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Single-Phase Suspension Control of Bearingless
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Abstract—The article proposes a single-phase suspension control
strategy with self-decoupling to address the complexity of decou-
pling control strategies caused by the coupling between radial sus-
pension forces in two radial directions of bearingless switched re-
luctance motor (BSRM). The proposed single-phase control strat-
egy aims to achieve stable rotor suspension by adjusting the current
of the suspension winding only when one of the torque windings is
excited instead of all torque wingdings. A sharing suspension wind-
ings bearingless switched reluctance motor (SSW-BSRM) is taken
as research objective, the relationship between radial force and
radial displacement of rotor with proposed single-phase suspension
control strategy in one electrical cycle is analyzed. When the rotor
speed exceeds a certain value, the feasibility of switching from
three-phase suspension control to single-phase suspension control
is theoretically analyzed. The expression of the critical speed of the
rotor is derived, which reveals the speed requirement for achieving
stable rotor suspension under the proposed single-phase suspension
control strategy. The simulation and experiment are carried out
on a 12/8 SSW-BSRM, and the results verify the effectiveness of
the proposed single-phase control strategy in achieving stabilized
rotor suspension with self-decoupling in two radial directions.
Furthermore, the proposed control strategy can also be applied
to the suspension control of conventional BSRMs.

Index Terms—Bearingless switched reluctance motor (BSRM),
critical speed, self-decoupling, sharing suspension windings, single-
phase suspension.

I. INTRODUCTION

B ESSINGLESS switched reluctance motor (BSRM) inher-
its the advantages of simple structure, good speed regula-

tion performance, robustness and durability of switched reluc-
tance motor [1], [2], [3]. In addition, due to its compact size and
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inherent self-suspension and self-driving capabilities resulting
from a stator winding structure similar to magnetic bearing
winding, the BSRM holds considerable promise for applications
in high-speed and ultra-high-speed flywheel energy storage,
aerospace, and other drive scenarios [4], [5]. Dual-winding
BSRM structure was the first to emerge and has been extensively
studied [6], [7], [8]. In this structure, both torque and suspension
windings are wound on the stator pole, and the air gap magnetic
field is generated by both the torque winding and the suspension
winding. Consequently, a strong coupling exists between motor
torque and suspension force, posing challenges for achieving
high-performance control of the BSRM.

Due to complex control problems caused by the coupling
between torque and suspension forces of conventional BSRM
structures, scholars have done related research on the motor
structure and control strategies in order to improve the operation
performance of the BSRM. In terms of motor structure im-
provement, a BSRM with 8/10 hybrid stator tooth structure was
proposed [9], [10]. To realize the decoupling control of torque
and suspension force, there are eight teeth on the stator of this
topology, among which four stator poles are wound with torque
winding and the other four poles are wound with suspension
winding. However, the power density of this structure is low
and the iron core loss is high. In order to solve the problems
above, the structure of 12/14 hybrid stator pole BSRM [11], [12]
and 12/8 double stator BSRM [13], [14] have been proposed. A
permanent magnet-biased BSRM which consists of two motors
and each motor has a 12/12 structure was presented in [15]. The
permanent magnets between the two motors are used to provide
bias flux for the radial force generation of this structure. To
increase structure compactness, critical rotor speed, and output
torque of structure presented in [15], an improved modular
permanent magnet BSRM is comprehensively investigated [16].
The common feature of these three structures of motors is that
the torque winding and the suspension winding are wrapped on
different stator poles, respectively, which realizes the decoupling
between suspension force and torque structurally, thus simpli-
fying the control strategy.

