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Abstract: Recently, high-speed motors are receiving a lot of attention in the industrial field. When
driving a motor at high speed, the advantages include high power density, high efficiency, and
miniaturization. However, the disadvantages of the high-speed operation of motors are mechanical
and structural safety. This is because the bearings used in high-speed motors require characteristics
such as precision and low friction. There are two prominent types of bearings mainly used in
high-speed motors: rolling bearings and magnetic bearings. A feature of rolling bearings is that
they reduce frictional resistance by contacting points or lines between the shaft and the bearing.
However, the disadvantages of rolling bearings are high mechanical friction losses due to the need for
contact with the lubrication system. Maintenance costs are high. For this reason, a lot of research on
bearings is being conducted to reduce the frictional loss of bearings and increase their efficiency and
reliability. Bearings that are advantageous for high-speed operation are magnetic bearings that do
not require lubricants, have no friction loss, and have low maintenance. However, magnetic bearings
have disadvantages such as high cost and difficulty in miniaturization. In this paper, a stator with a
separated teeth structure was used to compensate for these disadvantages. Using this, a model with
miniaturization, light weight, and high manufacturability was proposed. The model name proposed
in this study is called the STMB (separated teeth magnetic bearing). There are also disadvantages of
the STMB model proposed in this paper. A model that compensates for this drawback is called the
HSTMB (hybrid separated teeth magnetic bearing). The HSTMB reduces the weight by removing the
back yoke of the stator and has advantages of a high filling rate and high productivity in the form of
a module. As a result, high productivity, light weight, and high performance are possible when the
HSTMB is applied, which was proven through FEA (finite element analysis).

Keywords: PM; magnetic bearing; bearing; weight reduction; force; magnet; separated stator;
stiffness; hybrid

1. Introduction

Technical demands for high speed, light weight, high power, and high efficiency are
emerging in various motor fields. In the field of motors, permanent magnet motors are
of great interest for the technical requirements for high-speed operation. In research for
the high-speed operation of motors, electromagnetic design is important, but mechanical
and structural reliability are also important factors [1–4]. Therefore, in order to reduce
frictional loss of mechanical parts and increase efficiency and reliability, a lot of research
on bearings is being conducted [5–9]. Bearings commonly used in high-speed motors
require precision, high speed, minimum displacement, and small friction loss. Bearings
commonly used in high-speed motors include rolling bearings (RB) and magnetic bearings
(MB). Among the two bearings, the rolling bearing can reduce frictional resistance because
it is in contact with the point or line between the shaft and the bearing. However, since
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contact is essential in rolling bearings, mechanical friction loss occurs and maintenance costs
are high. In addition, the rotational speed is limited due to contact between the bearing
and the shaft. On the other hand, magnetic bearings do not require lubrication, have no
frictional losses, and have low maintenance costs. In addition, since there is no mechanical
friction, there is no limit to the rotational speed, so it has many advantages over mechanical
bearings [10–14]. Magnetic bearings are widely used in industrial applications such as
turbo compressors, vacuum technology, and flywheel [15–17] technology due to these
advantages. Magnetic bearings have many advantages, but they are difficult to use. This is
because they are expensive and difficult to control and miniaturize. High-speed motors are
easy to design for miniaturization, but magnetic bearings are difficult to miniaturize, so the
set becomes large [18–23]. Therefore, this paper proposes a new magnetic bearing capable
of miniaturization and light weight by using a stator with a separated teeth structure. The
separated teeth structure [24] model proposed in this study is the STMB (separated teeth
magnetic bearing). When the back yoke is removed and the teeth are separated, new parts
appear, which are called lips. The weight of the existing stator is mostly controlled by the
back yoke. The STMB can reduce the weight by removing the back yoke. The STBM has a
modular structure. Therefore, it has the advantage of having a high fill factor. However,
the STMB has a large magnetic leakage flux between stator modules and a small effective
air gap, so performance is not high. Therefore, in this paper, the HSTMB (hybrid separated
teeth magnetic bearing) is finally proposed. The HSTMB has the effect of reducing magnetic
leakage flux and increasing the effective air gap area by inserting a magnet into the shoe
part of the stator [25].

