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   Abstract—Bearingless switched reluctance motor (BSRM) not 
only combines the merits of bearingless motor (BM) and switched 
reluctance motor (SRM), but also decreases the vibration and 
acoustic noise of SRM, so it could be a strong candidate for 
high-speed driving fields. Under the circumstances, a 12/14 BSRM 
with hybrid stator pole has been proposed due to its high output 
torque density and excellent decoupling characteristics between 
torque and suspension force. However, this motor has torque 
dead-zone, which leads to problems of self-start at some rotor 
positions and large torque ripple during normal operation. To 
solve the existing problems in the 12/14 type, an asymmetric rotor 
pole type BSRM is proposed. The structure and design process of 
the proposed motor is presented in detail. The characteristics of 
the proposed motor is analyzed and compared with that of the 
12/14 type. Furthermore, prototype of the proposed structure is 
designed, manufactured and experimented. Finally, simulation 
and test results are illustrated and analyzed to prove the validity 
of the proposed structure.  
 

Index Terms—Asymmetric rotor pole, bearingless switched 
reluctance motor, self-start, torque ripple reduction.  
 

I. INTRODUCTION 

IGH-SPEED switched reluctance motor (SRM) has a 
broad application prospect in high-speed drive equipment 

fields due to its simple structure and flexible control. Although 
the existing high-speed SRM could solve the problems of 
mechanical bearing, such as wear and heating, by magnetic 
bearing technology, the magnetic bearing only plays the role of 
suspension and support in the motor and does not produce any 
torque, and its existence increases the axial length of the motor, 
resulting in the decrease in critical speed of the rotor.  

Bearingless switched reluctance motor (BSRM) combines 
technologies of bearingless motor (BM) and SRM, so it not 
only inherits merits of BM and SRM, but also effectively 
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decreases the vibration and acoustic noise of SRM. Hence, 
BSRM is a strong candidate for high-speed drive field [1]. 

At present, the traditional BSRM structures are mainly 
researched, including 12/8 double winding type [2]-[4], 12/8 
single winding type [5]-[8], and 8/6 single winding type [9]. 
Although the rotor of these structures could be controlled stably 
at center position regardless of the rotor stationary or rotating, 
they have serious coupling problems between torque and 
suspension force control, it not only affects the torque and 
suspension force control performance of the motor, but also 
greatly increases the motor control difficulty. 

For reducing coupling degree between the torque and 
suspension force control of traditional BSRMs, many BSRMs 
with improvement structures are proposed. 

In terms of rotor structure improvement of BSRMs, scholars 
proposed hybrid rotor type [10] and wide rotor pole type 
[11]-[12] BSRMs. Compared with traditional BSRMs, hybrid 
rotor type and wide rotor type BSRMs can improve the 
suspension force performance of the motor to a certain extent, 
but they still have coupling problems between torque and 
suspension force control.  

In terms of stator structure improvement of BSRM, scholars 
proposed 12/8 sharing suspension windings type BSRMs 
[13]-[14]. Although the BSRMs with sharing suspension 
windings basically realize the natural decoupling of torque and 
suspension force control, their structures are complex and the 
radial suspension force still has a great coupling between the x- 
and y-directions in the motors. In the meantime, scholars also 
proposed 8/10, 12/14 and 12/12 hybrid stator pole type BSRMs 
[15]-[17].  These three motor structures realize the natural 
decoupling of torque and suspension force control, and the 
suspension forces in the x- and y-directions are also basically 
decoupled. However, these three motors have torque dead-zone 
in some rotor positions, in which the motor could not self-start, 
and the torque ripple in these motors is slightly larger when the 
motor is in normal operation.   

In this paper, an asymmetric rotor type BSRM is proposed to 
settle the problems of self-start and large torque ripple in the 
12/14 BSRM with hybrid stator pole. Firstly, structure and 
design process of the proposed motor is introduced. Then, the 
characteristics of the proposed motor are obtained by finite 
element method (FEM) and compared to that of 12/14 hybrid 
rotor type. Finally, prototype of the proposed motor is designed 
and manufactured, and the simulation and test results are 
illustrated and analyzed to prove the validity of the proposed 
structure. 
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II. STRUCTURE OF ASYMMETRIC ROTOR POLE TYPE BSRM 

