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A Bearingless Switched Reluctance Motor (BSRM) has a complicated character of nonlinear coupling; therefore, it is a hard work to
operate BSRM stably. In this paper, a new type of BSRMs with novel rotor structure is proposed by analyzing relationships between
motor structure and theoretical formulae of levitation force and torque. The stator structure of this new motor is same as that of
traditional BSRM and each stator pole can coil one winding or two windings, while the pole arc of rotor is wider. In order to analyze
the characteristics of the proposed BSRM, finite-element (FE) models are used and a 12/4 one-set-winding BSRM and a 12/8 twosets-windings BSRM are taken as examples. The analysis results indicate that the new scheme is effective for a stable levitation. It can
realize decoupling control of torque and radial force, thus simplifying its control strategy and improving the use ratio of winding
currents. A control system is designed for the 12/8 BSRM based on deducing its mathematical model. Compared with traditional
BSRM, the proposed scheme is easier to be implemented.

1. Introduction
Because of the similarity between the structure of a magnetic
bearing and that of a conventional switched reluctance motor
(SRM), a Bearingless Switched Reluctance Motor (BSRM)
integrates the magnetic suspension winding into a motor. It
combines merits of a magnetic bearing and a conventional
SRM such as ruggedness, low cost, fail-safe, no friction,
no contact, high efficiency, fault-tolerance, and possible
operation at high temperature; therefore, BSRM can operate
at a high speed [1–3]. It has an advantage in a high-speed
and super high-speed starter/generator for an advanced
aircraft engine [4, 5]. Hence, it is expected to be suitable for
commercial, industrial, and military applications.
According to the number of coil windings embedded in
the stator, the BSRMs are divided into one set of windings
and two sets of windings [6]. Both of the two motors produce
unbalanced radial force by changing the air gap magnetic
field density to realize the suspension of rotor. However,
strong coupling exists between torque and levitation force
in both traditional two-sets-windings BSRM and traditional

one-set-winding BSRM. It is difficult to realize the complete
decoupling of the two in the mathematical model and control
strategy; thus, improvement of BSRM’s levitating and rotating
performance is limited. Scholars have done a lot of researches
on the motor topology to solve the coupling problem and
some research results have been obtained.
Scholars at Kyungsung University have proposed one
method for two-phase BSRM with 8/10 or 12/14 hybrid pole
type, in which each stator has one-set-winding. This proposal
takes advantage of the hybrid structure of narrow and wider
teeth to separate the radial force stator pole from the torque
stator pole [7–10]. Levitation force and torque are produced
separately by suspension winding and torque winding, thus
realizing the natural decoupling of torque and levitation.
However, the wider stator teeth occupy a large space, and the
operation of motor is two-phase excitation, which limits the
output of power density. Moreover, the number of rotor poles
is larger than the number of stator poles, so it is difficult to
improve the high speed performance.
NASA Glen Research Center proposed a one-set-winding
BSRM with hybrid rotor, which consists of two parts: circular
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Figure 1: Configuration and inductance curve of traditional 12/8 BSRM.

and scalloped lamination segments [11, 12]. When controlling
in practice, coils of one set of four stator poles form a set of
windings, providing levitation force for the circular laminated
section of rotor and playing the role of the magnetic bearing
to levitate the rotor. The other set of four stator poles imparts
torque to the scalloped portion of the rotor. The motor of
this structure is easy to control, but its biggest shortcoming
is that same as the magnetic bearing motor system and the
axial length is longer, which limits the critical speed of rotor.
The high-speed motor research center of Nanjing University of Aeronautics and Astronautics improves the suspension
winding arrangements of traditional 12/8 BSRM with twosets-windings, proposing a three-phase, two-sets-windings,
12/8 series-excited BSRM [13], which connect the traditional
three-phase suspension winding in the same direction in
series to become a one-set-winding. Thus it makes the
suspension winding inductance unchanged at one rotor cycle.
The suspension current does not produce torque, which
realizes the decoupling control of torque and levitation force.
Nevertheless, since the demand for copper wire of suspension
winding is high, it is wasteful and causes the utilization rate
of winding to be lower.
In this paper, a new type of BSRM with novel rotor
structure is proposed based on 12/8 two-sets-winding BSRMs
and 12/4 one-set-winding BSRMs. The scheme uses wider
pole arcs in the rotor and makes the winding inductance
curve a flat area in the inductance maximum position,
thus realizing decoupling control of the levitation force and
torque. First, the structure characteristics of the proposed
BSRM are summed up by analyzing relationships between
torque, suspension force, and inductance. Then, operating
principle of the new structure BSRM is illustrated. Accordingly, the torque and suspension force performances of the
proposed BSRM are analyzed in detail with finite-element
(FE) calculation. Mathematical model for suspension force
is deduced and a control system is designed for the 12/8
BSRM with two-sets-windings. Compared with traditional
BSRM, the proposed scheme has a simpler suspension force
model and is easier to be controlled; besides, it can realize
decoupling between torque and radial force.

