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There is a coupling problem between the bias magnetic circuit and the control magnetic circuit of hybrid
magnetic levitation bearings, which not only affects the support stiffness of the magnetic bearing, but also
increases the difficulty of control and power consumption. To solve this problem, an uncoupled radial hybrid
magnetic bearing (RHMB) with four stator cores in the front and rear rows is proposed, which achieves the
design of independent magnetic circuit channels for bias magnetic field and control magnetic field. Subsequently,
an equivalent magnetic circuit model for the new magnetic bearing was established and its electromagnetic
force analytical calculation formula was derived. In order to verify the performance of the new structure and
the effectiveness of the analytical model, the ANSYS Electronics Desktop software was used to simulate and
analyze its three-dimensional magnetic field distribution, electromagnetic force variation patterns, and coupling
characteristics. The results show that the proposed analytical model for the new structure is effective and
can effectively linearize the force displacement and force current relationships, which is consistent with the
calculation results of the simulation model. In addition, compared to traditional structures, the new structure
has better magnetic field decoupling characteristics, which can reduce the eddy current loss of the iron core by
50.12% and the required control current from 2.3A to 1A. The research results can provide theoretical basis for
the design and control of magnetic levitation bearings.
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1. Introduction

Magnetic bearings are a new type of bearings that suspend
the shaft without mechanical contact by using the control-
lable magnetic force. They are characterized by advantages
including no friction and mechanical wear, no need for lu-
brication and sealing, high speed, and long service life, and
therefore have been widely applied to industrial fields in-
cluding flexible rotor, aerospace, medical facility, flywheel
energy storage, and turbomachinery [1–4]. Magnetic bear-
ings generally can be classified into three types: active

magnetic bearings, passive permanent-magnet bearings,
and hybrid magnetic bearings. The bias and control mag-
netic fluxes of active magnetic bearings are both generated
by control coils, which can actively control the stiffness,
damping, and rotor displacement of bearings, while such
bearings also have an obvious shortcoming of high power
consumption [5–7]. Passive permanent-magnet bearings do
not have power consumption and show a simple structure.
However, they also have poor stability and uncontrollable
magnetic force. Hybrid magnetic bearings, which combine
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advantages of the above two, provide the bias magnetic
flux using permanent magnets. This reduces excitation
power consumption of bearing systems and controls the
volume and mass of circuits, so hybrid magnetic bearings
have received increasingly more attention from researchers
[8, 9].

Researchers have conducted numerous studies on hy-
brid magnetic bearings. Hossain [10] proposed a radial
hybrid magnetic bearing (RHMB) with two radial stators
that is applied to high-temperature conditions. Each stator
has six poles and the permanent magnets are used for ra-
dial magnetization and sticked on the outer circle of poles
of radial stators. Jingyun [11] designed the topology of an
uncoupled RHMB, in which the circular permanent mag-
net is used for axial magnetization and independent stator
cores in X and Y directions are adopted. Moreover, the cou-
pling performance of the RHMB was also verified through
simulation and tests. Zong et al. [12] studied the coupling
of radial 2 degrees of freedom (DOFs) of a four-pole hybrid
magnetic bearing, and proposed the feed-forward decou-
pling control strategy and the feed-forward compensator
decoupling method. Zhong Zhixian, Cai Zhonghou [13]
came up with a new four-pole RHMB with six indepen-
dent magnetic circuits and overcame the magnetic circuit
coupling of magnetic bearings from the perspective of me-
chanical structures.

Based on previous research, the current research pro-
posed a new uncoupled RHMB, in which independent
stator cores in x and y directions were both used in the
front and rear rows. In addition, independent magnetic
circuits of bias and control magnetic fields were designed.
An equivalent magnetic circuit model was also established
for the RHMB and the analytical calculation formula for
its electromagnetic force was derived. Moreover, a finite
element simulation model was built using the ANSYS Elec-
tronics Desktop software. Then, the three-dimensional
(3D) magnetic field distribution, force-displacement and
force-current relationships, and coupling characteristics of
different magnetic fields under different excitation condi-
tions were analyzed. Calculation and simulation results
indicate that the new RHMB designed in the research can
effectively overcome the radial magnetic circuit coupling
through appropriate design of the mechanical structure.