A. Conventional 12/14 BSRM 

Fig. 1 gives the structure of conventional 12/14 BSRM. It 
consists of stator, rotor, shaft, torque windings and suspension 
windings. The stator adopts hybrid stator pole structure, 
including torque and suspension pole. The torque pole, the 
narrower stator pole, is designed for generating torque. The 
suspension pole, the wider stator pole, is designed for 
generating suspension force. The torque and suspension 
windings are wound on the torque and suspension poles, 
respectively. The torque windings, which are wound on torque 
poles PA1, PA2, PA3 and PA4, respectively, are connected in 
series to form phase A, and the torque windings, which are 
wound on torque poles PB1, PB2, PB3 and PB4, respectively, are 
connected in series to form phase B. The suspension windings, 
which are wound on suspension poles Pxp, Pyp, Pxn and Pyn, 
become one phase, respectively. The rotor employs a salient 
pole structure, and its 14 poles are evenly distributed on the 
circumference of the rotor.  Inside the rotor is the shaft.  

Fig. 2 shows torque profiles of conventional 12/14 BSRM. In 
the figure, the position of zero rotor angle is defined at the 
alignment position of phase B winding axis and rotor tooth axis. 
When the rotor is parked near the rotor position of 0, 13 or 26 
degrees, the torque of the motor is close to zero, which is called 
torque dead-zones. If the rotor is parked within these regions, 
the motor could not be able to complete self-start.  In addition,  
 

 
Fig. 1.  Structure of conventional 12/14 BSRM . 
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Fig.2.  Torque profiles of conventional 12/14 BSRM. 

when the motor is running normally, the motor will have a large 
torque ripple due to the exceptionally small output torque near 
the rotor position of 0, 13 or 26 degrees, and the torque ripple 
cannot be decreased no matter what control strategy is 
employed. 

B. Asymmetric Rotor Pole Type BSRM 

In order to solve the problems of self-start and large torque 
ripple of conventional 12/14 BSRM, the torque equation of 
SRM is analyzed. Generally, the output torque T of an SRM 
could be calculated by the phase inductance L, phase current i 
and rotor position θ as, 
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in which, L could be expressed as, 
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in which, μ0 is vacuum permeability, μr is relative permeability, 
N is number of windings turns, Lstk is stack length of the core, R 
is rotor radius, g is air gap length, θo is overlap angle, Kfr is 
leakage inductance constant. It can be seen from (2) that the 
phase inductance L could be affected by many parameters. 

The conventional 12/14 BSRM is a two-phase motor, with a 
stepping angle of 12.85 degrees or half the rotor pole pitch. 
Therefore, to eliminate the torque dead-zone of the motor, 
improving the starting torque and decreasing torque ripple of 
the motor, the positive torque period produced by each phase of 
the conventional 12/14 BSRM has to be wider than 12.85 
degree. In other words, the change rate of inductance of torque 
windings of the conventional 12/14 BSRM has to be wider than 
12.85 degree. According to (2), the phase inductance L of the 
motor winding is inversely proportional to the air gap length g. 
If the air gap length of the conventional 12/14 BSRM could be 
changed with rotor position, it is very possible to generate a 
positive torque with the period wider than 12.85 degree, 
thereby eliminating the torque dead-zone. Builds upon this idea, 
an asymmetric rotor pole type BSRM is proposed in Fig. 3. The 
only difference between the conventional 12/14 BSRM and 
proposed structure is that the rotor pole surface of the proposed 
motor has a structure similar to a step. 
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Fig. 3.  Structure of asymmetric rotor pole type BSRM . 
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III. DESIGN OF ASYMMETRIC ROTOR POLE TYPE BSRM 

To verify the effectiveness of the proposed structure, this 
paper designs the proposed motor based on the structure of 
conventional 12/14 BSRM. During the design process, most 
parameters of the conventional 12/14 BSRM are retained, and 
only the shapes of torque and rotor poles are redesigned. 

A. Selection of Pole Arc 

The proposed motor is a double salient pole motor, so the 
selection of the torque and rotor pole arc is very important, 
which directly affects the performance of the motor. In order 
for the proposed motor to be self-start at any rotor position, it is 
required that the motor could generate electromagnetic torque 
at any rotor position. That is, the inductance curves of adjacent 
phases of the motor must have some overlap in ascending 
period, as shown in Fig. 4.  However, it should be noted that 
increasing the self-starting capacity of the motor may have a 
certain impact on the output torque of the motor, so a 
compromise between starting and average torque of the motor 
should be considered carefully during the design of the 
proposed motor. 
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Fig. 4.  Diagram of inductance overlap angle. 
 

