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Abstract: For ultra-precision, large stroke, and high start/stop acceleration, a novel magnetic suspen-
sion platform with three types of magnetic bearings is proposed. The structure and working principle
of the novel platform are introduced. The passive magnetic bearings are used to compensate for the
weight of the actuator. The repulsive force of the passive magnetic bearing model is established and
analyzed. The Lorentz force-type magnetic bearings are used to provide driving force and rotational
torque in the XY-plane. The driving force model and rotational torque model are established. The
electromagnetic suspension bearing is used to provide driving force in the Z-axis and rotational
torque along the X-axis and Y-axis. A novel Halbach magnetic array is designed to improve the
magnetic flux density in the air gap. The finite element method is used to validate the force model,
torque model, and magnetic flux density in the air gap. The results show that the maximum force of
the passive magnetic bearing is 79 N, and the rotational torque stiffness is 35 N/A in the XY-plane
and 78 N/A along the Z-axis. The driving force stiffness is 91 N/A in the XY-plane and 45 N/A
along Z-axis.

Keywords: magnetic suspension platform; passive magnetic bearing; Lorentz force-type magnetic
bearings; electromagnetic suspension bearing; mass transfer

1. Introduction

Precision planar motion platforms are widely employed in pick and place machines,
semiconductor manufacturing systems, transport devices, and scanning probe measure-
ment systems [1-4]. Magnetic suspension platforms are widely used in the precision planar
motion platforms as they have the advantages of noncontact, simple control, automatic
stability, high positioning accuracy, and low noise. They have received more and more
attention in recent years.

Kim invented the first magnetic suspension platform in [5]. The suspension and
translation are provided by a linear motor. The suspension motion and translation motion
are coupled as a linear motor and used at the same time. The Halbach magnetic array is used
in the actuator. The stroke of the platform is 50 mm x 50 mm. The acceleration can reach
1 g. This platform can be used in the semiconductor manufacturing for photolithography.
Subsequently, many scholars began to design and analyze magnetic suspension platforms
with different stroke and functions. To isolate the ambient acceleration environment,
Whorton designed a sub-track-level isolation platform in [6]. It can be used in a variety
of applications. A g-LTMIT, consisting of three integrated isolator modules, is used to
accomplish the six independent control actuation channels. The two axes of the control
are uncoupled using different control actuation. A maglev linear actuator with nano-
positioning capability is proposed by Kim in [7]. It has a lightweight and compact size as a
novel configuration is used. The stroke is £500 um with nanoscale positioning resolution.
This platform can be used to verify the underlying theory and fundamental working
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principles. Sang [8] invented a multi-degree magnetic suspension platform. Large linear
motion can be realized. The operating principle, magnetic force, and equation of motion
are analyzed. The experiment shows that the platform can be used in industrial production.
Bhat N and Kim invented a triangular magnetic suspension platform in [9]. A triangular
is used in the actuator. The maximum velocity is 0.4 m/s with 2 m/s? acceleration. The
position resolution is 30 nm with a feedback controller. To improve the position resolution,
a Y-shape magnetic suspension platform is proposed in [10]. The stroke is only =5 mm, and
the position resolution is 3 nm. The structure is simple as only three permanent magnetics
are used in the stator. Estevez, P manufactured a six-DOF miniature maglev positioning
in [11]. A two-axis actuator is introduced. The actuator is driven by Lorentz forces. Three
of the same actuators are used to provide six forces required in the stage. The stroke of the
platform is 200 x 200 x 200 pum and the rotation is 18—42 mrad. The short stroke limits
the use in the large stroke position. In [12], Zhang Z proposed a magnetic suspension
platform with a two-axis linear actuator. The platform stroke is 2 X 2 x 2 mm in planer
motion and 4° x 4° x 4° in out-planer motion. The platform is very compact, and three
compact two-axis linear actuators and six power amplifiers were used in the platform. The
precision resolution is 1.1 nm for the X-axis and 4.4 nm for the Z-axis. Lee, D.] designed
a three-DOF magnetic suspension platform with a surface motor-driven planar motion
in [13]. The position accuracy and moving speed are improved. The platform’s precision
positioning can be carried out independently in X, Y, and 6, with resolutions of 200 nm and
1” using the angle sensor. The stroke is 40 mm in the X and Y directions. The drawback
of the platform is that it has only three degrees of freedom, which cannot meet some
applications with high requirements for degrees of freedom. To improve the degrees of
freedom, Chen proposed a planar magnetic suspension platform with dual-axis in [14].
By involving magnetic forces, the platform is capable of cutting dual-axis planar motions
purely. The model of the platform is derived and analyzed. The ASMC is used to guarantee
the satisfactory performance. To achieve linear control of the platform drive force, Xu
F invented a platform with a single-axis Lorentz force actuator in [15]. The controller is
linear because of the use of Lorentz law. The stroke is 2 x 2 x 2 mm in translation and
80 x 80 x 40 mrad in rotation. The resolution of the translation is 2.8 pum. In [16], Yang F
invented a improved Halbach magnetic array to improve the driving force and resolution.
However, stroke is only 2 mm in the three-axis case. The platform is only used to isolate
vibrations. In [17], the vertical and horizontal driving forces were produced by two sets
of circuit board conductors perpendicular to each other in the same permanent magnetic
field. As the effective length of the conducting wires is short, the platform’s stroke is short
and the force is low. Zhang H used a novel magnetic levitation gravity compensator to
improve the force performance and decrease the power consumption in [18]. With the novel
gravity compensator, the platform has a large stroke in the Z-axis, but short stroke in the XY-
plane. Takahashi invented a compact maglev stage system for nanometer-scale positioning
in [19]. The compact feature was enabled by our newly proposed gravity compensation
system with repellent force and a planar motor structure. As the gravity compensation
system is used, the top-table mass of the motor was decreased and lightweight and high
responsiveness characteristics were realized. Prosen [20] designed a magnetic flux density
measurement platform with an inductive wireless power transmitter coil design. The
platform can be used to measure the magnetic flux density, and a three-axis search coil is
used. The platform is electromagnetically suspended and has strong nonlinearity. Li Z and
Li B [21,22] analyzed the effect of different magnet arrangements on platform stroke. The
results shows that the Halbach array can improve the magnetic flux density, but decrease
the stroke of the platform. A novel Halbach array is needed to improve the stroke.

