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Abstract: A suspension flux internal model control method is proposed to address the problem of the
strong coupling of a single-winding bearingless flux-switching permanent magnet motor leading to a
significant ripple of the rotor radial displacement. Firstly, based on air-gap magnetic field modulation
theory, the stator flux equation considering rotor dynamic eccentricity is established to reveal the
relationship between the eccentric rotor and the magnetic field. Secondly, according to the dynamic
characteristics of the motor and the variation law of the air-gap magnetic field, the suspension-
plane flux is substituted into the rotor dynamic model, and the suspension flux-dynamics internal
model and corresponding output are constructed, respectively. Finally, a complete control strategy is
established, and the rotor is stably suspended by PWM control. The simulation and experimental
results show that the proposed method has better steady-state and dynamic performance than
traditional PID control, and the maximum radial displacement ripples of the rotor are reduced by
53% and 50% in steady-state and dynamic operation.

Keywords: bearingless flux-switching permanent magnet motor; air-gap magnetic field modulation
theory; internal model control; rotor radial displacement

1. Introduction

The magnetic bearing has several advantages, such as high precision, a long life, no
friction, and no need for lubrication. The bearingless motor wraps the windings of the
magnetic bearing around the stator of the rotating motor, and the suspension mechanism
of the magnetic bearing can be replaced by an air-gap bias magnetic field, which effectively
improves the integration, efficiency, and power density of the motor. It has broad applica-
tion prospects in the fields of multi-electric ship and aerostatic propulsion, CNC machine
tool spindle, centrifugal unit, etc. [1–3]. The bearingless flux-switching permanent magnet
motor (BFSPMM) lasts for the flux-switching motor characteristics of easy heat dissipation
and high torque density in permanent magnets (PMs). Using the advantage of multi-phase
motors with multiple degrees of freedom, the multi-phase single-winding BFSPMM adopts
only one set of the stator winding current to independently control the rotor suspension
and rotation [4,5]. It demonstrates heightened levels of integration, degrees of freedom,
power density, and winding utilization efficiency [6,7].

Owing to the uneven mass distribution of the rotor, manufacturing process errors,
unbalanced magnetic forces, etc., an excitation force with the same frequency as the rota-
tional speed exists during operation. This leads to a lack of overlap between the geometric
central axis and the inertial axis of the rotor, resulting in ripples in rotor displacement and
torque. The vibrational signal will introduce interference to torque control, capturing a
periodic current signal within the winding and inducing periodic radial electromagnet
pull. Especially, the torque and suspension force of a single-winding bearingless motor has
strong coupling, the control method is more complicated, and it is more difficult to suppress
the radial displacement and speed ripples of the rotor during operation. In ref. [8], a hy-
brid active–passive actuation approach is introduced to solve the problem of destabilizing
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stiffness produced by the PMs. However, the controllable performance of the supporting
parameters is reduced. At present, high-performance control methods of the bearingless
motor are mainly aimed at the dual-winding structure, and the primary emphasis in the
investigation of single-winding PM-stator bearingless motors lies in the development of
topology designs and the examination of electromagnetic characteristics, whereas it is less
on the control methods [9,10]. Therefore, it is necessary to study the high-performance
suspension control method of single-winding BFSPMM. The existing bearingless motor
control methods can be divided into (1) traditional proportion-integration-differentiation
(PID) control and its improvements; (2) inverse systems and their intelligent methods; and
(3) control methods based on advanced control theories.

In ref. [11], a suspension force model based on finite element simulation and the
Maxwell tensor method is established, combined with a dynamic coupling observer and a
coupled suspension force regulator to dynamically compensate the PID controller, which
improves the stability and robustness of the system. In refs. [12,13], a winding MMF
interference and the output of the disturbance observer were added to the PID closed loop
as feedforward compensation to reduce the control ring disturbance of the rotor radial
displacement, respectively. Although the PID controller can effectively manage steady-state
errors and achieve fundamental motor suspension operations, it is unable to attenuate the
oscillations stemming from dynamic disturbances.

With the development of the control methods, many advanced control methods can be
applied to the control system of the bearingless motor. By establishing the model inverse
system, the dynamic decoupling performance of the suspension and rotation control of
the bearingless motor can be effectively realized [14]. The internal model control (IMC)
can be combined with the inverse system method to optimize the decoupling effect of the
PID controller in the traditional inverse system control strategy [15]. Due to the complex
construction process of the inverse system model, relevant studies mostly focus on the
optimization methods of the inverse system model construction and intelligent methods
are usually used to assist in the establishment of the inverse system model [16,17]. In
addition, suspension systems need positioning sensors and control algorithms to maintain
stable levitation. However, these systems often encounter feedback noise, which requires
the use of filters to reduce the noise. When there is excessive noise in the feedback, it
becomes difficult to estimate velocity and disturbance force, especially for high-bandwidth
scenarios. In such cases, state observers can assist in enhancing the performance of control
algorithms [18].