2. Analysis of Existing Model Specifications

Figure 1 shows the existing model and the magnetic flux line of the existing model.
The existing model is a magnetic bearing with four teeth. Table 1 shows the existing model
specifications. The outer diameter of the stator of the existing model is 40 mm, and the
outer diameter of the rotor is 12 mm. In addition, the air gap was selected as 0.5 mm, and
the winding per tooth was selected as 35. At this time, the current density was selected
based on 3A, and 10.6 A/mm2 was selected based on 3A. At this time, Figure 1b aligns
with the magnetic flux and makes a magnetic equivalent circuit.
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Figure 1. Magnetic flux line of the conventional model and the conventional model: (a) conventional
model and (b) magnetic flux line of the conventional model.

Table 1. Conventional model specification.

Parameter Value Unit

Stator diameter 40 mm
Rotor diameter 12 mm

Air gap 0.5 mm
Turn 35 -

3A of current density 10.6 A/mm2
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The static magnetic circuit model of the conventional model is shown in Figure 2,
where Nr is the number of radial coil turns, and Ix and Iy are the radial control currents.
Rgx+, Rgx−, Rgy+, and Rgy−, are the reluctances of radial air gaps in the x+, x−, y+, and
y− directions, respectively. This kind of model does not take the eddy current effects
and leakage effects into consideration, so the accuracy of the model is not high. Based on
this, current stiffness and displacement stiffness were analyzed. The resistance and flux
formulas are shown below.

Rx+ =
g + x
µ0 Ar

, Rx− =
g − x
µ0 Ar

,

Ry+ =
g + y
µ0 Ar

, Ry− =
g − y
µ0 Ar

,
(1)

∅ix = ∅ix− =
2Nrix

Ry+ + Ry−
, (2)
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Figure 2. Conventional model magnetic equivalent circuit.

In Equation (1), µ0 is the permeability of vacuum, Ar is the area where magnetic flux
flows, Nr is the number of windings turns, and g is the air gap length. The radial force is
expressed in Equation (3):

fx =
1

2µ0 Ar
((∅ix+ +∅ix−)

2) (3)

In Equation (3), ∅ix represents the magnetic flux in x-axis. The radial force can be
expressed as in Equation (4):

fx = kriix + krx (4)

In Equation (4), kri means current stiffness and kr indicates displacement stiffness. At
this time, it was compared through FEM and magnetic equivalent circuit analysis. FEM
and magnetic equivalent circuit analysis, as shown in Figure 3.

Current stiffness is shown in Figure 3a. At this time, the FEM analysis and the magnetic
equivalent circuit analysis showed the magnetic force according to the control current.
Looking at the magnetic equivalent circuit analysis, the magnetic force tends to increase
uniformly as the control current increases. However, the FEM analysis has a different
tendency. When the control current increases, the magnetic force also tends to increase, but
it was confirmed that it does not increase uniformly like the magnetic equivalent circuit
analysis. The reason is the presence of magnetic leakage flux and saturation in the core.
Looking at 7A~8A, it can be seen that the width of the increase in the magnetic force is
decreasing. This cause occurs when the stator is saturated. Therefore, there is a subtle
difference between the FEM analysis result and the magnetic equivalent circuit analysis
result. The displacement stiffness is shown in Figure 3b. At this time, the analysis was
performed in the same way as the current stiffness analysis. Displacement stiffness is
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an analysis of the magnetic force according to the position in the rotor. The rotor cannot
always be positioned exactly in the center. This is because when a magnetic bearing is
applied, it floats in the air due to the magnetic force. At this time, if the balance changes
slightly, the rotor position will change. The magnetic force acting at this time was analyzed
as displacement stiffness. Looking at Figure 3b, it can be seen that the results of the FEM
and magnetic equivalent circuit analyses are almost identical. When the rotor position
is changed, there is a condition in which the control current applies the same current.
Since the important variable for displacement stiffness is the position of the rotor, it was
confirmed that there is no significant difference between the fem result and the magnetic
equivalent circuit analysis result.
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3. Performance Analysis of the STMB

Figure 4 shows the shape and major parameters of the STMB. As shown in Figure 4,
the STMB consists of four stators in the form of a module. As shown in Figure 4, it can
be seen that the STMB has a module structure of four. At this point, key variables arise.
Figure 5 shows the main variables and the force according to the variables.
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Figure 4. STBM creation process.

