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ABSTRACT

In this paper a decoupled nature of 12/14 bearing less switched reluctance motor (BSRM) based on FEM analysis

and its performance analysis under rotor asymmetric faults are presented. The presence of decoupled nature between

stator torque and suspension force in BSRM has a lead for operating with a simple PID controller. Asymmetric

faults on rotor causes acoustic noise and vibrations in BSRM, and also effects the performance of the motor. To get

decoupling nature, the motor torque winding and suspension force windings are independently placed on stator

poles. At different currents and at different eccentric faults, flux linkages, inductances of both suspension and

torque windings are observed. The radial force and motor torque along with its relative percentage ratio also

observed for different rotor displacement faults. Among all the asymmetric faults, mixed eccentricity faults causes

more impact on performance of motor. The analysis part of all these are carried out in 2-D FEM based MagNet

software. Finally, this research gives a fruitful information regarding decoupling nature between suspension force

and torque and rotor eccentric faults.

Index Terms: Bearing less, SRM, Decouple, Radial Force, Torque, Rotor Eccentricity, Mixed Eccentricity, MagNet

1. INTRODUCTION

Bearing less Switched Reluctance Motor had a extensive range of applications in modern world, as an electric

vehicles, ventilators for the wind turbines and so on. This machine is more rugged, low cost, simple structure

and more robustness as compare with other electrical magnetic bearing machines.The bearing less SRM has

the benefits of no friction, no maintenance problem, no lubrication, and ultra-high speed operation.

The 8/6 BSRM model first introduced by M Takemoto, Suzuki and Akira Chiba in which motor torque

and suspending forces are coupled each other, hence the controlling problem has increased while operating

this conventional drive [1-3]. To get the decouple nature between suspending Force and motor torque, a

single layer winding on single pole design was proposed by H. J. Wang, Dong. H. Lee and Jin Woo Ahn. A

separate winding to suspension force and torque production purposes which are wound on separate salient

poles. The same was applied to in this particular 10/8 and 12/14 BSRM [4-7]. An attractive radial force will

build up between rotor and stator poles due to its saliency nature between stator poles and rotor poles [8-

10]. This produced radial force can be further distributed into two components, one is suspension force

component in x-y direction and other one is motor torque component. The x-y directional force component

useful for levitate the rotor towards desired center position (0, 0) in x-y coordinate system. The motor

torque component is useful for the rotation of rotor in radial direction[11-16].
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This paper consists of a 12/14 BSRM which designed in MagNet 2D FEM based software. There are

two kinds of windings on stator, and rotor does not carry any windings on it. Four suspension coils are

chosen coordinately on stator frame so as to produce useful suspending force in X-Y direction to levitate

the rotor in center position, and remaining eight torque coils are chosen diagonally on stator, to produce

rotational torque. There are four poles are chosen under each phase, those are named as phase A and phase

B. All six phases are energized individually by DC supply to get the decouple nature.

At first the decoupling between motoring torque and suspension force was observed with different

currents of suspension winding, keeping motor torque winding currents are fixed at one value, similarly for

second case with different currents of torque winding keeping suspension winding currents are fixed at one

constant value. In first case the torque produced is not function of suspension force winding currents, and

in second case, the suspending force produced from suspending winding is very less dependency of change

of torque winding currents. To detect the short flux paths without flux reversal in torque coil phases, the

distribution of flux configuration of proposed model was shown in fig.2, when both types of windings are

excited at the same instant at different rotation angles.

The performance analysis of the motor under rotor eccentric displacements in which rotor is displaced

only in Y-axis is done. The analysis is done for different values of current and rotor eccentric displacements

by changing the rotor eccentricity. The main winding inductance, suspension force winding inductance,

suspension force and torques are changed continuously and the performance of BSRM was descend at

different rotor eccentricities. The performance analysis is done for flux linkages, radial forces and static

torque characteristics under static, dynamic and mixed eccentricities. The better analysis leads to simple

control and less vibration of BSRM.

2. DESIGN AND MODELLING OF PROPOSED 12/14BSRM

The total magnetic flux produced from the stator windings can be computed by the equation.

( . )B n ds (1)

In which n is normal to surface s  and B is total magnetic flux density (Tesla).
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Subsequently, the motor torque (T) produced in Phase is given as follows:
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The net suspending force produced both in x-y coordinate directions are written for proposed BSRM is

given by
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A Novel 12 stator salient poles and 14 rotor salient poles of 12/14 BSRM is designed and the fundamental

model of the proposed 12/14BSRM is shown in the Fig 1. As shown from fig.1. The suspension Coil 3 and

coil 1 used for control the suspension force in Y-directional, and coil 4 and coil 2 used for control the

suspension force in X-directional. Coil 5 and coil 6 are named as phase-A and phase-B which produces a

motoring torque. Due to symmetry of both torque phases, only one phase results are presented.