In terms of decoupling control strategies, to achieve indepen-
dent control of torque and suspension force, Cao et al. [17] pro-
posed a control strategy that single and double phases conduct al-
ternatively while the suspension winding current conducts in the
fixed section. In [18], considering the influence of the change of
rotor position on suspension control, a coupling suspension force
regulator is designed to transform the suspension control system

https://orcid.org/0000-0001-7289-6844
https://orcid.org/0000-0001-6744-0105
https://orcid.org/0000-0001-7336-1120
https://orcid.org/0009-0007-3182-9566
https://orcid.org/0000-0002-6116-5429
https://orcid.org/0000-0002-3509-2393
https://orcid.org/0009-0008-8238-7857
mailto:22110439@bjtu.edu.cn
mailto:xlwang1@bjtu.edu.cn
mailto:21121507@bjtu.edu.cn
mailto:21121448@bjtu.edu.cn
mailto:23115188@bjtu.edu.cn
mailto:16117376@bjtu.edu.cn
mailto:haowenmei@bit.edu.cn
https://doi.org/10.1109/TPEL.2024.3387091


7794 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 7, JULY 2024

from a time-varying system to a time-invariant steady system,
which improves the robustness of the system. The inverse system
method has been widely used in the decoupling control of motors
in recent years. In [19], the support vector machine method was
adopted to establish the BSRM inverse model, realizing the
decoupling of BSRM torque and suspension force. However,
only the decoupling issues of BSRM in the reversible domain
were discussed in support vector machine methods. Since BSRM
is an incomplete reversible system, the direct-inverse system
and correctional-inverse system were employed in the reversible
domain and irreversible domain, respectively, in [20] to realize
the whole domain decoupling, which enhances the decoupling
characteristics of the BSRM control system. However, the re-
versibility of the BSRM mathematical model is required to
analyze for the inverse system method, so as to obtain the inverse
model of BSRM, which causes inconvenience to the practical
application by the complicated calculation process.

Radial suspension control of BSRM is realized by control-
ling two radial degrees of freedom, which are the X-direction
(horizontal direction) and the Y-direction (vertical direction),
respectively. For BSRM with conventional structure, coupling
issues exist not only between torque and suspension force but
also between suspension force in X-direction and the Y-direction.
More specifically, the adjustment of suspension winding cur-
rent in the X-direction will affect the suspension force in the
Y-direction, and similarly, the adjustment of suspension wind-
ing current in the Y-direction will affect the suspension force
in the X-direction. The coupling issues will further increase
the complexity of BSRM suspension control, particularly at
high speeds.

Therefore, a single-phase suspension control strategy with
self-decoupling in the X-direction and Y-direction is proposed
in the article. The suspension winding is controlled when only
a specified phase torque winding is excited, addressing the
coupling problem of BSRM between suspension force in the X-
direction and Y-direction. In the article, an SSW-BSRM is taken
as the research object, the suspension principle of SSW-BSRM
and the principle of single-phase suspension control strategy
are introduced. In addition, the critical speed required for rotor
stable suspension in single-phase suspension control strategy is
derived. A dynamic simulation model of SSW-BSRM with the
single-phase suspension control is built in MATLAB/Simulink
environment, and the feasibility of the single-phase suspension
control strategy is simulated and analyzed. Finally, the exper-
iment platform of SSW-BSRM with single-phase suspension
control strategy is built to realize stable rotation and suspension
of the rotor, and the validity of the proposed control strategy is
verified. The main contributions of this article are as follows.

1) A single-phase suspension control strategy when only
torque winding of phase B is excited is proposed to
achieve the self-decoupling of suspension forces in both
the X-direction and Y-direction of SSW-BSRM. Addition-
ally, the proposed control strategy can also be applied to
conventional BSRMs.

2) The critical speed for achieving stable rotor suspension
under single-phase suspension control strategy is derived
by establishing the second-order rotor kinematic equations

Fig. 1. Structure of the SSW-BSRM.

based on the radial force model considering the rotor
eccentricity.

The rest of this article is organized as follows. In Section II
the structure and the suspension principle of SSW-BSRM are
introduced. In Section III, the critical speed to achieve stable
rotor suspension during single-phase suspension is derived. In
Section IV and Section V, to verify the effectiveness of the pro-
posed single-phase suspension control strategy, simulation and
experimental results are provided. Finally, Section VI concludes
this article.

