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ABSTRACT This paper proposes a 18/15/6 pole dual-stator bearingless switched reluctance motor
(DSBSRM) with better overall performance. The proposed motor separates the torque control system and
the suspension control system with a magnetic isolation ring. The torque drive system adopts the method of
optimizing the distribution and quantity of the stator and rotor tooth poles, which reduces the hysteresis force
that exists during the commutation of the electromagnetic poles and improves the torque output capacity
and the electromagnetic conversion efficiency. The suspension control system adopts hybrid excitation
differential control method. This method increases the electromagnetic induction intensity of the suspension
system at a small current and thus improves the levitation force output capability and control accuracy.
The mathematical model of the 18/15/6 pole DSBSRM was established. The torque mathematical model
adopts the Maxwell stress integral method after path optimization, and the levitation mathematical model
is established with full consideration of the rotor offset problem to ensure the accuracy of the mathematical
model. Ansoft Maxwell 2D software was then used to simulate the 18/15/6 pole DSBSRM in 2D. While
verifying the correctness of the mathematical model, the characteristics of the motor were analyzed and the
influence of key parameters such as control current and air gap thickness on the performance of the motor
was analyzed. In order to further highlight the excellent performance of 18/15/6-pole DSBSRM. Compare
18/15/6 pole DSBSRMwith new 16-phase BSRM and 12/8/4 pole DSBSRM. Structural decoupling method
is used in all 3 motors. The results show that the proposed 18/15/6-pole DSBSRM has better performance
in terms of torque and suspension output capacity and decoupling performance.

INDEX TERMS BSRM, hybrid excitation, magnetic field decoupling, mathematical model, differential
control, performance analysis.

I. INTRODUCTION
With the development of magnetic bearing technol-
ogy, applying magnetic levitation technology to switched
reluctance motors(SRM), bearingless switched reluctance
motors(BSRM) are produced [1]–[4]. The bearingless
switched reluctance motor is based on the ‘‘principle of min-
imum reluctance’’ [5]–[7]. It effectively solves the problems
of severe heat generation and low service life caused by
the relatively serious friction of the rotor in the traditional
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SRM during high-speed rotation. Improve the critical speed
and service life of the motor [7]–[9]. At the same time,
it inherits the high reliability and excellent speed regulation
performance of the SRM, which has been a research hotspot
in the motor field in the past two decades. It can be promoted
in many practical industrial fields such as flywheel energy
storage systems, electric vehicles, aerospace, etc., [10], [11].

The concept of BSRM was first proposed by Japanese
scholars in 1989, and in the 1990s a team of Japanese scholars
proposed a 12/8 pole DSBSRM and carried out research on
the torque and control of BSRM, followed by many scholars
in various countries and other countries to carry out research
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and optimization of BSRM [1], [12]. Conventional BSRMs
produce both electromagnetic torque and levitation forces
when operating with varying inductance between the stator
and rotor. So, either adjusting the torque or the levitation force
will have an effect on the other output. In addition, when the
windings are energized, the magnetic field lines that generate
torque and levitation force are interlinked, which leads to
the coupling of torque control and levitation control [13].
The two main methods of decoupling the BSRM torque and
levitation forces are algorithmic decoupling and structural
decoupling. Algorithmic decoupling uses control algorithms
to adjust and distribute the torque and suspension current
components in real time but is more difficult and susceptible
to external interference. Structural decoupling eliminates and
reduces the coupling of torque and levitation force by improv-
ing the motor structure, which reduces the control difficulty
and ensures the reliability of the BSRM. With the continu-
ous research in recent years the commonly used structural
decoupling have divided into the following four categories:
mixed stator tooth types such as the 12/14 pole mixed stator
tooth BSRM proposed in the literature [14]; wide rotor tooth
structures such as the new 16 phase BSRM proposed in the
literature [13]; double stator structures such as the 12/8/4 pole
DSBSRM proposed in the literature [15]; composite rotor
structures such as the 12/8 pole single winding composite
rotor BSRM proposed in the literature [16].