Fig. 5 shows the main parameters in asymmetric rotor pole 
type BSRM. βst is pole arc of torque pole, βsf is pole arc of 
suspension pole, βr is pole arc of the asymmetric rotor pole, βrs 
is step angle of the asymmetric rotor pole, and hrs is step height 
of the asymmetric rotor pole. To settle the self-starting problem 
and decrease the torque ripple in conventional 12/14 BSRM, at 
the same time keeping the average torque production capacity 
not much decreased compared with that of conventional 12/14 
BSRM, the pole arcs of torque and rotor poles of the proposed 
motor should meet the following requirements: 
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in which, Nr is number of rotor poles, q is number of phases of 
motor. According to (3), (4) and (5), the available value range 
of βst and βr could be determined as red shadow area in Fig. 6. 
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Fig. 5.  Parameters in asymmetric rotor pole type BSRM. 
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Fig. 6.  Available value range for βst and βr. 
 

The torque and suspension force are particularly important 
for BSRM, and their performance is directly related to the 
success or failure of BSRM design. Therefore, in the design of 
the proposed BSRM, it is necessary to consider not only the 
self-starting capacity and torque ripple of the motor, but also 
the output torque and suspension force performance of the 
motor. 

According to Fig. 6, several feasible combinations of βst and 
βr are selected, and FEM is used to simulate the motor structure 
of each combination. During the simulation, the magneto- 
motive force (MMF) is kept the same for each combination of 
βst and βr. At the same time, to ensure the correctness and 
fairness of simulation results, the maximum magnetic flux 
density of the motor should be kept below 1.8T, which is close 
to the properties of the actual core material. If it is found that 
the maximum magnetic flux density of a certain combination of 
βst and βr exceeds 1.8T, the combination of βst and βr will be 
eliminated immediately. 

TABLE I and II give the average torque and suspension force 
of the motor under the feasible combination of βst and βr. As can 
be seen from TABLE I, when βr is fixed, the average torque of 
the motor decreases significantly with the decrease of βst. When 
βst is constant, the change of the average torque of the motor is 
not obvious with βr increasing. From TABLE II it can be seen 
that when βr is fixed, the average suspension force of the motor 
does not change significantly with βst decreasing, vice versa. 
Therefore, consider self-start, output torque and suspension 
capacity of the motor, three groups of combinations of βst and βr, 
12°/13.5°, 11°/14° and 10°/14.5° respectively, are selected as 
the initial values of the next motor design. 
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TABLE I 
AVERAGE TORQUE OF THE MOTOR WITH VARIOUS POLE ARC COMBINATION OF 

TORQUE AND ROTOR POLES (N⸳M) 

βst 
βr 

13.5° 14° 14.5° 
12° 0.170 — — 
11° 0.167 0.163 — 
10° 0.159 0.159 0.152 
9° 0.150 0.149 0.145 

 
TABLE II 

AVERAGE SUSPENSION FORCE OF THE MOTOR WITH VARIOUS POLE ARC 

COMBINATION OF TORQUE AND ROTOR POLES (N) 

βst 
βr 

13.5° 14° 14.5° 

12° 53.475 — — 

11° 52.840 54.525 — 
10° 52.167 53.810 55.521 
9° 51.449 53.067 54.743 

 

B. Selection of Step Angle 

Step angle and height are important parameters of 
asymmetric rotor pole structure. Changing their size could 
change the inductance characteristics of torque windings of the 
proposed motor, and thus indirectly change the torque and 
suspension force of the motor. 

On the basis of the selection of combination of βst and βr in 
previous section, with the step height fixed at 0.2mm, the 
available step angle for each selected combination of βst and βr 
are evaluated as shown in Figs. 7 to 9. In the figures, Tmax is 
maximum torque, Tav is average torque, Tst is starting torque, 
Tmin is minimum torque, Tripple is torque ripple. 

Fig. 7 shows that, compared with other combinations of βst, 
βr and βrs, the combination of βst =12°, βr = 13.5° and βrs = 1.5° 
could produce the maximum starting torque and average torque, 
and the torque ripple is the smallest. It can be seen from Fig. 8 
that the starting and average torque produced by the 
combination of βst =11°, βr = 14° and βrs = 3° are not the 
maximum values, but its starting and average torque values are 
close to the maximum values, and this combination has the 
smallest torque ripple, so this combination is considered as the 
optimal combination in Fig. 8. Similarly, it could be concluded 
from Fig. 9 that the combination of βst =10°, βr = 14.5° and βrs = 
4.5° is the optimal combination. 