2. Structure and working principle of the new un-
coupled rhmb

2.1. Structure of the new uncoupled RHMB

The structure of the new uncoupled RHMB is shown in
Fig. 1. It is composed of the hybrid magnetic bearing com-

(a) Overall structure of the RHMB.

(b) Section view of the RHMB.

(c) Structural decomposition of the RHMB.

Fig. 1. Structure of the new uncoupled RHMB.
1-Permanent magnets; 2-x f control coils; 3-Rotor core; 4-xr

stator cores; 5-Permanent magnets; 6-yr stator cores;
7-Outer stator core; 8-yr control coils; 9-xr control coils;
10-x f stator cores; 11-y f stator cores; 12-y f control coils.

ponents in the front and rear rows, a rotor core, and an
outer stator core. The hybrid magnetic bearing compo-
nents in the front row include the x f stator cores and x f
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control coils installed on their two poles, y f stator cores and
yf control coils installed on their two poles, and four per-
manent magnets corresponding to the poles. Among them,
the x f control coils produce the control magnetic flux in the
x direction; y f control coils produce the control magnetic
flux in the y direction; permanent magnets produce the bias
magnetic flux; x f and y f stator cores are independent, so
that control and bias magnetic fluxes (two of each) in radial
x and y directions both have independent magnetic circuits;
the four poles on x f and y f stator cores are designed to
be a coplanar structure about xy central plane and they
are uniformly distributed with an angle of 90° to ensure
axial equilibrium of the radial suspension force; permanent
magnets corresponding to poles are installed in a coplanar
manner about xy central plane with their corresponding
stator cores, and the four permanent magnets are used for
radial magnetization, with the N pole pointing inwards.
The hybrid magnetic bearing components in the rear row
basically share the same structure with that in the front
row, while the difference lies in that the four permanent
magnets are used for radial magnetization, with the N pole
pointing outwards.

2.2. Magnetic circuits and working principle of the
RHMB

The bias magnetic fluxes generated by the permanent mag-
nets are indicated by dotted lines with arrows in Fig. 2 (a).
In the figure, the bias magnetic flux in the x+ direction de-
parts from the N pole of the front-row permanent magnet,
then passes through x f stator, air gap, rotor core, air gap,
xr stator, rear-row permanent magnet, air gap, and outer
stator core, and finally returns to the S pole of front-row per-
manent magnet, to form a closed path. The bias magnetic
flux in the y+ direction starts from the N pole of front-row
permanent magnet, then passes through y f stator, air gap,
rotor core, air gap, yr stator, rear-row permanent magnet,
air gap, and outer stator core, and finally returns to the S
pole of front-row permanent magnet, to form a closed path
as well. The bias magnetic flux paths in x- and y- directions
are also same as the above analysis. By designing the loca-
tions of stator cores in x and y directions and of permanent
magnets in front and rear rows, Fig. 2 (a) shows that four
bias magnetic flux paths in x+, x-, y+, and y- directions are
independent in the radial direction and are decoupled.

Control coils produce control fluxes. The magnetic
fluxes of hybrid magnetic bearings in the front and rear
rows are illustrated in Fig. 2 (b), in which control fluxes
in x f , xr, y f , and yr directions separately represent mag-
netic fluxes produced by radial windings at poles of stator
cores in x and y directions in front and rear rows. Due to

the large magnetic resistance of permanent magnets, the
control magnetic flux path does not pass through the per-
manent magnets. As a result, control and bias magnetic
fluxes are decoupled, which decreases power consumption
and avoids demagnetization of permanent magnets.

(a) Bias magnetic circuits.

(b) Hybrid magnetic circuits.

Fig. 2. Schematic diagram for magnetic circuits of the
uncoupled RHMB. 1-Bias magnetic flux in x+ direction;
2-Bias magnetic flux in y+ direction; 3-Control magnetic
flux in the y f direction; 4-Control magnetic flux in the x f

direction; 5-Control magnetic flux in the yr direction;
6-Control magnetic flux in the xr direction.