At present, the research results of high-performance control strategies for bearingless
motors focus on the design and application of advanced control theories. In ref. [19], based
on the differential geometry control method and sliding mode control principle, the strongly
coupled system in the suspension/rotation control part was linearized and decomposed
into independent subsystems for control. For high-speed applications, the traditional
methods are not in effect in suspension control of the rotor owing to inherent parameter
variations and external suspension loads. In ref. [20], a suspension current predictive control
strategy is designed by calculating the given value of the optimal suspension current within
the sampling period based on the fuzzy dynamic objective function. Furthermore, in
modeling the global sliding-mode switching surface, additional fast-decaying nonlinear
functions and rotor-tracking error functions have been incorporated [21]. In ref. [22],
the repetitive control theory is combined with a fractional delay filter to suppress the
rotor vibration caused by mass imbalance, manufacturing process error, or unbalanced
magnetic pull.

The active disturbance rejection controller (ADRC) can increase the overall robustness
of the control system to disturbances of different natures, but it is not able to compensate for
radial load disturbances [23]. To further improve the controller bandwidth, the flux linkage
model with the rotor dynamics model is used to construct an integral series standard model
suitable for an ADRC controller [24]. To further optimize the dynamic effect and robustness
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of the ADRC, a fuzzy controller and genetic algorithm were introduced in refs. [25,26],
respectively, to adjust the observer bandwidth online.

As mentioned above, most of the existing methods are the direct application of ad-
vanced observers/controllers, whereas few involve an optimal control aiming to the own
characteristics of the bearingless motor. Therefore, this paper attempts to obtain the dy-
namic model of the rotor dynamic eccentric by mathematical modeling and proposes a
suspension flux internal model control method to address the problem of the strong cou-
pling of a single-winding bearingless flux-switching permanent magnet motor leading to
a significant ripple of the rotor radial displacement. IMC, as a controller design strategy
based on a process mathematical model, can intuitively analyze the physical meanings
of the control variables and effectively improve the motor suspension performance by
combining the strong regularity and periodicity of the rotor suspension operation state of
the bearingless motor.

Herein, a suspension flux internal mode control strategy for single-winding BFSPMM
is proposed. The topology and mathematical model of the motor are introduced, and the
decoupling control method of the six-phase single-winding bearingless motor is analyzed.
Then, based on the air-gap magnetic field modulation theory, the suspension flux equation
considering the dynamic eccentricity is established, and the effect of rotor radial displace-
ment on the magnetic field can be analyzed by the equation. According to the theoretical
deduction, the internal model and controller are established, and the outputs of the con-
troller in the x- and y-directions are derived by feedback linearization theory. Finally, a
high-performance suspension operation is realized by the PWM controller. Simulation and
experimental results show that the proposed method has better steady-state and dynamic
performance than traditional PID control.

This paper is organized as follows: In Section 2, the mathematical model of the
researched motor is established. In Section 3, the principle of suspension flux internal
model control strategy is introduced. In Section 4, the simulation and experimental results
are provided. Finally, in Sections 5 and 6, the strategy is discussed and summarized,
respectively.

2. Topology and Mathematical Model of BFSPMM
2.1. Topology

The topology of the BFSPMM is shown in Figure 1. The structure of the stator and
rotor is the same as the 12/10 pole mechanical-bearing FSPMM. Each phase winding
is composed of k1-k2-k3-k4 in series, k = A-F. The current iA-iF flows through the phase
winding A-F, respectively. They contain the torque current components iAT-iFT that control
the motor’s rotation and the suspension current components iAS-iFS that control the motor’s
suspension, and iAS = iDS, iES = iBS, iCS = iFS, iAT =−iDT, iET =−iBT, and iCT =−iFT. Through
the suspension current, which is spatially symmetrical and in the same direction, the
suspension force in three directions with a spatial difference of 120◦ can be generated to
produce a controlled suspension operation. While the suspension current which is spatially
symmetrical and in the opposite direction can be regarded as a three-phase FSPMM, which
can generate stable electromagnetic torque. This current mode allows for the decoupling of
rotation and suspension control.

