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ABSTRACT In order to solve the problem that the vehicle flywheel battery is easy to be disturbed in the
process of using, a novel radial-anti-disturbance bearingless switched reluctance motor (RADBSRM) is
proposed and studied based on the double stator switched reluctance motor. By widening the width of rotor
poles, the flat top regions of all main winding inductances for each phase are constructed. By adopting the
two-phase-conducting decoupling control rules, the electromagnetic torque and the main levitation force
can be provided simultaneously. The auxiliary windings and the permanent magnet comprised in the inner
stator can provide auxiliary radial suspension force, which can increase the radial load capacity, and also
reduce the power consumption for suspension. The basic topology, operation principle, control method,
and electromagnetic characteristics were all analyzed. Compared with double stator bearingless switched
reluctance motor (DSBSRM), the results of finite element analysis method (FEM) verified that the capacity
and stability of radial suspension force are both improved.

INDEX TERMS Switched reluctance motor, bearingless motor, double-stator, radial anti disturbance, wide

rotor pole.

I. INTRODUCTION

Flywheel energy storage system is a kind of mechanical
battery, which uses the high-speed rotation of flywheel to
store energy. The flywheel energy storage system used in
vehicle power system, commonly known as “‘on-board fly-
wheel battery”, has the advantages of no noise, no pollution
and high energy conversion efficiency compared with internal
combustion engine. Compared with the traditional battery,
it has the advantages of long service life, high energy density,
short charge and discharge time [1].

The motor used in flywheel battery (flywheel motor) is the
key component to realize electromechanical energy conver-
sion. In the charging mode, the flywheel motor drives the
flywheel to accelerate and stores the electric energy absorbed
by the power electronic converter in the form of mechanical
energy. In the energy holding mode, the flywheel motor keeps
constant speed. In the discharge mode, the flywheel operates
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as the prime mover to drive the flywheel motor to generate
electricity, and converts the mechanical energy stored in the
flywheel battery into electrical energy for release. Among the
various losses of flywheel energy storage system, the loss of
bearing accounts for a large proportion, which can be greatly
reduced with the advent of magnetic bearing technology [2].

For the on-board flywheel battery, there exist some techni-
cal problems, such as the instability of flywheel rotor caused
by on-board working conditions, and the limited volume and
mass of flywheel battery under on-board conditions. Electric
vehicles need to start, accelerate, go uphill and downbhill,
brake and stop frequently during driving, especially in urban
conditions. With the increase of the complexity of road con-
ditions, the disturbance to the flywheel rotor will be more
obvious, which makes the flywheel rotor vulnerable to insta-
bility. Therefore, it faces more severe challenges in resisting
the disturbance effect to the flywheel rotor and reducing the
support energy consumption of flywheel rotor.

Bearingless switched reluctance motor (BSRM) can
retain the performance advantages of switched reluctance
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motor (SRM) without increasing the motor volume, that is,
it has simple rotor structure, strong mechanical robustness
and good fault tolerance. BSRM also has the advantages of
magnetic bearing, that is, the friction loss caused by tradi-
tional mechanical bearing can be eliminated, which is benefit
for improving the energy conversion efficiency of flywheel
battery. Since there is no need to configure additional radial
magnetic bearings, the structure of flywheel battery can be
more compact, and the problems of rotor deformation and
noise caused by radial magnetic tension imbalance can also
solved in BSRM by active radial suspension control. When
used as a flywheel motor, it is especially suitable for electric
vehicles which has strict requirements on the volume, weight
and noise of flywheel battery [3]-[5].

According to the number of winding sets on each stator
pole, BSRMs can be divided into two types, that is, double
winding bearingless switched reluctance motor (DWBSRM)
and single winding bearingless switched reluctance motor
(SWBSRM). DWBSRM can be acquired by adding a set
of suspension force winding on the stator pole of ordinary
SRM, which changes the air gap magnetic field distribu-
tion of the motor by controlling the current of the two sets
of windings, so as to produce magnetic torque and radial
suspension force [6]. SWBSRM generates magnetic torque
and radial suspension force by reasonably controlling the
winding current on each stator pole. SWBSRM has more
universality and practicability because it does not change the
structure of the original SRM. At present, SWBSRM has
become a research hotspot and development trend in this field
[7]-[10]. According to the relative position of rotor and stator,
BSRM can also be divided into two types, that is, traditional
BSRM with inner rotor and new BSRM with outer rotor
structure. When the BSRM with outer rotor is used as a
flywheel motor, its rotor can be laminated and encapsulated
inside the flywheel, so that the rotor and the flywheel can
be combined into one, which is benefit for enhancing the
strength of the flywheel rotor, reducing the overall volume
and improving the dynamic characteristics and stability of the
whole flywheel system.