The four bias magnetic fluxes generated by permanent
magnets can produce the attractive force between the stator
and rotor, which is separately symmetrical in x and y di-
rections. If not considering the gravity, the radial resultant
force on the rotor induced by bias magnetic fluxes is zero.
If there is no external interference and control coils are not
powered on, the rotor is located at the central balance posi-
tion and remains stably suspended. The working principle
of the new uncoupled RHMB was analyzed taking x axis
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as an example. When a load in the x- direction is applied to
the rotor, the rotor has displacement in the x- direction, the
air gap in the x- direction narrows, and the magnetic field
intensity is enhanced; the air gap in the x+ direction en-
larges, and magnetic field intensity reduces, which impairs
the balance of the rotor. Under the condition, the control
coil in the x direction is powered on to allow the current
in the x direction to produce control magnetic fluxes at
the air gap. The control magnetic flux in the x+ direction
is in the same direction as the bias magnetic flux, so the
magnetic forces are superposed; the control magnetic flux
in the x- direction is in the opposite direction as the bias
magnetic flux, so the magnetic forces are offset. As a result,
a resultant force in the magnetic field in the x+ direction is
generated, which enables the rotor to return to the balance
position.

3. Structure parameter design calculation and per-
formance analysis of of the new uncoupled rhmb

3.1. Structural Design and Main sizing Equation

To reduce the coupling effect between different magnetic
fields and poles, both the front and rear stator poles are
selected as 4 poles. The stator coil slots are adopted rect-
angular slots. Assuming that the main shaft diameter of a
rotating mechanical device is d0, it is necessary to design
and determine other structural parameters [14–16].

Stator inner diameter D

D = d + 2lg (1)

where d is outer diameter of the rotor; lg is the radial air
gap at the rotor balance position.

Arc length of the pole shoe la

la = λ
πD
2P

(2)

where λ ranges from 0.7 to 0.9; P is number of pole pairs.
Pole width lw

lw = ςla (3)

where ς ranges from 0.8 to 1.
Thickness of rotor core lw

lr ≥
(
2lg + d0

)
πλς

2(P − πλς)
(4)

Coil turns n

n =
2Bmaxlg

µ0 Imax
(5)

where Bmax is the maximum magnetic density excited at
the air gap when the control coil is energized; Imax is the

maximum current that the power amplifier can provide to
the control. coil.

3.2. Establishment of the equivalent magnetic circuit
model and calculation of the electromagnetic force

When ignoring the magnetic resistances of stator and rotor
cores, saturation of magnetic circuits, magnetic flux leak-
age, and vortex effect while only allowing the bias magnetic
flux to work, the equivalent magnetic circuit is displayed
in Fig. 3. In the figure, Rm is the magnetic resistance of
permanent magnets; Fm is the magnetomotive force of per-
manent magnets; ϕ f x+, ϕrx+, ϕ f y+, ϕry+, ϕ f x−, ϕrx−, ϕ f y−,
and ϕry− separately represent the bias magnetic fluxes
produced by eight permanent magnets in the front and
rear rows; R f x+, Rrx+, R f y+, Rry+, R f x− , Rrx−, R f y− , and
Rry− separately denote magnetic resistances of air gaps
between stator and rotor cores along x and y directions
of hybrid magnetic bearings in the front and rear rows;
ϕp f x+, ϕprx+, ϕp f y+, ϕpry+, ϕp f x−, ϕprx−, ϕp f y−, and ϕpry−
are bias magnetic fluxes at air gaps. Because independent
structures are used for two stator cores separately in the
x and y directions, the control magnetic circuits are non-
interfering. The equivalent magnetic circuits are shown in
Fig. 4 when only the control magnetic flux works. In the
figure, Ni f x+,, Ni f x−, Ni f y+, Ni f y−, Nirx+, Nirx−, Niry+,
and Niry− are separately magneto motive forces pro-
duced by control coils on stator cores along x and y di-
rections of hybrid magnetic bearings in the front and rear
rows; ϕc f x+, ϕc f x−, ϕc f y+, ϕc f y−, ϕcrx+, ϕcrx−, ϕcry+, and
ϕcry− are control magnetic fluxes at air gaps.

Fig. 3. The equivalent magnetic circuits when only
considering the bias magnetic flux.

Fig. 4. The equivalent magnetic circuits when only
considering the control magnetic flux.

The magnetic resistance of permanent magnets is
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Rm = lm/µmSm (6)

where lm is the thickness of permanent magnets along the
radial direction; µm is magnetic conductivity of permanent
magnets; Sm is the area of permanent magnets along the
peripheral direction.

