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ABSTRACT 
 

This paper presents a novel hybrid pole BLSRM (Bearingless Switched Reluctance Motor) and its radial force control 

scheme. The proposed hybrid pole BLSRM has separated radial force poles and rotating torque poles. According to the 

FEM analysis, the proposed BLSRM has an excellent linear characteristic of radial force and controllability that is 

independent from the torque current. The radial force can be produced by the radial force winding which is wound at the 

separated radial force poles. The rotating torque is produced by the excitation current of the torque windings which are 

wound at the torque pole. The proposed radial force control scheme is independent of the phase torque winding current. A 

simple PID controller and look-up table are used to maintain a constant rotor air-gap. The proposed BLSRM and its radial 

force control scheme are verified by FEM analysis and experimental tests. 
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1. Introduction 

 

In an effort to solve some of the difficulties of 

traditional mechanical bearings for high speed machines 

and environmental problems, non-mechanical suspension 

technologies have recently become the subject of many 

studies[1]. Air and magnetic bearing system can provide 

excellent suspension performance for rotating machines. 

But, the additional equipment requires a complex control 

system and additional costs. Furthermore, motor size is 

greatly increased when installing additional air or 

magnetic bearings. Bearingless motors are introduced to 

overcome these problems. The suspension force of 

bearingless motors is produced by the additional winding 

current and the rotor flux without any outer mechanical 

bearing systems[1-4]. 

SRMs (switched reluctance motor) have inherent radial 

force from the interaction of the stator and the rotor 

poles[5-11]. As a result, SRMs have a high potential for use 

in bearingless drives[3-4]. Conventional BLSRMs are made 

by using the conventional structure of SRMs. Only the 

additional windings for the suspending forces are wound 

to the stator poles. So, conventional BLSRMs have 

separated phase torque winding and suspending winding 

in the stator poles[2-4]. The radial force of conventional 

BLSRMs is coupled to the rotational torque and the 

suspending force and as a result the control of the radial 

force is very difficult. 

This paper presents a novel hybrid pole BLSRM and its 

radial force control scheme. The proposed motor has 

separated stator poles for radial force winding and phase 

winding. The radial force stator poles are placed opposite 

and in a perpendicular position for continuous radial force 

generation. In order to keep the rotor to the center of the 
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motor, the radial forces in the x and y directions are 

controlled by the radial force winding currents. The 

proposed radial force control scheme is independent of the 

phase torque winding current. A simple PID controller and 

a look-up table are used to maintain a constant rotor 

air-gap. 

The proposed BLSRM and its radial force control 

scheme are verified by FEM analysis, simulation and 

experimental tests. 

 

2. The Proposed Hybrid Pole BLSRM 

 

2.1 Conventional BLSRM 

Fig. 1 shows the basic structure and torque-radial force 

characteristics of a conventional double winding BLSRM. 

As shown in Fig. 1(a), the rotor and stator are the same as 

a 12/8 pole SRM. However, a conventional BLSRM has 

an additional suspending winding at each stator pole. The 

phase winding is series connected to each stator phase 

pole, and the suspending windings are connected 

symmetrically as shown in Fig. 1(a). As a result, 

conventional 12/8 pole BLSRMs have 3-phase windings 

and 6 suspending windings. The 3-phase windings are 

connected to an asymmetric converter to control the phase 

currents. The 6 suspending windings are connected to an 

H-bridge converter to control the suspending currents. The 

suspending winding current produces linkage flux to 

control the air-gap of the rotor. 

 

 

(a) Torque and suspending windings of a conventional BLSRM 

 
(b) Phase torque and radial force of a conventional BLSRM 

 

Fig. 1.  Basic structure and torque characteristics of a 

conventional BLSRM. 

 

Fig. 1(b) shows the torque and radial force profile of the 

conventional BLSRM corresponding to Fig. 1(a). As 

shown in Fig. 1(b), the phase torque and radial force are 

repeated at the same stator pole. For continuous radial 

force control, the torque region of each phase should be 

restricted. As a result, the total torque has a larger torque 

dip than conventional SRMs. Furthermore, the radial force 

is generated by the current of the torque winding.  