All of the platforms in the reference above have a short stroke. To improve the stroke
of the magnetic suspension platform, Choi Y designed a high-precision dual-servo stage
with a magnetically levitated fine stage in [23]. The Halbach linear active magnetic bearing
is used, which can be used for gravity compensation and active control of vertical motion.
The platform has two stages. The coarse stage’s stroke is 300 mm, and the fine stage’s
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stroke is 5 nm. A small-scale laboratory system was used to improve the stroke and
develop technology required for the magnetic suspension of objects over large ranges of
orientation in [24]. The rotation about the cylinder axis is not controlled, so the platform
can be made to undergo a full 360°. To simplify the platform structure, Rovers, ] and Jansen,
J design a TU-shape magnetic suspension platform in [25,26]. Two types of windings are
used in the actuator. The fine stage’s stroke is more than 10 x 10 x 10 mm. The stroke of
this platform can be increased by increasing the length of the stator yoke. However, the
utilization ratio of the current winding is only 30% and the power consumption is high
when the yoke is long. To solve the problem above, Rovers invented a magnetic suspension
platform with moving Halbach permanent magnets in [27]. As the winding is fixed in the
stator, the stroke of the platform can be increased by increasing the length of the windings.
The drawbacks of the platform is that the controller is complex as the permanent magnet
moves when the platform works. In [28], Cao designed a double stage for mass transfer.
The coarse stage is used for mechanical support and the fine stage is used in the magnetic
suspension. This is the first laser mass transfer platform with magnetic suspension support.
However, the platform cannot move at a high speed as the mechanical support is used
in the platform. In [29], a platform with three windings and three Halbach permanent
magnetic arrays is prosed. However, increasing the Halbach array’s number, the stroke
of the platform can reach 100 x 100 mm? in the x and y directions and 100 um in the z
direction. In [30], IMMS invented a magnetic suspension platform with a unique motor
structure fusing a gravity compensation function and pitching moment compensation. It
also has two stages. The coarse stage’s stroke is £200 mm, and the fine stage’s stroke is
£3 mm. The drawback of the platform is that the two-DOF control system for the coarse
stage and six-DOF control system are coupled and combined, which is not allowed in the
platform. Berkelman invented a long-range six-DOF magnetic levitation in [31]. Using
the cylindrical actuation coils and a set of three position sensing photodiode assemblies,
the stroke in the Z-axis can reach 20 mm. Standard off-the-shelf commodity hardware is
used, so it has a low cost. However, the current consumption is high as too many coils
were used. Zhang [32] designed a six-DOF magnetic platform. Using square coils and a
permanent magnet type carrier, the stroke of the platform in the horizontal translation is
400 mm x 200 mm. However, the results demonstrate that the performance of the magtable
is only 100 mm x 40 mm. The reason for this is that too many coils were used in the stator.