2. Characteristics and Analysis of
Traditional BSRM
Figure 1(a) shows the configuration of the traditional 12/8
BSRM with only phase-A winding [14]. The pole arcs of the
stator and rotor are both equal to 15 mechanical degrees (∘ M).
The aligned position is defined as 𝜃 = 0∘ M. There are two
kinds of stator windings: the motor main winding and radial
force windings. The main winding 𝑁𝑚 consists of four coils
connected in series. Each radial force winding 𝑁𝑠 consists
of two coils. When the two differential windings conduct
the currents as shown in Figure 1(a), the flux density in air
gap 1 increases, whereas it decreases in air gap 3. Thus, an
unbalanced magnetic force is produced toward the positive
direction in the 𝛼-axis. Radial force toward the 𝛽-axis can
also be produced in the same way. Therefore, radial force
in any desired direction can be produced by composing the
two radial forces in perpendicular directions. Because the
number of rotor poles is 8, the inductance cycle of winding
is 45∘ M. Figure 1(b) shows the form of the main winding selfinductance curve.
The stored magnetic energy 𝑊𝑎 in phase-A can be
expressed as [14, 15]
𝑊𝑎 =

𝑖𝑚𝑎
1
[𝑖𝑚𝑎 𝑖𝑠𝑎1 𝑖𝑠𝑎2 ] × [𝐿 𝑎 ] × [𝑖𝑠𝑎1 ] .
2
[𝑖𝑠𝑎2 ]

(1)

The inductance matrix [𝐿 𝑎 ] of phase-A is a 3 × 3 matrix
constructed by self and mutual inductances and it can be
written as
𝐿 𝑚𝑎
𝑀(𝑚𝑎,𝑠𝑎1) 𝑀(𝑚𝑎,𝑠𝑎2)
𝐿 𝑠𝑎1
𝑀(𝑠𝑎1,𝑠𝑎2) ] ,
[𝐿 𝑎 ] = [𝑀(𝑚𝑎,𝑠𝑎1)
𝑀
𝑀
𝐿 𝑠𝑎2 ]
(𝑠𝑎1,𝑠𝑎2)
[ (𝑚𝑎,𝑠𝑎2)

(2)

where 𝐿 𝑚𝑎 , 𝐿 𝑠𝑎1 , and 𝐿 𝑠𝑎2 are the self-inductances of
𝑁𝑚𝑎 , 𝑁𝑠𝑎1 , and 𝑁𝑠𝑎2 , respectively; 𝑀(𝑚𝑎,𝑠𝑎1) is the mutual
inductance between 𝑁𝑚𝑎 and 𝑁𝑠𝑎1 ; 𝑀(𝑚𝑎,𝑠𝑎2) is the mutual
inductance between 𝑁𝑚𝑎 and 𝑁𝑠𝑎2 ; and 𝑀(𝑠𝑎1,𝑠𝑎2) is mutual
inductance between 𝑁𝑠𝑎1 and 𝑁𝑠𝑎2 .
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According to the principle of electromechanical energy
conversion, the torque 𝑇𝑎 due to phase-A can be written as
𝑇𝑎 =