II. CONTROL PRINCIPLE OF SINGLE-PHASE SUSPENSION

A. SSW-BSRM

In this article, the SSW-BSRM is taken as the research object
[21], [22], [23], and the structure of SSW-BSRM is shown
in Fig. 1. Unlike the BSRM with conventional structure, the
suspension windings of SSW-BSRM are stacked on three stator
poles. The inductance of suspension winding varies little with
rotor position, which means that the currents of suspension
winding have little effect on the torque. The key advantage
of this structure is the structural decoupling characteristic of
the motor torque and suspension force. Rotation control of
SSW-BSRM is similar to the switched reluctance motors, and
the radial suspension is realized by controlling the value and
direction of suspension winding currents in the X-direction
and Y-direction. In the radial suspension control of the con-
ventional dual-winding BSRM, the suspension winding current
needs to be switched according to the torque winding. But for
SSW-BSRM, the suspension winding currents do not need to
be switched with the switching of the torque winding during
rotor rotation operation, and only the value and direction of the
suspension winding currents are needed to determine according
to the rotor eccentric position signals. The winding structure of
the motor is simple. Regardless of the number of motor phases,
only two sets of suspension windings are needed to realize rotor
radial suspension control. Because it is not necessary to switch
suspension windings during operation, the control circuit and
control algorithm are simplified.

B. Principle of Single-Phase Suspension

Fig. 2 shows the magnetic flux scheme and the distribution of
suspension force of SSW-BSRM when torque winding of phases
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Fig. 2. Scheme of magnetic flux and suspension force. (a) Phase A is excited.
(b) Phase B is excited.

Fig. 3. Variation of suspension force as the rotor position changes.

A and B are excited, respectively. The position of phases A, B,
and C phase in SSW-BSRM are shown in Fig. 1, where phase
B is located in horizontal and vertical directions. As shown in
Fig. 2(a), when suspension winding in the X-direction is adjusted
during phase A is excited, the suspension force generated at
pole 9 can be decomposed into force components in both the
X-direction and Y-direction, which are Fax and Fay, respectively.
Therefore, the adjustment of the suspension winding current in
the X-direction will cause displacement of the rotor in both the
X-direction and Y-direction. Same phenomenon occurs when
the suspension winding current in the Y-direction is excited.
That is, during the excitation of phase A, the coupling effect ap-
pears in the X-direction and Y-direction with suspension control.
However, as shown in Fig. 2(b), when phase B is excited, the
suspension force Fb generated by the adjustment of the suspen-
sion winding current in the X-direction is significantly greater
than that in the Y-direction. Therefore, the suspension force
in the Y-direction can be ignored in this situation. This means
that adjusting the suspension winding current in the X-direction
during the excitation of phase B will only cause displacement of
the rotor in the X-direction, but not in the Y-direction. And it is
the same for the Y-direction. The situation of phase C is similar
to phase A. Fig. 3 shows the variation of suspension force as
the rotor position changes. It can be seen that when phase C
is excited, the suspension force can be decomposed into two
components. However, this phenomenon does not occur during
phase B is excited. Therefore, if the suspension winding currents
in the X-direction and Y-direction are adjusted only when phase

B is excited, the displacement in the X-direction and Y-direction
can be controlled independently. The self-decoupling of the
suspension control in X-direction and Y-direction is realized.

III. CALCULATION AND ANALYSIS OF THE CRITICAL SPEED

The single-phase suspension control strategy proposed in this
article is implemented when only the torque winding of phase
B is excited. Although the suspension winding is not conducted
when the phase A and phase C are excited, the rotor will also
be subjected to the radial force produced by phase A or phase
C as long as there is eccentricity on the rotor. During a whole
electrical cycle, the rotor is controlled only when the phase B
is excited, and is not controlled when phase A and phase C
are excited. Therefore, in order to ensure stable suspension of
the rotor without collision with the auxiliary backup bearing,
the rotor speed must be higher than a critical value, which is
called critical speed in the following. The radial force and radial
displacement when the phase A, phase B, and phase C are excited
will be calculated, respectively. And then critical speed can be
obtained by kinematic equation of rotor.

