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Abstract: According to different working environments and functional requirements, radial magnetic
bearings (RMBs) have various design methods. Some methods’ lack of effectiveness or accuracy is
likely to cause significant differences in the structural performance of magnetic bearings, which will
cause serious problems such as limited bearing capacity and complex control. This paper analyzes
the structure topology of a magnetic bearing according to the application scenario of RMBs, then
proposes a general design example of an 8-pole magnetic bearing based on magnetic circuit analysis
and reveals the linearity between electromagnetic force and current as well as air gap through finite
element analysis and the influence of magnetic saturation on the load capacity of the magnetic
bearing structure. After completing the preliminary design, we further optimize the structure, take
the genetic algorithm as an example to iterate the influence coefficient, and summarize and prospect.
The design scheme and optimization method proposed in this paper only provide a valuable reference
for researchers and factories when devising RMB devices.

Keywords: radial magnetic bearing; structure topology; finite element analysis; design scheme

1. Introduction

Radial magnetic bearings (RMBs) are new high-performance support devices with
no friction between the rotor and the bearing. They offer more advantages than rolling
bearings, such as high attainable rotating speeds, no lubrication, low losses, and tunable
bearing dynamic parameters. Magnetic bearings are grouped into three primary structural
configurations based on their working principles: active magnetic bearings (AMBs), passive
magnetic bearings (PMBs), and hybrid magnetic bearings (HMBs). The AMB group is
divided into direct-current (DC) and alternating-current (AC) magnetic bearing groups
according to the bearings’ starting current formation modes and cylindrical and conical
magnetic bearing groups according to the stator and shape. Moreover, RMBs with DC
control are widely used in AMBs [1].

Magnetic bearings are electromechanical hybrid systems, which include the rotor,
stator, and electromagnet of the mechanical part, as well as the shaft position sensor,
controller, and power amplifier (PA) of the control part [2]. Figure 1 shows the working
principle of differential control of a single degree of freedom in RMBs. The stability of the
suspension system is achieved by differential control, in which the output change voltage
signal is detected by a non-contact proximity sensor due to the offset of the rotor shaft.
Then an electromagnetic force counteracts the unbalanced force to attract the rotor back to
its equilibrium position. The electromagnetic force is generated by differential currents in
the two opposite coils output by the controller and the power amplifier [3]. This process
happens instantaneously, thus levitating the rotor during the operation.

Magnetic bearings are now widely used in aerospace, transportation, and new energy
fields, among others. AMBs are essential components of high-speed systems. The initial
research and development investigated the magnetic bearing system with four-pole stator
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topology [4,5]. The current of four coils in 4-pole RMBs is controlled by four independent
PA or two symmetrical PA to generate electromagnetic forces in two vertical directions. At
least three coils are necessary for a complete RMB to generate forces in two perpendicular
directions. In recent years, the simplified three-pole structure has been frequently used
in the field of miniature magnetic bearings to reduce power consumption and cost [6].
The 3-pole magnetic bearings can be driven in three ways, among which researchers
have favored a three-phase converter drive in the past ten years because of its low cost
and complexity [7,8]. However, the research on 3-pole RMBs focuses on the decoupling
strategy and precise control of cross-coupling between magnetic poles due to its asymmetric
structure. Some researchers use an increased number of magnetic poles to optimize the
structure of a 3-pole magnetic bearing and finally form a unique 6-pole magnetic bearing [9].
Six-pole RMBs can be composed of three permanent magnet poles, three active poles, or six
independent, active poles. In addition, the control benefit of using a three-phase converter
drive is higher [10-12].
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Figure 1. Working principle of an RMB system.

To improve the performance of 4-pole RMBs, researchers optimized them to form
8-pole RMBs, of which the most commonly used are heteropolar 8-pole RMBs [13,14].
Whether the cross-section of stator magnetic poles has the same magnetic polarity deter-
mines whether the structure is homopolar or heteropolar. Their diversity leads to different
control methods and hysteresis losses. Generally, the stator and rotor are manufactured
by laminating silicon steel sheets to reduce the change of magnetic field and eddy current
loss. However, the heteropolar magnetic bearing suffers a more significant loss due to
high-frequency magnetic field conversion during rotor rotation [15]. The C-type mag-
netic pole structure in heteropolar 8-pole RMBs is often formed by the distribution of
magnetic poles as North-North-South-South (NNSS). The space between magnetic poles
and electromagnetic force in the traditional C-type structure is not fully utilized, so some
researchers propose to optimize it to form 12-pole E-type RMBs [16,17]. E-type magnetic
pole structure divides one C-type magnetic pole into two small magnetic poles and places
them on both sides of the other magnetic pole. The distribution of an e-type magnetic pole
group in the form of SNS or NSN can ensure the independence of the magnetic circuit and
reduce the probability of cross-coupling between magnetic poles [18,19]. Some 16-pole
or 32-pole RMBs have better application effects on special occasions after combination or
optimization [20-22].

