Passive diamagnetic contactless suspension rotor with electrostatic glass motor
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In this work, we introduce a newly developed passive and frictionless diamagnetic contactless suspension rotor with electrostatic glass motor.
A 20 mm diameter disc-shaped rotor comprised of pyrolytic graphite with glass is fabricated. The rotor is diamagnetically and passively
levitated by an array of Nd—Fe—B magnets at room temperature without any energy supply. To realise the rotating function, a 700 V high
voltage electrostatic glass motor is designed and arranged in the levitation air gap between the rotor and the magnets. To install the stator
in this narrow air gap, we fabricated the stator using a flexible printed circuit with 100 um thickness. The newly developed system is more
compact, stable and of high performance. The maximum speed has been improved doubly to 300 rpm in atmosphere. We intend to draw

attention to this uncommon levitation and to show that it could be used for micro-mechatronic system.

1. Introduction: Magnetic bearing technologies have been
increasingly applied in compressors, pumps, and many other
high-speed rotating types of machinery owing to the contactless,
non-lubrication and high-efficiency merits. For the conventional
magnetic bearing system, the frictionless levitation is often
achieved by means of feedback controlled electromagnetics
[active magnetic bearing, (AMB)], but the disadvantage for AMB
is that the realisation micro size is challenging. Since the air gap
between stator and rotor is relatively large compared to the rotor
with scale downsizing and coils have to be placed relatively far
from the rotor, leakage flux will become huge for micro active
magnetic bearings [1]. Therefore, other levitation forms such as
electrostatic levitation, acoustic levitation, and passive magnet
levitation are employed for micro system.

Passive magnetic levitation could overcome the scale downsizing
and complexity difficulty. Compared with other passive magnetic
levitation principles, the diamagnetic levitation is the only one
which could realise completely passive and static stable levitation
at room temperature since diamagnetic materials are repelled by a
magnetic field [2, 3]. More importantly, diamagnetic levitation
can stably operate without external energy input with significant
advantages for the energetic efficiency improvement [4]. The short-
coming of the diamagnetic levitation is the weakness of the dia-
magnetic effect which hinders the development and application of
this technology. However, in recent years, with the development
of strong magnetic field equipment and micro technology, increas-
ing publications on diamagnetic levitation research focusing on
different fields are appearing.

Normally there are two distinct systems using diamagnetic levi-
tation forms: (i) the magnets are levitated by diamagnetic materials;
(ii) the diamagnetic material is levitated by magnets or magnetic
field. Both of them are potentially useful and many works have
been reported. Berry and Geim diamagnetically levitated a live
frog under a 16 T strong magnetic field using the weak repulsive
forces operating between magnets and diamagnetic properties of
living tissue [5, 6]. Su et al. calculated and verified the nonlinearity
characteristics of a diamagnetic levitation structure [7]. Rikken
et al. reported the exploration of diamagnetic repulsion forces
for the selective manipulation of micro particles inside micro-
fluidic devices [8]. Billot ef al. presented an estimation and a
passive compensation strategy for nanoforce sensor based on dia-
magnetic levitation [9]. Gao et al. presented a bistable vibration
energy harvester using diamagnetic levitation principle [10].
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Palagummi and Yuan reported a horizontal diamagnetic levitation
mechanism for low-frequency vibration energy harvesting [11].
Pelrine et al. firstly suggested diamagnetically levitated micro
robots and reported the levitation of micro-robots with unusual
motion properties [12, 13]. Hsu et al. proposed the application of
micro-robots for building carbon fibre trusses using diamagnetic
micro-manipulation [14].

In the rotating types of machinery field, Cansiz diamagnetically
levitated a disk-shaped Nd-Fe-B permanent magnet rotor with
the arrangement of ferrite magnet and bismuth blocks and the
rotor was accelerated by a cold gaseous nitrogen jet [15].
Su et al. diamagnetically levitated a highly oriented pyrolytic
graphite rotor and accelerated by gas to a maximum rate of
500 rpm [16]. The above references focus on the diamagnetic
bearing properties and the rotor is powered by the gas. For the
‘active’ rotation realisation, Moser and Bleuler proposed a
concept to combine the diamagnetic levitation and electrostatic
glass motor together to fulfil the rotation function [17]. Liu et al.
levitated a gear-shaped pyrolytic graphite rotor and adopted a
three-phase axial variable-capacitance motor to drive the rotor.
Also a maximum speed over 10 rpm in the atmosphere was
observed [18].

Increasing the maximum speed will improve the system power
density and performance. However, at present, for the diamagnetic
rotor system with micro shape and light mass, the active rotation
maximum speed reported is still low. Our previous work [19]
firstly realises a rotating diamagnetically levitating rotor system
driven by electrostatic field and promoted the maximum speed to
140 rpm, which have also been times faster than [18]. However,
the driven stator of electrostatic glass motor is arranged on the top
of the rotor disc, which introduces potential instability when the air
gap between rotor and stator is too small or driven voltage is too high.