In order to select the optimal combination of βst, βr and βrs, 
this paper compares Tst, Tmax, Tmin, Tav and Tripple of the three 
optimal combinations obtained from Figs. 7 to 9, as shown in 
Fig. 10. The comparison results show that the combination of 
βst =11°, βr = 14° and βrs = 3° is the best combination of the 
three combinations, because this combination has lower torque 
ripple, higher starting and average torque. 

C. Selection of Step Height 

Fig. 11 shows the torque characteristics of the motor at 
different step heights. It can be seen from the figure that when 
the step height is 0.2mm, the motor has the largest average 
torque, the smallest torque ripple and the second largest starting 
torque. Therefore, step height 0.2mm is the best option for the 
proposed structure. 
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Fig. 7.  Torque characteristics with various step angle  (βst =12°, βr = 13.5°). 
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Fig. 8.  Torque characteristics with various step angle (βst =11°, βr = 14°). 
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Fig. 9.  Torque characteristics with various step angle (βst =10°, βr = 14.5°). 
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Fig. 10.  Torque characteristics comparison with various torque and rotor pole 
arc. 



XU et al. : DESIGN AND ANALYSIS OF ASYMMETRIC ROTOR POLE TYPE BEARINGLESS SWITCHED RELUCTANCE MOTOR 7 

hrs (mm)

T
or

q
ue

 (
N

·m
)

T
orq

ue rip
ple (%

)

Tst

Tav

Tmax

Tripple

Tmin

0.1 0.2 0.3 0.4 0.5

 
Fig. 11.  Torque characteristics with variant step height. 

D. Parameters of Proposed BSRM 

According to the aforementioned analysis and discussion, 
the parameters of the proposed motor are designed as shown in 
TABLE III.  

TABLE III 
PARAMETERS OF CONVENTIONAL AND PROPOSED BSRMS 

Parameters Conventional Proposed 

Stator outer diameter (mm) 112 112 
Stator yoke thickness (mm) 7.7 7.7 
Stator inner diameter (mm) 60.2 60.2 
Air gap (mm) 0.3 0.3 
Rotor yoke thickness (mm) 9.7 9.7 
Shaft diameter (mm) 18 18 
Stack length (mm) 40 40 
Suspension pole arc (deg.) 25.7 25.7 
Torque pole arc (deg.) 12.85 11 
Rotor pole arc (deg.) 12.85 14 
Step angle (deg.) — 3 

Step height (mm) — 0.2 

Torque winding turns per pole 80 80 
Suspension winding turns per pole 100 100 

IV. CHARACTERISTICS ANALYSIS OF ASYMMETRIC ROTOR 

POLE TYPE BSRM 

To prove the validity of the proposed structure, FEM is used 
to obtain the inductance, torque and suspension force 
characteristics of conventional and proposed BSRMs. 

A. Inductance Characteristics 

Fig. 12 shows the inductance characteristics of torque 
windings in conventional and proposed BSRMs. Compared 
with conventional BSRM, the inductance in the proposed 
BSRM is smaller, while its ascending period is wider, this is 
caused by asymmetric rotor pole structure, in which there is a 
step at the beginning of the rotor pole. Furthermore, the wider 
inductance ascending period in the proposed BSRM is good for 
settling the problems of self-start and large torque ripple in 
conventional BSRM. 

Fig. 13 shows the inductance characteristics of suspension 
windings in conventional and proposed BSRMs. It could be 
found that the inductance in the two BSRMs changes slightly 
with respect to rotor position. This mainly owes to the hybrid 
stator pole structure of the two BSRMs, in which the overlap 
area of the suspension and rotor pole is always the same 

regardless of rotor position. Moreover, the inductance in the 
proposed BSRM is slightly smaller than that of conventional 
BSRM, which is caused by the step at the beginning of the 
asymmetric rotor poles. 
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Fig. 12.  Inductance characteristics of torque windings. 
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Fig. 13.  Inductance characteristics of suspension windings. 