Given the above design points of magnetic bearing, this paper has carried out a
detailed analysis, proposed the design method of the structure ontology of RMBs, given an
optimization scheme for the structure, and looked forward to the future research direction.
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2. RMB Structure Topology

The function of the bearing is to support the rotating body of the machine, reduce
the friction coefficient during its movement, and ensure its rotation accuracy. Magnetic
bearings rely on electromagnetic force to overcome the rotor gravity and ensure the rotor
rotation accuracy through the control system. The ontology structure of active RMBs
mainly includes stators and rotors. We selected the appropriate topology for the required
electromagnetic force according to the different application scenarios.

The stator structure of RMBs is similar to that of the motor stator, which is often formed
by the lamination of soft magnetic materials. The stator structure is formed by bonding
the thin, soft magnetic material, designing the winding coil according to the magnetic
circuit, and then combining it with the conventional protective bearing. A complete rotor
structure comprises a primary shaft and a shaft sleeve that realizes a particular function.
Laminations of soft magnetic materials form the shaft sleeve at the matching position of the
stator and rotor, and there is a unique measuring ring shaft sleeve at the measuring position
of the sensor. Figure 2 shows a complete 4-DOF RMB device platform. The experimental
platform uses the motor shaft to connect one end of the rotor as the transmission mode,
and the coupling connection at the rotor port limits the axial offset of the rotor. The disc on
the rotor is used to simulate the unbalanced force of the shaft, and other platform design
methods can achieve different functional requirements.

RMB RMB

M e |
G

Rotor Sensor Disc Sensor

Figure 2. RMB device platform.

2.1. Four-Pole RMBs

Figure 3a shows the conventional 4-pole homopolar RMB structure, in which each
pair of magnetic poles are distributed along the axial direction. There are only N poles or
S poles along the circumferential direction. Figure 3b shows the 4-pole heteropolar RMB
structure, and its magnetic polarity is arranged as NSNS. The direction parallel to the rotor
gravity is called the y direction in this article, and the direction perpendicular to the gravity
is called the x direction. In Figure 3b, the resultant force of electromagnetic force generated
by currents iy and ip counteracts the rotor gravity in the y direction.

(

Figure 3. The 4-pole RMB structure. (a) Homopolar structure. (b) Heteropolar structure.

In contrast, the electromagnetic force generated by i3 and i4 keeps the rotating shaft
rotating stably around the geometric axis. For homopolar RMBs, the magnetic field change
around the rotor is small, and the eddy current generated is negligible. The superposition
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of soft magnetic materials is usually used to reduce the hysteresis and eddy current loss in
the stator structure of heteropolar RMBs.

The loss of magnetic bearing mainly includes power amplifier loss, copper loss, and
iron loss (hysteresis loss and eddy current loss). Its loss has been low compared with
traditional bearings, but power consumption is the leading performance standard for
large heavy-duty, high-power equipment, and other special applications. For example,
flywheel energy storage is mainly to reduce loss. Many articles have studied how to
reduce the loss of magnetic bearings, mainly in three aspects. The first approach combines
permanent magnets and electromagnets to form a new hybrid magnetic bearing [23]. The
second approach is to improve the magnetic pole structure, such as reducing the number
of magnetic poles to form a more straightforward magnetic pole structure or adopting
a homopolar structure to reduce magnetic loss [24]. The third approach is to adopt a
zero-bias current control method. Among them, the most widely used approach is to adopt
a permanent magnet combination and improve the magnetic pole structure. For the 4-pole
RMBs, researchers further simplified the magnetic pole structure and developed new 3-pole
RMBs to reduce the loss.

2.2. Three-Pole RMBs and Six-Pole RMBs

Three-pole RMBs apply fewer power amplifiers, have lower re-magnetization fre-
quencies (thus reducing the iron loss), and have better heat dissipation, coil windings,
and sensor installation spaces. Still, the magnetic poles of the 3-pole magnetic bearings
are asymmetric. The strong nonlinearity caused by magnetic flux coupling increases the
difficulty of designing control systems [25]. It has three driving modes: First, two power
amplifiers are used for driving, and the three magnetic poles of the magnetic bearing must
be placed in a Y-shape. This method has no controllable bearing capacity in the opposite
direction of gravity. It can only use the offset magnetic flux to generate a suspension
force to overcome the gravity of the rotor. Its structural topology is shown in Figure 4a;
second, three DC power amplifiers drive the 3-pole magnetic bearing to produce a radial
two-degree-of-freedom suspension force (refer to Figure 4b). However, the currents of
the three magnetic poles are independent of each other, and the spatial asymmetry of the
three poles leads to coupling between the two degrees of freedom in the radial direction,
which has little impact on the controller. The disadvantages of this type of driving mode
are significant power losses and high costs; finally, a three-phase inverter is used to drive
the 3-pole magnetic bearing. This driving mode has the advantages of small volumes,
low costs, and low power losses. Therefore, it is more suitable for the 3-pole magnetic
bearings. The three-phase inverter topology for a three-phase power amplifier is shown in
Figure 4c [26,27].

(b)

Figure 4. The 3-pole RMB structure. (a) Two power amplifier drive models. (b) Three-power amplifier

drive models. (c) Three-phase drive models.