The magnetic resistance of air gaps is

 R f x+ = Rrx+ =
lg−δx
µ0S , R f y+ = Rry+ =

lg−δy
µ0S

R f x− = Rrx− =
lg+δx
µ0S , R f y− = Rry− =

lg+δy
µ0S

(7)

where lg is the radial length of air gaps at the rotor balance
position; δx is the displacement in the x+ direction; δy

is the displacement in the y+ direction; µ0 is magnetic
conductivity of air; S is the area of radial poles.

The magnetic resistances of the four bias magnetic cir-
cuits are 

Rx+ = 2Rm + R f x+ + Rrx+
Rx− = 2Rm + R f x− + Rtx−
Ry+ = 2Rm + R f y+ + Rry+
Ry− = 2Rm + R f y− + Rry−

(8)

The bias magnetic fluxes of the four corresponding per-
manent magnetic circuits are

φ f x+ = φrx+ = 2Fm/Rx+
φ f x− = φrx− = 2Fm/Rx−
φ f y+ = φry+ = 2Fm/Ry+
φ f y− = φry− = 2Fm/Ry−

(9)

The bias magnetic fluxes at the air gaps of poles are [17]
φp f x+ = φprx+ = φ f x+/εx+
φp f y+ = φpry+ = φ f y+/εy+
φp f x− = φprx− = φ f x−/εx−
φp f y− = φpry− = φ f y−/εy−

(10)

where εx+, εx−, εy+, and εy− denote the magnetic leakage
factors of poles in x+, x−, y+, and y-directions.

The control magnetic fluxes produced by control coils
are 

φc f x+ = φc f x− = Ni f x+µ0S/lg
φc f y+ = φc f y− = Ni f y+µ0S/lg
φcrx+ = φcrx− = Nirx+µ0S/lg
φcry+ = φcry− = Niry+µ0S/lg

(11)

Then, there are{
φcx = φc f x+ + φcrx+
φcy = φc f y+ + φcry+

(12)

where φcx and φcy are separately total control magnetic
fluxes in the x and y directions.

The resultant magnetic flux at the air gaps can be calcu-
lated by combining Eqs. (10) and (11).


Φ f x+ = φp f x+ + φc f x+, Φ f x− = φp f x+ − φc f x−
Φ f y+ = φp f y+ + φc f y+, Φ f y− = φp f y+ − φc f y−
Φrx+ = φprx− + φcrx+, Φrx− = φprx− − φcrx−
Φry+ = φpry− + φcry+, Φry− = φpry− − φcry+

(13)

Then, there are

{
Φx+ = Φ f x+ + Φrx+, Φx− = Φ f x− + Φrx−
Φy+ = Φ f y+ + Φry+, Φy− = Φ f y− + Φry−

(14)

where Φx+, Φx−, Φy+, and Φy− separately denote resultant
magnetic fluxes in x+, x−, y+, and y-directions.

Therefore, the radial magnetic levitation forces in x and
y directions can be calculated as:

{
Fx =

(
Φ2

x+ − Φ2
x−

)
/2µ0S

Fy =
(

Φ2
y+ − Φ2

y−

)
/2µ0S (15)

If the rotor deviates from the balance position, the allow-
able displacement is generally very small, which leads to a
small difference in the magnetic resistance of air gaps. Fx

and Fy can be processed at the rotor balance position, thus
obtaining the following linearized mathematical model for
the radial suspension forces in the x and y directions of the
new uncoupled RHMB.



Fx ≈ ∂Fx
∂x

∣∣∣ ix=0
x=y=0

· x + ∂Fx
∂ix

∣∣∣ ix=0
x=y=0

· ix = Kx

(
x f x + xrx

)
+

Kix

(
i f x + irx

)
Fy ≈ ∂Fy

∂y

∣∣∣ iy=0
x=y=0

· y +
∂Fy
∂iy

∣∣∣ iy=0
x=y=0

· iy = Ky

(
y f y + yry

)
+

Kiy

(
i f y + iry

)
(16)

where Kx and Ky separately denote radial force-
displacement factors in x and y directions, Kx =

− F2
mµ0S

2εx+εx− l3
g

Ky = − F2
mµ0S

2εy+εy l3
g
; Kix and Kiy− are radial

force-current factors in x and y directions, Kix =

− Fm Nµ0S
εx+εx− l2

g
Kiy = − Fm Nµ0S

εy+εy− l2
g

and y directions.