The lips part is created by separated stator teeth in the STMB. These lips act as a major
variable in the STMB. In addition, the slot opening length also acts as an important variable.
Figure 5b shows the force according to the two variable lengths. Both variables showed
the same trend. As the length increased, the force decreased. When the lip air gap length
increases, the force decreases because magnetic leakage flux occurs between the lips, and
even when the slot opening length increases, the magnetic leakage flux occurs between
the shoes and the magnetic force decreases. The slot opening length was selected as the
minimum while securing the length for the winding wire to enter. The lips air gap length
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was selected to be 0.2 mm, and the slot opening length was selected to be 2 mm. At this
time, the magnetic force according to the control current in the existing model and the
STMB model is shown in Figure 6.
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Figure 6 shows the magnetic force for the control current of the existing model and
the STMB model. The magnetic force for the control current of the conventional model
and the STMB has a similar tendency. However, the STMB significantly reduced the stator
weight by removing the back yoke by splitting the teeth on the existing stator. The stator
weight of the previous model was 54.22 g, but the stator weight of the STMB was 36.15 g,
a 33% reduction. Therefore, it is easy to reduce the weight by minimizing iron on the
back yoke, and the fill factor is high because there is no restriction on winding. However,
since a large leakage magnetic flux occurs between the shoes of the module, the force is
reduced. The conventional magnetic bearing and the magnetic flux line of the STMB are
shown in Figure 7. Leakage magnetic flux in conventional magnetic bearings occurs at the
slot openings, teeth, and back yoke. However, the leakage magnetic flux of conventional
magnetic bearings is small and can be ignored. However, the STMB generates a large
leakage magnetic flux from slot openings and lips. This is the leakage magnetic flux that
occurs between modules. Therefore, in order to reduce the leakage magnetic flux, it is
essential to design the main variables. In order to compare the leakage magnetic flux
generated from the STMB module, the STMB full model and one STMB module were
compared. Both models are shown in Figure 8 and the force for the lip thickness is shown
in Figure 9.
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In Figure 9, the single module model has no leakage magnetic flux, so the force is
constant even if the lip thickness increases. However, leakage magnetic flux occurs in the
ribs between modules in the full module model. Therefore, as the lips thickness increases,
the leakage magnetic flux decreases and the force increases. However, it is impossible to
prevent leakage magnetic flux from occurring.

4. Hybrid STMB

In the STMB, performance degradation occurs due to leakage magnetic flux generated
from the lips. To improve this, this study proposes the HSTMB (hybrid separated teeth
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magnetic bearing). The HSTMB is shown in Figure 10 as a model in which a magnet is
inserted into the shoe part.
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Figure 10. HSTMB full model and variables of the magnet: (a) HSTMB full model and (b) variables
of the magnet.

Figure 10 shows the variables of the inserted magnet. Figure 11 shows a graph
analyzing the performance depending on the thickness and angle of the magnet. As shown
in Figure 11, as the magnet angle increases, the area used for the magnet increases, so
the force also increases. However, the magnet thickness is different. The force increases
as the magnet thickness increases, but eventually decreases when the magnet thickness
increases beyond a certain size. The reason is that the inserted magnet acts as a bias magnet.
Therefore, when the thickness of the magnet increases, the magnetic flux generated by
the winding acts like an air gap on the inserted magnet with low magnetic permeability,
resulting in poor performance. In other words, if the inserted magnet increases, the path of
the magnetic flux generated by the winding is obstructed and the force decreases. Therefore,
in this study, the magnet angle was selected to be 23 deg and the magnet thickness was
selected to be 0.5 mm.
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Figure 12 shows the magnetic flux lines of the STMB and HSTMB. The symbol in the
figure means the direction of the current. In the case of the STMB, a large leakage magnetic
flux occurs between the lips. On the other hand, in the HSTMB, the leakage magnetic flux
generated between the lips was significantly reduced by inserting a bias magnet into the
shoe. That is, the leakage magnetic flux generated from the lips was reduced due to the
inserted bias magnet. Table 2 shows the specifications of the HSTMB. As a specification for
the HSTMB, the size was selected to be the same as the existing model. In the HSTMB, the
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stater diameter was 40 mm, the rotor diameter was 12 mm, and the air gap was selected to
be 0.5 mm. At this time, the number of turns was selected as 40 turns per tooth. The reason
is that the HSTMB can secure a high fill factor because it has a stator made by dividing
teeth. In this case, heat may be generated in the coil with a high fill factor. However, the
HSTMB has an exposed coil structure, which is very advantageous for heat dissipation.
The current density is 10.6 A/mm2 based on 3A. The variables for the magnet inserted in
the shoe part of the stator are the magnet angle and the magnet thickness; the magnet angle
is 23 deg and the magnet thickness is 0.5 mm.
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Table 2. HSTMB specification.