This article focuses on the application of bearingless
switched reluctance motor in artificial heart. Based on
the summary of existing research, proposes a bearingless
switched reluctance motor with superior comprehensive per-
formance and good decoupling performance to meet the
requirements of replacing the heart. Compared with the con-
ventional BSRM, this motor has two stators, the torque stator
and the suspension stator, has the optimized teeth number of
stator and rotor for better performance, has a hybrid exci-
tation suspension output system. A mathematical model of
the motor was derived using Maxwell’2D stress method, and
then the motor performance was analyzed and verified by
finite element simulation software. Finally, the performance
of 18/15/6 pole DSBSRM is comparedwith 12/8/6 pole DSB-
SRM and new 16 phase BSRM, which are also structurally
decoupled, to verify the outstanding performance of 18/15/6
pole DSBSRM.

II. MOTOR STRUCTURE
This paper proposes a new type of BSRM, as shown in
Fig.1(a)(b). The stator section consists of an 18-pole outer
stator, a 6-pole inner stator, a stator torque winding, a per-
manent magnet and a levitation control winding, where the
inner stator consists of a 3-phase winding control pole and
a 3-phase permanent magnet control pole; the rotor section
consists of a 15-pole torque rotor and a levitation rotor ring
connected by a magnetic isolation material to form a whole.

For the winding of the motor, as shown in Fig.2, the torque
winding on the outer stator is divided according to the struc-
ture of the 18 outer stator teeth into 3 phases separated by 40◦.

FIGURE 1. 18/15/6 Pole DSBSRM motor structure. (a)18/15/6 pole
DSBSRM exploded view. (b) 18/15/6 pole DSBSRM end view.

Each phase containing 3 pairs of stator windings separated
by 120◦, each pair of adjacent stator windings separated by
24◦. As shown in Fig.2, A1 and A2 are a pair of adjacent
windings. The winding method is single winding, with oppo-
site windings on each pair of stator teeth, all windings have
the same number of turns, and each phase can be controlled
independently. Taking phase A as an example, there are two
pairs of coil windings of which A1 and A2 are wound on
two adjacent stator teeth as a pair of poles; A3 and A4 are
wound on two other adjacent stator teeth as a pair, and A5
and A6 are wound on the third pair of stator teeth as a pair
of poles, which are then connected in series to form phase A
winding. The presence of six torque teeth in each phase of the
torque winding further improves the efficiency of the torque
output. At the same time, the levitation forces produced by 3
pairs of poles in the same phase counteract each other, which
reduces the influence of torque system on suspension system.
The same winding principle as the A-phase winding forms
the B-phase and C-phase windings together with the A-phase
winding to form a 3-phase torque winding.

The suspension winding adopts the method of hybrid exci-
tation on the inner stator. The 3 teeth of the inner stator are
the permanent magnet poles and the other 3 stator teeth are
the control poles, each pole is equally distributed on the inner
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stator. As shown in Fig.2, 3 permanent magnet poles N1, N2
and N3 are located at 0◦, 120◦ and 240◦ positions. The three
control poles are located in the directions of 60◦, 180◦ and
270◦. The 3 permanent magnet poles have the same struc-
ture, the same size, and the same material. The 3 permanent
magnets radial magnetization direction is also from the inner
stator center to outward. The 3 control windings M1, M2 and
M3 with the same winding mode on the control poles, which
act in conjunction with the permanent magnet poles to control
the rotor suspension.

FIGURE 2. 18/15/6 Pole DSBSRM winding method.

III. WORKING PRINCIPLE AND MATHEMATICAL
MODEL DERIVATION
A. TORQUE
Under ideal conditions, BSRM follow the ‘‘principle of
minimum reluctance’’. Fig.3 shows the principle of torque
generation in motor operation. When phase A is energized,
the magnetic field lines generated by the torque winding
will enter the adjacent torque teeth, forming a closed loop
of magnetic field lines of ‘‘stator tooth - air gap - torque
tooth - air gap - stator tooth’’ represented by the solid red line
in the figure [17], [18]. Therefore, a counterclockwise torque
is generated, and counterclockwise is the positive direction.
When the rotor passes through a stepping angle and the rotor
tooth is completely aligned with the stator tooth of phase A,
the phase A winding is energized and the phase B winding
is de-energized. In this way, the 3 phases are connected in
sequence to form a ‘‘A→B→C→A’’ cycle, so that the motor
works normally.