4. 3D finite element simulation

To verify whether the structural design is reasonable or
not and whether the established magnetic circuit model
and the derived calculation formula of electromagnetic
force are accurate or not, 3D finite element modeling and
simulation were performed for the new uncoupled RHMB
[18]. Parameters of the structural model of the RHMB are
listed in Table 1.
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Table 1. Parameters of the simulation model of the new uncoupled RHMB.

Items Parameters Items Parameters

Material of permanent
magnets Ndfe 30

Outer diameters of stator
cores in x and y
directions /mm

60

Outer diameter of
permanent magnets /mm 68

Inner diameters of stator
cores in x and y
directions /mm

30

Inner diameter of
permanent magnets/mm 60 Thickness of stator cores in x

and y directions/mm 10

Thickness of permanent
magnets/mm 10 Outer diameter of the

rotor/mm 28

Radian of permanent
magnets/rad 1.40 Inner diameter of the

rotor/mm 12

Number of turns of control
coils 100 Air gaps/mm 1

4.1. Magnetic field distribution

The magnetic field distribution under different excitation
conditions is obtained by simulation in the environment of
ANSYS Electronics Desktop software, as shown in Figs. 5
to 7.

Figure 5 illustrates distribution of the bias magnetic field
in the bearing when only permanent magnets work. Fig. 5
(a) shows distribution of magnetic lines of force; Fig. 5 (b)
displays the cloud picture of flux density distribution. It
can be seen from Fig. 5 that the distribution and direction
of magnetic lines of force as well as the flux density distri-
bution are completely same as the bias magnetic circuits
designed in Fig. 2 (a). The flux density is high between
permanent magnets in the front and rear rows and near the
poles of permanent magnets, reaching 1.7 T around, while
that in most other areas of the cores is lower than 1.2 T. In
addition, the cores are basically not saturated.

Fig. 6 displays distribution of control magnetic fields
produced when only the radial control windings at poles
work. Fig. 6 (a) shows distribution of magnetic lines of
force; Fig. 6 (b) illustrates the cloud picture of flux den-
sity distribution. As shown in Fig. 6, the distribution and
direction of magnetic lines of force as well as the flux den-
sity distribution are completely consistent with the control
magnetic circuits designed in Fig. 2 (b). The radial control
windings of eight poles separately produce closed magnetic
lines of force in four stator cores separately along x and y
directions in the front and rear rows according to design
requirements for the direction. Additionally, the magnetic
lines of force and flux densities inside the four stator cores
n x and y directions are independent and not intersected.
This further verifies the rationality of structural design for
decoupling of control magnetic fields of radial two DOFs
in x and y directions. It can be further seen from Fig. 6 that
magnetic lines of force and flux densities are distributed

(a) Magnetic lines of force.

(b) Flux density.

Fig. 5. Bias magnetic fields produced by permanent
magnets.

uniformly in the stator cores in x and y directions and in
corresponding poles, maintaining at about 1.9 T. A few
flux densities with magnetic strength approaching to 0 are
distributed outside stator cores in x and y directions, which
hardly influence the regulation effect on control magnetic
fields. This indicates that the structure is reasonable and
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(a) Magnetic lines of force.

(b) Cloud picture of flux density distribution.

Fig. 6. Control magnetic fields produced by radial control
windings at poles.

the magnetic loss is low.

Fig. 7 displays distribution of the hybrid magnetic field
in the RHMB when the control magnetic fluxes in x+ and y+
directions produced after switching on radial control wind-
ings at poles interact with the bias magnetic field formed
by permanent magnets. It can be seen from distribution of
magnetic lines of force in Fig. 7 (a) that the magnetic lines
of force of control and bias magnetic fluxes along x+ and
y+ directions in the front and rear rows are in the same
direction, so the magnetic field is enhanced due to super-
position of magnetic forces. Whereas, the magnetic lines
of force of control and bias magnetic fluxes along x- and y-
directions are in the opposite directions, so the magnetic
field is weakened due to offset of magnetic forces. The
cloud picture for flux density distribution in Fig. 7 (b) fur-
ther shows that the flux density is high in the superposed
magnetic field at poles in x+ and y+ directions in the front
and rear rows, reaching 2.2 T; the flux density is low in the
offset magnetic field at poles in x- and y- directions in the
front and rear rows, with the flux density lower than 0.5 T.
This completely meets the design requirements of the new

uncoupled RHMB for hybrid magnetic circuits.