The current maglev platforms have the defects of small magnetic flux density in the
air gap and large fluctuation in magnetic density, which limit the performance of maglev
platforms. In this paper, the aim is to improve the magnetic flux density in the air gap
and overcome the shortcoming of short stroke, no gravity compensation mechanism, no
high start/stop acceleration, and low airgap magnetic flux density in traditional magnetic
suspension platforms. To solve the problem of small magnetic flux density in the air gap
and large fluctuations in magnetic density, a novel Halbach magnetic array is prosed and a
novel magnetic suspension platform with three types magnetic bearing for mass transfer is
designed. Four passive magnetic bearings are used to compensate for the weight of the
Lorentz force actuator. Eight Lorentz-force-type magnetic bearings are used to provide
the driving force and rotation torque in the XY-plane. Four electromagnetic suspension
bearings are used to provide the driving force along the Z-axis and torque along the X-axis
and Y-axis. It has the merits of a simple structure, high force coefficient and torque output,
large force density, and low driving force fluctuation. This paper is organized as follows.
The next section introduces the structure and working principle of the proposed Lorentz
force driving actuator and the platform. In Section 3, the novel Halbach magnetic array
is analyzed. In Section 4, the stiffness of three types of magnetic bearings is analyzed. In
Section 5, the finite element method is used to prove the stiffness of the three types of
magnetic bearings. To show the merits of the proposed magnetic suspension platform, the
driving force performance and torque performance are compared with those of traditional
platforms. Finally, the conclusions are given in Section 6.
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Lorentz force-type magnetic

2. Structure and Working Principle

Figure 1 represents the structure of the novel six-degree-of-freedom magnetic suspen-
sion platform. The magnetic suspension platform in this paper is composed of the stator
and the Lorentz force actuator. The stator includes the novel Halbach magnetic array, yoke,
stator support frame, and signal reflector. The Lorentz force actuator includes four pas-
sive magnetic bearings, eight Lorentz-force-type magnetic bearings, four electromagnetic
suspension bearings, and laser displacement sensors. Eight Lorentz-force-type magnetic
bearings are installed under the moving platen for the x and y directions and horizontal
rotation. Four electromagnetic suspension bearing are installed in the moving platen for
moving in the z direction and z-axis rotation. Four passive magnetic bearings are used as a
gravity compensator. The novel platform’s stator magnetic array consists of a permanent
magnetic and magnetizer. The working principle of the novel platform is provided in
Figure 2. The Lorentz-force-type magnetic bearings’ coils carrying a direct current are
exposed to the magnetic field generated by the stator. Four electromagnetic suspension
bearings’ coils carrying a direct current are also exposed to the magnetic field produced
by the stator. The red arrow is the direction of the driving force that Lorentz-force-type
magnetic bearings can provide, and the blue arrow is the direction of the driving force that
the Lorentz-force-type magnetic bearings can provide. Therefore, the motion state of the
platform is changed by changing the direction of the direct current in the coils.