A. Analysis of Suspension Force and Radial Displacement
With the Proposed Control Strategy

According to the derivation in [22], the radial force expression
of the SSW-BSRM considering the rotor eccentricity can be
expressed as⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

Fx = 8N2
mi2mμ0hr · g0θα(θ

2+1)

(2g02−α2(θ2+1))2

+4NmimNxixμ0hr · 2g2
0θ+α2θ3+α2θ

(2g02−α2(θ2+1))2

Fy = 8N2
mi2mμ0hr · g0θβ(θ2+1)

(2g02−β2(θ2+1))2

+4NmimNyiyμ0hr · 2g2
0θ+β2θ3+β2θ

(2g02−β2(θ2+1))2

(1)

where Nm is the number of turns of the torque winding; Nx and
Ny are the number of turns of the suspension winding in the
X-direction and Y-direction, respectively; im is the current of
the torque winding; ix and iy are the current of the suspension
winding in the X-direction and Y-direction, respectively; α and
β are the radial displacements of the rotor in the X-direction
and Y-direction, respectively; θ is the rotor position; μ0 is the
vacuum permeability; h is axial length of the rotor; r is the
outside diameter of the rotor; g0 is the length of the air gap; Since
the structure is symmetric in the X-direction and Y-direction, the
X-direction is taken as an example for the following analysis in
this article.

When phase B is excited, the radial force in the X-direction
is expressed as (1). As θ2 � 1, it can be treated as θ2 + 1 ≈ 1,
and the condition 2g20 − α2 > g20 holds as α < g0. Therefore,
when phase B is excited, the radial force in the X-direction can
be simplified as

Fxb <
4μ0hrθ

g20

(
2N2

mbi
2
mb + 3NmbimbNxix

)
. (2)

When phase A is excited, according to the position of rotor
shown in Fig. 2(a). The suspension winding is not conducted,
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Fig. 4. Arc length diagram of rotor rotation.

and the radial force in the X-direction can be written as

Fxa = 8N2
mai

2
maμ0hrθg0

α(θ2 + 1)

[2g20 − α2(θ2 + 1)]
2 · cos 30◦

− 8N2
mai

2
maμ0hrθg0

β(θ2 + 1)

[2g20 − β2(θ2 + 1)]
2 · sin 30◦.

(3)

In order to simplify the calculation process, the influence
caused by the displacement of the rotor in the Y-direction on
the force in the X-direction is ignored. Therefore, set β = 0, and
with the conditions θ2 + 1 ≈ 1 and 2g20 − α2 > g20 , (3) can be
further simplified as

Fxa<
4
√
3μ0hrθ

g20
N2

mai
2
ma. (4)

Similarly, when phase C is excited, the force in the X-direction
will meet the following condition:

Fxc <
4
√
3μ0hrθ

g20
N2

mci
2
mc. (5)

In Fig. 4, the solid line shows the initial position of the rotor,
and the dotted line shows the rotor position when the rotor rotates
θ rad. The arc length l with rotor turning θ rad can be expressed as

l = rθ. (6)

Thus, the time required for the rotor to turn the arc length l
can be expressed as

t =
l

ω
=

30θ

πn
(7)

where ω is the angular speed and the n is the rotation speed of
the rotor.

Take derivative of both sides of (7)

dt =
30

πn
dθ. (8)

According to the rotor kinematic equation, the rotor displace-
ment with phase B excited is the double integrals of the rotor
radial force over time, which can be expressed as

αb =

∫ ∫
Fxb

m
dtdt. (9)

Fig. 5. Schematic diagram of rotor eccentricity.