It is defined that the radial displacement of the rotor is divided into x- and y-directions.
The mechanical angular frequency of the rotor is ωR, the mechanical angle is θR, and the
electrical angle is θr = 10 θR.

To control the motor’s rotation and suspension independently, the six-phase current
can be decomposed into the torque-plane current components iαTiβT, suspension-plane cur-
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rent components iαSiβS, and zero-sequence currents io1io2 by constant power transformation
matrix T6 [6]: 

iαT
iβT
iαS
iβS
io1
io2

 = T6



iA
iB
iC
iD
iE
iF

 =



(2iAT − iCT − iET)/
√

3
iCT − iET√

3iAS
iES − iCS

0
0

, (1)

where

T6 =
1

2
√

3



2 1 −1 −2 −1 1
0

√
3

√
3 0 −

√
3 −

√
3

2 −1 −1 2 −1 −1
0

√
3 −

√
3 0

√
3 −

√
3√

2
√

2
√

2
√

2
√

2
√

2√
2 −

√
2
√

2 −
√

2
√

2 −
√

2


. (2)

The torque-plane current components can be transformed to the synchronous rotation
dq coordinate system, and the torque can be controlled by the strategy of idT = 0. Thus, the
electromagnetic torque is:

Te =
√

3
∣∣∣ψ f

∣∣∣× iqT, (3)

where |ψf| is the amplitude of the PM flux linkage, and iqT and idT can be obtained by the
following transformation: [

idT
iqT

]
=

[
cos θr sin θr
− sin θr cos θr

][
iαT
iβT

]
. (4)

The motor rotation can be stably controlled according to (3). To effectively control the
rotor suspension, rotor dynamics need to be analyzed.
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cos sin
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dT αTr r

qT βTr r

i iθ θ
i iθ θ . (4)

The motor rotation can be stably controlled according to (3). To effectively control the 
rotor suspension, rotor dynamics need to be analyzed. 

2.2. Rotor Dynamics Model of BFSPMM 
The research object in this paper is a two-degree-of-freedom bearingless motor, and 

its coordinate system of the rotor motion is shown in Figure 2. The xyz-axis is defined as 
the stationary coordinate system, and the irjrkr-axis as the synchronous rotating coordinate 
system. Due to the unbalanced moment NxNy, there is precession along the z-axis when 

Figure 1. Topology of BFSPMM.

2.2. Rotor Dynamics Model of BFSPMM

The research object in this paper is a two-degree-of-freedom bearingless motor, and
its coordinate system of the rotor motion is shown in Figure 2. The xyz-axis is defined as
the stationary coordinate system, and the irjrkr-axis as the synchronous rotating coordinate
system. Due to the unbalanced moment NxNy, there is precession along the z-axis when
the rotor rotates tangentially along the kr-axis. The angles of inclination of the kr-axis to the
y- and x-axes are θx and θy, respectively. As the inclination of the shaft is very small, θx and
θy are proportional to the x- and y-direction displacements of the rotor.
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We assume G, hr, and lr to be the gravity of the rotor, the height of the mass center,
and the axis length, respectively. Ir and IR are the moment of inertia of the rotor radial and
tangential, respectively. According to the moment formula, the rotor dynamics model can
be written as follows: { ..

x = −ωR IR
Ir

.
y + Ghr

Ir
x + l2

r
Ir

Fx
..
y = ωR IR

Ir

.
x + Ghr

Ir
y + l2

r
Ir

Fy
, (5)

where Fx and Fy are the radial electromagnetic pulls in the x-and y-directions, respectively.
According to [10], the linear relationships between FxFy and suspension current components
idSiqS are as follows:  Fx = K · idS = 0.75

√
k2

PM + k2
qTi2qT · idS

Fy = K · iqS = 0.75
√

k2
PM + k2

qTi2qT · iqS
, (6)

where kPM and kqT are the amplitude of the fundamental component of the suspension
force generated by the coactions of unit suspension current with the PMs’ MMF and iqT,
respectively. The suspension current idSiqS can be obtained by the following equation:[

idS
iqS

]
=

[
cos
(
θr + φq − 45◦

)
sin
(
θr + φq − 45◦

)
− sin

(
θr + φq − 45◦

)
cos
(
θr + φq − 45◦

)][iαS
iβS

]
, (7)

where

φq = arctan(
kqTiqT

kPM
). (8)

2.3. Suspension Force-Flux Mathematical Model

To effectively control radial electromagnetic force by flux linkage, it is necessary to
establish the relationship between suspension force and suspension-plane flux linkage.