Before modelling, the following assumptions are made:
The magnetic circuit saturation is ignored, and the eccen-

tric displacement of the rotor is not considered;
The magnetic flux density distribution in stator, rotor teeth

and air gap is uniform;
When the stator and rotor teeth are perfectly aligned, the

edge magnetic fluxes on both sides have the characteristics
of center symmetry.

Maxwell stress tensor is an extension of Maxwell elec-
tromagnetic theory, which can show the interaction between

FIGURE 3. Equivalent magnetic circuit diagram of the torque principled.

electric field force, magnetic field force and mechanical
momentum. The content is: the tension component of the
magnetic field is the same as the effect of a qualitative
dynamics. The normal force and tangential force of the mag-
netic stress acting on the curved surface s can be expressed
as [19], [20]:

Fn =
1

2µ0

∫∫
S

(
B2n − B

2
t

)
dA (1)

Ft =
1
µ0

∫∫
S

BnBtdA (2)

where: µ0 is the vacuum permeability, Bn and Bt are the
normal and tangential components of the air gap flux density.

The traditional Maxwell stress method is used to integrate
paths consisting only of paths perpendicular and parallel to
the magnetic lines of force in Fig.4(a). Although it reduces
the computational effort, it also reduces the model accu-
racy. In order to overcome the limitations of the traditional
Maxwell stress method of path selection. A new area inte-
gration path is selected as segments 1 to 8 in Fig.4(b). The
radian of stator and rotor teeth is 8◦. Set counterclockwise as
the positive direction, then in the figure θ ≤ 8◦.
According to Maxwell’s stress method combined with (1)

and (2). As shown in Fig.4, the electromagnetic torque T1
applied to the rotor at the air gap at position θ ∈ [0◦, 8◦] is
obtained as follows:

T1 =
hr0
2µ0

∫ 4
3 B

2
mdl +

∫ 6
5 B

2
f sinτdl

−
∫ 7
6 B

2
mdl +

∫ 8
7 B

2
f sinτdl

 (3)

where: dl is the integral path length unit. τ is the angle
between the normal vector of the integral path and the centre
line of the rotor tooth poles. Bm is the main air gap flux and
Bf 1 is the air gap edge flux.
In the process of one-phase being powered, six teeth are in

the samework state. According to the motor structure and (3),
the torque mathematical model of the 18/15/6 pole DSBSRM
based on Maxwell stress method is as follows:

T = 6T1, θ ∈
[
0,
π

45

]
(4)

The air-gap magnetic resistance of the windings is indi-
cated by RA1 and RA2, i indicates the energising current of
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FIGURE 4. Equivalent air gap magnetic circuit at position θ ∈ [0◦,8◦].
(a) Traditional integration path. (b) Integral path of this article.

the windings. The magnetic flux generated by the windings
in the magnetic circuit is indicated by8A1 and8A2 and ‘‘→’’
indicates the direction of the flux. The number of turns per
coil is 100 and is indicated by the unified symbolN .When the
A-phase winding is energized, the planar equivalent magnetic
circuit diagram of a pair of energized windings is shown
in Fig.5.

Generally, the magnetic potential drop of any section of
the magnetic circuit can be calculated by the integral of the
magnetic field strength along the magnetic circuit section.
Combined with Fig.4 the relationship between the magnetic
potential f acting on a magnetic circuit and the magnetic field
strength can be expressed as:

f = Ni = HGl0 + H1l1 + H2l2 (5)

where: HG is the magnetic field strength, l0 is the air gap
magnetic circuit length, H1 is the magnetic field strength in
the stator teeth, l1 is the average magnetic circuit length in the
stator teeth,H2 is the magnetic field strength in the rotor teeth
and l2 is the average magnetic circuit length in the rotor teeth.

FIGURE 5. Planar equivalent magnetic circuit diagram.