Substitute (2) and (8) into (9) yields

αb <
25μ0hπr

72mn2g20

(
2N2

mbi
2
mb + 3NmbimbNxix

)
. (10)

Similarly, the radial displacement of the rotor with phase A
and phase C excited can be obtained as

αa <
25μ0hπr

72mn2g20
·
√
3N2

mai
2
ma (11)

αc <
25μ0hπr

72mn2g20
·
√
3N2

mci
2
mc. (12)

The condition of the radial displacement in the X-direction can
be reached by adding the three radial displacements expressed
in conditions (10), (11), and (12) together as

α = αa + αb + αc

<
25μ0hπr

72mn2g20
·
(√

3N2
mai

2
ma + 3NmbimbNxix

+2N2
mbi

2
mb +

√
3N2

mci
2
mc

)
. (13)

Therefore, the maximum radial displacement in the X-
direction in one electrical cycle is given by

αmax =
25μ0hπr

72mn2g20
·
(√

3N2
mai

2
ma + 3NmbimbNxix

+2N2
mbi

2
mb +

√
3N2

mci
2
mc

)
. (14)

B. Analysis of Critical Speed

Fig. 5 shows the eccentricity of the rotor, O is the geometric
center of the motor and O’ is the center of the rotating shaft.
Assuming that the initial eccentricity displacement in the X-
direction is α0, it can be seen from Fig. 5 that the range of the
rotor movement in the positive direction of X axis is

0 < α < g0 − α0. (15)

The range of the rotor movement in the negative direction of
the X-axis is

0 < α < g0 + α0. (16)

Since the movement range of the rotor are not the same on
the two sides, the smaller side of the movement range should be
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Fig. 6. Relationship among critical speed and displacement, torque winding
current and suspension winding current. (a) Change of torque winding current.
(b) Change of suspension winding current.

TABLE I
STRUCTURE PARAMETERS OF THE PROTOTYPE

taken into consideration in the calculation process of the critical
speed. Therefore, the critical speed condition can be obtained
by substituting (15) into (13)

Similarly, (17) shown at the bottom of this page, can be
deduced by applying radial force in Y-direction expressed in (1).

In addition, it is necessary to take the geometrical condition
of the shaft movement into consideration.

α2 + β2 < g20 . (18)

To illustrate the relationship among the critical speed, the ra-
dial displacement in the X-direction, the torque winding currents,
and the suspension winding currents, the curves based on (17)
are shown in Fig. 6 with the motor structure parameters given
in Table I. In Fig. 6(a), the suspension winding currents in the
X-direction and Y-direction are 1 and 0 A, respectively, and the
torque winding currents are 1, 2, 3, 4, and 5 A, respectively.

Fig. 6(b) shows the curves with the torque winding current of
3 A and Y-direction suspension winding current of 0 A, while
the suspension winding currents in X-direction are 0.3, 0.6, 0.9,
1.2, and 1.5 A, respectively. The critical speed increases with the
increase of the radial displacement and also with the increase of
torque winding current and suspension winding current.

It should be noted that the process of deriving the critical speed
expression in this article has been approximated. It means that
the single-phase suspension control strategy can be achieved as
long as the speed is greater than the calculated value, and it is
possible to achieve if the speed is lower than this value.

IV. SIMULATION ANALYSIS OF SINGLE-PHASE SUSPENSION

CONTROL STRATEGY

A. Analysis of Suspension Force and Radial Displacement
With the Proposed Control Strategy

In order to verify the feasibility of the control strategy pro-
posed in this article, the control block of single-phase suspension
control system of SSW-BSRM is built in MATLAB/Simulink
environment as shown in Fig. 7, in which the motor model is
obtained by finite-element modeling (FEM) simulation based
on the motor structure parameters given in Table I, and the FEM
results are stored in the form of the table. “Speed-current” and
“displacement-current” double closed-loop control strategies
are adopted for controlling the speed and the radial displacement,
respectively. n∗ is the given speed, α∗ and β∗ are the given
displacements in the X-direction and Y-direction, respectively.
The PI controllers are adopted for the “speed-current” double
closed-loop. The outputs of the PI controller are the reference
currents of torque winding i∗. The PD controllers are adopted for
the “displacement-current” double closed-loop. The outputs of
the PD controller are the reference currents of suspension wind-
ing ix∗ and iy∗. The hysteresis controllers are used as the current
controller to regulate the torque winding current and suspension
winding current in the inner loop. In the simulation, the mini-
mum simulation step size is set to 40 μs. Hence, the maximum
control frequency is 25 kHz. Meanwhile, the critical speed of
the motor is calculated by the single-phase suspension controller.
As long as the motor speed is higher than the calculated critical
speed, the single-phase suspension control signal will be applied
to the suspension winding current controller to switch the control
system to the single-phase suspension control mode.