By matrix T6, the stator flux of the stationary coordinate system can be deduced
as follows: 

ψαT
ψβT
ψαS
ψβS
ψo1
ψo2

 = T6LT-1
6 T6I + T6ψf, (9)
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where

L =



LAA MBA MCA MDA MEA MFA
MAB LBB MAC MAD MAE MAF
MAC MBC LCC MDC MEC MFC
MAD MBD MCD LDD MED MFD
MAE MBE MCE MDE LEE MFE
MAF MBF MCF MDF MEF LFF

, (10)

I =
[

iA iB iC iD iE iF
]T, (11)

ψf =
[

ψfA ψfB ψfC ψfD ψfE ψfF
]T, (12)

where Lii(i = A~F) represents the self-inductance of phase winding i, Mij(i = A~F, j = A~F,
I 6= j) represents the mutual inductance of phase winding i and j, and ψfi(i = A~F) represents
the PM flux of phase winding i.

2.3.1. Expression of No-Load PM Flux

To accurately express the stator flux under the rotor dynamic eccentricity, the flux
equation of each phase winding is established based on the air-gap field modulation
theory [27,28]. The PMs, stator, rotor, and armature windings can be combined into
three cascade elements, i.e., excitation source–modulator–filter, as shown in Figure 3.
FPM represents the MMF of the PMs, MS represents the stator modulation function, MR
Represents the rotor modulation function, and Wi (i = A~F) represents the winding function.
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Figure 4 is the schematic diagram of the BFSPMM modulation function, and θ repre-
sents the circumference angle of the air gap. Taking phase winding A as an example, the
no-load flux linkage without rotor eccentricity can be expressed as:

ψ f A0 =
µ0rglr

∆g

∫
[MS ·MR · FPM]×WA(θ)dθ, (13)

where rg is the air-gap radius, µ0 is the air permeability, and ∆g is the air-gap length. WA
represents the winding function of phase A, and it is generated by that conductor distribu-
tion function Ci(θ) modulated by stator modulation function Ms(θ), i.e., WA = Ms·CA. As
the winding of each phase is made up of two coils with symmetrical spatial axes in series,
CA = CA1 + CA2, CA1, and CA2 are conductor distribution functions of coils A1-A2 and coils
A3-A4, respectively, whose Fourier series expansion is as follows:

CA1 = Nw
12 + ∑

n≥1

Nw
nπ {λ1 cos n(θ) + λ2 sin n(θ)}

CA2 = Nw
12 + ∑

n≥1

Nw
nπ

[
λ1 cos n

(
θ − π

2
)
+ λ2 sin n

(
θ − π

2
)] , (14)

where Nw is the number of coil turns,{
λ1 =

(
sin nπ

12 − sin 23nπ
12
)

λ2 =
(
cos nπ

12 − cos 23nπ
12
) . (15)
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where Nw is the number of coil turns, 
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where lts is the distance from the center of each U-core of the stator, lsp is the width of the 
PM, and as and bs are constants. 
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In (13), MS = MSW·MSF, MSW is the modulation function of the tooth slot at windings,
MSF is the modulation function of the tooth slot at PMs, and the Fourier series expansion is
as follows: 

MSW = as + ∑
n≥1

2
nπ · λ3 · cos

[
2nπ
lts

(
θ + π

12
)]

MSF = as + ∑
n≥1

2
nπ · λ3 · cos

(
2nπ
lts

θ
) , (16)

where

λ3 = sin nπ +
bs(

2.56n2 l2
sp

l2
ts
− 1
) · sin(1.6nπ

lsp

lts
), (17)

where lts is the distance from the center of each U-core of the stator, lsp is the width of the
PM, and as and bs are constants.

In (13), the Fourier series expansion of the modulation function of the rotor MR is
as follows:

MR = ar + ∑
n≥1

2
nπ
· λ4 · cos

[
nπ

5ltr
((10θ − π)− 10θR)

]
, (18)

where
λ4 = sin nπ +

br(
2.56n2 l2

sr
l2
tr
− 1
) sin(1.6nπ

lsr

ltr
), (19)

where ltr and lsr are the widths of the tooth and slot of the rotor, respectively. ar and br
are constants.