(a) Magnetic lines of force.

(b) Cloud picture of flux density distribution.

Fig. 7. Distribution of the hybrid magnetic field.

Taking x-direction for example, the flux linkage of
winding in x+direction vary with displacement and the
x-direction control current, which shown in Fig. 8. It can be
seen that the magnetic pole flux linkage gradually increases
with the growth of control current; and the magnetic pole
flux linkage increases when the magnetic intensity rises
with the air gap reducing, the magnetic pole flux linkage
decreases when the magnetic intensity weakens with the
air gap increasing. Based on the given variation law of mag-
netic pole flux linkage, it is possible to design reasonably
value and direction of the control coil current.

4.2. Simulation of the electromagnetic force

The relationships of the radial electromagnetic force of the
new uncoupled RHMB with the rotor displacement and
control current of radial windings at poles were obtained
via two methods: analytical calculation of the magnetic cir-
cuit model and 3D finite element simulation (Figs. 9 and 10).
Fig. 9 shows changes in the radial electromagnetic force
with rotor displacement in the x direction under conditions
without the control current. The analytical calculation re-
sults basically remain consistent with the finite element sim-
ulation results, with the maximum error of 3.77%. Besides,
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Fig. 8. Diagram of flux linkage.

the error enlarges with the increasing rotor displacement.
This is possibly because magnetic flux leakage and edge
effect of permanent magnets are ignored and some parame-
ters are approximated in the theoretical calculation, so that
the electromagnetic force basically linearly changes with
the rotor displacement. Fig. 10 displays the relationship
between the electromagnetic force and the radial control
winding current at poles in the x direction when the rotor is
at the balance position, with the maximum error of 6.63%.
The analytical calculation results basically agree with the
finite element simulation results, and the electromagnetic
force basically linearly changes with the control current.

Comprehensive comparison of the analytical calculation
and simulation shows that the analytical calculation results
using the equivalent magnetic circuit model are basically
consistent with the finite element simulation results. The
force-displacement and force-current relationships suggest
the favorable characteristics of the linear electromagnetic
force of the RHMB, which further verifies structural ra-
tionality of the designed new RHMB and accuracy of the
established magnetic circuit model.

4.3. Coupling of the electromagnetic force

In many structures of traditional radial magnetic bearings,
the poles in x and y directions generally share one core,
which leads to presence of control magnetic fluxes in x and
y directions at the same time in the same pole. Once the ro-
tor deviates from the balance position, the electromagnetic
forces in x and y direction are always coupled to differ-
ent extents, which affects the control precision of magnetic
bearings. To solve the problem, independent stator cores in
x and y directions are adopted in the designed new RHMB,
so that the control magnetic fluxes in x and y directions
are independently designed from the perspective of the

Fig. 9. Variation of the electromagnetic force with the rotor
displacement in the x direction.

Fig. 10. Variation of the electromagnetic force with the
control current in the x direction.

structure. To study the decoupling performance, 3D finite
element simulation was performed to analyze relationships
of the electromagnetic force with rotor displacements and
the control current in x and y directions, as illustrated in
Figs. 11 to 13.

Fig. 11 shows relationships of the electromagnetic force
in the x direction with the rotor displacements in x and y
directions under conditions that no radial winding current
is applied to poles of the RHMB with a new structure. It can
be seen from the figure that the electromagnetic force in the
x direction is positively proportional to the displacement
in the x direction, while the displacement in the y direction
hardly affects the electromagnetic force in the x direction.
The result indicates that the bias magnetic circuits in x and
y directions of the RHMB with the new structure hardly
influence each other in x and y directions and they are well
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decoupled.

Fig. 11. Variation of the electromagnetic force in the x
direction with displacements in x and y directions.

Fig. 12 illustrates the relationships of the electromag-
netic force in the x direction with the control currents in
x and y directions when the rotor of the RHMB with the
new structure is at the balance position. As shown in the
figure, the electromagnetic force in the x direction basically
has a linear relationship with the control current in the x
direction; while the value of control current in the y direc-
tion hardly influences the electromagnetic force in the x
direction. This suggests that the control magnetic fluxes
in x and y directions of the designed RHMB are highly
independent and do not influence each other during work,
implying the favorable decoupling effect.

Fig. 12. Variation of the electromagnetic force in the x
direction with control currents in x and y directions.