Lorentz force actuator

pres

bearings

(b) Prototype of the novel platform

(a) Structure of the platform

Figure 1. The structure of the six-DOF magnetic suspension platform.

Lorentz force-type magnetic bearings

= Driving force of x-axis
\

—— Driving force of y-axis
. Driving force of z-axis

electromagnetic Direction of magnetic

suspension bearings v . >/ \< >( >< circuit in Z-axis

Lorentz force-type magnetic bearings

Figure 2. Working principle of the six-DOF magnetic suspension platform.

The structure of the Lorentz force actuator is shown in Figure 3. The Lorentz-force-type
magnetic bearings’ coils are fixed to the coil support frame, which is made of magnetic
isolation material. The electromagnetic suspension bearings’ coil support frame is made of
magnetizer, which can enhance the magnetic field generated by the current. The driving
force and torque of the magnetic bearing are controlled by changing the direct current in
the magnetic bearing windings. For instance, the driving force is outputted by Lorentz-
force-type magnetic bearings 1 and 7 or the same bearing 4 and 11 together. The torque
is outputted by Lorentz-force-type magnetic bearings 1 and 7 or the same bearing 4 and
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(a) Axonometrical drawing of PM array

11. The working principle along the Z-axis is performed by the electromagnetic suspen-
sion bearings. The mapping relationship between the platform motion and the magnetic
bearings of the six-DOF platform is shown in Table 1.

. Driving coils
Displacement sensors

Doil support Doil support

Figure 3. Actuator of the six-DOF magnetic suspension platforms.

Table 1. The relationship between the motion of the platform and magnetic bearing.

Movement of the Platform Driving Force/Torque
Translation in X-axis direction of O-XYZ Lorentz-force-type rf;iirée;lf bearings 1 and 7 or
Translation in Y-axis direction of O-XYZ Lorentz-force-type m; %::1 Ztlsc bearings 5 and 10 or
Translation in Z-axis direction of O-XYZ electromagnetic suspension bearings 3, 6, 9, 12
Rotate around X-axis of O-XYZ electromagnetic suspension bearings 3, 6 and 9, 12
Rotate around Y-axis of O-XYZ electromagnetic suspension bearings 3, 12 and 6, 9

Lorentz force-type magnetic bearings 1 and 7 or 4

Rotate around Z-axis of O-XYZ and 11 or 5 and 10 or 2 and 8

3. Improved Halbach Magnetic Array
3.1. Model of the Magnetic Flux Density

To improve the start/stop acceleration, the magnetic flux density in the airgap needs
to be increased using the Halbach magnetic array. As shown in Figure 4, a novel Halbach
magnetic array is used. Two types of permanent magnets with the same magnetization
direction and different volumes are used in the magnetic array. Large permanent magnets
are linked to each other by magnetic conductors. The model of magnetic flux density in the
airgap is established.

Passive magnetic

bearings
)’erment magnetic

dPhNEEEEEEN

(c) PM array of the stator

(b) Position of the passive magnetic bearing

Magnetic Flux Concentrator

Flux concentrator

i

__. Magnetization direction of

permanent magnetic _— — —_— —

(d)Direction of permanent magnets

Figure 4. Improved Halbach magnetic array.
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To solve the magnetic flux density in the airgap, the air gap is divided into many
=

different areas. In one divided area, the relationship between the magnetomotive force F;
and the magnetic flux ¢ is satisfied follows:

BA
9= Blm (1)
F, = HI,,

where A, is the magnetization direction’s area and /;, is the length of the magnetization
direction. N .
For the permanent magnetic, B and the H can be expressed as follows:

— —
B:]/loH
—

N - ()
B = pourH + poM;

where y, is the relative magnetic permeability, y is the vacuum magnetic permeability,

—
and M, is the residual magnetization of the permanent magnet.
The magnetization direction of the permanent magnet is the X-axis or Y-axis. Then,

N
M, can be expressed as follows:

M, =
Ho

®)

N
For the improved Halbach magnetic array, M, in the cartesian coordinate system can
be expressed as follows:

- - -

My = My + M 4
- - — - -

M2 = My1 + Mo + Myp + Myp

— — —
where M, is the region 1 M, and M, is the region 2 M,.
— — — —

M1, My1, My, and M, are described by the Fourier series.