In (13), the Fourier series expansion of the MMF of the PMs is as follows:

FPM = ∑
n≥1

Fma f sin n(6θ), (20)

where Fm is the amplitude of the MMF, and af is a Fourier series.
Substituting (14)~(20) into (13), the PM flux without the rotor eccentricity of the phase

winding A can be obtained as follows:

ψ f A0 =
Nwrg lr g0

6µ0

{
∑

m≥1
bm1 sin

[
(2m−1)π

8

]
· bm2 +

µ2
0

2g2
0

∑
n≥1

∑
m≥1

bnm sin
[
(2m−1)π

8

]}
· sin θr

= ψ f m sin θr

, (21)

where am is a constant. bm1, bm2, and bnm are Fourier series.
Similarly, it can be deduced that the no-load PM flux of phase winding i is:

ψ f i0 = ψ f m · sin
(

θr −
k
3

π

)
, (22)
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where k = 0~5 corresponds to phase winding i = A~F.
The expression of the flux linkage under the dynamically eccentric rotor can be con-

structed as a flux linkage without rotor eccentricity pluses a modulated flux change by the
rotor eccentricity modulation operator Me. The modulation operator Me is a sinusoidal
function with the eccentric angle ϕ as the positive direction, i.e.,

Me = e · cos(θ − ϕ), (23)

where e is the eccentric distance. The modulated flux change in phase winding i can be
deduced as

ψfie = [ψem × e cos(θ − ϕ)] · sin
(

θr −
k
3

π

)
, (24)

where ψem = ψfm·me, me is a constant.

2.3.2. Inductance Expression

When a unit current flows through the winding, whose winding function is Wi(θ), and
the flux induced by another winding, whose winding function is Wj(θ), the mutual induc-
tance between the phase winding is represented by i and j. Thus, the mutual inductance
expression without rotor eccentricity is as follows:

Mji0 =
µ0rglr

∆g

∫
[MS ×MR ×Wi]×Wjdθ, (25)

where Mji is the self-inductance of phase winding i when i = j, denoted as Lii0. Taking
phase winding A as an example, and substituting (14)~(19) into (25), it is deduced that the
self-inductance of phase winding A without rotor eccentricity is:

LAA0 = L0 − (L1 + L3) cos θr − (L2 + L4) sin θr, (26)

where L0~L4 are constants, and L0 >> L2 > L3 > L1 > L4. Thus, it can be obtained that
Lii0 ≈ L0.

The same as the no-load PM flux, the inductance of single-winding BFSPMM is an
inductance without rotor eccentricity pluses a modulated inductance change by the rotor
eccentricity modulation operator Me. The inductance changes in phase winding i can be
deduced as

Liie = Le × e cos(θ − ϕ), (27)

where Le = L0·le, and le is a constant.
According to (25)~(27), the mutual inductance of phase winding i and j with the rotor

eccentricity is as follows:

Mji = Mji0 + Mjie × e cos(θ − ϕ), (28)

where, when i 6= j, Mji0 is the DC component of the mutual inductance between phase
winding i and j without the rotor eccentricity, and Mjie is the change in the mutual induc-
tance caused by the eccentric rotor. When i = j, Mji = Lii. According to [29], there is a fixed
proportional coefficient of the mutual inductance and self-inductance of single-winding
BFSPMM. Thus, (28) can be rewritten as

Mji =
Mji0

L0
L0 +

Mji0

L0
Le × e cos(θ − ϕ). (29)

2.3.3. Mathematical Model of Suspension Flux

According to (22), (24), and (28), the mathematical model of the flux linkage ψA~ψF
can be obtained. By substituting (22), (24), and (29) into (9), the suspension-plane flux of
the stationary coordinate system αSβS can be deduced as
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[
ψαS
ψβS

]
=

[
LtS LtC Lss 0
−LtC LtS 0 Lss

]
iαT
iβT
iαS
iβS

+

√
3

2
ψem

[
sin θr · sin(ϕ + 45◦)− cos θr · cos(ϕ + 45◦)
− sin θr · cos(ϕ + 45◦)− cos θr · sin(ϕ + 45◦)

]
, (30)

where 
Lss = v1L0
LtS = v2Le · e sin(ϕ + 45◦)
LtC = v2Le · e cos(ϕ + 45◦)

, (31)

where v1~v3 are constants.
By the rotation transformation, the suspension-plane flux ψαSψβS of the stationary

coordinate system can be transformed into a dSqS coordinate system, and the flux in the
dSqS coordinate system is as follows:[

ψdS
ψqS

]
=

[
cos
(
θr + φq − 45◦

)
sin
(
θr + φq − 45◦

)
− sin

(
θr + φq − 45◦

)
cos
(
θr + φq − 45◦

)][ψαS
ψβS

]
=

[
Lss 0
0 Lss

][
idS
iqS

]
+

[
LtS LtC
−LtC LtS

][
idT
iqT

]
+

[
ψeS
−ψeC

] , (32)

where [
ψeS
−ψeC

]
=

√
3

2
ψeme

[
sin(ϕ + 45◦)
− cos(ϕ + 45◦)

]
. (33)

In (32), the first term is the controllable flux component generated by the suspension
current component idS and iqS, and the latter two terms can be regarded as the disturbance
components ψdSd and ψqSd.