I

II

V

III

IV

2
2
2
𝜕𝑊𝑎 𝜕 ((1/2) [𝐿 𝑚𝑎 𝑖𝑚𝑎 + 𝐿 𝑠𝑎1 𝑖𝑠𝑎1 + 𝐿 𝑠𝑎2 𝑖𝑠𝑎2 ]) (3)
=
.
𝜕𝜃
𝜕𝜃

When the shaft has no load or light load in its radial
direction, the suspension current value will be very small
because a small levitation force is needed to maintain rotor
stable suspension in that case. Therefore, the contribution of
suspension winding currents on the torque can be ignored.
The torque 𝑇𝑎 can be expressed as a linearized model:
𝑇𝑎 =

1 𝜕𝐿 2
𝑖 .
2 𝜕𝜃 𝑚𝑎

(4)

In the same way, suspension forces in two directions
produced by the current in phase-A can be obtained by the
virtual displacement method and can be written as
𝐹𝛼 =

Figure 2: The aim form of inductance curve.

torque will be produced when the currents conduct in region
III, which will lead to low-usage of winding current and limit
speed performance.

3. Structure Characteristics and Operating
Principles of the Novel BSRM

𝜕𝑊𝑎 𝜕 (𝑀(𝑚𝑎,𝑠𝑎1) 𝑖𝑚𝑎 𝑖𝑠𝑎1 + 𝑀(𝑚𝑎,𝑠𝑎2) 𝑖𝑚𝑎 𝑖𝑠𝑎2 )
=
𝜕𝛼
𝜕𝛼

= 𝐾𝑓 (𝜃) 𝑖𝑚𝑎 𝑖𝑠𝑎1 ,
𝜕𝑊𝑎 𝜕 (𝑀(𝑚𝑎,𝑠𝑎1) 𝑖𝑚𝑎 𝑖𝑠𝑎1 + 𝑀(𝑚𝑎,𝑠𝑎2) 𝑖𝑚𝑎 𝑖𝑠𝑎2 )
𝐹𝛽 =
=
𝜕𝛽
𝜕𝛽

L ma

(5)

= 𝐾𝑓 (𝜃) 𝑖𝑚𝑎 𝑖𝑠𝑎2 ,
where 𝐾𝑓 (𝜃) is a proportional coefficient of radial force; it is
a function of the rotor position angle 𝜃 and the dimensions of
BSRM [14–17].
It is known from (4) that the torque is proportional to the
partial derivative of the main winding inductance to rotor
position angle. As shown in Figure 1(b), the inductance in
Sections 1 and 4 is constant. Therefore, the winding current
does not generate torque in these two regions. The current
conducted in Section 2 produces positive torque, while the
current conducted in Section 3 produces negative torque.
In practice, it can realize torque control by adjusting the
conduction width of Sections 2 and 3 flexibly according to
the load torque.
We can also see from (5) that the magnitude of suspending force is proportional to the coefficient 𝐾𝑓 (𝜃) and
winding currents. For improving the use ratio of currents, a
large𝐾𝑓 (𝜃) is needed to generate certain suspension force. If
rotor and stator poles are aligned, 𝐾𝑓 (𝜃) obtains a large value
for the magnetic reluctance of air gap which is minimum
at this angle position. As the rotor rotates away from the
aligned position, 𝐾𝑓 (𝜃) value becomes less because of the
increase in magnetic reluctance causing a decrease in air gap
flux. Therefore, the turn-ON angle should be shifted toward
aligned position to improve the suspension performance.
That is to say, in Figure 1(b), suspension force should also
be generated in intervals II and III around aligned position.
So, the suspension force has nonlinear character and coupled
with torque. It is complicated to calculate the suspension force
value for position-dependent 𝐾𝑓 (𝜃) and currents. This will
make algorithm more complex and demand higher requirements upon digital controller. Meanwhile, large negative