Two power amplifiers are used in Figure 4a. The two magnetic poles above the two
power amplifiers can share a bias current and a control current, so the two DC power
amplifiers can drive a 3-pole magnetic bearing. The upper two magnetic poles control
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the displacement in the X-direction, and the lower pole controls the displacement in the
Y-direction. In Figure 4c, the three-phase power inverter drives and changes the bias flux.
The electromagnetic force generated by the three magnetic poles will change because the
control current is switched between positive and negative. The three-phase coordinates
are transformed into two-phase coordinates by a 2/3 transformation, corresponding to
the displacement and current in the X- and Y-directions, and the current of the magnetic
bearing can be easily controlled by using pulse width modulation technology [28].

The mode of driving 3-pole RMBs by three power amplifiers will lead to large coupling
between magnetic poles and high cost. To improve the bearing capacity and controllability
of 3-pole RMBs, the researchers changed their three radial magnetic poles into six radial
magnetic poles evenly distributed along the circumference. Usually, adding three active
magnetic poles or three permanent magnet magnetic poles to achieve a more stable control
effect eliminates the influence of asymmetric structure and finally forms a 6-pole RMB.
There are mainly three structural forms: the first is to add three permanent magnet poles
to form a 6-pole hybrid radial magnetic bearing (refer to Figure 5a) [29]; the second is to
add three active magnetic poles to form a 6-pole active radial magnetic bearing, and the
structural form is shown in Figure 5b [30]; the third type is a three-phase six-pole RMB,
which a three-phase inverter can drive. The structural form is that the opposite two poles
have the same coil winding method and are connected in series into one phase. Hence, the
direction of control magnetic flux generated by each phase is the same, and the structural
topology is shown in Figure 5c.

Permanent
magnets

(a) (b) (©

Figure 5. The 6-pole RMB structure. (a) Hybrid permanent magnet structure. (b) Six-power amplifier
drive models. (c) Three-phase six-pole drive models.

The working model for a three-phase 6-pole RMB is that if the rotor deviates in the A2
direction, a positive control current must be applied to coils Al and A2 to return the rotor to
a balanced position. The control flux and bias flux generated by coil Al are superimposed.
The control and bias flux generated by coil A2 are offset, resulting in a proper force to
return the rotor to its balanced position. Similarly, deviations in other directions can also
be eliminated. The magnetic circuit is the most significant difference between 3-pole and
6-pole magnetic bearings. The 3-pole magnetic circuit is a C-type circuit formed by one
of the magnetic poles and the other two magnetic poles, as shown in Figure 4a, while the
6-pole magnetic bearing is a C-type magnetic circuit formed by two magnetic poles, as
shown in Figure 5b. The 6-pole RMB structure is better than the 3-pole RMB in carrying
capacity and controllability, and the three-phase six-pole structure driven by the inverter is
its unique advantage.

2.3. Eight-Pole RMBs and Twelve-Pole RMBs

The 4-pole RMBs are rarely used in harsh working environments, and their bearing
capacity and fault tolerance limit their application range. The researchers optimized 4-
pole RMBs and proposed the 8-pole magnetic bearing most widely used in industry and
laboratory. The most frequently used are heteropolar 8-pole RMBs, which can be divided
into two types according to the arrangement of radial magnetic poles. One type of magnetic
pole is arranged as NNSS, and the structure is shown in Figure 6a. The structure can form
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two types of structures according to the angle between the gravity direction (Y direction)
and the nearest magnetic pole (0° or 22.5°). Its control methods are also different. The
other is that the magnetic pole arrangement is NSNS (refer to Figure 6b), which has more
significant advantages in redundant control. The strong coupling between magnetic poles
allows redundant control [31,32].

Stator

(a) (b)

Figure 6. The 8-pole RMB structure. (a) NNSS structure of magnetic pole distribution. (b) NSNS
structure of magnetic pole distribution.

In Figure 6a, the angle between the electromagnetic force of the 8-pole RMBs and the
rotor gravity in the Y direction is 0°, and the angle between the electromagnetic force and
the gravity can be formed by adjusting the magnetic pole is 22.5°. The control modes of the
two magnetic pole structures are similar. Still, the included angle of the electromagnetic
force is more favorable for the system to control the stable rotation of the rotor. Moreover,
the magnetic flux coupling between the X and Y axes is lower, and the stability and accuracy
of the follow-up control system are better. However, its magnetic pole’s magnetic flux
quickly falls into magnetic saturation when working under a heavy load [33,34]. The
structure in Figure 6b has stronger mutual magnetic field coupling between magnetic
poles, more serious control difficulty for the system than in Figure 6a, and higher power
consumption. However, in the research on redundancy control, if one of the magnetic
poles suddenly fails during the operation of the magnetic bearing, the redundancy control
strategy designed in advance can prevent the magnetic bearing rotor from colliding, which
is the unique advantage of the structure shown in Figure 6b.

In Figure 6a, its magnetic circuit is a typical C-type structure, and the magnetic pole
slot is designed with an equal area. In practical applications, when the outer diameter of the
stator of an RMB is large and the number of magnetic poles is small, standard C-type RMBs
have problems, such as a large gap between the stator magnetic pole, which results in a
waste of space in the magnetic bearing. The width of the stator magnetic pole cannot reach
the maximum width, so the electromagnetic force generated by the radial electromagnetic
bearing is not the maximum force [35].