During the conduction period of phase A (-15deg ~ 

15deg), the radial forces from suspending windings a1 and 

a2 are derived as follows [1-3]: 
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where,  f
K   is a function of the rotor angular position 

  and the dimensions of the motor.  and mN sN  are 

the turn numbers of the torque and the suspending 

windings, respectively. In (1), the current  of the 

torque winding of phase A is related to radial force 

generation. If the torque current is changed, the radial 

force is varied by this coupling factor. 

mai

 

2.2 The proposed BLSRM 

Fig. 2 shows the structure of the proposed BLSRM. The 

proposed motor has 8 stator poles and 10 rotor poles. The 

rotor pole’s arcs are the same, but stator poles are 

designed as hybrid pole structures. In Fig. 2, x1, x2, y1 and 

y2 in the wide stator poles are for suspending windings, 
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and ma and mb in the conventional stator poles are for 

phase windings. As shown in Fig. 2, the suspending 

windings and torque windings are in separate positions. So, 

the proposed BLSRM requires one 2-phase converter and 

four H-bridge converters for radial force control. It also 

uses six fewer switching power devices and six fewer 

power diodes than conventional BLSRMs. 

Radial force is controlled by the symmetrically 

positioned winding currents of the suspending poles. The 

y1 and y2 winding currents can move the rotor position in 

the y-direction, and the x1 and x2 winding currents can 

move the rotor position in the x-direction. The radial force 

from the suspending windings is almost constant at any 

rotor position, and the constant radial force can suspend 

the rotor in a constant air-gap. In a conventional BLSRM, 

the radial force can be changed according to the rotor 

position. As a result, constant radial force control is very 

difficult. 

The torque poles are designed for continuous phase 

torque generation, and the torque characteristic of the 

proposed BLSRM is similar to conventional SRMs. 

Fig. 3 shows the magnetic flux path of the suspending 

stator pole and the rotor pole according to rotor position. 

In Fig. 3,  is the rotor pole arc, and  denotes the 

rotor pole pitch.  is the pole arc of the suspending 

stator pole, and  is defined as half of . The air 

gap of the stator pole and the rotor pole are defined as . 

In Fig. 3(a), the suspending stator pole is aligned as one 

rotor pole and in Fig. 3(b) it is aligned as two rotor poles. 

 

 
 

Fig. 2.  Proposed hybrid pole BLSRM. 

 
(a) One rotor pole is aligned 

 

 
(b) Two rotor poles are aligned 

 

Fig. 3.  Simplified equivalent magnetic circuit of air-gap 

according to rotor position. 

 
The suspending pole arc  is designed as  which 

is the rotor pole pitch. As a result, the suspending pole is 

always aligned by one rotor pole arc  to produce a 

constant radial force. 

We assume that  is the rotor radius in Fig. 3 and that 

x and y are moving in the x-direction and the y-direction, 

respectively.  

The permence can be calculated in the case of Fig. 3(a) 

as follows: 
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And the case of Fig. 3(b) can be derived as follows: 
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where,  is the axial length of the stator and the rotor core, 

 is free permeability,  is the air-gap when the rotor is 

positioned in the center position, and  is the coefficient 

for the FEM analysis.  

The suspending radial force at the x1 winding stator 

pole can be derived from the permeance as follows: 
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where,  and  are the turn numbers of the 

suspending winding of the x1 pole and the winding current, 

respectively.  

In order to get excellent control performance from the 

BLSRM, decoupling of the radial force and the torque are 

very important. Also the radial force of the x- and 

y-direction should be separated. 

Fig. 4 and Fig. 5 show the radial force and output torque 

from the suspending force winding current and the rotor 

position. The suspending winding current  is 

concerned with the x-direction radial force. As shown in 

Fig. 4 and Fig. 5, the radial force in the x-direction is 

much concerned with the suspending winding current .  