The relationship between magnetic field strength H (A/m)
and flux densityB(Wb/m2) is usually linear. The reluctance of
the core material is so small in the motor operating condition
that it can be neglected. Therefore, (5) can be simplified to
obtain:

f = Ni =
B
µ
l0 (6)

The equivalent magnetic circuit formula for the phase A
can be obtained from Fig.5 as:{

Ni+8A1RA1 = Ni+8A2

8A1 = 8A2
(7)

According to (7), we can obtain:

8 =
Ni
R

(8)

As shown in Fig.4, the magnetic path of the edge flux is
approximately represented as the air gap of the main flux
superimposed 1 / 4 arc trajectory. The average length lf 1 of
the edge flux at θ ∈ [0◦, 8◦] is:

lf 1 =

∫ r|θ |
0

(
l0 + 2π l

4

)
dl

r0
(
2π
45 − θ

) = l0 +
πr0

(
2π
45 − θ

)
4

(9)

The main flux Bm and edge flux Bf in the 18/15/6
Pole DSBSRM air gap flux density can be obtained by
combining (6), (7), and (8) as follows:

Bm =
µ0Ni
l0

(10)

Bf =
µ0Ni
lf 1

, θ ∈

[
0,

2π
45

]
(11)

Combining (10) and (11) with (3) and bringing in the value
of τ the 18/15/6 pole DSBSRM within [0◦, 8◦] torque T1 as
follows:

T1 =
ahr0µ0N 2i2

2l0
+
bhr20µ0N 2i2

2l2f 1

×

 cos(
π

45
)− cos(

3π
45
− θ )− (

2π
45
− θ)

+(
2π
45
− θ)sin(

3π
45
− θ)−

l0
r0

 ,
θ ∈

[
0,

2π
45

]
(12)

Adjustment coefficients a and b are introduced due to the
structural characteristics of this motor, a = 0.37, b = −2.7
when θ ∈ [0◦, 1.5◦], a= 0.975, b= 0.97when θ ∈ [1.5◦, 8◦].
Since there are 3 pairs of torque teeth in each phase, each
phase is separated by 120◦. Therefore, the torque T in [0◦, 8◦]
is:

T =

{
0.111× K1 − 7.767×K 2, θ ∈

[
0◦, 1.5◦

]
0.975× K + 2.91×K 2, θ ∈

[
1.5◦, 8◦

]
K1 =

hr0µ0N 2i2

2l0
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FIGURE 6. Equivalent magnetic circuit model of permanent magnets.

K2 =
hr20µ0N 2i2

2l2f 1

×

 cos(
π

45
)− cos(

3π
45
− θ )− (

2π
45
− θ )

+(
2π
45
− θ )sin(

3π
45
− θ )−

l0
r0

 (13)

B. SUSPENSION SYSTEM
The inner stator and the toroidal core use the principle of
differential control to generate the magnetic levitation force.
Through the alternating distribution of permanent magnet
and excitation, the permanent magnet provides a stable and
continuous magnetic field to make the suspension stable, and
the current excitation is used to supplement the magnetic
force to generate the directional suspension force [11]. Fig.6
shows the magnetic force lines of the bias field provided by
the permanent magnets on the inner stator of the motor, when
the rotor is in the ideal position. The permanent magnetic
bias field is uniformly distributed on the inner stator and the
toroidal core. Fig.7 shows the magnetic field lines of force
provided by the control magnetic field after energization.
By superimposing or canceling the magnetic lines of force
generated by the control winding and the magnetic field lines
of force provided by the permanent magnets, it is possible
to induce a change in magnetic flux, thus generating a mag-
netic levitation force. In the case of ignoring the magnetic
saturation effect of the iron core, the rotor is set to deviate
in the negative direction of the Y axis, and the mathematical
expression of the levitation force generated in the Y axis is
solved.

According to the basic theory of electromagnetic field, the
magnetic levitation force FM can be obtained by Maxwell

FIGURE 7. Equivalent magnetic circuit model of control winding.

stress method as follows:

FM = B2MA
/
2µ0

(14)

where: BM is the electromagnetic induction of air gap section:

BM = 8
/
A (15)

The derivation of themathematical model of magnetic levi-
tation force considers the influence of rotor eccentricity.Mag-
netic levitation control adopts the differential control method.
The permanent magnet bias magnetic field is provided by the
permanent magnet. When the rotor is offset, the air gap reluc-
tance of each magnetic circuit also changes, which causes the
corresponding flux density to change. Thereby, there are:

Rδ1 =
δ − g0
µ0A

Rδ2 =
δ − g0cos60◦

µ0A

Rδ3 =
δ + g0cos60◦

µ0A

Rδ4 =
δ + g0
µ0A

Rδ6 =
δ − g0cos60◦

µ0A

Rσ1 =
δ + g0
µ0A

Rσ2 =
δ + g0cos60◦

µ0A
Rσ3 = Rσ2

(16)

In the above equation, Rδ1 is the air gap reluctance of the
upper permanent magnet bias flux in the +Y, Rδ2 is the air
gap reluctance of the upper permanent magnet bias flux at
an angle of 60◦ from +Y, Rδ3 is the air gap reluctance of
the lower right permanent magnet bias flux at an angle of
120◦ from +Y, Rδ4 is the air gap reluctance of the lower
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right permanent magnet bias flux at a position in the -Y,
Rδ6 is the air gap reluctance of the upper permanent magnet
bias flux at an angle of −60◦ from +Y. Rσ1 is the air gap
reluctance corresponding to the control winding in the -Y,
Rσ2 is the air gap reluctance corresponding to the control
winding at an angle of 60◦ from +Y, Rσ3 is the air gap
reluctance corresponding to the control winding at an angle
of −60◦ from +Y. δ is the thickness of the inner stator and
rotor air gaps when the rotor is in the ideal position, µ0 is the
air permeability at the air gap, g0 is the distance the rotor is
offset in the negative Y direction, A is the positive area at the
air gap, and RPM is the permanent magnet reluctance:

RPM =
lPM

µ0µr lhPM
(17)

where: lPM is the radial magnetization length of the perma-
nent magnet,µr is the permeability of the permanent magnet,
l is the width of the permanent magnet, hPM is the axial length
of the permanent magnet.

The magnetomotive force FPM for the flux of a permanent
magnet is:

FPM = HclPM (18)

where:Hc is the magnetic field strength within the permanent
magnet.

The magnetomotive force Fc of the magnetic flux of the
control winding is:

Fc = Ni (19)

where: N is the number of winding turns, i is the control
winding current.

According to the equivalent magnetic circuit diagram in
Fig.6 and Fig.7, the control flux8c1 in the+Y, the permanent
magnet bias flux8PM1 in the+Y, and the permanent bias flux
8PM2 at an angle of 120◦ in the +Y are obtained.

8c1 =

Fc
/
σ1
· (Rσ2 + Rσ3)

Rσ2Rσ3 + Rσ1 (Rσ2 + Rσ3)

8PM1 =

FPM
/
σPM1

· Rδ2
Rδ2Rδ4 + (Rδ2 + Rδ4) (RPM + Rδ3)

8PM2 =

FPM
/
σPM1

· Rδ2
Rδ2Rδ4 + (Rδ2 + Rδ4) (RPM + Rδ3)

+

FPM
/
σPM2

· Rδ6
Rδ2R δ6

+ (Rδ2 + Rδ6) (RPM + Rδ1)

(20)

where: σ1 is the leakage coefficient of the control flux in the
-Y, σPM1 is the leakage coefficient of the permanent magnet
bias flux at an angle of 120◦ in the positive direction of the
Y-axis, and σPM2 is the leakage coefficient of the permanent
magnet bias flux in the positive direction of the Y-axis.

Combining the above equations gives the levitation forces
FM1 FM2 as:

FM1 =
(28PM1 +8c1)

2

2µ0A
(21)

FM2 =
82
PM2

2µ0A
(22)

The combined force FM of the levitation forces acting on
the annular core is:

FM = FM1 − 2FM2cos60◦ (23)

IV. CHARACTERISTIC ANALYSIS AND
MODEL VALIDATION
In this section, in order to investigate the performance of the
18/15/6 pole DSBSRM motor, Ansoft Maxwell 2D software
is used to model the motor in two dimensions [21]. In this
way, the torque performance, suspension performance and
decoupling performance of the motor are analyzed. The cor-
rectness of the mathematical model is verified.

A. TORQUE PERFORMANCE AND TORQUE
MODEL VALIDATION
Fig.8 shows the magnetic flux density at the misalignment of
the rotor teeth and stator teeth for phase A current iA =3A.
We can see that the magnetic field intensity is concentrated
on the stator teeth with the energized winding and the corre-
sponding rotor teeth. The magnetic field intensity does not
affect the other stator teeth or the inner stator suspension.
It indicates that good performance can be achieved without
isolation between external stators or rotors.