Substituting idS and iqS in (32) into (6), the linear relationships between FxFy and
suspension-plane flux ψdSψqS are as follows:[

Fx
Fy

]
=

K
Lss

[
ψdS
ψqS

]
. (34)

3. Suspension Flux Internal Model Control Strategy
3.1. Suspension Flux-Dynamics Internal Model of BFSPMM

Assuming x1 = x, x2 =
.
x1, y1 = y, y2 =

.
y1, according to (5), (32), and (34), the

suspension flux-dynamics internal model of BFSPMM can be established as follows:
.
xM

1
.
xM

2
.
yM

1
.
yM

2

 =


0 1 0 0

Ghr
Ir

0 0 −ωR IR
Ir

0 0 0 1
0 ωR IR

Ir
Ghr
Ir

0




xM
1

xM
2

yM
1

yM
2

+
l2
r K

IrLss


0

ψdS
0

ψqS

 (35)

Taking the x-direction as an example to analyze the controller output. The error
between actual output and internal model output is defined as

ePM
x = x− xM

1 . (36)

A second-order low-pass filter is used to reduce the high-frequency harmonic signal
in the error:

eF
x =

ω2
n

s2 + ζFωns + ω2
n

ePM
x , (37)

where ωn is the natural oscillation frequency, and ζF is the damping coefficient of the filter.
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To make x track a given signal x*, an auxiliary function is defined as follows:

x f = xM
1 + eF

x − x∗. (38)

According to (38), when eF
x ≈ ePM

x = x − xM
1 , xf ≈ x − x*. Thus, the control problem

that rotor radial displacement tracks a given signal becomes the control problem that xf = 0.
Similarly, the derivation of the y-direction is not detailed here.

3.2. Feedback Linearization of Auxiliary Function

To make the xf = 0, setting x f 1 = x f , x f 2 =
.
x f 1, it can be deduced that

.
x f 2 =

..
xM

1 +
..
eF

x −
..
x∗ =

Ghr

Ir
xM

1 −
ωR IR

Ir
yM

2 +
l2
r K

IrLss
ψdS + ω2

n

(
ePM

x − eF
x

)
− ζFωn

.
eF

x −
..
x∗. (39)

According to feedback linearization theory [30], Equation (39) can be linearized as follows:{ .
x f 1 = x f 2.
x f 2 = −k1x f 1 − k2x f 2

(40)

Substituting the second line of (32) and (40) into (39), and considering x* = 0, it can be
deduced that the output of the internal model controller in the x-direction is as follows:

ux = − l2
r K

IrLss

[(
k1 +

Ghr

Ir

)
xM

1 + k2xM
2 −

ωR IR
Ir

yM
2 + ω2

nePM
x +

(
k1 −ω2

n

)
eF

x + (k2 − ζFωn)
.
eF

x

]
− ψdSd. (41)

Similarly, the output of the internal model controller in the y-direction is as follows:

uy = − l2
r K

IrLss

[(
k1 +

Ghr

Ir

)
yM

1 + k2yM
2 +

ωR IR
Ir

xM
2 + ω2

nePM
y +

(
k1 −ω2

n

)
eF

y + (k2 − ζFωn)
.
eF

y

]
− ψqSd. (42)

3.3. Control Block Diagram

The control block diagram of the control strategy proposed in this paper is shown in
Figure 5. Substituting the suspension flux ψdSψqS into equation (34), the internal model
value of the rotor radial displacement is obtained. The internal model parameters are
shown in Table 1. The given value ux*uy* of the output of the internal model controller is
calculated according to (36)~(42), and the following equation calculates the suspension-
plane flux error: [

4ψdS
4ψqS

]
=

[
u∗x − LssidS
u∗y − LssiqS

]
. (43)

Table 1. Parameters of internal model.