According to the above analysis of traditional BSRM, the
proportional coefficient 𝐾𝑓 (𝜃) and inductance 𝐿 𝑚𝑎 obtain
their maximum values in aligned position at the same time.
Thus, if changing the structure of the motor can generate
a flat area in the winding inductance curve located in the
inductance maximum position, then it will only generate a
large and linear suspension force but fails to produce torque,
if the motor in this flat area is excited. Then the winding
inductance curve has the form as shown in Figure 2. The
suspension force of motor can be controlled in region V
and the torque can be controlled in the inductance rising
region II. BSRMs with this new inductance feature, whose
suspension force will be linear and this scheme is undesired
to compromise between torque and radial force; furthermore,
no negative torques are generated. So, it may improve the
efficiency of winding currents and will be easier to be
controlled.
3.1. Structure Characteristics of Novel BSRMs. On the premise
of the fact that the stator structure of the new BSRM is same
as the stator structure of traditional BSRM, we increase the
width of rotor pole. The rotor pole arc will be greater than
the stator pole arc. We name it wider-rotor-teeth BSRM.
The reason to do so is that when the stator and rotor
pole of the motor are in aligned position, the proportional
coefficient 𝐾𝑓 (𝜃) and the inductance of winding reach their
maximums; hence, increasing overlap area of the rotor and
stator pole during rotor rotation by increasing the width
of rotor pole can produce the flat area of the inductance.
Based on this principle, when it comes to a 𝑚-phase motor
whose rotor teeth number is 𝑁𝑟 , one rotor cycle angle will
be (360/𝑁𝑟 /𝑚)∘ M. So the region where suspension forces are
generated is (360/𝑁𝑟 /𝑚)∘ M; 𝑚 phases conduct in turn to
provide steady suspension forces. Therefore, it requires that
the inductance curve in the maximum inductance has a flat
area of (360/𝑁𝑟 /𝑚)∘ M at least to provide stable suspension
force for rotor and to realize decoupling control of the torque
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Figure 3: Configuration and operating principle of 12/4 BSRM with one set of windings.

and the suspension force. Thus, the relationship between
rotor pole arc angle and stator pole arc angle must satisfy
𝛽𝑟 ≥ 𝛽𝑠 +

360∘
,
𝑚 ⋅ 𝑁𝑟

(6)

where 𝛽𝑟 and 𝛽𝑠 are the rotor pole arc angle and the stator
pole arc angle, respectively. 𝑁𝑟 is the number of rotor poles.
The structure of wider-rotor-teeth BSRM not only can
be two-sets-winding BSRM but also can be one-set-winding
BSRM.
3.2. Operating Principles of Novel BSRM. Taking a 12/4
structure with wider-rotor-teeth and one set of windings
BSRM and a 12/8 structure with wider-rotor-teeth and two
sets of windings BSRM as examples, this section introduces
the rotation operation principle of the novel BSRM.
3.2.1. 12/4 BSRM with One Set of Windings and Wider-RotorTeeth. Figure 3 shows the configuration of the 12/4 widerrotor-teeth BSRM with only A-phase and B-phase windings.
The arc angle of stator pole is still 15∘ M as traditional BSRMs,
and each stator tooth is embedded in one set of concentrated windings. Four windings of each phase are controlled
independently. According to (6), the arc angle of rotor pole
should be not less than 45∘ M, and here the minimum value
45∘ M is taken. In Figure 3, phase-A is at the maximum
inductance position. When the two windings of phase-A in
the 𝛼-direction adopt asymmetric excitation, as shown in
Figure 3, the flux density in air gap 1 increases, whereas it
decreases in air gap 3. Therefore, an unbalanced magnetic
force acting on rotor 𝐹𝛼 is produced toward the positive
direction in the 𝛼-axis. The radial force 𝐹𝛽 in the 𝛽-axis can
also be produced in the same way. Thus, radial force in any
desired direction can be produced by composing the two

