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Abstract

12/14 Bearingless switched reluctance motor would be ideal according to our study for the Indian
Total Artificial Heart- Saispandhan. Bearingless switched reluctance motor (BSRM) realizes both
levitation and rotation by integrating both magnetic levitation and torque windings on the stator of
the motor. It has a suspended rotor and decoupled control characteristics between speed and
suspension force. The rotor has 14 poles and stator carries 12 poles. In 12 poles of the stator
coordinately placed 4 poles are used for the suspension winding and diagonally placed 8 poles are
used for the main winding motor. The rotor doesn’t carry any winding. The bearingless concept is
a plausible alternative to the magnetic bearing drives because as it provides numerous advantages
like of friction-free, negligible thermal problems, lubrication free, less size ,minimal maintenance,
low cost, compactness and no requirement of high power amplifiers. Levitation control of the rotor
during starting, acceleration and deceleration of the rotor during rotation are the key phases besides
stable levitation, in high-speed rotation of bearingless switched reluctance motor (BSRM).To
realize the full potential of BSRM; it becomes necessary to overcome a few disadvantages
associated with it. The BSRM requires a complex controller on account of its non-linear
characteristics. Accurate shaft position information is essential to obtain high performance from
the drive. To get smooth and acoustic noise less operation, the BSRM requires a good Torque
ripple reduction control techniques.

Introduction:

The high-speed motors working in adverse environments involving high temperatures, radiation,
and poisonous substances are often prone to motor breakdown. According to recent surveys, nearly
51% of motor breakdowns are only due to bearing failures which result in shut down of industrial
process involving electric drives. The subsequent motor bearing failures may affect the modern
industrial progress causing undesirable and unreliable conditions. Solving the motor bearing
breakdown becomes the most challenging task for the researchers for a decade. Extensive research
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has been going on developing bearing less technology by eliminating the conventional mechanical
bearing system.

In case of high-speed and variable loading applications, the use of simple Pl and Fuzzy control
strategies alone is not effective in suspension controlling of the rotor and to keep less eccentric
rotor displacements due to internal and external parameter variations. Hence, to get less rotor
eccentric displacements and steady speed and torque profiles of the BSRM, new robust controllers
like dynamic sliding mode controller (DSMC) and global sliding mode controller (GSMC) are
proposed in this work.

The sliding mode control is a class of robust controllers. Sliding mode control (SMC) describes an
optimal controller for a broad set of dynamic systems. The most distinguished feature of SMC is
its ability to result in very robust control systems; in many of the cases invariant control systems
results. Loosely speaking, the term ‘invariant’ means that the system is utterly insensitive to
parametric uncertainty and external disturbances. It has reported widely, that SMC exhibits un-
wanted motion so-called chattering, which produces due to discontinuity of the control action.
However, the sliding mode control at high speeds has the disadvantages such as the chattering,
increase of torque ripple and steady-state error due to its high switching gains. This specific
performance makes the sliding mode control less attractive, even though it offers a stable and
robust behavior.

In modern days, with the advent of power electronic devices and robust controllers and observers,
the BSRM has gained importance. The advanced sliding mode controllers like GSMC and DSMC
makes the system more stable and healthy. The problems encountered in reaching time and the
chattering phenomenon which has obtained in the control scheme of SMC, a new global sliding
mode control (GSMC) and dynamic sliding mode control (DSMC) schemes will reduce less extent.
The proposed controllers have implemented because of BSRM’s non-linearity and problems
associated with it.

The theoretical exploration clarifies an operational principle and showed that the suggested motor
could control translational motion, inclinational, and rotational movement individually.The
proposed motor achieved a stable magnetically levitated rotation.

In addition, bearing less SRM fabricated into a prototype of the magnetically suspended rotor to
investigate pump characteristics for a total artificial heart applications.

Simulation studies have conducted and analyzed the results under different testing conditions.
From the results of suspension forces and rotor displacements in both X & Y-directions it is clearly
understand that the results are robust, stable and the rotor is pulled back quickly to the center
position due to the proposed controller’s action.