The so-called E-type magnetic bearing is that one magnetic pole of the C-type structure
is divided into two small magnetic poles and placed on both sides of the other magnetic
pole. The two magnetic poles with a small area are called sub-magnetic poles, and the
magnetic pole with a large middle area is called a central magnetic pole [36]. In general, the
area of the auxiliary magnetic pole is half of the area of the central magnetic pole, and the
number of turns of the coil is also half of the number of turns of the central magnetic pole.
Therefore, as shown in Figure 7, the 12-pole E-type magnetic bearing structure is optimized
by the 8-pole C-type structure [37].
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Figure 7. The 12-pole RMB E-type structure.

The original relatively large magnetic pole spacing and gap have been fully utilized
due to the increased number of magnetic poles and windings. The E-type magnetic pole
structure is usually distributed as SNS or NSN. Each magnetic pole group ensures the
independence of the magnetic circuit and can suppress the influence between the magnetic
circuits of adjacent magnetic pole groups. The magnetic pole distribution in Figure 7
is NSN. The performance of 12-pole RMBs is superior in terms of bearing capacity and
controllability, and the magnetic field coupling between magnetic poles is low, which is
widely used in the particular working environment.

2.4. Equivalent Magnetic Circuit Analysis

Equivalent magnetic circuit theory is a relatively intuitive and straightforward mag-
netic field calculation method that can easily and quickly determine the relevant structural
parameters of a magnetic field. The magnetic circuit method is widely used for designing
the structures of RMBs, and it accounts for the influences of magnetic leakage, the stator
core, and rotor reluctance. However, the nonlinear material characteristics are ignored
in these calculations. The magnetic circuit method is used for designing the structures
of RMBs, accounting for the influences of magnetic leakage, the stator core, and rotor
reluctance. The nonlinear material characteristics are ignored in these calculations, and
the theoretical analyses and calculations are performed using the Maxwell equation. For
engineering applications, the design of the magnetic field is achieved by using the equiv-
alent magnetic circuit to convert the calculation of the magnetic field into the magnetic
circuit, thereby converting the distributed parameter problem into the calculation of the
concentrated parameter, which can simplify the calculation and ensure a sure accuracy [38].
Under the condition of neglecting the leakage of the magnetic pole and equal magnetic
induction intensity of the air gap, this paper takes the commonly used 8-pole RMBs as an
example to analyze its equivalent magnetic circuit.

There are some similarities between the magnetic circuit and the circuit, but the
magnetic leakage phenomenon in the magnetic circuit is more severe than that in the
circuit. The calculation in the magnetic circuit follows Ohm’s law, and the direction of
the magnetomotive force is the same as the positive direction of the power supply [39,40].
Figure 8a shows an 8-pole RMB with a magnetic pole distribution of NNSS, and Figure 8b
shows an 8-pole RMB with a magnetic pole distribution of NSNS. The magnetic circuit
and magnetic pole strength of both are different. Figure 8c shows the E-type 12-pole
RMB equivalent magnetic circuit. An auxiliary magnetic circuit is added to the C-type
magnetic circuit, and three magnetic poles form a unique circuit with better control but
more extensive power consumption.
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(b)

Figure 8. The 8-pole RMB equivalent magnetic circuits. (a) The magnetic circuit of NNSS magnetic

pole distribution. (b) The magnetic circuit of NSNS magnetic pole distribution. (c) The magnetic
circuit of 12 pole E-type structure distribution.

The equivalent magnetic circuit method is the most commonly used method to estab-
lish the electromagnetic force calculation model of magnetic bearing [41,42]. The equivalent
magnetic circuit in Figure 8 includes the magnetomotive force (N;), the magnetoresistance
(Ry), and the magnetic flux (®). In a uniform magnetic circuit, according to Ohm’s law of
the magnetic circuit, the relationship among the three is:

N; = R,® (1)

The actual magnetic circuit is uneven and can be generally divided into several sections
for calculation. The equivalent magnetic circuit can be obtained according to Kirchhoff’s
law, and the levitation force of the magnetic bearing can be deduced.

3. Structural Design and Simulation

The mechanical structure of the magnetic bearing is preliminarily designed as per the
load requirements. Then, the actuator and power amplifier must be designed to build a
complete magnetic bearing system. This paper gives the best structural design scheme with
known bearing capacity and maximum outer diameter size. It analyzes its magnetic field
saturation and the linear relationship between electromagnetic force and air gap through
finite element analysis.

3.1. The 8-Pole RMBs Structure Design Process

The structural design of the magnetic bearing is different according to the application
scenarios and functional requirements. The main calculation is the geometric structure
parameters of the silicon steel sheet, the number of laminations, the number of coil turns,
and the matching diameter of the stator rotor. At the same time, limiting conditions such as
coil current and electromagnetic force are considered. Finally, the feasibility and reliability
of the structure are analyzed through simulation [43,44]. In the paper, the parameters of
the radial support are designed for the 8-pole RMBs in the high-speed rotating parts. The
final structure must have minor wear, strong stability, and bearing capacity to meet the
safety design requirements.