B. Simulation of Proposed Control Strategy

In the simulation model, the initial eccentric displacement of
the rotor is set to 0.15 mm and the air gap length is 0.3 mm. To be
consistent with the following experiment, the backup bearing is
set up in simulation, and the rotor is movable in the range of -0.2
to 0.2 mm. The motor is started with the three-phase suspension
control strategy, and the given speed is 3200 r/min. When
the motor speed is greater than the critical speed determined
by (17), the system is switched from three-phase suspension
control mode to single-phase suspension control mode. During
the single-phase suspension mode, a 5 N radial disturbance with
a duration of 0.02 s in the X-direction is applied to the rotor at 4
s to verify the anti-interference ability of the system.

n >

√
25μ0hπr

72m (g0 − α0) g20

(√
3N2

mai
2
ma + 3NmbimbNxix + 2N2

mbi
2
mb +

√
3N2

mci
2
mc

)
. (17)



7798 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 7, JULY 2024

Fig. 7. Control block of proposed control strategy.

Fig. 8. Simulation results of switching to proposed control strategy over critical speed. (a) Radial displacement in X-direction. (b) Torque winding current and
suspension winding currents. (c) Speed and critical speed.

Fig. 8 shows the radial displacement curve in the X-direction,
the currents curve of each winding, and the speed curve of
the motor. From Fig. 8(a)–(c), it can be seen that the rotor is
suspended stably after switching from three-phase to single-
phase suspension mode, and the rotor speed is not affected.
After the radial disturbance in the X-direction is applied to
the rotor which operates under single-phase suspension control
strategy, the radial displacement in the X-direction increases
instantaneously and then decreases gradually. Still the rotor is
suspended stably and the speed is not affected. Fig. 8(b) shows
the curves of torque and suspension winding currents. It can be
seen that the suspension winding is intermittently conducted,
and the conducting time is the same as that of phase B. After
radial disturbance in the X-direction is applied to the rotor at
4 s, the suspension winding current in the X-direction increases
simultaneously in order to overcome the disturbance, and then
gradually decreases with the decrease of radial displacement.
The rotor touches the backup bearing only during the period of
the start-up and the application of radial disturbance, and the
rotor are controlled within the range of −0.2 to 0.2 mm in the

other period of the whole dynamic process. Especially when
the three-phase suspension control strategy is switched to the
proposed control strategy and when the disturbance is applied
under the single-phase suspension control strategy, the system
can also remain stable. The validity of the single-phase suspen-
sion control strategy proposed is verified by the simulation.

C. Simulation of Switching to the Proposed Control Strategy
Below the Critical Speed

Fig. 9 shows the simulation results of the system when the
system switches to the single-phase suspension control strategy
with the speed lower than the critical speed. At 0.02 s, the system
switches to the single-phase suspension control strategy, while
the motor speed is lower than the critical speed calculated by
(17). It can be seen from Fig. 9(a) that the rotor touches the
backup bearing (±0.2 mm) several times after switching mode.
Although with the speed increasing, the rotor can gradually tend
to be stable suspension. However, compared with Fig. 8(a), the
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Fig. 9. Simulation results of switching to proposed control strategy below critical speed. (a) Radial displacement in X-direction. (b) Torque winding currents and
suspension winding currents. (c) Speed and critical speed.

Fig. 10. Experimental platform.

suspension effect of the rotor is poorer after the mode is switched
with the speed lower than the critical speed.