Parameter Value Unit

Stator diameter 40 mm
Rotor diameter 12 mm

Air gap 0.5 mm
Turn 40 -

3A of current density 10.6 A/mm2

Magnet angle 23 deg
Magnet thickness 0.5 mm

5. Magnetic Equivalent Circuit of the HSTMB

The magnetic equivalent circuit in the HSTMB can be classified into two types. It can
be classified into the control magnetic flux generated by winding and Bias Magnetic Flux
generated by bias magnetic flux. Figure 13 illustrates the magnetic equivalent circuit of the
bias magnetic flux.
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In Figure 13 Fpm, Rpm, Rgx, ∅pm, ∅px mean the magnetomotive force of the magnet,
the magnetoresistance of the magnet, the x-axis air gap reluctance, the magnetic flux
in the magnet, and the magnetic flux in the air gap, respectively. The formula for the
magnetomotive force of a magnet is defined below:

Fpm = Hpmhpm (5)

Hpm and hpm mean the coercive force and the length of the magnet, respectively. The
formula for magnetoresistance is defined below:

Rpm =
Fpm

µ0µr Apm
, Rgx =

g + x
µ0

,

Rsum = Rpm + Rgx

(6)

Apm is the area of the magnet and Rsum is the total magnetic resistance. x is the radial
displacements as the rotor deviates away from its center position along the x-axis. µr is
the relative permeability, µ0 is the permeability in vacuum, and g is the air gap length.
Figure 14 illustrates the magnetic equivalent circuit for the control magnetic flux.
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In the magnetic equivalent circuit shown in Figure 14, ∅ix means the control magnetic
flux. The formula is defined below:

∅ix =
Nix

Rgx
(7)

The magnetic force acting on the HSTMB can be obtained using the formula obtained
above. The magnetic force of the HSTMB is defined in Equation (8):

fx =
1

2µ0 Ar
(
(
∅ix +∅px

)2
) (8)

A simple and effective way to analyze the dynamic characteristics of the HSTMB
and to control its stability is to linearize the nonlinear magnetic force about the nominal
operating point using a first-order Taylor series for small values of fx. The formula of
applying the first Taylor series to ix and x is as follows:

fx ∼=
∂ fx

∂ix

∣∣∣∣∣∣∣∣ix = iy = 0
x = y = 0

· ix +
∂ fx

∂x

∣∣∣∣
∣∣∣∣∣∣∣∣ix = iy = 0

x = y = 0

· x (9)
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where kri and kr are the force–current stiffness and the force–displacement stiffness of
the RMB unit on the x-axis, respectively, and they can be derived and given by the
formula below: 

kri =
µ0HchmNr

2g
(

hm
Amµr

+ g
A + g

Apm

)
kr =

µ0 (H chm)
2

4Ag2
(

hm
Amµr

+ g
A + g

Apm

) (10)

In Figure 15, the force on the x-axis of the force–current stiffness and the force–
displacement stiffness are compared with the results of the analysis model and the FEM
simulation results.
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Figure 15. Force–current stiffness and the force in the HSTMB: (a) the force on the x-axis according to
the control current and (b) the force on the x-axis according to the rotor position.

Figure 15a shows the force depending on the current. The analysis model results
through the magnetic equivalent circuit and the FEA simulation results were compared. It
can be seen that the tendency of current stiffness for the two analysis methods are similar.
Therefore, it can be regarded as a valid result. The FEA simulation results are the result
values including saturation of the core and leakage magnetic flux. (b) shows the force
depending on the rotor position. A comparison was made using the same two methods as
in (a). The tendency of displacement stiffness for the two methods is similar, and it can be
confirmed that it is a valid result value. The FEA simulation results are the result values
including saturation of the core and leakage magnetic flux. Compared to Figure 3b, the force
is different according to the rotor position. Figure 3b shows no difference, Figure 15b shows
a difference. The reason is that Figure 3b is a very simple structure with a general magnetic
bearing. Only force by the control current exists. Therefore, there is no significant difference
between the FEA and magnetic equivalent circuit analyses. However, in Figure 15b, there
is a difference between the FEA and magnetic equivalent circuit analyses because the
force caused by the control current and the bias magnet inserted into the stator occurs. In
addition, a larger difference occurs because the leakage magnetic flux is not considered in
the bias magnet.