In order to realize the decoupling of magnetic torque and
suspension force in BSRM, scholars at home and abroad tried
to study some new types of motor topology [11]-[26]. A sin-
gle winding hybrid rotor bearingless switched reluctance
motor (HRBSRM) was proposed in document [11], whose
rotor was composed of annular laminations and fan lamina-
tions in the axial direction. The 4-pole windings in radial x
and y axis directions were excited separately, and the other
4-pole windings were divided into two phases to conduct in
turn. The annular lamination part enhanced the radial load
capacity of the hybrid rotor at the non-coincidence position of
stator and rotor poles, but made the complexity of magnetic
field topology increased, and there still existed a large cou-
pling between torque and suspension force. Reference [13]
studied an asymmetry bearingless switched reluctance motor
(ABSRM), in which the suspension force ripple is obvious

162744

with the change of rotor position in a full-period. Based on
reference [13], a hybrid excitation outer rotor bearingless fly-
wheel motor was studied [14], which exhibits the advantages
of high integration and low loss due to outer rotor direct-drive
technologies. Reference [15] studied a decoupling control
method for 6/2 pole hybrid rotor bearingless switched reluc-
tance motor. Its suspension control was similar to magnetic
bearing, with less power switches and low controller cost.

A 8/10 hybrid stator bearingless switched reluctance motor
(HSBSRM) which has unequal width stator pole structure
was proposed in documents [16] and [17]. The rotation func-
tion is provided by the torque windings on four narrow stator
poles, and the suspension function is provided by the suspen-
sion windings on four wide stator poles. The overlapping area
of the suspension pole and the rotor pole is the same, which
makes the magnetic conductivity of the suspension winding
a constant value and does not change with the rotor position.
When the suspension windings conduct, there is no electro-
magnetic torque output, and the decoupling control of torque
and suspension force is realized. Based on the motor structure
described in documents [16] and [17], a 12/14 pole hybrid
stator bearingless switched reluctance motor (HSBSRM) was
proposed in document [18]. The magnetic circuit of HSB-
SRM becomes shorter, which can strengthen the decoupling
and reduce the iron loss.

Reference [19], [20] studied the double stator bearingless
switched reluctance motor (DSBSRM). The magnetic flux
paths of the main winding and the suspension force wind-
ing were independent of each other, which could effectively
overcome the coupling effect between these two sets of
windings, but the difficulty of system assembly increased.
Based on DSBSRM, a permanent magnet was embedded
into the inner stator along the axial direction to provide
the bias magnetic field required by the radial suspension
force to reduce the levitation power consumption, but the
structural complexity and processing difficulty of the motor
increased [21].

In addition, the literature [22]-[24] has also studied and
explored the bearingless switched reluctance motor from var-
ious aspects. Literature [23], [24] studied the conical bearing-
less switched reluctance motor, which reduces the number of
stator and rotor, and correspondingly reduced the resources
of current sensors, power devices and controllers. However,
the coupling between windings was serious and complex,
and the difficulty of modeling and control system design
increased.

Based on DSBSRM, a new radial-anti-disturbance bear-
ingless switched reluctance motor (RADBSRM) is proposed
and studied in this paper, which can overcome the cou-
pling between electromagnetic torque and suspension force,
enhance the radial load capacity and anti-disturbance capac-
ity, and improve the radial suspension performance of the
rotor. It has prominent application advantages in vehicle fly-
wheel battery and other occasions that are easily disturbed by
road conditions and vehicle speed changes.
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Il. TOPOLOGY AND OPERATION PRINCIPLES OF THE
RADBSRM

A. TOPOLOGY OF RADBSRM

The topology of the RADBSRM studied in this paper is
shown in Fig.1 (a). The motor consists of an outer stator,
a rotor and a hybrid inner stator. The inner stator can adopt
4-pole or 8-pole structure; The pole number setting rules
of outer stator and rotor are the same as those of conven-
tional SRM. Taking the three-phase 12/8/4 three-salient-pole
structure as an example, 12 main winding poles are evenly
arranged on the inner wall of the outer stator; Eight rotor
poles are evenly arranged on the outer wall of the rotor, and
the pole width of the rotor is equal to the pole distance of
the main winding poles; The hybrid inner stator is composed
of a left core, a right core, and a permanent magnet which is
magnetized along the axial direction. There are four auxiliary
suspension poles evenly arranged on the outer walls of the left
core and right core respectively.

Fig.1 (b) shows the distribution diagram of the main wind-
ings. There is a set of main windings on each main winding
pole. The main windings are not connected with each other,
and the windings on radially opposite four poles form a phase,
which can be divided into three phases defined as A, B and C.
and the currents are marked as ip1~ia4,iB1~iB4, and ici~ic4
respectively.

Fig. 1 (c) shows the distribution diagram of the auxiliary
windings. For the iron cores on the left and right sides, a set
of auxiliary windings are respectively set on each auxiliary
suspension pole, and the auxiliary windings on the four aux-
iliary suspension poles D1, D2, F1 and F2 are connected in
series along the x-axis direction to conduct with current ipx.
The auxiliary windings on the four auxiliary suspension poles
El, E2, G1 and G2 are connected in series along the y-axis
direction to conduct with current igy.