The design parameters of 12/14 Bearing less SRM is shown in Table 1.

s. no Parameters of BSRM 12/14 BSRM

1 Stator Pole Number. (Ns) 12

2 Rotor pole Number. (Nr) 14

3 pole arc of Torque poles (deg) (Bt) 12.85

4 pole arc of Suspension poles (deg) (Bs) 25.71

5 pole arc of Rotor poles (deg) (Br) 12.85

6 Axial stack length (mm) 40

7 stator Outer diameter (mm) 112

8 Rotor Outer diameter. (mm) 60.2

9 Stator Inner diameter. (mm) 7.7

10 Yoke thickness of Stator (mm) 0.3

11 Air gap thickness (mm) 18

12 Shaft Diameter (mm) 9.7

13 Number of turns on torque winding per pole 80

14 Number of turns on radial force winding per pole 100

To get eccentricity analysis results, the rotor’s motion center is changed about 45% of its total air gap

length. Here, we investigated the eccentricity of rotor in Y-direction only and there is no eccentric

displacement in X-direction. The term is called the rotor radial displacement, in which value is positive

when the rotor moves toward positive Y-axis andvalue is negative when the rotor displaces in the direction

of negative Y-axis and is zero when the rotor is in geometrical center position.

3. FLUX DISTRIBUTION PATTERNS OF BSRM

Fig. 2. shows healthy condition i.e. no fault condition of proposed12/14 BSRM when both windings are

energized. From the fig. 2, we can observe that, short flux paths are not reversal in the motoring phase

Figure 1: Proposed BSRM Model
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windings. The flux linkages of torque winding is more when the rotor pole is coincide with stator pole face,

which is observed in Fig. 3, at rotor angular Position of 0 Deg.

4. DECOUPLE ANALYSIS

4.1. Torque and levitation winding flux linkages

The suspension force and torques are dependent on its own coil flux linkages. So, firstly we have to observe

the flux linkages of both suspension force and torque coils with respect to rotor angular position. When the

value of current is increasing then the flux linkages also increases, which is observed from fig. 4. (a) & 4

(b), similarly the flux linkages of torque windings Phase-A (coil-5) and Phase-B (coil-6) are also taken at

different values of currents, which are shown in Fig. 4(c) & (d). From above plots, the flux linkages of

torque coils phase A and phase B are excited at different time sequences, in order to keep a minimum

reluctance path for rotation of rotor.

Figure 2: Healthy Condition

Figure 3: Flux distribution pattern at 0 Deg.
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4.2. Levitation Forces versus control Current

The net value of force produced from suspension coils is directly proportional to suspension current, when

the magnitude of current increases, the levitation force also increases, which is observed and shown in Fig.

5, at different values of control currents of coil 1&3. The resultant suspension force produced is same for

both negative value of currents and positive values of currents (mirror image), hence it proves that suspension

force is not dependent of polarity of a current.

4.3. Suspension Force with respect to Rotor Angular position

The suspension force produced from all coils is independent of rotor angular position and dependent on

only its winding currents, which is observed and shown in fig. 6 (a) & (b). The suspension force is individually

displayed for suspending force coils 2 & 4, 1 & 3. Fig. 6 (a) & (b) shows that, by increasing the magnitudes

of control current, the suspension force of suspension coils also rises. All the suspending force coils are

energized at the same time.

Figure 5: Suspension Force at different control currents

Figure 4 (a): Flux linkages of suspension coil-1 Figure 4 (b): Flux linkages of suspension coil-2

Figure 4 (c): Flux linkages of coil-5 Figure 4 (d): Flux linkages of coil-6
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4.4. Net stator Torque profile

The Torque produced from stator coils, phase-A and Phase-B is function of angular position of rotor and

winding current, which is observed and shown in fig. 7 at different values of phase currents at different

rotor angular positions. With the similarity of all torque poles, here we considered the torque pole of Phase-

A, to observe the torque profile at different currents with respect to angular position of rotor.

From fig. 7. it shows that the Static torque value is gradually increases up to 7-degrees and again these

Figure 6 (a): Suspension Force of suspension coil-1 Figure 6 (b): suspension Force of suspension coil- 2.

value is decreases and reaches to minimum value nearly to 0.2(N-mt) up to 13 degrees. From the fig.7, it is

decided that, whenever the edge of the rotor pole approach towards stator pole, the stator torque produced

from the two phases will be maximum and the maximum value increases with the increase of current.

4.5. Suspending force & Torque decoupled characteristics

To observe the decoupling nature between suspension force and torque, at first, the values of suspension

winding currents are varied keeping currents of torque coil as constant, this can be observed from fig.8.