V. EXPERIMENTAL VERIFICATION

In this section, the proposed single-phase suspension control
strategy is validated by experiments on a 0.137 kW three-phase
12/8 SSW-BSRM test bench, as shown in Fig. 10. The parame-
ters of the prototype are given in Table I. The control circuit
is composed of a three-phase asymmetric half-bridge power
converter dedicated to the torque winding, a full-bridge power
converter dedicated to the suspension winding, and the sampling
circuits for detecting the winding currents, rotor position, and
rotor radial displacement. The proposed single-phase suspen-
sion control algorithm is implemented in a dSPACE-DS1202
platform at the maximum sampling frequency of 50 kHz. The
power supply for the torque winding is ZWY30010 which can
provide 300 V and 10 A, and the power supply for the torque
winding is PSP-603 which can provide 60 V and 3.5 A. The
position of the rotor is sampled by photoelectric sensors. The
displacements of the shaft at the direction of X-direction and
Y-direction are measured by the eddy current sensor. To avoid
the collision between the stator and rotor when the SSW-BSRM
operates, an auxiliary backup bearing is installed. The radial
distance between the shaft and the inner ring of auxiliary backup
bearing is 0.2 mm, while the length of air-gap between stator and
rotor is 0.3 mm.

Fig. 11. Experimental results of three-phase suspension control mode.
(a) Speed, torque, displacements in the X-direction and Y-direction. (b) Torque
winding currents of phases A and B, suspension winding current in the X-
direction and Y-direction.

Fig. 12. Experimental results of single-phase suspension control mode.
(a) Speed, torque, displacements in the X-direction and Y-direction. (b) Torque
winding currents of phases A and B, suspension winding current in the X-
direction and Y-direction.

A. Steady Performance of Three-Phase Suspension Control
and Single-Phase Suspension Control

Figs. 11 and 12 show the experimental results of speed,
torque, radial displacements in the X-direction and Y-direction,
and torque winding current at the speed of 3200 r/min when
the SSW-BSRM operates in the three-phase suspension mode
and single-phase suspension mode, respectively. As shown in
Fig. 11, the currents of suspension winding are controlled con-
tinuously regardless of the conduction of torque winding in
three-phase suspension mode, and the radial displacements α
and β of the shaft in the X-direction and Y-direction are both
controlled within ±0.12 mm. It can be seen from Fig. 12 that
the currents of suspension winding are intermittently excited
in the single-phase suspension mode, and the excitation time
is consistent with that of the torque winding of phase B. The
radial displacement in the X-direction and Y-direction are both
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Fig. 13. Experimental result in a variable speed condition.

controlled within ±0.2 mm. The radial displacements in two
operating modes are both smaller than the clearance between
the shaft and the inner ring of the backup bearing. According
to [18], the inductance of suspension winding varies little with
rotor position, which means that the currents of suspension
winding have little effect on the torque. Consequently, there is no
significant difference in torque between two operating modes.

B. Dynamic Performance of Single-Phase Suspension Control

In order to test the performance in variable speed conditions,
a dynamic test for the proposed single-phase suspension control
strategy is illustrated in Fig. 13. The motor is initially controlled
to 1000 r/min, and then the speed is increased to 2000 r/min
and then increased to 3200 r/min. It can be seen that the motor
torque increases during the process of speed increase, and the
motor torque returns to stability when the speed reaches the given
speed. Under the single-phase suspension control strategy, the
rotor is not able to be suspended stably at 1000 r/min because the
speed is lower than the critical speed calculated in (17). As the
speed increases, the suspension stability of the rotor improves
under the single-phase suspension control strategy.

C. Switching Process of Two Operating Modes

Fig. 14 shows the experiment results of switching process
from three-phase suspension mode to single-phase suspension
mode under 3200 and 1000 r/min, respectively. From Fig. 14(a),
the motor is switching from three-phase to single-phase sus-
pension control at the speed of 3200 r/min, which is higher
than the critical speed calculated by (17). It can be seen that
after the motor is switched to single-phase suspension control
mode, although the suspension effect is not as good as that of
three-phase mode, the rotor can still maintain stable suspension.
The radial displacement in the X-direction and Y-direction are
both controlled within±0.2 mm. Fig. 14(b) shows the switching
process at the speed of 1000 r/min, which is lower than the crit-
ical speed calculated by (17). It can be seen that after the motor
is switched to single-phase suspension control mode, the rotor
cannot maintain stable suspension in single-phase suspension
mode. The shaft is in constant contact with the inner ring of the
auxiliary backup bearing.