However, the force in the y-direction and the output 

torque are very low. As a result, the radial force in the 

x-direction can be controlled by the currents  and  

in the radial force windings of the x1 and x2 stator poles, 

respectively. Similarly, the radial force in the y-direction 

can be controlled by the currents of the radial force 

windings of the y1 and y2 poles. As a result, each direction 

radial force can be controlled independently.  

 

3. Radial Force Control 

 

In order to suspend the rotor and keep a constant air-gap,  

 
 

(a) Radial force in x-direction 

 

 
 

(b) Radial force in y-direction 
 

Fig. 4.  FEM analysis results of radial force according rotor 

position and current of x1 stator pole. 

 

 
 

Fig. 5.  Output torque of radial force winding current and 

rotor position. 
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Fig. 6.  Air-gap displacement according to rotor eccentricity. 
 

radial force control is very important. The air-gap of the 

rotor can be detected by air-gap sensors which are 

attached in the  and  directions. From the gap sensor, 

rotor displacement form the center position can be 

detected. 

Fig. 6 shows air-gap displacement according to rotor 

eccentricity. As shown in Fig. 6, the output of the air-gap 

sensor is zero at the center position, and the output signals 

are changed according to the air-gap displacement in the x 

and y-directions. 

Fig. 7 shows the windings of the proposed hybrid pole 

BLSRM and the asymmetric converter for radial force 

control in the x2 winding pole. As shown in Fig. 7(a), each 

suspending winding pole is connected to the asymmetric 

converter to bear the rotor position. 

Fig. 8 shows the radial force control scheme for a 

constant air-gap. In order to make the suspending winding 

current references, very complex calculations are required 

in conventional BLSRMs. 
 

 
 

(a) Windings of hybrid pole BLSRM 

 
 

(b) Asymmetric converter for radial force control 
 

Fig. 7.  Structure and converter connection of the proposed 

BLSRM. 
 

 
 

Fig. 8.  Radial force control scheme using look-up table and 

PID controller. 
 

The reference of the radial force can be obtained as 

follows: 
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d y
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           (6) 

 

The practical radial force can be calculated by the 

following look-up table:  
 

1 2( , ) ( , )x x x rm x x rmF f i f i                   (7) 

 

The non-linear function  is designed as a look-up 

table for radial force calculation. The look-up data is 

stored in the internal memory of the DSP.  

Fig. 9 shows the switching rules for the radial force 

control of x-direction converters. Each asymmetric 

converter is placed in an opposite position. As a result, the 

switching signals are opposite. If the switching state of 

converter x1 is ‘1’, then a positive radial force in the 

x-direction is produced and the switching state of 

converter x2 is ‘-1’. 
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Fig. 9.  Switching rules for radial force control of x-direction 

converters. 
 

4. Simulation and Experimental Results 
 

Table 1 shows the specifications of the hybrid BLSRM.  
 

Table 1.  The specifications of the hybrid BLSRM. 

Parameter Value

Number of Stator Poles 8 

Number of Rotor Poles 10 

Pole arc of stator for torque [deg] 18 

Pole arc of stator for radial force [deg] 36 

Pole arc of rotor [deg] 18 

Length of axial stack [mm] 40 

Outer Diameter of Stator [mm] 112 

Inner Diameter of Stator [mm] 62 

Yoke Thickness of Stator [mm] 10 

Length of Air Gap [mm] 0.3 

Inner Diameter of Rotor [mm] 18 

Yoke Thickness of Rotor [mm] 9.7 

 

Fig. 10, 11 and 12 show the simulation results of the 

prototype motor and the radial force control scheme. Fig. 

10 shows the radial force in the x and y directions and the 

suspending winding currents. In order to bear the rotor in 

the center position, the radial forces are controlled by the 

suspending winding currents regardless of motor speed 

and torque. In the simulation, a 10[N] load is applied to 

the rotor shaft in the y-direction. Fig. 11 shows the air-gap 

trajectory. The rotor position is moved to the center 

position according to the radial force control. As a result, 

the rotor can keep a constant air-gap for smooth rotation.  