Parameter Symbol Value

Rotor gravity G 98 N
Shaft length lr 135 mm

Moment of inertia of the rotor radial Ir 0.16123 kg·m2

Moment of inertia of the rotor tangential IR 0.00986 kg·m2

Suspension-plane inductance Lss 0.004553 H
Self-inductance variation coefficient Le 1.4556 H/m

Amplitude of PM flux ψfm 0.0294 Wb
PM flux variation coefficient ψem 11 Wb/m
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According to (43), the suspension-plane expected voltage vector can be calculated
as follows: [

u∗dS
u∗qS

]
= Rs

[
idS
iqS

]
+

1
Ts

[
∆ψdS
∆ψqS

]
, (44)

where Rs is the winding resistance, and Ts is the control period.
The rotation of BFSPMM can be controlled by idT = 0, according to (3)~(4). The

zero-sequence current component io2 is controlled to zero by a PI controller. Thus, the
torque-plane expected voltage vector udT*uqT*, which controls the motor rotation, the
suspension-plane expected voltage vector udS*uqS*, which controls the motor suspension,
and the zero-sequence-plane expected voltage vector uo2* can be obtained. Finally, the
control strategy proposed in this paper can be realized by PWM control.

4. Verification
4.1. Test Platform

The prototype unit of the motor studied in this paper is shown in Figure 6a. The
horizontal direction of the test prototype is the y-direction, and the vertical direction is the
x-direction. The prototype is connected with the DC motor and magnetic powder brake
through an elastic coupling. The DC motor is used as gearing of the tangential load gearing.
The load side of the BFSPMM shaft is equipped with auxiliary bearings that limit the radial
displacement of the rotor to within 0.3 mm. The experimental platform is composed of
an RTU-BOX 206® controller(Nanjing Rtunit Information Technology Co., Ltd., Nanjing,
China) with TMS320F28377D as the core, a building block power module, and a high-power
density power, as shown in Figure 6b.
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4.2. Simulation Results

A complete control model based on Figure 5 is built-in MATLAB/Simulink. The
simulation study started the suspension operation under the condition of 2 N·m load at
1000 r/min. As shown in Figure 7a, the rotor starts suspension under a PID controller at
zero time. After 200 ms, the fundamental component of the rotor radial displacement ripple
stabilizes to near the given displacement 0, but the high-frequency pulsation related to the
rotational speed is still large, with an amplitude of 0.08 mm. The corresponding suspension
current is shown in Figure 7b. When the rotor is stably suspended, the suspension current
maintains a stable fundamental component related to the high-frequency ripple of the
radial displacement of the rotor. When the method proposed in this paper is used for
the suspension control, it is shown in Figure 7c. Evidently, the proposed strategy has
better suspension performance. The fundamental component of the radial displacement
of the rotor is stabilized at a given value in only 100 ms, and the amplitude of the high-
frequency harmonic component is reduced to less than 0.35 mm. The corresponding
suspension current is shown in Figure 7d. The suspension current of the strategy has more
high-frequency components, which will bring more losses.
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Figure 7. Simulation results: (a) Rotor displacement under PID control; (b) Suspension current
under PID control; (c) Rotor displacement under proposed control; (d) Suspension current under
proposed control.

4.3. Steady-State Experiment

The proposed method is compared with the traditional PID method under no-load
conditions at 500 r/min, as shown in Figure 8a,b. The rotor has an evident gyroscopic
effect under PID control, and the maximum radial displacement ripple of the rotor is
0.15 mm, whereas the rotor is controlled at the geometric center of the motor by the method
proposed in this paper, and the maximum radial displacement ripple of the rotor is 0.07 mm.
Therefore, the proposed method can effectively reduce the radial displacement ripple of
the rotor and has better control accuracy.
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4.4. Dynamic-State Experiment

A speed step test of 2 N·m load at 0–1000 r/min is carried out on the test prototype, as
shown in Figure 9. In the process of the speed step, the radial displacement of the rotor
increases due to mechanical coupling. The rotor suspension controlled by PID always
has the radial displacement ripple at the same frequency as the rotating speed, and the
maximum displacement is ±0.2 mm, as shown in Figure 9a. The suspension current under
PID control is shown in Figure 9b. The suspension current contains significant harmonic
components during the speed step. In a steady state, the fundamental component of the
suspension current has an evident ripple related to the radial displacement of the rotor.
When the rotor suspension is controlled by the proposed method, the radial displacement
pulsation is evidently reduced, and the maximum displacement is no more than ±0.1 mm,
as shown in Figure 9c. The corresponding suspension current is shown in Figure 9d.
The suspension current obtained by the method proposed in this paper contains a high
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harmonic component, which is very abundant even in the steady state. The reason is that
the controller generates a more controllable radial electromagnetic pull to suppress the
radial displacement ripple of the rotor.
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Figure 9. Comparison of the dynamic-state experiment: (a) Rotor displacement under PID con-
trol; (b) Suspension current under PID control; (c) Rotor displacement under proposed control;
(d) Suspension current under proposed control.