B. Torque Characteristics 

Fig. 14 shows the torque characteristics between 
conventional and proposed BSRMs. Figs. 15 to 17 show the 
average torque, starting torque and torque ripple in 
conventional and proposed BSRMs, respectively. Compared to 
conventional type, the proposed structure could eliminate the 
torque dead zone and produce positive torque at any rotor 
position. Furthermore, although the average torque of the 
proposed structure is slightly lower than that of conventional 
12/14 BSRM, the proposed structure increases starting torque 
and decreases torque ripple, which meets the goal of proposed 
motor, proving the effectiveness of the proposed motor. 

C. Suspension Force Characteristics 

Fig. 18 shows suspension force characteristics of 
conventional and proposed BSRMs. Windings on the 
suspension pole Pyp of the two BSRMs are excited, respectively. 
As the current is constant, the suspension force in the two 
BSRMs has excellent linearity with rotor position, which is 
beneficial to suspension control of the rotor. However, the 
average suspension force produced by the proposed motor is 
slightly decreased compared to that of conventional one as 
shown in Fig. 19, because of the asymmetric rotor poles. 
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Fig. 14. Torque characteristics of conventional and proposed BSRMs. 
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Fig. 15. Average torque in conventional and proposed BSRMs. 
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Fig. 16. Starting torque in conventional and proposed BSRMs. 
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Fig. 17. Torque ripple in conventional and proposed BSRMs. 
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Fig. 18. Suspension force characteristics of conventional and proposed BSRMs. 
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Fig. 19. Average suspension force in conventional and proposed BSRMs. 

D. Decoupling Characteristics 

Fig. 20 shows torque profiles of conventional and proposed 
BSRMs with fixed torque winding current (iA=2A) and various 
suspension winding currents. It can be found that the effect of 
the suspension winding currents on torque is very small in the 
two types, which could be ignored if compared with the torque 
produced by the torque winding current.  

Fig. 21 shows suspension force profiles of conventional and 
proposed BSRMs with fixed suspension winding current 
(iyp=2A) and various torque winding currents. The effect of 
torque winding currents on the suspension force is also very 
small in the two types, it could be ignored if compared with the 
suspension force produced by the suspension winding current.  

On the basis of the above-mentioned analysis, it concludes 
that the proposed BSRM not only inherits the excellent 
characteristics of conventional 12/14 BSRM, namely the 
natural decoupling between torque and suspension force 
control, but also solves the problems of self-start and large 
torque ripple in conventional 12/14 BSRM, which proves the 
effectiveness of the proposed structure. 

V. EXPERIMENTAL RESULTS 

A prototype of the proposed BSRM is designed and 
manufactured as shown in Fig. 22. The experimental results of 
the proposed BSRM with suspension force control at 1000rpm 
is shown in Fig. 23. Without suspension force control, the rotor 
rotates eccentrically. With suspension force control, the rotor 
could be pulled back center position rapidly and stable 
operation in center position, which proves the validity of the 
proposed BSRM. 
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Fig. 20.  Torque profiles of the two BSRMs with fixed torque winding current 
(iA=2A) and various suspension winding currents. (a) Conventional.                    
(b) Proposed. 
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Fig. 21.  Suspension force profiles of the two BSRMs with fixed suspension 
winding current  (iyp=2A) and various torque winding currents.                              
(a) Conventional. (b) Proposed. 
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Fig. 22.  Prototype of proposed BSRM. (a) Rotor. (b) Stator. 
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(b) 
Fig. 23.  Experimental results of the proposed BSRM with rotor rotating at 
1000rpm. (a) Suddenly apply suspension force control. (b) Enlarge view of 
stable suspension force control. 

VI. CONCLUSIONS 

In this paper, an asymmetric rotor pole type BSRM is 
proposed to settle the problems of self-starting and large torque 
ripple in the conventional 12/14 BSRM. To prove the 
effectiveness and feasibility, the proposed motor is designed, 
manufactured and tested. The characteristics of conventional 
12/14 and proposed BSRMs are analyzed and compared. The 
comparison results show that the starting and minimum torque 
of the proposed motor could exceed 80mN⸳m and 45mN⸳m, 
respectively, and they are about 0mN⸳m in conventional 12/14 
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BSRM. The torque ripple of the proposed motor is 
approximately 20% lower than that of conventional 12/14 
BSRM. The decoupling characteristics are almost same as that 
of conventional 12/14 BSRM. Therefore, the proposed motor 
not only inherits the excellent decoupling characteristics of 
conventional 12/14 BSRM, but also settles the self-starting 
problems and decreases torque ripple of conventional 12/14 
BSRM. 
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