— a [e]
My = M0 + ¥ appy cos(kwx)

- w ®)
M, = : bt sin(kwx)
n=

— ¢S]
Myp = "2 + Y apyp cos(kwx)
.

o0 =1 (6)
My = Y byuz sin(kwx)
n=1
where
apmor = 72M7T1w1,k1 =Ox,
Ay = %j‘fg {sin[k; (2w; + 3w,)] — sinfk; (2w + wy)] — sinkyw,}
by = a\f—;{coskll — cos[ky (2w1 + 3wy)] — cos[k1 (2w + wy)] + coskyws }
apop = M2, ky = 3
AMp = 22/71;2 {sin[kz(2w; 4 3wq)] — sinfky (2wy + wq)] — sinkpws }

bynn = 275\2/17;2 {coskyl — cos[ka(2wy + 3w1)]| — coslkz (2wy + w1)] + coskyws }
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L1

L

Ls

The magnetic vectors for region 1 and region 2 can be written as follows:

A= %J(Anleky + B,Zlky) cos(kix) + (Cnleky + Dnle’ky> sin(klx)}
n=

Ay = fo{(Anzeky + B3 ) cos(kax) + (Cract? + Dyae ™) sin (k) | v
n=

As the magnetic flux density is continuous anywhere, we can obtain the following formula:
— —
nx | B+ Bz) =0
— —
n X H1+H2>:]XS 8)
— —
B=VxA
—
VxH=]

With Formulas (1)—(8), the flux density in every region can be calculated. The finite
element method is also used to prove the model of the magnetic flux density.

3.2. Size Optimization of the Permanent Magnet

To obtain the maximum magnetic flux density, it is necessary to optimize the size of
the permanent magnetic of the two sides. As shown in Figure 5, four sizes (L;—Ly) need to
be optimized.

L+ ——Magnetization direction

I Small permanent magnetic
. ‘ . T ' . Big permanent magnetic

\ ] Magnetic conductors
Figure 5. Size of the two permanent magnets.

With the software Maxwell2021R1, the relation between magnetic flux density and the
size of the permanent magnet was analyzed. First, L,-L4 are set as constants and the effect
of L on the magnetic flux density in the air gap is analyzed. The 2D model is established
in the Maxwell 2D design. Then, the variation law of the magnetic flux density in the air
gap with L; can be obtained. The variation law is shown as follows.

Figure 6 shows the variation law of magnetic flux density with L,. It can be seen from
the figure that the magnetic flux density in the air gap will increase with the increase in
L,. However, it will decrease as L; increases when L; increases to a certain extent. The
magnetic density uniformity has the same variation pattern with the magnetic flux density.
The optimal length of L; is 8 mm, which is proved by the finite element method.

Figure 7 shows the variation law of magnetic flux density with L,. It can be seen from
the figure that the maximum magnetic flux density in the air gap will not remain essentially
constant with the L, increasing. However, the magnetic density uniformity will decrease
with the increase in L. The optimal length of L, is 4 mm, which is proved by the finite
element method.
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figure that the maximum magnetic flux density in the air gap will not remain essentially
constant with the L3 increasing. However, when L3 is greater than 1/4 of L, the magnetic
density uniformity will be significantly reduced and does not meet the requirements of the

Figure 7. (a—d) Variation law of magnetic flux density with L,.
platform with the magnetic density uniformity.
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Table 2 shows the optimal magnet size for the novel Halbach magnetic array.

Figure 9. (a—d) Variation law of magnetic flux density with L.
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Table 2. Optimal size of permanent magnets.