radial forces in perpendicular directions. This principle can
be similarly applied to the phase-B and phase-C windings.
Obviously, because phase-A is in the flat area of maximum
inductance as the rotor position shown in Figure 3, it
only generates suspension force but generates no torque.
Therefore, it is necessary to turn-ON windings of two phases
at the same time to realize stable operation: one in the flat
area of inductance to generate suspension force, another in
the inductance rising to generate torque. Taking counterclockwise as the positive orientation, phase-B in Figure 3 is
just in inductance rising region. Torque for motor’s rotation
can be generated by exciting the four windings of phase-B
symmetrically.
3.2.2. 12/8 BSRM with Two Sets of Windings and WiderRotor-Teeth. The number of coil windings embedded in the
stator can also be two sets. A three-phase 12/8 BSRM with
proposed novel rotor was taken as example to illustrate the
suspension and operation principle of the BSRM with two
sets of windings. Figure 4 is the configuration of the novel
BSRM, which has two sets of windings and wider-rotor-teeth.
The arc angle of stator pole is still 15∘ M, and each stator
pole is embedded in two sets of concentrated windings. The
windings arrangement is the same as that of the traditional
12/8 two-sets-windings BSRM. Figure 4 only gives the two
sets of windings of phase-A and the main winding of phase-C.
According to (6), the pole arc of rotor is designed as 30∘ M.
Similar to 12/4 BSRM above, it is necessary to turn-ON
two phase windings at the same time. One phase winding is
used to generate radial force, while the other phase winding
is used to generate torque. In Figure 4, the main winding of
phase A adopts symmetric excitation and conducts current
𝑖𝑚𝑎 . The current 𝑖𝑠𝑎1 of radial force winding enhances the flux
density in air gap 1 and reduces it in air gap 3. Therefore,
controllable radial force to levitate rotor is generated in 𝛼direction. The radial force in the 𝛽-axis can also be produced
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(a) 12/4 BSRM
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Figure 5: 2D FE mesh models of 12/4 BSRM and 12/8 BSRM.

in the same way. Radial force in any desired direction can
be produced by composing the two radial forces in 𝛼 and
𝛽 directions. The torque for motor’s rotation is generated by
symmetrically exciting main winding of phase-C, because
phase-C is just in inductance rising region at this moment.

4. Electromagnetic Analysis of Two WiderRotor-Teeth BSRMs
In order to verify the validity of the suspension operation
principles and provide the basis theory for motor control
strategy, the above two kinds of wider-rotor-teeth structure
BSRM are analyzed through FE method. In order to facilitate
the comparison between the two prototypes, the same rated
condition is adopted here. The rated power is 2 kW, the
rated speed is 20000 r/min, and the maximum radial force is

100 N. The dimensions of the simulation motors are shown in
Table 1.
The software of Ansys is used to calculate electromagnetic
field. The 2-dimensional (2D) FE models of 12/4 BSRM and
12/8 BSRM are established and their 2D FE mesh models
are shown in Figure 5. We use enhanced incremental energy
method to calculate inductances of winding, since it only
needs to calculate incremental energy without the need for
system energy [18].
For a single loop magnetic system, if the operating current
of the loop is 𝑖0 , the static inductances 𝐿 can be calculated by
𝐿=

Ψ Δ𝑊𝐶
=
,
𝑖0
𝑖0 Δ𝑖

(7)

where Δ𝑊𝐶 is the magnetic field coenergy increment, 𝑖0 is
current pass through the magnetic loop, Ψ is the flux linkage,
and Δ𝑖 is the increment of 𝑖0 .
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Table 1: Parameters of 12/4 and 12/8 wider-rotor-teeth BSRMs.

Inductance (mH)

0.15
0.12
0.09
0.06
0.03
0.00
−180

−120

−60
0
60
120
Electric angle of rotor position (∘ E)

180

12/8 BSRM
12/4 BSRM

Figure 6: Inductances of 12/4 and 12/8 wider-rotor-teeth BSRMs.

The increment of magnetic field coenergy Δ𝑊𝐶 can be
calculated as
Δ𝑊𝐶 = ∫ 𝐵 (Δ𝐻) 𝑑𝑉,

(8)

where 𝐵 is flux density and Δ𝐻 is the magnetic field
increment.
Then, combining (7) and (8), inductances can be written
as
𝐿=

∫ 𝐵 (Δ𝐻) 𝑑𝑉
𝑖0 Δ𝑖

.