Combined with (13), I observed that the main factors
affecting the torque output when the motor size has been
determined are the air gap width and the torque control cur-
rent. Fig.9(a) depicts the torque characteristic curve when the
torque air gap width is 0.3mm, 0.5mm, 0.7mm, and the phase
A torque control current iA = [0A, 3A]. The graphic analysis
shows that the torque output is generally improved with the
decrease of the torque air gap width. The decrease of the air
gap width reduces the air gap reluctance at the same time,
which conforms to the ‘‘principle of minimum reluctance’’.

Fig.9(b) depicts the torque characteristic curves derived
from the Ansoft Maxwell 2D analysis and mathematical
model for phase A torque control currents iA = 1A, 2A, and
3A at a torque air gap width of 0.5 mm. Firstly, there are slight
deviations between themathematical model and the finite ele-
ment simulation results at the beginning of the torquewinding
with different currents. This is because the rotor tooth and

FIGURE 8. Distribution of magnetic field density at current iA = 3A.
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stator tooth are affected by many factors such as magnetic
saturation and mutual inductance at the coincidence stage.
The mathematical model results are basically consistent with
the finite element simulation results. The correctness of the
mathematical model is also verified along with the analysis
of the characteristics. Secondly, the torque output is generally
improved as the current increases when the air gap width is
constant, and the positive torque is continued at a step angle
to ensure the full cycle of the motor’s forward rotation.

The normal and good operation of the bearingless switched
reluctance motor needs to control the sequential start of each
phase on the basis of a suitable control method. This article
mainly focuses on the optimization and verification analysis
of the motor structure. In order to simply reflect the compre-
hensive operating effect of the 18/15/6 pole DSBSRM, only
in the case of a fixed opening angle, the 3 phases torque group
is started in sequence and the total torque is synthesized.
Fig.9(c) is a torque graph and a torque composite graph in the
range of [0◦ ∼ 28◦] when the control current of each phase
is 2A. According to (24), the torque ripple value p1 of the
synthesized torque in this range is 28.84%.

P1 =
Tmax − Tmin

Tave
(24)

where: Tmax ,Tmin and Tave are the maximum, minimum and
average values of torque in the sampling interval.

B. SUSPENSION PERFORMANCE AND
TORQUE MODEL VALIDATION
Fig.10 shows the magnetic field density distribution gener-
ated by the permanent magnet and the magnetic field density
distribution generated when the control winding M3 passes
through 3A current. The graphic analysis shows that the
magnetic field intensity generated by the suspension system
is mainly concentrated on the inner stator and rotor ring core
and does not affect the external stator and torque rotor.

From the 2.2 levitation force mathematical model analysis,
I observed that the thickness of the levitation air gap, the levi-
tation control current, the radial magnetization length and the
rotor offset are the main factors affecting the magnitude of the
levitation force. In order to carry out its characteristic analysis
and verify the correctness of the mathematical model, the
simulation results of the levitation output value in the Y
direction generated under the control winding M3 current of
0∼3A and the calculation results of the mathematical model
are plotted in Fig.11 (The positive Y direction is taken as
positive).

Fig.11 (a) describes the levitation force values under differ-
ent air gap thicknesses. We can see that the average levitation
force values under the air gap width of 0.4mm, 0.5mm, and
0.6mmwhen the current is 3A are 215N, 157N, 121N respec-
tively. Calculated by (25), the levitation force pulsation in the
sampling interval when the control current is 3A is 0.081%,
0.052%, and 0.41% respectively. The magnitude of the levi-
tation force increases as the air gap thickness decreases. The
levitation force value remains constant when the rotor angle

FIGURE 9. Torque characteristics. (a)Surface diagram of torque
characteristics. (b) Torque characteristic curve. (c) Torque synthesis graph.

changes, ensuring the stability of the suspension control.

P2 =
Fmax − Fmin

Fave
× 100% (25)

where: Fmax , Fmin and Fave are the maximum, minimum, and
average values floating in the sampling interval.