The Features of the 12/14 BSRM Structure

Compared with the conventional bearingless SRM, main features of the 12/14 BSRM structure
include:

Separated single winding: Only one winding is on each of the stator pole, which is relatively easier
to manufacture compared with differential structure. Further, separated windings are on the
separated torque and suspending force pole, which is different from general single-winding type.
Moreover, the separated single winding is good for decoupling torque from radial force.
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Wide suspending force region: Because pole arc of the suspending force is selected to be not less
than one-rotor pole pitch, the overlap area between suspending force pole and rotor pole is constant
at any rotor position. Therefore, compared with conventional bearing less SRM, available
suspending force region is much wider.

Natural decoupling of torque from suspending force: Due to the constant overlapping area
between suspending force pole and rotor pole, inductance variation of suspending force winding
with respect to rotor position is very small with the fixed excitation current. Accordingly, the
torque produced by the suspending force winding is very small. In other words, suspending force
control has almost no influence on the torque control at arbitrary rotor position. Thus, torque
control can be decoupled from suspending force control naturally.

Higher power density: 2/3 of the stator poles are used for the torque, so compared with 8/10 hybrid
stator BLSRM, the power density is higher.

Low magnetic motive force (MMF): short flux paths are taken in the proposed structure, which
will decrease the MMF.

Low core cost: in the proposed structure, there is no flux-reversal in the stator, which may reduce
the core loss.

Operating Principle

The BSRM motor differs from the conventional motors in many respects and it consists of
salient poles both in stator and rotor. The excitation is limited to stator only. The torque is
developed by the tendency of the magnetic circuit to adopt a configuration of minimum reluctance.
The excitation currents are unidirectional and discontinuous. The stator phases are sequentially
excited to obtain continuous rotation. Besides, Due to the particularity of the structure of the
proposed BSRM, there are two types of stator poles, i.e., suspending force pole and torque pole.
Accordingly, the magnetic field distribution in the motor is complex; hence the design of
controllers for BSRM is more complicated. Figure 1shows the structure and winding pattern of the
motor.

The BSRM’s stator consists of two types of salient poles. One is torque pole; the other is
suspending force pole. There are two types of windings wound on the stator, one is suspension
force winding to produce suspension force, and the other is torque winding to provide the
reluctance torque. There are no windings on the rotor.

Two self-regulated DC supplies are given to the suspension and torque coils to achieve the
de-coupled performance between net levitation force and motor torque. The suspension winding
Coils Is1 and 1s3 produce the radial force in Y-axis, and coils Is2 and Is4 produces the radial force
in X-axis. The current in the Is2 stator pole generates positive x-direction suspending force, and
the current in Is4 stator pole can make the negative x-direction suspending force. Similarly, the
suspending forces for the y-direction can be generated by the currents which flow in suspending
force poles Is1 and Is3 respectively. The stator main phase coils la and Ib produce a resultant
rotational torque, and those called as phase-A and phase-B.

Hence, the BSRM drive needs a totally six hysteresis controllers to regulate both Suspension force
and torque. Out of six, two are used as individual phase current controllers and remaining four
suspension force current controllers are used to control the Suspension currents in both positive
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and negative directions of X and Y-directions respectively. In the meanwhile, considering
simplicity in control, two sets of asymmetric converters are applied in suspending force winding
and torque winding, respectively. To get the constant suspending force, the suspending force pole
arc is selected not to be less than one-rotor pole pitch. Therefore, the overlap area of the suspending
force pole and the rotor pole is always the same.

Switching Control Strategy

The 12/14 bearingless SRM drive system only needs 12 power switches. As discussed in
operating principle, the 12/14 BSRM is total a six phase drive. Therefore, eight power switches
are required for controlling the four phase suspension windings and four power switches are
required for two phase torque winding control. The detailed switch numbers are given in the table
1.1.

Operating Modes of the Asymmetric Converter

The asymmetric converters have widely applied in the SRM drives due to its advantages
such as the capability of independent control of each phase and its four switching modes, Fig.2
shows were operating modes of the asymmetric converter. Mode 1 is magnetization mode in which
positive dc-link voltage has applied to the winding; Mode 2 and 3 are free-wheeling modes in
which the winding has short-circuited through an IGBT and a diode; mode 4 is demagnetization
mode where the negative dc-link voltage has applied to the winding. In this demagnetization mode
energy stored in the stator winding is returned to DC source.

Switching rules of hysteresis control method.