Stator diameter/mm
Rotor diameter/mm
Stator yoke/mm
Rotor yoke/mm
Stator pole height/mm
Rotor pole height/mm
Stator pole arc/∘ M
Diameter of axle/mm
Gap length/mm
Length of stator stack/mm
Rotor pole arc of 12/4 BSRM/∘ M
Number of windings of 12/4 BSRM
Rotor pole arc of 12/8 BSRM/∘ M
Number of main windings of 12/8 BSRM
Number of suspension windings of 12/8 BSRM

95
49.8
6.1
7.65
16.5
7
15
20
0.25
55
45
13
30
9
13

produced while it fails to produce torque in this region.
Figure 7(b) also shows that torques are generated in the
inductance rising and drop region. The levitation force and
torque produced in different regions; thus, it can realize the
decoupling control of torque and levitation force. This result
is in agreement with theoretical result.
The results also show that the output torque width of 12/4
BSRM is only 1/2 of the output torque width of 12/8 BSRM,
so the torque angle characteristic of 12/8 BSRM is better. The
12/4 BSRM is more suitable for light load applications.

(9)

4.1. FE Analysis Results with Only Phase-A Excited. To the
12/8 BSRM shown in Table 1, the given currents conducted
in main winding and suspension winding are 𝑖𝑚𝑎 = 5 A,
𝑖𝑠𝑎1 = 3.6 A, and 𝑖𝑠𝑎2 = 0, respectively. To the 12/4
BSRM, the given currents are 𝑖𝑎1 = 8.6 A and 𝑖𝑎2 = 1.4 A.
The main winding inductances of phase-A are calculated.
Figure 6 shows relationships between inductance and the
rotor position angle of two kinds of BSRM. For the purposes
of comparison, here, all the actual position mechanical angles
of rotor were multiplied by the respective number of rotor
teeth, so that each cycle of rotor angle corresponding to the
motor becomes 360 electrical degrees (∘ E). It can be seen from
Figure 6 that the winding inductances of the two kinds of
BSRM are all about constant maximum values in the interval
[−60∘ E, 60∘ E], this is consistent with the results of theoretical
analysis, and the inductance curve has the same shape as
shown in Figure 2.
Figure 7 shows relationships suspension force, or instantaneous torque and the rotor position angle of two kinds of
BSRM, respectively. Figure 7(a) shows that the maximum
levitation force can also be obtained in [−60∘ E, 60∘ E] interval,
while the torque is basically 0 in this interval as shown in
Figure 7(b). That is to say, there is large suspension force

4.2. FE Analysis Results with Two Phases Excited Simultaneously. Keep the phase-A currents in [−60∘ E, 60∘ E] region the
same as that in former simulation. phase-A produces larger
suspension force while it fails to produce torque according
to the analysis of previous section. To the 12/4 BSRM, the
currents of phase-B were conducted to produce torque since
the inductance of phase-B is just rising in this region. Given
currents conducted in phase-B are 𝑖𝑏1 = 𝑖𝑏2 = 5 A. In the same
way, to the 12/8 BSRM, the conduction of phase-C to produce
torque and the given current is 𝑖𝑚𝑐 = 5 A. Figure 8 shows
the FE analysis results of suspension force and torque. It can
be seen that no matter two phases excited simultaneously or
only phase-A excited, the suspension force is approximately
the same. The values of two phases excited are slightly larger
than that of only one phase excited, but the difference is less
than 4%. Thus the effects of phase-B or phase-C conduction
to levitation forces can be ignored in the two BSRMs. It
can also be seen from Figure 8 that torque values are
approximately zero with only phase-A conducted, while they
greatly increased when two phases excited simultaneously.
Compared with Figure 7, the generated torque values of the
two motors are all very close to those of only one phase
conducted in their inductance rising region. The difference
is also less than 4%. Thus the torque generated by the phase,
which mainly produces the suspension force, can be ignored.
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90

magnetic circuit diagram of the magnetic circuit can be
represented as straight lines as shown in Figure 9.
Accordingly, the magnetic permeance can be expressed as
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45
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0
−180
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0
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Electric angle of rotor position (∘ E)