The specific design requirements are described next. The bearing capacity of the
magnetic bearing is required to be 180 N, and the working efficiency of the magnetic
bearing is the largest in the limited space. The maximum outer diameter of the stator is
set to be 90 mm, the outer ring of the rotor and the stator are made of silicon steel sheets
with a thickness of 0.3 mm, and the saturated magnetic field stress of the stator and rotor is
selected to be 1.2 Tesla. According to the above design requirements, the parameters of the
8-pole RMBs are designed, and Figure 9 shows its structural geometry.
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Figure 9. The 8-pole RMB geometry.

1.  Air gap and related parameters;

The air gap length refers to the distance between the stator and the rotor. If the air gap
is too large, the bearing capacity standard will become low, and if the air gap is too small,
the control system will have high requirements. In engineering, when the rotor diameter
is less than 100 mm, the air gap length (x) is generally between 0.3 and 0.6 mm, and this
design is 0.5 mm. Generally, protective bearings are used to limit the rotor’s runout range
to prevent the magnetic bearing’s sudden failure and the collision between the rotor and
the stator. The air gap between the rotor and protective bearing is half that between the
rotor and stator, indicating that the controllable range of actual runout is 0.25 mm.

Other relevant parameters are preliminarily set according to the known bearing capac-
ity and air gap parameter information, which follow the conventional design experience.
For example, the maximum bearing capacity (Fyqx) is 180 N. The parameters initially set are
as follows: the rotor inner diameter (d,;) is 15 mm, the stator yoke to pole width coefficient
(csy) is 1, the pole length to pole width coefficient (c,y) is 2, the rotor yoke to pole width
coefficient (cyyy) is 1.2, the silicon steel lamination coefficient (k) is 0.95, and the magnetic
pole slot total rate (Cy;) is 0.7. These parameters can be adjusted according to the checking
calculation and magnetic field analysis, and the final optimized coefficient can meet the
design requirements.

2. Magnetic pole area and width;

According to Maxwell’s attractive force formula, the total attractive force between the
stator and rotor is:
F = Bj Ao/ po 2)

By is the magnetic induction strength in the air gap, and g is the air permeability. Ag is
the cross-sectional area of the air gap between the stator and the rotor. Given the maximum
bearing capacity (Fjuux) and the saturated magnetic field strength (B;;), the formula for
calculating the magnetic pole area can be obtained according to the derivation:

Ho . Frax

A =
§ 7 kgcosa B2,

®)

where A, is the magnetic pole area and « is the angle between the direction of electro-
magnetic force and the opposite direction of rotor gravity (Y direction). To keep the air
gap uniform, the surface of the radial magnetic pole is not a plane but an arc surface, so
the width (wy) of the radial magnetic pole can be calculated according to the geometric
relationship and relevant parameters. Factors such as coil installation, heat dissipation,
and sensor installation space must be considered in actual processing. Therefore, a certain
space margin must be reserved in the design.

3. Stator pole parameters and rotor dimensions;

According to the basic principle of magnetic circuit flow, saturation will not occur in
the magnetic circuit if the average magnetic flux flowing through the stator yoke section is
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greater than or equal to the average magnetic flux flowing through the radial magnetic pole
root. Since the difference between the inner and outer diameters of the radial stator yoke
shall not be less than half of the magnetic pole width(wy), csy is selected as 1, and the width
of the stator outer yoke (wsy) is equal to the magnetic pole width. The magnetic pole length
(wpy) and the rotor yoke width (wyy) can be obtained according to the selected correlation
coefficient.

The relevant size parameters of the magnetic pole are determined, and the total size of
the stator’s silicon steel sheet and the stator’s inner and outer diameter can be obtained
according to the geometric relationship. From the geometric structure diagram in Figure 9,
the inner diameter (dsc)of the stator yoke, the inner diameter (dy;) of the stator, and the outer
diameter (d,;) of the rotor can be obtained, and the thickness (b) of the silicon steel sheet
stack can be calculated according to the magnetic pole area.

4.  Coil parameters;

The electromagnetic force is mainly generated by the electromagnet wound by the
energizing coil, and the ampere-turns (NI) are the priority design parameter. A single
coil’s magnetic pole turns (Np) can be calculated from the magnetic field strength and
the maximum current (I,;). The approximate coil width (c,) and coil length (c;) can be
obtained through the geometric structure, and then the inductance (L) and bus voltage
(144) of the coil can be calculated. Finally, in the case of ignoring magnetic leakage, one
can simplify the magnetic bearing model and obtain the functional relationship between
the electromagnetic force and the air gap and coil current. After Taylor series expansion,
the electromagnetic force-displacement coefficient (ky) and electromagnetic force current
coefficient (k;) can be obtained.