5. Discussion

As a general controller, the traditional PID method is widely used in various industrial
control fields, almost applicable to all controlled objects. Therefore, in many kinds of
literature, the proposed novelty control methods would be compared with the traditional
PID method. In this paper, a suspension flux internal model control strategy for single-
winding BFSPMM is proposed, and it has better steady-state and dynamic performance
than traditional PID control, as shown in Table 2.

Table 2. Control strategy comparison.

Performance PID Method Proposed Method

Stable suspension time in simulation 200 ms 100 ms
Steady-state rotor displacement ±0.15 mm ±0.07 mm

Maximum rotor displacement in step speed ±0.2 mm ±0.1 mm
Parameter dependence Low High

Complexity Low High
Loss Low High

Control accuracy Low High
Dynamic response Slow Fast
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As the controller output in (41), at an ideal steady-state operation, the suspension force
coupling between the x- and y-directions can be ignored, and eF

x ≈ ePM
x = x − xM

1 = 0. In
this case, the internal mode controller output is as follows: ux = − l2

r K
Ir Lss

[(
k1 +

Ghr
Ir

)
xM

1 + k2xM
2

]
− ψdSd

uy = − l2
r K

Ir Lss

[(
k1 +

Ghr
Ir

)
yM

1 + k2yM
2

]
− ψqSd

. (45)

The above equation can be rewritten as follows:{
ux =

(
KPxM

1 + KDxM
2
)
+ ψdSd

uy =
(
KPyM

1 + KDyM
2
)
+ ψqSd

, (46)

where KP is a proportional coefficient, KD is a differential coefficient, and KP = l2
r Kk1
Ir Lss

+ l2
r KGhr
I2
r Lss

KD = l2
r Kk2
Ir Lss

. (47)

Therefore, the output of the internal model controller can be considered as a combina-
tion of proportional-differential control and feedforward compensation. Furthermore, the
internal model controller output can be rewritten as follows: ux =

kp(0−xM
1 )+kd(0−xM

2 )− fψ1
b0

uy =
kp(0−yM

1 )+kd(0−yM
2 )− fψ2

b0

, (48)

where 
kp = l2

r IrK(k1 + Ghr)
kd = l2

r IrKk2
b0 = I2

r Lss
fψ1 = ψdSd I2

r Lss
fψ2 = ψqSd I2

r Lss

(49)

Therefore, the internal model controller can be written in the form of a linear active dis-
turbance rejection controller (LADRC), as shown in Figure 10. According to the conclusion
of [19], it can be reasoned that the proposed method and PID have the same stability margin
in the low-frequency stage. During the middle- and high-frequency stages, the presented
approach exhibits superior high-frequency disturbance suppression. Furthermore, the
disturbance compensation demonstrates robust estimation capabilities when dealing with
the overall system perturbations. By integrating the known model perturbation information
within an internal model controller, an expansion of the controller bandwidth becomes
feasible. Consequently, the method introduced here exhibits enhanced disturbance rejection
performance and effectively mitigates radial displacement ripples of the rotor.
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In the proposed method, the change mechanism of rotor radial displacement can be
analyzed based on the air-gap magnetic field modulation theory, and direct control of radial



Actuators 2023, 12, 404 16 of 17

electromagnetic pull by air-gap magnetic field can effectively improve the suspension
operation capability of the rotor. However, the internal model controller output depends on
the accuracy of the parameters. This control strategy provides a kind of controller design
way, which is weak in universality to bearingless motors of different structures. In addition,
compared with the traditional PID controller, this strategy needs more complex signal
processing, and the control strategy proposed in this paper makes the output peak of the
inverter increase, which will increase the motor loss. These weaknesses currents are areas
that need further improvement in the future.

6. Conclusions

The suspension force in the rotor dynamics is replaced by the suspension-plane flux in
this paper, and the suspension flux-dynamics internal model of a single-winding BFSPMM
is constructed. The output of the internal model controller can be equivalent to the form of
a LADRC, and the conclusion is as follows:

(1) The high-performance decoupling control of a single-winding BFSPMM is realized,
and the radial displacement of the rotor is always suspended with a small radial
displacement in the geometric center axis.

(2) Compared with the traditional PID control, the proposed method has better steady-
state performance, and the maximum radial displacement ripple of the rotor is reduced
by 53%, which effectively improves the antijamming and robustness of the system.

(3) Compared with the traditional PID control, the proposed method has better dynamic-
state performance and reduces the radial vibration of the rotor in the process of speed
regulation under the load-speed step condition.
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