Figure 16 shows the force according to the current in the conventional model and the
HSTMB model. In Figure 16, the current–force of the HSTMB model has a larger overall
effect than that of the conventional model. Table 3 shows the comparison of performance
and weight with the conventional model and the HSTMB. In the same size standard, the
force increased by about 2.1 times from 1.3 [N] to 4.1 [N] at 3A of current density. In
addition, the total weight decreased by about 15.1% from 109.78 [g] to 95.35 [g]. That is, the
magnetic force increased and the weight decreased under the same size. A large copper
loss occurs as a large current is applied to the coil of the magnetic bearing. Accordingly, a



Energies 2023, 16, 3136 11 of 13

lot of heat is generated in the coil. Many problems occur due to the heat generated from
the coil. Therefore, the heat dissipation structure also plays an important role. Since the
HSTMB structure is a structure in which the stator is separated, the coil is exposed outside
the stator. This is because the back yoke is removed by separating the teeth of the stator.
Since the coil is exposed in the remaining space after removing the back yoke and winding
is performed by dividing the coil into several teeth, it is very advantageous for the heat
dissipation structure. A heat dissipation structure can be added to the exposed coil. In
addition, since it was originally an empty space, the size does not increase. Compared to
the previous model, the HSTMB has a very advantageous heat dissipation structure. At
this time, the turns shown in Table 3 are turns per teeth. Since the HSTMB is a model with
twice as many teeth as the conventional model, the HSTMB is larger than the conventional
model in terms of the number of equivalent serial turns. Therefore, it can be confirmed
that the dong weight goes out more. However, the HSTMB has thinner teeth and is wound
in two places, so there is no significant difference in weight or loss. In addition, it can be
confirmed that the core weight decreases more rapidly than the copper weight increases,
reducing by about 15% in terms of the total weight. In addition, heat generation problems
may occur due to the use of a lot of copper, but HSTMB has an advantageous structure for
heat dissipation because it has a structure in which the coil is exposed.
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Table 3. Comparison of Conventional model and HSTMB model specifications.

Parameter Conventional Model HSTMB Model Unit

Stator diameter 40 40 mm
Rotor diameter 12 12 mm

Air gap 0.5 0.5 mm
Turn 35 40 -

3A of current density 10.6 10.6 A/mm2

3A of force 1.3 4.1 N
Copper weight 55.56 59.2 g

Core weight 54.22 36.15 g
Total weight 109.78 95.35 g

6. Conclusions

Recently, digitalization is progressing in various industries. For this reason, many
technical studies on high-speed, light-weight, high-output, and high-efficiency motors are
being conducted. Here, in the case of high-speed motors, research on bearings as well as
motors is being conducted. When a motor rotates at high speed, various disadvantages
such as large loss and shortened life occur due to the friction generated in the bearing. As a
bearing to compensate for this, there is a magnetic bearing. Because the magnetic bearing
uses magnetic force, it can compensate for the disadvantages of the existing bearings.
However, it has disadvantages such as being heavy and expensive. In this study, the STMB
(separated teeth magnetic bearing) was proposed by dividing the teeth part of the existing
magnetic bearing in order to reduce the weight of the magnetic bearing. However, STMB
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generates a large leakage magnetic flux in the lip part, causing performance degradation.
Because the STMB is made by dividing the stator teeth, a back yoke does not exist. This
is because the lips play the role of the back yoke at this time. However, the magnetic flux
generated by the control current in the lips part causes leakage through the lips and reduces
the magnetic force. This study proposes the HSTMB to supplement the disadvantages of
the STMB. The HSTMB (hybrid separated teeth magnetic bearing), a structure with a bias
magnet inserted in the shoe part, improves performance by reducing the leakage magnetic
flux generated in the lips part. At this time, the magnet thickness and magnet angle of
the bias magnet inserted into the shoe act as major variables. As the magnet thickness
increases, the bias magnetic flux increases, but the magnetic flux generated by the control
current decreases. Because the magnetic flux by the control current feels like a gap in the
bias magnet, it appears as a phenomenon that obstructs the magnetic flux path. Therefore,
analysis is essential as appropriate thickness is required. In addition, since the effective
area of the magnetic angle increases, performance improves as it increases. However,
manufacturability must be considered. If it is designed too large, the thickness of the shoe
becomes thin, which can cause problems with rigidity. Thus, in this paper, the force–current
stiffness and the force–displacement stiffness were analyzed using a magnetic equivalent
circuit and FEA, and valid results were proven. Finally, based on 3A, the magnetic force
increased by about 3.2 times from 1.3 [N] to 4.1 [N] compared to the conventional model,
and the weight was reduced by about 15.1% from 109.78 [g] to 95.35 [g].
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