Similarly by varying currents of torque coils and keeping suspension winding currents as constant, which is

also observed and shown in, fig. 9 it is clear that by varying suspension winding force current there is a very

little change in torque, it is due to mutual inductance between suspension force and motoring torque windings.

From fig. 9, the effect of torque current on suspension force is small, hence the torque currents has almost

zero effect on suspension force and vice versa. From the directly above study it may be decided that suspension

force control is decoupled from control of stator torque in proposed12/14 BSRM model.

5. PERFORMANCE ANALYSIS OF BSRM UNDER ROTOR ECCENTRIC DISPLACEMENTS:

5.1. Windnding Inductances at healthy&faulty condition

The high speed operation of BSRM depends upon exact control of currents both in torque and suspension

force windings. These currents will affect the inductance of both torque and suspension windings. From

Figure 7: Stator torque Figure 8: Torque and suspension force profile
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Figure 9: Torque W.r.t. Suspension force. Figure 10: Decoupling nature between Fx and Fy:

Figure 11: Decoupling between Fx and Fy: Figure 12: Decoupling between Fx and Fy:

Figure 13: Main torque winding inductances Figure 14: Suspension winding inductances

Figure 15: Winding inductance at different Eccentricity. Figure 16: Relative change ratio % at different Eccentricity.

fig13&14, the inductances of main and suspension windings at different values of control currents are

taken when the rotor is at geometric centre, when increasing control currents in both main torque winding

and suspension winding.



220 Nageswara Rao Pulivarthi, G.V. Siva Krishna Rao and G.V. Nagesh Kumar

When the main winding current, Im = 15A and suspension winding current is Is = 8A at different

positive eccentric displacements  = 0.1mm and = 0.15mm, the winding inductances are calculated and

shown in fig. 15. The percentage of relative change ratio between main winding inductance and suspension

winding inductance are also shown in fig.16. The net inductances of main and suspension force windings,

and their percentage of relative change ratio rises with the increase of eccentric radial displacement. It is

concluding that eccentricity has a strong influence on winding inductances.

5.2. Suspension Force and Static Torque profile at healthy

and faulty conditions

The positive eccentric displacements have more impact on motor performance parameters like suspension

force and torque of main winding, as compare with negative eccentric displacements. The radial force

and main winding torque performance is verified and shown in Fig. 17 & Fig. 18 respectively. The

values of both positive and negative displacement increases, the radial force percentage will also increase.

From Fig.18, when the eccentricity is zero the torque values lies in the middle and by increasing eccentricity

displacement in positive Y-directional, the torque value is increases and vice versa. The relative change

ratio of torque which increases by increasing the value of eccentricity fault values, this is shown in

Fig.19&20

Table 2

Fault definitions for implementation purposes.

Fault type Rotor displacement Motion center

DE (0,R,0) (0,0,0)

SE (0,R,0) (0,R,0)

ME (0,R/2,0) (0,R/2,0)

Figure 17: Radial force at different eccentricity Figure 18: Relative percentage change ratio of Radial force

Figure 19: Torque at various eccentricity values Figure 20: Relative percentage change ratio of torque
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5.3. The suspension Force of suspension coils at different eceentricity faults

The radial forces of suspension coils are shown in Fig. 21 as a function of angular position the radial

force is necessary to levitate the rotor and keeps at center position. The radial forces in SE and DE cases

are almost similar. In case of ME, the radial force variations are high in which it leads to an uneven

levitation force.

5.4. Static Torque Characteristics of BSRM at different eccentricity faults

The static torque is maximum when the rotor and stator teeth are coinciding together, this is observed in all

the SE, DE, ME cases. The DE case shows the minimum variation and ME case shows the maximum

variation in static torque. The fault severity is high in ME fault case as shown in Fig. 22.

Figure 21: (a, b & c). Suspension Force of suspension Coils under S.E, D.E & M.E faults

Figure 22: (a, b & c). Stator Torque of motor coils under S.E, D.E & M.E faults.

6. CONCLUSION

The decoupled nature among motor torque and suspension force and performance analysis under rotor

eccentric faults for a 12/14 BSRM is observed. Through FEM analysis on 12/14 BSRM an excellent

decoupling environment between stator torque control and suspension force control is found at different

values of currents. The performance results of Bearing less switched reluctance motor in condition of rotor

eccentric displacement and asymmetric rotor fault (SE, DE, ME) were compared for healthy condition. The

Inductance values of both the windings are increased, when there is an increase of rotor eccentric

displacements. Suspension force and motor torque increases, when there is an increase of rotor eccentric

displacements in Y-direction. Rotor eccentric displacements have a significant effect on the performance of

BSRM parameters. The flux linkages, suspension force and Static torque profile for changed percentages

of SE, DE and ME are shown. From above results and discussions, we conclude that ME fault is more

severe than DE and SE. This study leads to better control and fault diagnosis of BSRM and Experimental

verification also.
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