5. Design process and 3D model;

The actual bearing capacity of the magnetic bearing can be determined according to
the stator and rotor dimensions and coil parameters. The design parameters are modeled
in three dimensions, and ANSYS electronics analyze the magnetic field of the magnetic
bearing to verify whether the electromagnetic force meets the requirements. Suppose the
magnetic field distribution of the magnetic pole and the stator yoke shows saturation
overload. In that case, the relevant setting coefficient can be adjusted, and the optimal
design parameters can be obtained through continuous iterative optimization. Figure 10
shows the summarized mechanical structure design process of the 8-pole RMB.

The radial bearing capacity of the magnetic bearing is set as 180 N. Table 1 shows
the structural parameters of a group of RMBs obtained according to the calculation in
Figure 10.

Table 1. Structural parameters of the 8-pole RMB.

Parameter Value
The outer diameter of the stator yoke (mm) 90
The inner diameter of the stator yoke (mm) 68
Stator thickness (mm) 30

Pole width (mm) 9

Air gap (mm) 0.5
Magnetic pole area (mm?) 286
The outer diameter of the rotor (mm) 30
The inner diameter of the rotor (mm) 15
Turn ratio (At) 240

Figure 11 shows the 3D model established according to the design parameters, includ-
ing silicon steel sheets (soft magnetic material), coils, mounting block, bearing seat, end
cover, protective bearing, limit screw, and pressure ring. The installation block assembly
fixes the silicon steel lamination. The limit screw is used to fix the protective bearing, and
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the end cap and bearing shaft are used to install the magnetic bearing device on the fixed

equipment.
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Figure 11. The 8-pole RMB 3D model.
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The design method of magnetic bearing proposed in this paper is based on the maxi-
mum outer diameter of the stator with known geometric parameters of the stator. However,
there are other design methods for different application requirements. If the rotor outer
diameter parameter has been set, the magnetic pole area and coil ampere turns can be
derived. Then, one can set the coefficient and get the geometric parameters of the stator
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through the geometric relationship. Finally, the optimal design parameters can be obtained
after correction, adjustment, and magnetic field analysis.

3.2. Magnetic Field Analysis and Verification

A magnetic bearing is a device that converts electromagnetic energy into mechanical
energy. When the main shaft is suspended, there is a strong electromagnetic field in the
magnetic bearing’s radial or axial internal space. The distribution and variation of the
electromagnetic field in different media determine the running state and performance of
the magnetic suspension spindle. The stator rotor structural parameters of the magnetic
bearing are preliminarily determined, and the feasibility of the structure needs to be verified
in combination with the magnetic field analysis. Whether the magnetic field distribution
and electromagnetic force meet requirements must be verified. The analysis is carried out
for the proposed heteropolar RMB structure. The magnetic field cloud diagram shown in
Figure 12 includes the 8-pole RMB of type C and the 12-pole RMB of type E.

(@) (b) (©)

Figure 12. Magnetic field analysis of 8-pole and 12-pole RMBs. (a) Finite element analysis of 8-pole
C-type structure. (b) Finite element analysis of 8-pole NSNS pole structure. (c) Finite element analysis
of 12 pole E-type structure.

The two 8-pole magnetic bearings set the same ampere turns, but the winding methods
of coils are different, resulting in two simulation results (a) and (b) in Figure 12. In practice,
the effectiveness of the simulation can be verified by measuring the magnetic field strength
around the coil with a Gauss meter. Figure 12a shows the magnetic field analysis of
Figure 8a, which shows that the magnetic field coupling between the magnetic poles is
weak. Still, the magnetic field strength is saturated at the chamfer of the magnetic pole
column. When there is a margin in the magnetic pole space, the width can be increased to
mitigate the influence of magnetic saturation, and the sharp angle radian can be smoothed.
Figure 12b shows the magnetic field analysis for the Figure 8b structure. The analysis
results show that one pole column needs to bear the magnetic field strength of two adjacent
poles. Its air gap magnetic density is evenly distributed and formed by the superposition
of adjacent magnetic circuits. The magnetic field strength of the magnetic pole column in
Figure 12b is lower than that in Figure 12a. Still, the magnetic field coupling between the
magnetic poles is large, and the system control difficulty is increased. The magnetic field
analysis in Figure 12c shows that the magnetic circuit in Figure 8c can reduce the coupling
between magnetic poles. Each group of magnetic poles is composed of three magnetic
poles, and the magnetic field distribution is relatively uniform. Since the electromagnetic
force of the E-type structure is mainly concentrated in the middle central magnetic pole,
the controllability and bearing capacity of Figure 12c are greatly improved compared with
the magnetic pole structure in Figure 12a, which is more favorable than the resultant force
of the C-type structure. Therefore, the E-type structure is more widely used in the case of
large structure volumes.

The material characteristics of silicon steel sheets determine the magnetic bearing’s
upper limit of magnetic field intensity. The linear control of the system requires that the
magnetic field intensity changes in a linear range. Then, the reference point is selected
in the magnetic circuit direction of the 8-pole magnetic bearing structure to reflect the
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magnetic field intensity change characteristics. As shown in Figure 13, the magnetic field
change and electromagnetic force of the designed 8-pole RMB are analyzed in the rotor
outer yoke (m1), the stator pole post (m2), and the stator outer yoke (m3).
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Figure 13. Magnetic field analysis of 8-pole RMBs magnetic pole.