Based on the above suspending force current calculations, an asymmetric converter based
on a hysteresis control method is applied to control the winding current. We can observe from
Fig.3, the switching rules of the hysteresis control method. As shown in Fig. 2, for any rotor
position, two currents in x-and y-directions are selected to input to the current controller,
respectively. Meanwhile, which suspending force winding has conducted is determined by table
1.4. For instance, when the FX*>0 happens, the multi-switch will connect with the winding on the
suspending force pole Is1, and then the winding on the suspending force pole Isl is conducted
consequently, according to current error, the switching state S of this winding can select as 1, 0 or
-1, in which the switching state means the operating modes of the asymmetric converter. Therefore,
the switching state 1 means magnetization mode; the switching state 0 means freewheeling mode;
the switching state -1 means demagnetization mode. A detailed switching state rule of a hysteresis
control method for proposed BSRM is as shown in table 1.2. FEM design details of BSRM

Bearing less Switched Reluctance Motors operation and resultant performances are

characterized mainly by its flux-linkage characteristics. Unlike the other motors, these
characteristics are nonlinear functions of stator current and rotor positions in BSRM. Therefore,
the FEM is used for the analyzing the attributes of 12/14 BSRM structure, which includes
magnetic flux distribution, inductance, torque and suspending force vs. position and current. The
FEM design parameters of BSRM consist of 12 stator poles, 14 rotor poles. Among 12 stator
poles, four suspension coils are placed coordinately on the stator to produce the suspending force
in the X-Y direction to levitate the rotor in center position. The remaining eight diagonal poles
are treated as torque poles to generate necessary torque. Entirely it is a six phase machine; all are
individually excited with DC supply. The torque pole arc 12.85 degrees is taken exactly half to
the suspension pole arc 25.71 degrees from the origin, to maintain the constant flux produced
from the suspension poles.
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Similarly, the number of turns in the torque coils has taken as 80, and the suspension coil
turns are taken as 100 to maintain the strong magnetite field for levitation purpose. The air gap
between the stator core and rotor core has taken as 0.3mm. Here is the list of some critical design
parameters of 12/14 BSRM, shown in Table 1.3.

Modeling of Saispandan BSRM

Modeling of rotor for Suspension Control
The suspension control consists of X-directional and Y-directional displacement control of
the rotor and the suspension forces in the X and Y-directions at standstill position are given below;

d2x

Fx=m=-3"+kX (1)
dt2
2
Fy=m %Y 2y +ky+mg ()
dt
Here, X1, X2, y1, Y2 are taken as the state variables from equations (1) and (2), the equivalent-
desired tracking rotor displacement equations are stated below;
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The electrical equivalent of the net suspending force produced in X-Y directions is given by;
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By equating the above two suspension force equations, we get
2

d
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Where, Ky =diag[Kop  Kxyp Kom ko], Ky =diag[Kyxp Kyyp Kyxn  Kyyn] and
2
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Ixn2 ’ Iyn2

The equivalent desired tracking state space equations for rotor displacements are given by;
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Modeling for The Speed control of BSRM

The Vector of flux linkages “¥’, the vector of Voltages ‘V’, phase current vector ‘i’, the
vector of the mutual inductance matrix ‘N’ and phase resistances ‘r’ are defined for the motor
dynamics are given below;

dy
—=—rNO)y+V +w
o ©O) vy v (8)

dw T,-T, B T,
—:———W+T+WW(9)

dt J J
a6 _ W+ Wy (9)
dt

I =N(0)v (10)

Results and discussions:
FEM Analysis:

To get better and accurate motor performance characteristics, a FEM model 12/14 BSRM was
designed and analyzed. At different winding currents, the main torque winding inductance and
main torque values w.r.t rotor position are taken and presented. These numerical data of FEM
design 12/14 BSRM will support in control of the motor.

Fig.3 shows the flux distribution of BSRM when only all suspension windings are excited. Fig.4
(@) & (b) shows the short flux paths without flux reversal in the stator core, which decrease the
core losses, as well as MMF requirement and the flux linkage values, reaches its maximum value
when the rotor teeth begin to overlap with the stator teeth. The inductances of the main windings
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and suspension windings are taken at different values of control currents when the rotor is at
geometric Centre. The inductance of main torque winding varies with rotor positions as shown in
Fig.5. The overlap region among stator torque poles and rotor poles is the function of the rotor
position, due to which inductance of the main torque winding varies with rotor positions.Fig.6
illustrates the inductance profiles of the suspending winding w.r.t rotor position, and it has
observed that the suspension winding inductance does not change with rotor position. The pole arc
of the levitation force pole is more prominent than one rotor pole pitch. Hence the suspension
winding inductance value is almost constant. From the Fig.5 and Fig.6, it can be inferred that with
the increase of both winding currents, the maximum amount of inductances of both types of
windings are decreasing due to the stator core saturation effect. When both the windings are
conducted together the saturation effect is negligible.