Size Value (Unite: mm)
Ly 8
L, 4
Ly <Li/4
Ly <L,/4

4. Stiffness of Magnetic Bearing
4.1. Stiffness of Lorentz-Force-Type Magnetic Bearings

A high stiffness is needed for the magnetic suspension platform to reduce the heat in
the windings. Thus, it is necessary to analyze the stiffness of the magnetic bearings in the
novel platform. The stiffness of the magnetic bearing is a function of the magnetic bearing.
Then, the force needs to be solved first. The force of the Lorentz-force-type magnetic
bearing is determined by the coils in it. Figure 10 shows the Lorentz force coil model.

Figure 10. Model of the Lorentz coils.

As shown in Figure 10, L; is the effective length of the coil that can provide the
driving force and torque. L, is the vertical length of the coil, which should be small, and
can reduce the heat. The i-th Lorentz coil is analyzed. When the current is directed in a
right-handed spiral with respect to the x-axis of the i-th coil, the driving force F; will be

expressed as follows:
///]anan ///]anan )
n=24

— —
where B is the magnetic flux density in the i-th Lorentz coil and ], is the volume current
density of the i-th Lorentz coil of the I array of winding. As the coils are symmetrical about
their central plane, Equation (9) will be expressed as follows:

///]n « BdV, (10)

The driving force of the Lorentz-force-type magnetic bearings can be expressed as follows:

For=Y] / / / T den (1)
p= 1m 1n=13"

where g is the number of energized coils and z is the number of coil turns.
The current stiffness of Lorentz-force-type magnetic bearings can be expressed as follows:

n=13

n=13

AL % = fff]anan)

p=1m=1n=

ke = (12)

o1
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where i is the current in the coil of the Lorentz-force-type magnetic bearings.

4.2. Stiffness of Passive Magnetic Bearing

The attractive or repulsive force of permanent magnets is employed in the passive
magnetic bearing. The force can be express as follows:

1

11 11 1 .
Fe T2 Z E Z Z E E (_1)1+J+k+l+p+q¢(uijl Ukt, Wpa, ) (13)
1=0 p=04=0

4710 i3 120 k=0

where | is the magnetizations and ¢ can be expressed as follows:

r
6

It is hard to use Equation (13) to solve the stiffness of the passive magnetic bearing.
Another attractive or repulsive force of permanent magnets can be expressed as follows:

2
R ( B >A,,m (15)

0?2 —w?) In(r — u) + %v(u2 —w?)In(r — v) + uowtan ! % + (U +0* - 20°) (14)

T T 1+alL \ 4865

where Ay, is the permanent magnetic area of the permanent magnet and L is the distance
between the two permanent magnets.
The displacement stiffness of passive magnetic bearings can be expressed as follows:

2
i A (ads) A

4.3. Stiffness of Electromagnetic Suspension Bearings

The model of the electromagnetic suspension bearing can be illustrated by Figure 11.
The current in the coils can be employed to control the force of the vertical and the torque
along the X-axis and Y-axis. It is necessary to establish its stiffness for controlling the
position of the actuator.

1
Coils \l~
i

b
Coils support —_| [
|
|

Stator

Figure 11. Model of electromagnetic suspension bearings.

When the actuator is in the equilibrium position, the current is zero. Thus, the force of
the electromagnetic suspension bearings can be expressed as follows:

2.2
F= oSN (17)
4L — Lo)

where ji is the vacuum permeability, S is the cross-sectional area of the magnetic pole, N is
the number of turns of the coil, 7 is the coil current, and L is the actuator travel distance.
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The displacement stiffness of the electromagnetic suspension bearing can be obtained
by deriving Equation (16) from L. The displacement stiffness can be expressed as follows:

OF SN2
ki = —— = 027 " 18

The current stiffness of the electromagnetic suspension bearing can be obtained by
deriving Equation (16) from i. The displacement stiffness can be expressed as follows:

o OF _ HoSNZi

- =T 19
Thus, the F can also be expressed as follows:
F=kiji+ kL (20)

5. Analysis of the Stiffness

To verify the advantage of the improved Halbach magnetic array and the design
of the platform’s controller, it is necessary to validate the stiffness models of the three
magnetic bearings in this platform. The finite element method is used. The 3D model of
the three types of magnetic bearing is established. With the software Maxwell, the stiffness
of the three types magnetic bearing is compared. The passive magnetic bearing of the two
schemes is shown in Figure 12.