The magnetization characteristic curve (B-H) and hysteresis loop of silicon steel sheet
material limit the variation range of magnetic induction intensity in the magnetic bearing.
The following control system design needs to be considered when designing the body
structure of the magnetic levitation bearing. The linearization control is relatively stable
and easy to realize. An approximate linear interval in the B-H curve of soft magnetic
material is an ideal magnetic induction strength control range, which affects the robustness
and accuracy of the control system for magnetic bearing. The magnetic bearing system
takes the position change of the rotor as the signal input and the electromagnetic force
generated by the electromagnet as the output. The air gap width between the stator and the
rotor is an essential factor affecting the control performance. The single side (Y direction) of
the air gap in the 8-pole RMB proposed in this paper is 0.5 mm, and the protective bearing
is half the air gap. The rotor is at the geometric center when the air gap is set to 0.5 mm.
Figure 14a shows the change of magnetic induction intensity at m1, m2, and m3 when the
coil current is 3A and the change of electromagnetic force between air gaps when the air
gap changes. Figure 14b shows changes in magnetic induction intensity at m1, m2, and m3
when the current changes when the air gap is 0.35 mm, and changes in electromagnetic
force between the air gaps when the current changes.
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Figure 14. Change the trend of magnetic field intensity at three reference points (a) Air gap variation
and magnetic field analysis. (b) Current variation and magnetic field analysis.

From Figure 14a, the magnetic induction intensity at m2 (magnetic pole column) is
the largest, approximately linear, when the air gap changes from 0.35 to 0.5 mm, and
does not exceed the saturation intensity of magnetic induction by 1.2 Tesla. The results
show that the system can achieve good control performance within the runout range of
0-0.25 mm, and the electromagnetic force meets the design standard. Figure 14b shows
that the electromagnetic force changes linearly within the current range of 2.5A—4A, and
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the magnetic induction intensity at m2 changes approximately linearly with the current
increase, indicating that the rotor can achieve approximately linear control within the safe
range. There is usually interference between the two magnetic circuits, which leads to loss.
To explore the loss between the magnetic circuits of the designed structure, 8-pole magnetic
bearings arranged in NNSS are selected as the object. As shown in Figure 15, two close
magnetic pole reference points, m1 and m2, are selected from the two C-type circuits, the
reference point m3 of the outer magnet yoke of the rotor of the intermediate structure and
the reference point m4 of the outer magnet yoke of the stator. In addition, m5 represents
the reference point of the outer magnet yoke in the C-type circuit.
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Figure 15. C-type magnetic circuit magnetic field simulation of 8-pole RMBs.

Compared with Figure 13, only the independent C-type magnetic circuit is simulated.
Figure 15 contains the mutual loss between magnetic circuits. The magnetic field intensity
of the magnetic pole is lower in Figure 15 with the same ampere-turns. According to the
magnetic field changes at five reference points, the losses of two C-type magnetic circuits
are studied, and the results are shown in Figure 16.
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Figure 16. Change magnetic field intensity at the reference point of two C-type magnetic circuits.

Figure 16 shows that the magnetic field intensity changes at the reference point m1
and m?2 of the C-type magnetic circuit are consistent because the currents in the two
magnetic circuits are the same. In practice, to counteract the rotor gravity, the magnetic
field intensity at m1 is higher than at m2. The magnetic field strength of reference point m5
is approximately m1, which indicates that the structural parameters of the magnetic pole
and the outer yoke are suitable, and magnetic saturation is not easy to occur in the magnetic
circuit. The magnetic field strength of reference points m3 and m4 is relatively high, and
the magnetic field strength of m4 is 0, indicating that the interference between the two
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C-type magnetic circuits is minor, which is conducive to reducing manufacturing costs. The
above results of magnetic field analysis can show that the designed 8-pole RMBs structure
meets the design requirements and the following system control design requirements.

4. Structural Optimization

The previous section gives the preliminary design of the structure in 8-pole RMBs.
Still, the design will differ from the expected goal under different working environments
and load-bearing requirements in practical applications. This section aims at optimizing the
structure to improve the bearing capacity when the magnetic field strength in the magnetic
circuit does not reach the material limit and provides a reference for the magnetic bearings
under similar working conditions.

From the design process in the previous chapter and the magnetic field analysis of the
electromagnetic force, current, and air gap, under the condition of limiting the current and
the number of coils, magnetic pole width (wy,) impacts the electromagnetic force. At the
same time, the coefficients of csy, ¢py, and ¢,y mainly determine the pole’s width. According
to the design flow chart, the three critical coefficients are optimized to improve the bearing
capacity. Given the variation range of each coefficient, the variation trend of the coefficient
and other parameters in Figure 15 can be obtained through the geometric relationship
between structures.