The nonlinear torque profiles of BSRM w.r.t rotor position where the torque is directly
proportional to the square of phase currents and the rate of change of phase inductance with respect
to the rotor 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 rotor position. From
the Fig.7, it has found that the torque values gradually increase up to 7-degrees and decreases to a
minimum amount of 0.2(N-mt) nearly 13 degrees. From the above numerical FEM analysis it can
be concluded that, when the edge of the rotor teeth pole coincides with the stator teeth pole at all
angles of the rotor, the torque produced from both the phases will be maximum. The non-linear
characteristics of static torque increase with the increase in current.

From the Fig.8 & 9, it can be observed that net suspending forces produced by suspending force
windings Is1 & Is2 are increases proportional to the suspension currents. From the above figures,
it can found that there is a little influence on the suspension force at different torque currents.
Therefore, the 12/14 BSRM structure is simple to control, and it has independent control between
suspension force and torque.

The net suspending force is changed a little with the rotor position in Y-direction. The X-direction
net suspension force shows a significant variation with respect to the rotor positions.

The magnitude of the radial (suspension) force is proportional to suspension control current, as
the value of the current increases the radial force also increases, which has observed in Fig.10, at
different values of control currents of coil 1&3. The suspension force for a negative value of
currents is the same as the positive values of currents (mirror image), which shows that radial force
is independent of the polarity of the current.

Conclusions

Excellent decoupling environment between stator torque control and suspension force control is
found at different values of currents*#4. Suspension force and motor torque increases with
increase of rotor eccentric displacements in the Y direction. In addition to the improved
performance characteristics GSMC cancels the reaching mode, reduces chatting and overcomes
the disturbance and time delay**-*8. The closed loop operation of BSRM system with conventional
and global sliding mode controllers were found to be working very well under different loading
conditions*®%8 GSMC based SMO offers less chattering greater stability and accurate rotor
displacement, position and speeds under unexpected changes of reference and loading conditions.
We are now making a miniature version of this motor for Saispandan Total Artificial Heart - The
Gitam Heart.
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Table 1.1 Requirement of Switch numbers for 12/14 BSRM

527

12/14 BSRM Nu_mber of power | Total
switches
Torque winding (two phase) 2 per phase 4
Suspending force winding (four
phase/four pole) 2 per pole 8
Table 1.2 Switching state rule of hysteresis control method for BSRM.

Desired force Suspending Enable-1s1 | Enable- Enable-1s3 | Enable-
force  poles Is2 Is4
selection

If F,>0,F, >0 Is1 & 1s2 1 1 0 0

If FXZO,FySO Is2 & 13 0 1 1 0

If F,<0,F, <o Is3 & Is4 0 0 1 1

If FXSO,FYZO Is4 & Is1 1 0 0 1
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Table 1.3 Design parameters of 12/14 BSRM

S.no Design Parameters of BSRM
Dimensions
1 Outer diameter of stator (mm) 56mm
2 Stator yoke thickness(mm) 3.85mm
3 Stator inner diameter. (mm) 30.1 mm
4 Axial stack length (mm) 20mm
5 suspension pole arc(deg) 25.71 deg
6 The torque pole arc(deg) 12.85deg
7 Rotor pole arc (deg) 12.85deg
8 Rotor yoke thickness (mm) 4.85mm
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Fig.1 12/14 BSRM Structure and Winding pattern
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Figure 2 Operating Modes of the Asymmetric Converter
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Figure 3 Switching rules of hysteresis control method
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Fig. 3 Flux distribution of all suspension Windings.
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Fig. 4(a) Fig. 4(b).

Main winding short flux distributions of Phase-A & Phase-B.
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Figure 5 Main winding inductance of the main torque winding varies with rotor positions.
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Figure 6 Suspension winding inductances at different suspension currents.
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Figure 7. Non linear torque profile of main winding.
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Figure 8 Net force values of suspension coil-Is1
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Fig.10 Radial Force versus Control Current.
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