180

12/8 BSRM
12/4 BSRM
(a) Suspending forces at 𝛼-direction

𝐹𝛽 = 𝐾𝑓 𝑖𝑚𝑎 𝑖𝑠𝑎2 ,

Torque (Nm)

1.0

(10)

Here, 𝜇0 is the permeability in the air, ℎ is the axial length
of stator, 𝑟 is the radius of rotor, and 𝑙0 is the average air gap
length.
The levitation force in two directions and the torque
can also be obtained by the virtual displacement method.
Equation (10) shows that the permeance is only decided by
dimensions of BSRM; therefore, the proportional coefficient
𝐾𝑓 (𝜃) of radial force in (5) becomes a constant and the suspension force mathematical model for novel motor becomes
𝐹𝛼 = 𝐾𝑓 𝑖𝑚𝑎 𝑖𝑠𝑎1 ,

1.5

(11)

where the proportional coefficient 𝐾𝑓 is a constant and can
be expressed as

0.5
0.0

𝐾𝑓 =

−0.5

𝜇0 ℎ𝑟𝜋
𝑁𝑚 𝑁𝑠 .
6𝑙02

(12)

Also according to the principle of virtual displacement,
the instantaneous torque of phase A can be expressed as

−1.0
−1.5
−180

𝜇0 ℎ𝑟𝜋
.
12𝑙0

−120

−60
0
60
120
Electric angle of rotor position (∘ E)

180

12/8 BSRM
12/4 BSRM
(b) Torques

Figure 7: Suspension forces and torques of 12/4 and 12/8 widerrotor-teeth BSRMs.

That is to say, the coupling effect between phase and phase
can be ignored.

5. System Analysis of
Two Wider-Rotor-Teeth BSRMs
5.1. Mathematical Model of 12/8 BSRM. The radial suspension
force and torque acting on rotor should be acquired in order
to control the BSRM. This paper derives the mathematical
model through virtual displacement method as traditional
BSRM [14, 19]. The current of suspension winding conducts
in the interval [−7.5∘ M, 7.5∘ M] where the stator teeth and the
rotor teeth are always overlapped. It can be seen from Figure 4
that the magnetic field lines are almost perpendicular from
the rotor teeth to the stator teeth in this area, while the
fringing flux is small and can be ignored. Therefore, the

2
2
2
+ 𝑁𝑠2 𝑖𝑠𝑎1
+ 𝑁𝑠2 𝑖𝑠𝑎2
).
𝑇𝑎 = 𝐽𝑡 (𝜃) (2𝑁𝑚2 𝑖𝑚𝑎

(13)

In inductance rising region, the positive torque coefficient
can be expressed as
𝐽𝑡𝑝 (𝜃) = 𝜇0 ℎ𝑟 [

1 4𝑙0 − 1.28𝜋𝑟𝜃
−
].
2
𝑙0
(2𝑙0 − 𝜋𝑟𝜃)

(14)

It can be seen from (11) and (12) that suspension forces
in suspension region are simply determined by winding currents after motor structure parameters have been determined,
which are independent of rotor position angle. Thus, they can
be easier controlled than that in traditional case. In practice,
if there is a positive or negative eccentric displacement 𝑥 in 𝛼direction or 𝛽-direction, the average air gap l0 will be revised
to 𝑙0 ∓ 𝑥 in (11) and (13).
5.2. Control Scheme. Figure 10 illustrates the principle of the
proposed control scheme. The rotor pole arc angle is 15∘ M
larger than the stator pole arc according to the above analysis
of 12/8 BSRM, which forms a 15∘ M maximum flat area of
windings inductance within [−7.5∘ M, 7.5∘ M]. The proposed
scheme fixes the width of radial force winding currents just
at [−7.5∘ M, 7.5∘ M] area, shown as region I in Figure 10. The
combination of the main winding and suspension winding
currents in this region I produces larger and consecutive
radial force to levitate rotor. However, the instantaneous
torque within region I is approximately equal to 0. The
suspension winding does not conduct in any nonoverlapping
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Figure 8: Suspension forces and torques with two phases excited simultaneously.