There are actually four air gaps in RADBSRM. The first
air gap between the auxiliary suspension pole and the circular
inner wall of the rotor core is recorded as gl; The second air
gap between the inner stator slot and the circular inner wall
of the rotor core is recorded as g2; The third air gap between
the rotor pole and the main winding pole of the outer stator
is recorded as g3; The fourth air gap between the rotor pole
and the outer stator slot is recorded as g4 (gl < g2, g3 <
g4).g1 affects the maximum value of the phase inductance
of the auxiliary winding; g2 affects the minimum value of
the phase inductance of the auxiliary winding; g3 affects the
maximum value of the phase inductance of the main winding;
g4 affects the minimum value of the phase inductance of the
main winding. In order to obtain large electromagnetic torque
and radial suspension force, the first air gap gl and the third
air gap g3 are required to be as small as possible; However,
constrained by the assembly process and processing process,
the air gaps cannot be too small. Therefore, it is required
that the first air gap gl and the third air gap g3 of small
size BSRMs should generally be less than 0.3mm. In order
to improve the output power of the motor, the minimum
inductance of the main winding is required to be as small as
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FIGURE 1. Topology of the RADBSRM. (a) Exploded view of structure;
(b) Configuration of the main windings on outer stator; (c) Configuration
of the auxiliary windings on inner stator.

possible, so the fourth air gap g4 are required to be as large
as possible.

B. OPERATING PRINCIPLE OF RADBSRM

The main windings are responsible for generating electro-
magnetic torque and main suspension force. In the process of
rotor rotation, there are always two phases of main windings
conducting at the same time. One conducting phase works
in the suspension area to provide the main suspension force
required for rotor radial suspension by asymmetric excitation,
and the suspension area is located in the flat top area of
the conducting phase main windings with maximum phase
inductance; The other conducting phase works in the torque
area to provide the electromagnetic torque required for rotor
rotation by symmetrical excitation. The selection of torque
phase shall match the operation mode of DSBSRM. If it oper-
ates in power-driven mode, the phase with rising inductance
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shall be selected as the torque phase. If it operates in power-
generation mode, the phase with falling inductance shall be
selected as the torque phase.

When the rotor is subjected to serious radial disturbance,
in addition to the main suspension force provided by the
main windings, the auxiliary windings and permanent magnet
can also provide auxiliary suspension force to improve the
radial-anti- disturbance performance. The permanent magnet
provides the bias magnetic field for the auxiliary suspension
force, and the auxiliary windings provides the control mag-
netic field for the auxiliary suspension force. By adjusting
the amplitude and direction of igx and igy, the auxiliary sus-
pension forces along the x-axis and y-axis can be controlled
respectively. The auxiliary suspension force in any direction
can be synthesized from the auxiliary suspension forces along
the x-axis and y-axis.

Taking the flywheel battery as an example, during the
rotation of the motor rotor, the main windings in torque area
will conduct with torque current iy to provide a symmet-
rical four-pole main flux, which is similar to that of SRM.
According to the principle of minimum reluctance, the rotor
will move in the direction aligned with the main winding
poles under the action of main flux. In energy storage mode,
the direction of electromagnetic torque of the main windings
is consistent with the rotation direction of the flywheel; In
energy release mode, the direction of electromagnetic torque
of the main winding is opposite to the driving torque provided
by the flywheel, and the mechanical energy stored by the
flywheel will be converted into magnetic energy and stored
in the magnetic field. When the main switches of the power
circuit of the main windings in torque phase are disconnected,
its phase current will continue to flow through diodes to
release the magnetic energy stored in the magnetic field, and
convert the magnetic energy into electrical energy and feed
back to the power supply.

Ill. CONDUCTING RULES AND IMPLEMENTATION OF
RADBSRM
A. RADIAL SUSPENSION FORCE DISTRIBUTION STRATEGY
When the rotor is subjected to serious radial disturbance, it is
necessary to provide sufficient active suspension force instan-
taneously in order to quickly restore the rotor to the radial
center. Taking the x direction as an example, the expected
radial suspension force to be obtained by the rotor is defined
as F}; The expected suspension force to be provided by
the main windings in suspension area is recorded as F};
The expected auxiliary suspension force to be co-provided
by the auxiliary windings and the permanent magnet is
recorded as F,.
When F} < Fj, the required suspension force Fy
will be provided only the main windings in suspension
area.

Frox = FS
ey
Fr. =0

asx
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When F} > Fj, the required suspension force F; will
be co-provided by the main windings in suspension area, the
auxiliary windings, and the permanent magnet.

Fr.=Fi
FiY . =F—F

asx

@

Similarly, for the suspension force in y-direction, the radial
suspension force expected to be obtained by the rotor is
defined as F. ;‘; The suspension force expected to be provided
by the main windings in suspension area is defined as F;;y;
The auxiliary suspension force expected to be co-provided by
the auxiliary windings and the permanent magnet is defined
as Fq,.

When F;‘ < F, the required suspension force Fy* will be
provided only by the main windings in suspension area.

Fi, =0

When F;‘ > F, the required suspension force F; will
be co-provided by the main windings in suspension area, the
auxiliary windings and the permanent magnet.

Fay =11 @)
Fi, = F} —F

where, F'| is a critical value determined in the initial design
of RADBSRM, which is determined by the structural param-
eters and winding parameters. When the main suspension
force needed to be provided by the main windings is less
than the critical value Fp, the main suspension force can
be provided more effectively. Otherwise, the efficiency of
main suspension force will be reduced due to the influence
of magnetic saturation effect.