 
(a) Radial force 

 

 
(b) Suspending winding currents 

 

Fig. 10.  Radial force and suspending winding currents. 
 

 
Fig. 11.  Air-gap displacements of the BLSRM. 

 

 
Fig. 12.  Speed and phase windings current. 
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Fig. 12 shows the motor speed and phase winding 

currents. The phase winding currents produce the motor 

torque, and the torque is controlled to keep the motor 

speed. 

To verify the proposed control scheme, a digital 

controller using a DSP by TI (Texas Instruments) is 

designed[12]. The suspending winding currents are 

measured by current sensors, and the signals are connected 

to a 12bit AD converter embedded DSP. Internal flash 

memory is used for making the look-up table of the radial 

force. The look-up table is made every 0.1 [deg.] and 

0.1[A] steps. The linear interpolation method is used for 

detail radial force calculation.  

  Fig. 13 shows the prototype BLSRM and the 

experimental configuration. A weight load is directly 

applied to the shaft to give a disturbance. 

Fig. 14 shows the radial forces in the x-y directions and 

the air-gap displacements at the stop position.  The rotor 

shaft is located in a temporary position. The x and y 

direction winding currents produce a radial force to 

suspend the rotor shaft, and the shaft position is moved to 

the center position as shown in Fig. 14. The shaft load is 

2.5 and 5[N] in the x and y directions, respectively.  

 

     
(a) Stator               (b) Rotor 

 

 
 

(c) Experimental configuration 
 

Fig. 13.  Prototype BLSRM and experimental configuration. 

 
(a) x-direction 

 

 
(b) y-direction 

 

Fig. 14.  Radial force and air-gap displacement at static 

condition. 
 

 
(a) At 1,000[rpm] 

 

0.0 10 [ms]Time

0.0

250
m]

0.0

250

m]

1.0

0.0
]

1.0

0.0

]

1.25

0.0
]

Radial force winding current iy

Radial force winding current ix

Torque winding current iA

Displacement in the x-direction

Displacement in the y-direction

 
  (b) At 2,000[rpm] 

Fig. 15.  Radial force and air-gap displacement at rotating 

condition. 
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Fig. 15 shows the air-gap displacements and winding 

currents when the motor speed is 1,000 and 2,000[rpm], 

respectively. The waveform of the torque winding current 

is the same as conventional two-phases SRMs. The radial 

force winding currents are controlled to maintain the shaft 

position in the center. As shown in Fig. 15, the rotor shaft 

can keep the center position when the rotating conditions 

are met. 

Fig. 16 and Fig. 17 show the air-gap displacements and 

the winding currents when the shaft-load and the speed 

conditions change, respectively. In the Fig. 16, the shaft 

load in the y-direction is changed from 4 to 6[N]. The 

suspending current in the y-direction is increased to bear 

the increased shaft load. The air-gap can maintain the 

center position and rotation is very stable. In Fig. 17, the 

motor speed is changed from 2,000 to 1,000[rpm]. 

According to the changing speed, the torque winding 

current is changed to control the motor speed. But the 

air-gap displacements can keep the center position without 

any vibration. 

 

 
 

Fig. 16.  Experimental result in shaft-load variation(1,000[rpm]). 

 

 
 

Fig. 17.  Experimental result in motor speed variation. 

 

5. Conclusions 
 

This paper presents a novel hybrid stator pole BLSRM 

and its radial force control scheme. The proposed hybrid 

pole BLSRM has separated torque and suspending 

winding poles. Each pole winding currents is concerned 

with torque and radial force production, respectively.  

A simple radial force controller using a PID controller 

and a look-up table is used to maintain a constant air-gap. 

Because the radial force is decoupled from the torque 

current, the torque winding currents are not considered to 

control the air-gap. In the proposed BLSRM and control 

scheme, the air-gap can keep the center position under the 

unloaded and loaded conditions in both the simulation and 

the experimental results. 
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