area, whereas the main windings are also excited in the
interval [−22.5∘ M, −7.5∘ M] to generate torque. Thus, region
I and region II are used to control suspension force and
torque, respectively, which can realize the decoupling control
of torque and suspension force. In practice, the turn-ON
angle of main windings can be adjusted according to the
requirements of actual average torque. To obtain a larger
average torque, we can advance the turn-ON angle of main
winding currents as much as possible. The waveforms of
currents can also be changed by the corresponding control

objectives, such as higher efficiency and lower vibration. In
Figure 10, the turn-ON angle and waveform of main windings
are selected as −15∘ M and square-wave, respectively.
5.3. Block Diagram of Control System. According to the
above analysis, the control system can be made according
to Figure 11 during practice. After the rotor’s location is
detected through the encoder, the real-time rotation speed
of the motor can be got through location computation.
The difference between it and the given speed is formed
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achieved by tracing the set value of currents through the
power controllers on the two windings.
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force

Stator pole

l0

Rotor pole

Figure 9: Magnetic circuit diagram.
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Figure 10: Control scheme of new 12/8 BSRM.

as the active phase current 𝑖𝑚1 ∗ through the PI controller.
The rotor radial displacements at the two perpendicular
directions are measured and converted into electrical signals
through the radial displacement sensor and are output as the
desired radial forces 𝐹𝛼 ∗ and 𝐹𝛽 ∗ after the PID controller.
Based on the desired value, according to the corresponding
control targets and (11), the currents 𝑖𝑚2 ∗ , 𝑖𝑠1 ∗ , and 𝑖𝑠2 ∗
in the suspension interval can be computed. Finally, the
stable suspension during the operation of the motor can be

5.4. Simulation and Analysis. The 12/8 BSRM dimensions of
the simulation motor are the same as shown in Table 1. The
given radial force in 𝛼-axis is 50 N, whereas it is 30 N in the
𝛽-axis. Figures 12(a) and 12(b) show simulation waveforms
of the currents, torque, and levitation forces under giving
the main winding turn-ON angle 𝜃on equal to −15∘ M and
−22.5∘ M, respectively. Here, the currents are controlled as
square-wave. It can be seen that the change of the turn-ON
angle makes the output average torque change. When the
angle 𝜃on is advanced, the output average torque is increased.
So the output of average torque can be controlled by adjusting
the turn-ON angle of the main winding. However, due to the
winding inductance, the main winding current in the torque
production section cannot be rapidly converted into the
current required by the suspension section, and a delay exists,
as shown in the area circled by broken lines in Figure 12. As
a result, the suspension forces cannot track their given values
well during currents conversion area. To solve this problem,
it is necessary to add a compulsive excitation unit to the main
winding converter. That is, by applying an inverse voltage
when the current changes, rapidly convert the current of main
windings to the value required by the suspension section.
Figure 13 shows the simulation waveforms of the currents,
torque, and levitation forces. As can be seen from Figures
13(a) and 13(b), after the compulsive excitation unit is added,
the suspension force was well tracked.

6. Conclusions
This paper studied a new-structure BSRM, which adopts a
wide rotor pole structure. The nonlinear FEM and system
simulation analysis based on MATLAB are used to analyze
the performance of the novel motor. Analysis results of two
prototypes indicate that
(1) the novel BSRM has linear mathematical model of
suspension force, since it can produce a flat area at
the position of maximum inductance on the winding
inductance curve;
(2) the novel BSRM can realize decoupling control of
torque and suspension force. Therefore, the algorithm
is easier to be implemented and demands lower
requirements upon digital controller;
(3) since no negative torques are generated in control,
the availability of winding current is higher than
traditional case;
(4) to avoid the problem of poor suspension force performance caused by current delay during converting
the main winding currents from torque production
region to suspension force production region, it is
necessary to add a compulsive excitation unit into the
converter of the main winding.
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Figure 11: Block diagram of control system.
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