 
high armature thermal load, current density, and 
specific electric loading. The Stator current 
waveform affects the total loss in PMSM. The 
higher current waveform in IPM triggers higher in 
armature thermal load, which is highest in the IPM 
rotor of 1511 A2/mm3 and lowest in the DPM of 
854 A2/mm3. The highest current waveform also 
causes specific electrical loading. The armature 
current density is highest in the BPM of 58.65 
A/mm and lowest in the IPM of 22.38 A/mm2. The 
lowest specific electrical loading and armature 
current density occurs in the DPM of 50.8 A/mm 
and 16.83 A/mm2 as listed in Table 5. 

 
Table 5 Current Performance  
 

Parameter SPM DPM BLPM BPM IPM 
Armature 

Thermal Load 
(A2/mm3) 

1134 854 890 1140 1511 

Specific 
Electric 
Loading 
(A/mm) 

52.35 50.8 51.84 58.65 67.54 

Armature 
Current 
Density 
(A/mm2) 

21.67 16.83 17.18 19.43 22.38 

 
4. CONCUSION  
 

This paper presents the design and performance 
comparison of five PM rotor topologies including 
magnet thickness, mass, and magnetic flux density. 
The Taguchi method and 2D FEA are used in the 
designs optimization and performance analysis. 
The results are DPM with a magnetic thickness of 
5 mm produces the higher magnetic flux density 
and the lowest armature copper loss. Whereas the 
IPM with a magnet thickness of 6 mm produces 
the lowest magnetic flux density and higher 
armature copper loss. The DPM generates the 
highest magnetic flux density, thus yielding the 
highest output power, torque, and efficiency. 
However, BPM is produces higher cogging torque 
with the IPM producing is the lowest. In the IPM, 
the higher waveform current improves the 
armature thermal load, current density and specific 
electric loading. Based on the comparison and 
analysis results, the DPM motors are 
recommended for spindle PM motors requiring 
high torque and efficiency and low cogging torque. 
In future work, the present study results will be 
verified and compared through a prototype high-
speed PM motor with decentered rotor. 
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