280 B!
T
70

__am

1 Improve about 26.7%
60

_ar
-

50 1 —=— Calculation value of the novel magnetic array

+— Simulation value of the novel magnetic array
4— Calculation value of the normal magnetic array
H v— Simulation value of the normal magnetic array

-
e

o

e !l[
O an’

O oW
¥ on

0
30—-
20—-
10

04

0.5 1.0 1.5 2.0

Figure 12. Stiffness of the two schemes passive magnetic bearings.

It can be seen from Figure 12 that the stiffness of the passive magnetic bearing in the
novel Halbach magnetic array is higher than its in normal Halbach magnetic array. The
difference between the simulated and theoretical values is only 2.6%, which demonstrates
the reliability of the finite element method. The maximum stiffness is about 79 N in the
novel Halbach array, while it is only about 59 N in the normal array. The stiffness decays
exponentially with the increase in displacement, which means the power consumption of
the platform will quickly increase with the distance increasing in the Z-axis.

The displacement stiffness and current stiffness of the electromagnetic suspension
bearings are illustrated by Figure 13. It can be seen from the figure that the stiffness of
electromagnetic suspension bearings in the novel Halbach magnetic array is improved. The
current stiffness is a curve, which is linear in Equation (18). It is because the magnetic field
is enhanced as there is iron around the coil. The displacement stiffness is influenced by the
distance along the Z-axis. So, the platform has a short stroke in the Z-axis.
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Figure 13. Stiffness of the electromagnetic suspension bearings.

Figure 13 represents the stiffness of the Lorentz-force-type magnetic bearings. It can be
seen that the calculation values of the two schemes are a linear. This is because the magnetic
flux density is considered to be a fixed value in the calculation. However, the magnetic
flux density is not uniform. The actuator in different places along the Z-axis, and the
magnetic flux density is not same. The small fluctuate exists in the same height along the
Z-axis. As shown in Figure 14, the stiffness is changed. The stiffness of Lorentz-force-type
magnetic bearings is about 1.8 N/A in the novel Halbach magnetic array, which is 1.2 N/A
in the traditional Halbach magnetic array. The novel magnetic suspension platform has a
low drive power consumption owing to the height current stiffness. The materials of the
permanent magnetic in [33,34] are used in the novel Halbach magnetic array.

—=— Calculation value of the novel magnetic array
+— Simulation value of the novel magnetic array
—— Calculation value of the normal magnetic array

240 7 v— Simulation value of the normal magnetic array
S
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il [
30 s
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1 v kv
v &
20 1
4 x
15
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54
0 - 4 T ¥ T % T T
0 5 10 15 20
I(A)

Figure 14. Stiffness of the Lorentz-force-type magnetic bearings.

6. Conclusions

A novel magnetic suspension platform with three types magnetic bearings is proposed
for mass transfer. The stroke of the platform is 300 mm x 300 mm x 5 mm. The overall
dimension is 600 mm x 600 mm x 45 mm. The improved Halbach magnetic array is
analyzed. The finite element method is used to optimize the size of the permanent magnets.
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The displacement stiffness and current stiffness model of the three magnetic bearings are
established. The displacement stiffness and current stiffness value are compared. The
result shows that the maximum stiffness of the passive magnet is 79 N in the novel Halbach
magnetic array, and is only 59 N in the traditional array; the maximum stiffness of Lorentz-
force-type magnetic bearings is 35.1 N in the novel Halbach magnetic array, and is 25.2 N
in the traditional array; the displacement stiffness and current stiffness of electromagnetic
suspension bearing are 129.8 N and 89.2 N, respectively, in the novel Halbach magnetic
array, while they are 91.0 N and 66.3 N, respectively, in the traditional array. Compared
with the traditional Halbach magnetic array, the novel platform in this paper has a big
stroke and the structure is novel. Compared with the traditional suspension platform, the
suspension power consumption of the novel platform is basically negligible owing to the
use of the passive magnetic bearings.
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