B. CONDUCTING RULES FOR MAIN WINDINGS

The topological structure of RADBSRM can be regarded as
the combination of two special types of switched reluctance
motors. One is the SWBSRM with widen rotor poles, and
the other is the SWBSRM with annular outer rotor in which
a permanent magnet was embedded into the inner stator to
provide the bias magnetic field. Therefore, the main windings
and the auxiliary windings still have the advantages of small
phase to phase mutual inductance, which is a typical merit
of SRM.

The self-inductances of three-phase main windings and the
two-phase conduction rules of RADBRM are shown in Fig.2,
in which the rotor position angle 6 is defined as 0° when the
main winding poles of phase A are aligned with the adjacent
rotor poles. 6 is positive when the rotor rotates clockwise, and
0 is negative when the rotation direction is opposite. It can be
seen that since the pole width of rotor pole is greater than
that of the main winding pole, each phase inductance of main
windings will form a flat top area, in which the value of phase
inductance is the largest, which is called ‘inductance flat top
area’ in this paper. The phase difference of the inductances for
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three-phase main windings is 15°, and the inductance period
of one phase is 45°.

Main winding pole
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FIGURE 2. Schematic diagram of the conducting rules for main windings.

The specific conduction rules of the main windings are
listed in Tab.1. In area 1 (—22.5° < 0 <-—7.5°), the self-
inductance of phase B is the largest, so phase B is selected
as suspension phase; In area 2 (—7.5° < 0 < 7.5°), the self-
inductance of phase A is the largest, so phase A is selected
as suspension phase; In area 3 (7.5° < 6 < 22.5°), the self-
inductance of phase C is the largest, so phase C is selected as
suspension phase.

Torque phase shall match the operation mode of
RASBARM. Taking area 1 as an example, the self-inductance
of phase A gradually increases and the self-inductance of
phase C gradually decreases, therefore when RADBSRM
operates under power-driven mode, phase A is selected as
torque phase, and the current of phase A provides positive
electromagnetic torque; When RADBSRM operates under
power-generation mode, phase C is selected as torque phase,
and the current of phase C provides negative electromagnetic
torque to output electric energy. Similarly, the selecting rules
of torque phase in area 2 and area 3 can be obtained.

TABLE 1. Conducting rules of main windings.

Operating mode Area 0 (°) Su;%e;;ilon Tp(;lr;lsl;e
1 [-22.5,-7.5] B A
Power-driven 2 [-7.5,7.5] A C
3 [7.5,22.5] C B
Power- 1 [-22.5,-7.5] B C
. 2 [-7.5,7.5] A B
generation 3 [7.5.22.5] C A

C. IMPLEMENTATION OF RADBSRM

The block diagram of the control system of RADBSRM is
shown in Fig.3. Taking the power-driven mode as an example,
the rotor position angle 6 is detected by the photoelectric
sensor, the speed n is calculated according to the change
of 6. The expected electromagnetic torque 7, is calculated
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according to the deviation between the given speed n.r and
the actual speed n; The radial displacement signals x and y of
the motor rotor along x-axis and y- axis are detected by radial
displacement sensors. After comparing x and y with the given
radial displacement signals xpf and yrer, the PI controller
outputs the expected suspension forces Fy and F;,‘ according
to the radial displacement deviation and then the suspension
force distributor distributes the main suspension forces F}: .,
Fy and auxiliary suspension forces Fj, and Fj, according
to equations (1)~(4).

The suspension phase and torque phase of main windings
are firstly selected by the module ‘two-phase-conduction
rules of main winding’ according to 6, then are sent to the
torque/main suspension force controller, and the torque/main
suspension force controller calculates the expected main
winding currents 7;, i and if for three phases according to
the expected torque 7, and main suspension forces F;:, and
F, ;y. The auxiliary suspension force controller calculates the
expected auxiliary winding currents 73, and iy, according to
the expected auxiliary levitation forces F, and Fj, . Finally,
the current hysteresis loop is used to adjust the currents of
main windings and auxiliary windings to follow the expected
value.

IV. BASIC ELECTROMAGNETIC CHARACTERISTICS
ANALYSIS OF RADBSRM

A. FLUX PATHS OF DCBSRM

For the convenience of expression, the current passing
through the main windings in suspension area is recorded as
imp, Which is called ‘suspension current of main winding’.
imF is used to generate the main suspension force. The current
passing through the main windings in torque area is recorded
as imT, Which is called ‘torque current of main winding’. iyt
is used to generate electromagnetic torque. Fig.4(a) shows
a schematic diagram of the total flux path, where @y rep-
resents the magnetic flux generated by ipnT; @pym represents
the bias flux generated by the permanent magnet; ®fy rep-
resents the control magnetic flux generated by igy (in order
to distinguish the direction, the control magnetic fluxes in
the left inner stator core and the right inner stator core are
separately recorded as @ gy, Prry). It can be seen that Pyt
is a four-pole flux, which forms a complete flux path through
the outer stator core, the third air gap and the rotor core;
D gy is a two-pole flux, which forms a complete flux path
through the inner stator core, the first air gap and the rotor
core. When the thickness of the rotor yoke meets the require-
ments, the flux paths of the main windings and the auxiliary
windings do not intersect, so there is no strong coupling.
It should be noted that the magnetic flux @, gener-
ated by inp is omitted in Fig.4(a), and @yr also passes
through the outer stator core, the third air gap and the rotor
core.