Fig.11(b) shows the simulated and mathematical model
calculated values of the levitation force when the rotor is off-
set in the Y axis (taking the negative direction of movement
as positive). The values of suspension force at the offset of
−0.1mm, 0mm, 0.1mm and 0.2mm are 35N, 0N, −32N, and
−64N respectively in the case of control current of 0A. Com-
bining the formulas in Fig.11 and the formula in section 2.2,
we can see that when the rotormoves to the negative direction,
the air gap thickness in the positive direction of the Y axis
decreases, and the air gap reluctance decreases. The levitation
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FIGURE 10. Magnetic field density distribution of suspension system.
(a) Density distribution of permanent magnetic bs. (b) Distribution of
magnetic field density of control winding.

force in the negative direction is generally generated, and vice
versa. From the equation in section 2.2, I observed that the
levitation force is proportional to the square of the current.
However, due to the relatively small magnetic field intensity
produced by the low current, the suspended output value in
Fig.11(b) shows an approximate linear relationship with the
current. In turn, the correctness of the mathematical model is
verified.

Fig.11 (c) shows the levitation force output at different
radial magnetization lengths. This is due to the fact that the
radial magnetization length of 1.5 mm is basically saturated
in this structure. However, we can still analyze that the overall
force output increases as the radial magnetization length
increases.

C. DECOUPLING PERFORMANCE ANALYSIS
As Fig.12 shows the magnetic field density when the torque
winding and suspension winding are energized simultane-
ously. We can see that the flux paths of the torque control
system and suspension control system are independent of
each other.

Because the torque winding of the 18/15/6 pole DSBSRM
motor is centered symmetrical with the 3 pairs of poles in
each phase spaced 120◦ apart. Therefore, the levitation force
generated during torque drive will cancel each other out.
Fig.13 shows the levitation force generated by the torque
system at IA = 0∼3A and its proportion in the levitation
force generated by the suspension system at IM3 = 0∼3A

FIGURE 11. Suspension characteristics. (a) Suspension characteristics at
different air gap thicknesses. (b) Suspension characteristics at different
rotor offsets. (c) Suspension characteristics at different radial
magnetization lengths.

in the Y-axis direction in a step angle. As can be seen from
Fig.13, the maximum levitation force generated at a torque
winding current of 3A does not exceed 0.5N. The maximum
suspension force generated in the torque winding is 1.45 %
of the suspension force generated in the suspension winding.
The average levitation force generated by the torque wind-
ing accounts for the maximum of 0.106% of the levitation
winding. It meets the requirement that the decoupling ratio of
BSRM is less than 5%. This proves that the motor has good
performance in terms of decoupling the levitation force from
the torque.
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FIGURE 12. Magnetic field density when energized simultaneously.

FIGURE 13. Torque and suspension decoupling performance.
(a) Levitation forces generated in the torque winding at different currents.
(b) Percentage of levitation force generated by the torque windin.

The coupling of levitation force is also an important aspect
that needs to be considered, which is related to the stability
of the levitation system. From Fig.14(a), we can see that the
maximum levitation force in the X-direction generated by
the control winding with a current of 0∼3A does not exceed
200mN. Fig.14(b) shows the levitation force generated in
the Y-direction and X-direction when the control winding
current is 3A. We can see that the percentage of the levi-
tation force in the X-direction is particularly small, and the
maximum percentage is 0.21%, which proved that there is
almost no coupling between the X direction and the Y direc-
tion of the levitation force. The suspension system has good
stability.

FIGURE 14. Levitation forces coupled in the x, y direction.
(a) X-directional levitation force generated by M3 with 0-3A current.
(b) X-directional levitation force and Y-directional levitation force
generated at M3 through 3A current.

In summary, the 18/15/6 pole DSBSRM can ensure that
the torque control system and the suspension control system
work independently of each other. The stability of the motor
is well guaranteed.

V. PERFORMANCE COMPARISONS
In order to further reflect the good performance of 18/15/6
pole DSBSRM, the new 12/8/4 pole DSBSRMwith the same
double stator structure [11] and the new 16 phase BSRMwith
decoupled structure [13] were selected for comparison. Main
parameters of each motor such as air gap, height of stator and
rotor, outer diameter of stator and rotor, number of windings
turns and axial length of motor are basically consistent. The
operating cycle, energization mode, stator-rotor pole arc and
other parameters of the 3 motors are shown in Table 1, and
the motor structure is shown in Fig.15.