Fig. 13 illustrates the relationships of the electromag-
netic force in the x direction with the displacement in the

x direction and control current in the y direction when the
rotor of the RHMB with the new structure deviates from
the balance position (x = 0 and y = 100 mm). As can be seen
from the figure, the electromagnetic force in the x direction
is basically linearly correlated with the displacement in
the x direction; the control current in the y direction ba-
sically does not impair the electromagnetic force in the x
direction. This further indicates that the hybrid magnetic
fields of radial two DOFs along x and y directions in the de-
signed RHMB are well decoupled. The linear variation of
the force-displacement and force-current relationships can
improve the control precision while reducing the difficulty
of control.

Fig. 13. Variation of the electromagnetic force in the x
direction with the displacement in the x direction and

control current in the y direction.

4.4. Core loss analysis

Conventional magnetic bearings with non independent
stator cores in x and y direction, its bias magnetic circuit
overlaps more with control magnetic circuit.When the cou-
pling between bias magnetic flux and control magnetic flux
is severe, it will increase the core loss. With the same main
size parameters, the variation between the average core
loss and the displacement of the rotor in x-direction gener-
ated by the decoupling model and the conventional model,
is shown in Fig. 14. When the rotor return to its equilib-
rium position with the minimum control current required,
the simulation values in the figure are obtained. when the
load disturbance causes an increase displacement of rotor,
core loss in the conventional model is significantly higher
than that in the decoupled model. This is due to that the
different magnetic circuit couples severely in conventional
model, and the control magnetic intensity generated by the
current is offset partly by the bias magnetic intensity, and



3056 Jun Liu et al.

an additional increase in control current is required to push
the rotor back to the equilibrium position.

Fig. 14. Diagram of core loss.

When the rotor undergoes a displacement of 0.5mm,
the main performance parameters of the two models are
compared as shown in Table 2. The decoupling model
reduces core loss by 50.12% compared to the conventional
model, and the required control current is reduced from
2.3A to 1A. The decoupling model effectively solves the
coupling problem between the bias magnetic circuit and
the control magnetic circuit, and can effectively reduce the
core loss and reduce the consumption of control current.

Table 2. Comparison of performance parameters between
the two models.

Average
core loss
(mW)

Minimum
control current

required (A)
Conventional

model 197.8 2.3

Decoupling
model 98.1 1

5. Conclusions

The research aims to solve magnetic circuit coupling of
bias magnetic fluxes, radial magnetic fluxes, and control
magnetic fluxes of radial two DOFs in RHMBs. To this
end, a new RHMB having a mechanical structure with
two independent stator cores separately set along x and y
directions in the front and rear rows was designed. The
equivalent magnetic circuit model was established and
the analytical calculation formula for the electromagnetic
force was derived. Then, 3D finite element simulation

was conducted. The following conclusions are obtained
through calculation and simulation:

1. The magnetic lines of force and cloud pictures of flux
density distribution under excitation of the bias, con-
trol, and hybrid magnetic fields are completely con-
sistent with the designed magnetic circuits of the new
RHMB. The magnetic flux leakage is also low.

2. The analytical calculation results of the electromag-
netic force based on the equivalent magnetic circuit
model agree with the 3D finite element simulation re-
sults. The maximum errors of the two results for the
force-displacement and force-current relationships are
separately 3.77% and 6.63%.

3. The electromagnetic force in the x direction is posi-
tively proportional to the displacement in the x direc-
tion, while the displacement in the y direction hardly
influences the electromagnetic force in the x direction.
This indicates that the bias magnetic circuits in the x
and y directions are well decoupled in the new RHMB.
The electromagnetic force in the x direction has a linear
relationship with the control current in the x direction,
while it is basically not affected by the control current
in the y direction. This suggests that the control mag-
netic fluxes in the x and y directions of the new RHMB
are well decoupled. The electromagnetic force in the
x direction is basically linearly related to the displace-
ment in the x direction, while it is hardly influenced by
the control current in the y direction, the decoupling
model reduces core loss by 50.12% compared to the
conventional model, indicative of good decoupling
of the hybrid magnetic fields of radial 2 DOFs in the
new RHMB. The research further proves that reason-
able design of the mechanical structure can effectively
solve magnetic circuit coupling of the RHMB. The
force-displacement and force-current relationships are
also well linearized, providing theoretical reference
for the design and control of magnetic bearings.
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