In order to explain the generation principle of auxiliary
suspension force more clearly, the flux path of permanent
magnet is given in Fig.4(b). It can be seen that after passing
through the axial magnetic circuit, @py passes through the
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FIGURE 3. Block diagram of the RADBSRM control system.

inner stator core, the first air gap and the rotor core to form a
complete magnetic flux path. Fig.4(b) also shows the direc-
tion of auxiliary suspension force control flux @gy, Prry.
The auxiliary suspension force control fluxes along x-axis
direction are omitted. Current @1 ry, Prry can make the mag-
netic density of the first air gap in positive y-axis direction
weakened, while the magnetic density of the first air gap
along the negative y-axis direction strengthened, so an aux-
iliary suspension force pointing to negative y-axis direction
will be generated. The auxiliary suspension force is essen-
tially a magnetic tensile stress pointing to the side where the
magnetic field is enhanced, that is, Maxwell force.

Fig.4(c) is the simplified magnetic circuit diagram of ®@py,
in which Fpy is the equivalent magnetomotive force of per-
manent magnet, Rpy is the magnetoresistance of permanent
magnet, Rp; ~ Rps and Rg; ~ Rg are the air gap magne-
toresistances under the auxiliary suspension poles D1 ~ D2
and E1 ~ E2 of the left inner stator respectively; Rr; ~ R
and Rg1 ~ Rgp are the air gap magnetoresistances under the
auxiliary suspension poles F1 ~ F2 and G1 ~ G2 of the right
inner stator respectively.

B. INDUCTANCE CHARACTERISTICS

The finite element analysis model of RADBSRM is estab-
lished by ANSYS 20/ Maxwell 3D. The main parameters are
shown in Table 2.

In order to illustrate the inductance characteristics of
RADBSRM, the transient electromagnetic analysis is carried
out by using the finite element model, and the phase induc-
tances of the main windings in RADBSRM and DSBSRM
are obtained. The comparison curves are shown in Fig.5.
The parameters of DSBSRM are the same with RADBSRM,
except that the inner stator structure is different. The windings
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TABLE 2. Main parameters of RADBSRM.

Parameter Value

Outer diameter of the outer stator[mm] 112
Inner diameter of the outer stator[mm] 72
Yoke height of the outer stator[mm] 10

Outer diameter of the rotor[mm] 71.4
Inner diameter of the rotor[mm] 35

Yoke height of the rotor[mm] 12.5

Outer diameter of the inner stator[mm] 344
Yoke height of the inner stator[mm] 5
Axial length of rotor and outer 63

stator[mm]
Axial length of permanent magnet[mm] 7
Average air gap lengthi[mm] 0.3
Core material DW310-35
Permanent magnet material NdFe35

Main winding turns 45

Auxiliary winding turns 18

Outer stator pole arc[deg] 15

Rotor pole arc[deg] 30

Inner stator pole arc[deg] 45

on the outer stator and inner stator of DSBSRM are also
called main winding and auxiliary winding respectively. The
excitation currents of the main windings of these two motors
are also the same. La, Lp and Lc are the main winding
inductances of phase A, B and C respectively.
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FIGURE 4. Flux path diagram. (a) The whole flux paths; (b) The bias flux
path of permanent magnet; (c) Simplified bias flux path of permanent
magnet.

For RADBSRM, taking LA as an example, it gradually
increases from the minimum value to the maximum value
in area 1, then remains the maximum value in area 2, and
gradually decreases to the minimum value in area 3. Com-
pared with DSBSRM, since the rotor poles of RADBSRM
are widened, there exists an inductance flat top area in LA,
LB and LC respectively, which makes it possible to generate
a sufficiently stable main suspension force from imF of each
phase. Lx is the phase inductance of the auxiliary windings on
the four auxiliary suspension poles located in x-axis direction.
Since the alignment area of the auxiliary suspension pole and
the rotor is the same, the Lx of DSBSRM is stable at 0.96mh,
while under the influence of bias flux, the Lx of RADBSRM
is larger and its value is stable around 2.27mh.

C. SUSPENSION FORCE CHARACTERISTICS
In DSBSRM, the auxiliary windings on inner stator are
responsible for generating radial suspension force. Fig.6(a)
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FIGURE 5. Inductance curves of RADBSRM and DSBSRM.

shows the suspension force curves of DSBSRM. It can be
seen that when the current iy, of the inner stator winding
located in positive y-axis direction increases from OA to 2.5A,
the average value of radial suspension force Fy increases
from ON to 5.77N, and Fy fluctuates only minimally with the
change of rotor position angle.