Fig. 14. Experimental results of switching from three-phase suspension mode
to single-phase suspension mode. (a) 3200 r/min. (b) 1000 r/min.

Fig. 15. Experimental results of knocking under three-phase suspension con-
trol. (a) Knocking along X-axis. (b) Knocking along Y-axis.

D. Self-Decoupling Characteristics of Single-Phase
Suspension Control

To test the self-decoupling characteristics of the proposed
control strategy, experiments with knocking on the shaft
were implemented. Fig. 15 illustrates the experimental re-
sults of knocking shaft under three-phase suspension mode. In
Fig. 15(a), a knocking with 0.7 s along the X-axis is applied
to the shaft. It can be seen that the suspension winding current
in the X-direction is adjusted to make the rotor return to the
center position. However, during the adjustment process of the
X-direction, the shaft deviates away from the center position both
in the X-direction and Y-direction when an external force along
X-axis applies to the shaft. Fig. 14(b) illustrates the experimental
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Fig. 16. Experimental results of knocking along X-axis under single-phase
suspension control. (a) Knocking along X- axis. (b) Knocking along X+ axis.

Fig. 17. Experimental results of knocking along Y-axis under single-phase
suspension control. (a) Knocking along Y- axis. (b) Knocking along Y+ axis.

results of the knocking along the Y-axis. Similar to knocking
along the X-axis, the adjustment of the suspension current in
the Y-direction results in radial displacements of both the X-
direction and Y-direction. The experimental results demonstrate
that there is a coupling issue between the suspension forces in
the two radial directions.

Figs. 16 and 17 illustrate the experimental results of knocking
shaft under single-phase suspension mode. Fig. 16 shows the ex-
perimental results of knocking along X-axis under single-phase
suspension control. It can be seen that the suspension winding
current in the X-direction is adjusted once the disturbance is
applied on the shaft along the X-axis. During the adjustment
process of the X-direction, there is no radial displacement in
Y-direction regardless of knocking along the X+ axis or X-
axis. Fig. 17 shows the experimental results of knocking along
the X-axis under single-phase suspension control. There is no
radial displacement in the X-direction regardless of knocking
along the Y+ axis or the Y- axis during the adjustment of the
current of suspension winding in the Y-direction. Compared
to the three-phase suspension control mode, the experimental
results of the single-phase suspension can realize the decoupling
of suspension force between the X-direction and Y-direction.

VI. CONCLUSION

In this article, a single-phase suspension control strategy
where adjusting the currents of suspension winding when only
torque winding of phase B is excited is proposed to realize
the self-decoupling of suspension forces in the X-direction and
Y-direction of SSW-BSRM. The proposed single-phase sus-
pension control strategy in the article assumes a prerequisite,
requiring the motor speed to exceed the critical speed. The
critical speed to achieve stable rotor suspension during single-
phase suspension control strategy is derived by establishing the
second-order rotor kinematic equations based on the radial force
model considering the rotor eccentricity. The control strategy

proposed in this article has considerable generality and can be
fully applied to bearingless switched reluctance motors with the
general structure to achieve decoupled control of the suspension
force in X-direction and Y-direction. In addition, the simplified
control algorithm results in shorter program execution times,
which makes that single-phase suspension control mode more
conducive to high-speed operation compared with three-phase
suspension control mode. The results of the simulation and
experiment validate that the proposed control strategy can realize
the decoupling of the suspension force in two radial directions.
The proposed single-phase suspension control strategy provides
the possibility and theoretical basis for designing new structure
BSRM with higher compactness.
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