The given variation range of csy is 0.7 to 1.2, the range of ¢y is 1 to 2, and the variation
range of ¢y, is 0.5 to 1. The above variation range is determined by preventing magnetic
field saturation during structure design and previous experience. Among the three coeffi-
cients, the variation range of ¢, is the largest, which has the most significant impact on
the optimization of the structure, so the optimization of this parameter is the main one.
Figure 17a shows the influence of ¢,y on other parameters when a single coefficient changes,
including the designed coil cavity area (A.), the actual coil sectional area (A.,;), and the
maximum magnetic pole area (A;;). It also shows the linear influence on the width of the
magnetic pole. Figure 17b shows the influence of ¢,, on the area based on the magnetic
pole width when the two coefficients cs, and ¢y, change simultaneously. Figure 17c-e show
the changing trend of each coefficient when the three coefficients of Csys Cpy, and Cry change
at the same time and the related influence.

The changing trend of a—e in Figure 17 shows the following results. With the increase
of coefficient changes, the area of the maximum magnetic pole and the coil cavity increase
slightly. In contrast, increasing the coefficient value can effectively reduce the gap between
the designed area of the coil cavity and the area of the coil cross-section and can effec-
tively improve the space utilization of the structure. The approximate range of the three
coefficients can be further determined. The variation range of the coefficient csy should
be greater than 0.85, the coefficient c,, should not be less than 1.3, and the coefficient ¢y,
should be greater than 0.65. A more accurate variation range and influence coefficient trend
are conducive to further optimization. Figure 17f shows the influence of the magnetic field
force (F;) when the three coefficients change. The value of the three coefficients can be
obtained when reaching the design requirement of 180 N bearing capacity, but whether the
value is optimal needs to be further verified.

The specific range of the three coefficients is known, so it is necessary to find the best
coefficient value within this range. In this section, genetic algorithm optimization is taken
as an example to obtain the best structure parameters through iterative optimization of
coefficients. Through function fitting of the influence of coefficient in Figure 17f on bearing
capacity, Equations (4)-(6) can be obtained, respectively, as the applicability function of the

algorithm.
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Figure 17. Influence of three coefficient changes on the structure. (a) Effect of independent change of
coefficient ¢,y (b) Influence of two coefficient changes of c,y. (c) Three coefficient variation ¢ trend.
(d) Three coefficient variation ¢,y trend (e) Three coefficient variation cyy trend. (f) Three coefficient
variation F; trend.

According to the changing trend of A. and A,,; in Figure 15, there is a gap between
them when limiting the coefficient change range, indicating that magnetic saturation will
not occur when increasing the width of the magnetic pole. The optimization is carried out to
change the maximum influence coefficient c,,. Equation (7) is the function of the influence
on the Ay, of the magnetic pole area when the ¢, changes. The geometric relationship
will be (4)—(7) to form the genetic algorithm’s fitness function, with the maximum bearing
capacity as the output and the iterative optimization of the coefficient.

A(x) = 276.6(sin(x — 71)) + 12.45((x — 10)%) — 277.2 @)

Three coefficients are optimized by genetic algorithm, and one group of optimization
results is shown in the following. The maximum electromagnetic force finally obtained is
249.25 N. The coefficients of csy, cpy, and ¢y, obtained after data processing are 1.1, 1.76, and
0.87, respectively. The width of the magnetic pole deduced is 10 mm. Compared with the
initially designed structure, the bearing capacity is improved, and no magnetic saturation
occurs, which shows that the optimization results of the algorithm are effective.

In this section, the genetic algorithm optimization is employed to verify the feasibility
of the structural optimization scheme, mainly to optimize the magnetic pole width and
influence coefficient to improve the bearing capacity. Other aspects of optimizing the
structure include increasing the number of ampere-turns of the coil and increasing the
width of the magnetic pole to prevent magnetic saturation, which can effectively improve
the bearing capacity.
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5. Conclusions

This paper analyzed the parameter designs, equivalent magnetic circuits, and magnetic
fields of different RMB structural topologies and summarized various design methods and
advantages. The conclusions are as follows:

1. The 3-pole RMB is a strongly coupled nonlinear system, and its control is difficult.
In contrast, an optimized 6-pole magnetic bearing has higher bearing capacity and
stability.

2. A commonly used 8-pole magnetic bearing performs better than a 4-pole magnetic
bearing. However, the magnetic pole produces magnetic saturation quickly, and
optimizing the structural parameters can be used to reduce the impact.

3. The 12-pole E-type RMB is superior to the standard 8-pole C-type RMB in carrying
capacity, stability, and control performance, but it has high energy consumption and
few applications.

After induction, the most commonly used 8-pole RMB structure is selected as the
primary design goal, and the structural design scheme is proposed. Then, the genetic
algorithm is used to optimize the influence coefficient of the structure, and the obtained
structure can effectively improve the bearing capacity. The optimization method provides
a reference for the structure design of magnetic bearings in practical applications.

The challenging problems of magnetic bearings need to be studied and considered in
future engineering applications and optimization design. There are several main aspects:
first, classification and parameterization of magnetic bearing based on application scenarios,
matching different magnetic bearing topologies, and finally, forming standardization of
magnetic bearing design; second, the sensor, controller, and other components are inte-
grated with the magnetic bearing device to form an integrated design; finally, according to
the magnetic levitation control system, the integrated magnetic bearing is intellectualized
to form self-perception, self-learning, self-diagnosis, and optimization.
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