In RADBSRM, the auxiliary winding are responsible for
controlling the auxiliary suspension force. Fig.6(b) shows
the auxiliary suspension force curves of RADBSRM. When
ipy = 2.5A, the average auxiliary suspension force Fyy along
positive y-axis direction is 36.18N, which is much greater
than the suspension force in DSBSRM. RADBSRM can
generate suspension force more effectively than DSBSRM,
because the permanent magnet can provide bias flux for
auxiliary suspension force.

Fig.6 (c) shows the main suspension force F,y generated
by ia2 in RADBSRM when the rotor is in area 1 as shown in
Tab.1. When ia; increases from OA to 2.5A, Fpy increases
from ON to 41.88N. In RADBSRM, the main suspension
force and auxiliary suspension force can be standby and
complementary to each other, which is benefit for improving
the radical anti-interference ability and radial load capacity
of the motor.

D. ELECTROMAGNETIC TORQUE CHARACTERISTICS

Fig.7 shows the electromagnetic torque 7. generated by
the main windings of phase C in one inductance cycle in
RADBSRM and DSBSRM. It can be seen that T, increases
with the increment of i.. In the area where the inductance of
phase Crises, T is positive; In the area where the inductance
of phase C drops, T¢ is negative. If the main windings of
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FIGURE 6. Comparison of suspension force between DARBSRM and
RADBSRM. (a) The suspension force along y-axis direction in DSBSRM;
(b) The auxiliary suspension force along y-axis direction in RADBSRM;
(c) The main suspension force along y-axis direction in RADBSRM.

DSBSRM also adopts the two-phase-conduction decoupling
strategy, in area 2, only phase A can be selected as the
suspension phase (the mean value of electromagnetic torque
generated is ON). When DSBSRM operates in power-driven
mode, phase C should be selected as the torque phase (but it
cannot effectively generate electromagnetic torque within the
range [—7.5°,0°]). Therefore, RADBSRM has more advan-
tages of two-phase-conduction decoupling control of main
windings than DSBSRM.

V. DECOUPLING ANALYSIS
Further, the coupling characteristics of RADBSRM are ana-
lyzed, which can be the basis for control system design.

A. DECOUPLING OF FLUX PATHS FOR MAIN WINDINGS
AND AUXILIARY WINDINGS

Fig.8 shows the distribution curves of gap magnetic den-
sities, in which 0°, 90°, 180° and 270° on the transverse
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FIGURE 7. Comparison of torque between DSBSRM and RADBSRM.

axis represent the air gaps in positive x-axis, positive y-axis,
negative x-axis and negative y-axis direction respectively.
Fig.8(a) and Fig.8(b) show the air gap magnetic density
distribution under the condition that only auxiliary windings
conduct, where irx = 0 A. When iry = 0A, Fig.8(a) and
Fig.8 (b) show the air gap magnetic density caused by the
permanent magnet. It can be seen from Fig.8(a) that the bias
flux provided by the permanent magnet PM is evenly and
symmetrically distributed, and the air gap magnetic density
near each auxiliary suspension pole is about 0.52T. When
ipy = 2.5A is applied to the auxiliary winding in y-axis
direction, the air gap magnetic density near the auxiliary
suspension poles E1 and G1 decreases to 0.26T, while the
air gap magnetic density near the auxiliary suspension poles
E2 and G2 increases to 0.78T. As can be seen from Fig.8(b),
the air gap flux density fluctuation near the main winding
poles can be ignored compared with that near the auxiliary
suspension poles.

Fig.8(c) and 8(d) show the air gap magnetic density dis-
tribution under the condition that only the main windings
conduct. Taking the asymmetric excitation of phase A as an
example, when is> changes from OA to 2.5A, the air gap
magnetic density near A2 pole changes from 0 to 318.55mT.
Under different values of iaz, the air gap magnetic density
near the auxiliary suspension poles changes little, and the
magnetic density of the first and second air gaps is approxi-
mately uniformly and symmetrically distributed, which ver-
ifies that there is good decoupling between the inner stator
and the outer stator.

B. DECOUPLING OF MAGNETIC TORQUE AND
SUSPENSION FORCE

The results of the electromagnetic torque and main suspen-
sion force of main windings calculated by Maxwell 3D are
shown in Fig.10. As shown in Fig.9(a), when the main wind-
ings in torque phase are symmetrically excited (taking the
torque current ic as an example) with the current increasing
from OA to 5A, the average electromagnetic torque Te(avg)
gradually increases from O to 0.8 N -m; When the main
windings in suspension phase are asymmetrically excited
(taking the suspension current ip> as an example) with the
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FIGURE 8. Air gap flux density distribution (a) Flux density distribution of
air gap g1 and g2 (the main winding is not conducted); (b) Flux density
distribution of air gap g3 and g4 (the main winding is not conducted);

(c) Flux density distribution of air gap g1 and g2 (the auxiliary winding is
not conducted); (d) Flux density distribution of air gap g3 and g4 (the
auxiliary is not conducted).

current increasing from OA to 2.5A, Te(avy) is hardly affected.
ipx (A) F my(avg) (N).