The new 16-phase BSRM performs a phase change in
the [0◦, 7.5◦] interval. Rotor teeth adopt block mixed tooth
structure. The torque teeth and the suspension teeth are sep-
arated from each other and are sequentially embedded on
the support structure. The torque teeth are set in a ‘‘U’’
shape with grooves in the teeth to increase the torque out-
put capacity. The new 16-phase BSRM controls the torque
and the radial suspension separately. It has been shown to
be well decoupled. However, the torque can only be pro-
vided by one of the ’U’ teeth. There is a small torque and
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FIGURE 15. Schematic diagram of structurally decoupled BSRMs.
(a) 12/8/4 pole DSBSRM. (b) New 16-phase BSRM. (c) 18/15/6 pole
DSBSRM.

structural asymmetry. The 12/8/4 pole DSBSRM is based on
the traditional 12/8 pole BSRM with a double stator struc-
ture. It is capable of good torque and suspension decoupling.

TABLE 1. Parameters of the 3 BSRMs.

FIGURE 16. Torque comparison chart.

However, in practical engineering, the stator yoke thickness
does not meet the decoupling requirements. For torque wind-
ing currents i = [0A, 3A], the average torque curves of the
three motors within one stepping angle are shown in Fig.16.
For suspension winding currents i = [0A, 3A], the average
levitation force curve generated by the 3 motors over one
cycle is shown in Fig.17.

According to Fig.16, the average torque provided by
18/15/6 pole DSBSRM at different currents within a step-
ping angle is significantly higher than the other two motors.
The average torque provided by this motor is calculated to
be 150% and 288% of the average torque of the 12/8/4
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FIGURE 17. Comparison of average levitation forces.

FIGURE 18. 12/8-Pole DSBSRM magnetic field density.

pole DSBSRM and the new 16-phase BSRM respectively.
The 18/15/6 pole DSBSRM can provide relatively larger
torque with better driving force. However, the 18/15/6 pole
DSBSRM gives up the stability of the torque output while
improving the torque regulation. This is determined by the
nature and structure of the motor.

The comparison of the average radial levitation force of
the 3 motors shown in Fig.17. We can see that the radial
levitation force output of the 18/15/6 pole DSBSRM is sig-
nificantly greater than that of the other two motor.

As Fig.18 shows the magnetic field density of 12/8/4
pole DSBSRM in the case of both torque control current
and suspension control current of 3A. We can see that the
magnetic flux lines generated by the torque system and
suspension system interfere with each other. Compared to
Fig.12, it proves that the 18/15/6 pole DSBSRM proposed in
this paper has more excellent decoupling performance com-
pared with 12/8/4 pole DSBSRM, which makes the control
more convenient.

VI. CONCLUSION
Based on the decoupling of the BSRM, this paper proposes
a new BSRM structure with the aim of improving the per-
formance of the BSRM. By optimizing the distribution and

number of stator and rotor tooth poles, the hysteresis force
existing during the commutation of the electromagnetic poles
is effectively reduced, and the electromagnetic conversion
efficiency is significantly improved. And on the basis of
the new structure, the hybrid excitation mode is adopted.
Through the integrated work of permanent magnet and exci-
tation, it not only improves the anti-interference performance
of the rotor under ideal working conditions, but also enhances
the suspension force output capacity. The structure is opti-
mized for the coupling problem of torque and radial levitation
force control that exists in conventional BSRM. The torque
system and suspension system basically have no magnetic
field coupling during operation, and the influence of torque
on suspension is only 0.21%. A more accurate mathematical
model based on Maxwell’s stress method was established.
Combined with the mathematical model to verify and analyze
the impact of important parameters such as current and air
gap width on the performance of the motor. By comparing
with the same structure decoupling BSRM, it is proved that
under the same size, the average torque output performance
of this motor is improved by at least 150%. The average
suspension output performance is improved by more than
200% overall. It is proved that the proposed motor structure
can decouple torque and levitation force in structure. And has
better torque and levitation output ability. It ensures that the
motor has more prominent torque output under the condition
of more stable operation and reduces the difficulty of motor
control to save costs for further application. We hope to lay
the foundation for the application in the field of artificial
hearts in the future.
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