As shown in Fig.9(b), when the torque current i, remains
0OA and the main suspension current iso increases from 0A
to 2.5A, the average suspension force Fiy(avg) in y-axis

VOLUME 9, 2021

direction increases from ON to 41.88N; When the main sus-
pension current ia» is 2.5A and the torque current ic increases
from OA to 5A, Fy(avg) increases from 41.88N to 44.37N,
with an increament of 5.95%. i, has a weak coupling
effect on main suspension force which can be approximately
ignored. In application, this coupling can be further reduced
by adjusting the switching angle.

Te(avg) (N ‘m )

me(avg) (N)

(b)

FIGURE 9. Decoupling characteristics of torque and main suspension
subsystem. (a) Analysis of coupling influence of main suspension current
on torque subsystem; (b) Analysis of coupling influence of torque current
on the main suspension subsystem.

As shown in Fig.10(a), when the suspension current of the
main winding is OA and the auxiliary winding current igx
increases from OA to -2.5A, the average auxiliary suspension
force Fax(avg) in X-axis direction increases from ON to 36.18N;
When ipx remains -2.5A and the main winding suspension
current ia> increases from OA to 2.5A, Fux(avg) is almost
unchanged. As can be seen from Fig.10(b), the auxiliary
winding current ipx also has little effect on the average main
suspension force Fiyave) in y-axis direction. When iao is
2.5A, Fy(avg) is almost stable at 41.88N. Therefore, there
is good decoupling between the main suspension subsystem
and the auxiliary suspension subsystem.

As shown in Fig.11(a), when the auxiliary winding current
is OA and the torque current ic increases from 0A to 5A, the
average electromagnetic torque Te(avg) increases from O N-m
t0 0.82 N-m; When the auxiliary winding current igy increases
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FIGURE 10. Decoupling characteristics of main suspension and auxiliary
suspension subsystem. (a) Analysis of coupling influence of main
suspension current on auxiliary suspension subsystem; (b) Analysis of
coupling influence of auxiliary suspension current on main suspension
subsystem.

from OA to 2.5A, the effect on Te(avg) is very weak. As shown
in Fig.11(b), the torque current ic also has little effect on
the average suspension force Fuy(avg) in y-axis. When igy is
2.5A, Fay(avg) is almost stable at 36.18N, so there is good
decoupling between the torque subsystem and the auxiliary
suspension subsystem.

VI. PERFORMANCE COMPARISON
The characteristics the new RADBSRM are furthly compared
with other typical BSRMs in this section.

In traditional 12/8 DWBSRM, each stator pole is wound
with two sets of windings. In addition to the electromagnetic
torque, the main windings are also used to provide the bias
flux for suspension force. The suspension windings can pro-
vide the control flux for suspension force. By superimposing
these two kinds of flux, the suspension force can be generated.
BSRM is a nonlinear and strongly coupled complex system.
It is difficult to realize the decoupling control of electromag-
netic torque and suspension force in practice.

Compared with DWBSRM, the manufacturing cost of
SWBSRM can be reduced, and the power can be furtherly
improved. The structure of SWBSRM is the same as that of
ordinary SRM. The coils on each stator pole are disconnected
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FIGURE 11. Decoupling characteristics of torque and auxiliary suspension
subsystem. (a) Analysis of coupling influence of auxiliary suspension
current on torque subsystem; (b) Analysis of coupling influence of torque
current on auxiliary suspension subsystem.

from each other and controlled independently. By changing
the current in the winding, the flux density under the stator
pole can be changed, therefore the required electromagnetic
torque and radial force can be produced simultaneously.

In HRBSRM, the stator structure is consistent with that
of SRM, while the rotor is different. The fan laminations
provides suspension force, while the annular laminations
not only provide electromagnetic torque but also provides
suspension force. The control strategy is easy to implement,
but its axial length is extended, which is not conducive to
improving the critical speed or power density.

Compared with the 8/10 HSBSRM, the 12/14 HSBSRM
has shorter magnetic circuit, which can strengthen the decou-
pling and reduce the iron loss.

In DSBSRM, the torque control is the same as 12/8 SRM,
and the required suspension force can be controlled by con-
trolling the winding current on the inner stator. Decoupling
control can be realized by maintaining a certain thickness of
the rotor yoke during machining, but the machining require-
ments are high.

In RADBSRM, the radial load capacity and anti-
disturbance ability can be enhanced, and the power con-
sumption for radial suspension can be reduced due to the
permanent magnet comprised in the inner stator.
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FIGURE 12. Harmonic analysis results of RADBSRM. (a) FFT results of
electromagnetic torque; (b) FFT results of main suspension force; (c) FFT
results of auxiliary suspension force.

Since there is still no clear comparative data about the
efficiency, power factor, harmonic and other indicators of
various types of BSRMs available in the published literatures,
therefore Maxwell 3D is used to establish the models of
several typical BSRMs for preliminary performance compar-
ison in this paper. The main physical dimensions, winding
parameters and excitation current of these motors are the
same.

The electromagnetic torque, main suspension force and
auxiliary suspension force of RADBSRM are analyzed by
FFT (fast Fourier transform). The rotor speed is 5000rpm,
therefore the fundamental frequency is 667Hz. The results
are shown in Figure 12. It can be seen that 7., Fny and
F,y contain large DC components. The total harmonic dis-
tortion (THD) of T, Finy and Fyy is 66.73%, 61.70% and
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FIGURE 13. Harmonic analysis results of DSBSRM. (a) FFT results of
electromagnetic torque; (b) FFT results of suspension force.

328.91% separately. One reason for the large THD value is
that the DC component is included in THD, especially for Fy.
But the DC component does not cause stator vibration, and
even contributes greatly to the average value. The amplitude
of the second order harmonic of 7t and Fi,y, and the ampli-
tude of the twelfth order harmonic of Fyy are large, which
may cause large vibration response of stator. The reason for
large harmonics is the use of square wave current control
method, which is a major problem of switched reluctance
motor, and can be suppressed by structural optimization and
control strategy [25], [26].

DSBSRM has the most similar structure to RADBSRM,
so the FFT results of electromagnetic torque and suspension
force for DSBSRM are given in Figure 13 for comparison.
It can be seen that the DC component of T, is the same as
that of RADBSRM, and the harmonic of torque 7, similar to
that of RADBSRM. The THD of the suspension force Fy is
greater than the main suspension force Fy,y of RADBSRM,
and the DC component of Fy is less than that of Fiy, which
indicate that the harmonic content of RADBSRM is better
than that of DSBSRM, and the suspension ability of RADB-
SRM is stronger than that of DSBSRM.

Table 3 shows the comparison of some performance
parameters of concern, in which the excitation currents are
listed simultaneously. The RADBSRM has not been opti-
mized with multiple objectives in system level, therefore the
performance parameters are not the optimal value that the
RADBSRM can achieve. Considering that DWBSRM is a
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TABLE 3. Main parameters of RADBSRM.

Performance parameter DWBSRM [27] SWBSRM DSBSRM RADBSRM
5.2877
Main suspension efficiency [N/W] 5.04 (ia2=7.5A, ins=T7.5A, (i7£3 L;IA) (il 8;32621)
iA1=5A iA3=5A) w» e AL
Auxiliary suspension efficiency / / / 19.1693
[N/W] (ipy=2.5A)
61.70%
0,
THD of main suspension force / 89.86% (?63'26??) (ia=2.5A)
o (ir=2.5A)
. . 328.91%
THD of auxiliary suspension force / / / (iry=2.5A)
Electromagnetic torque efficiency 0.011 0.0316 0.0113 0.0225
[Nm/W] : (ia=5A) (ia=5A) (ia=5A)
. 65.46% 65.89% 66.73%
THD of electromagnetic torque / (in=5A) (in=5A) (ix=5A)

traditional type of BSRM, and the performance advantages
of other typical types of BSRMs relative to DWBSRM have
been widely analyzed and described. Therefore, a finite ele-
ment analysis model is no longer reestablished for analysis,
but only the data of references are cited [27]. It can be
seen that the suspension efficiency, electromagnetic torque
efficiency, THD of suspension force, THD of electromag-
netic torque of the proposed RADBSRM are better than
others types of BSRMs (including DWBSRM, SWBARM,
DSBSRM).

VIi. CONCLUSION

A new type of radial-anti-disturbance bearingless switched
reluctance motor is proposed in this paper. The topology,
operation principle and control strategy are described. Its
electromagnetic and decoupling characteristics are analyzed
and verified by finite element method. RADBSRM has the
following excellent performance.

(1) The radial load capacity and anti-disturbance ability
are enhanced. Specifically, the main windings can provide
electromagnetic torque and main suspension force simul-
taneously. When the rotor is seriously disturbed in radial
direction, the auxiliary windings and the permanent magnet
can also co-provide auxiliary suspension force to make the
rotor quickly restore to the radial center.

(2) The coupling between electromagnetic torque and
radial suspension force are effectively weakened. Specifi-
cally, the flux paths of the main windings and the auxiliary
windings are not interconnected, so the coupling between the
electromagnetic torque and the auxiliary suspension force can
be effectively weakened structurally. The inductance change
rate of the auxiliary windings in each phase and the main
windings in suspension area are all approximately to zero
with respect to the rotor position angle, which will not gener-
ate electromagnetic torque after excitation.
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(3) The power consumption for radial suspension is
reduced. Because the permanent magnet comprised in the
inner stator can provide constant bias flux for the auxiliary
suspension force, the magnitude and direction of the auxil-
iary suspension force can be controlled by adjusting the auxil-
iary winding current, and the auxiliary windings can generate
the suspension force more effectively than DSBSRM.

As a high-precision finite element simulation software,
ANSYS can analyze the electromagnetic characteristics of
motor and simulate its control effect in combination with
external circuit. Therefore, it is often used for rapid verifica-
tion of new structure motor [28]. In this paper, the excellent
performance of RADBSRM is analyzed by ANSYS, and the
feasibility of the proposed scheme is preliminarily verified,
which lays a foundation for subsequent research. The actual
operation test needs to establish a complete experimental
control system, which involves a lot of work such as prototype
processing, control strategy optimization, controller design
and debugging, and needs to be further carried out by the
research group.
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