In this Letter, we report our latest developments on diamagnetic
levitation bearing rotor, which solves the previous problem.
The newly developed demo is more compact, stable and high per-
formance and a maximum speed of 300 rpm has been observed in
the atmosphere.

2. Principles: For the diamagnetic material with magnetisation M,

the elementary diamagnetic force on the unit volume under the
magnetic flux density B is calculated as

S =My-V(B) (M
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The magnetic flux density B and the magnetic field A are linked by
following relation:

B
H=—-M,, ?2)
Mo

where u, is the magnetic permeability of vacuum. The induced
magnetisation M, is related to the magnetic flux density B by the
equation

Md = XmHa (3)

where x, is the magnetic susceptibility. For the diamagnetic
materials, as the y,, is very small, given (2) and (3), we can
express M, as a function of B

Xom Xin
M= 2Xm __ p~Xmp 4
T (Tt xm)se Mo @

Therefore, the expression of the diamagnetic force per unit volume
in the function of the magnetic flux density becomes

r="mp ). )
)

The total magnetic force acting on the diamagnetic body can be
obtained by integrating the unit force on the entire volume

F:X—mj V(BY)dV. (6)
2py )y

For a diamagnetic material with negative magnetic susceptibility
Xm> When it is immersed to an external magnetic field, due to the
main contribution of orbital magnetisation, the diamagnetic mater-
ial creates an opposite magnetic field and the reaction force from (6)
will push the diamagnetic body out of the field. Therefore, dia-
magnetic materials such as bismuth or graphite could be stably
levitated when the potential surfaces of the magnetic field are
concave (cup-like). Table 1 lists the magnetic susceptibility of
some diamagnetic materials.

The electrostatic glass motor operation principle is shown in
Fig. 1. For a dielectric material such as glass with low conductivity,
when it is immerged to an electric field, due to the ion migration,
induction charges are generated on the dielectric material surface.
However, because of the low conductivity, the charges on the
glass surface lag behind the stator excitation, which results in a
tangential electric field that drives the glass to rotate [20].

Table 1 Magnetic susceptibility of some diamagnetic materials

Material X (107°)

water -9.0

bismuth —-160

pyrolytic graphite L —450

pyrolytic graphite || -85

superconductor -10°

rotor motion —» FoiE (s
gap RN LAAL —

excitation

electrodes

stator

Fig. 1 Principle of the electrostatic glass motor
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3. Device fabrication: Fig. 2 shows this novel diamagnetic rotor
bearing. The planar rotor disc is stably levitated by an array of
Nd-Fe-B magnets with a 500 um air gap and powered by electro-
static glass motor.

The disc-shaped (¥ 20 mm) diamagnetic rotor is comprised of
pyrolytic graphite and D263-T type borosilicate glass, which are
glued concentrically. The diamagnetic levitation is provided by
pyrolytic graphite disc and the glass is responsive for rotation.
The thickness for the pyrolytic graphite and borosilicate glass is
500 and 120 um, respectively. Fig. 3a shows the diamagnetic
rotor employed in this Letter and Fig. 3b indicates its structure.
Table 2 lists the property of D263-T type glass.

For the array of permanent magnets, a concentric ring-shaped
magnet (#30 x #16 x 7mm) encircling a cylinder magnet
(#16 x Tmm) with opposite axial magnetisation pattern is
adopted in this Letter, which is shown in Fig. 4a.

The magnetic field provided by the array of permanent magnets
can be evaluated by the sum of two magnets. Here, the method
provided in [21] is employed to calculate the magnetic flux
density. For the axially polarised ring-shaped magnet, the volume
current density J,, = V x M is zero due to the polarised magnetisa-
tion M and the surface current density is j,, = M x 1. Therefore,
the vector potential A can be written as

A = in(¥) 4o %)

TAmfx—x|

a b
Fig. 2 Diamagnetic rotor bearing with electrostatic glass motor

a Side view
b Perspective view

pyrolytic graphite

a b

Fig. 3 Diamagnetic rotor, comprised of pyrolytic graphite and D263-T type
borosilicate glass

a Diamagnetic rotor

b Structure

Table 2 Property of D 263-T

Name Values
density 2.51 glem®
Young’s modulus 72.9 kN/mm?®
Poisson’s ratio 0.208
dielectric constant 6.7 (1 MHz)
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10 mm

Fig. 4 Array of magnets and the magnetic potential
a Array of Nd-Fe-B
b Magnetic potential (B?) for magnets arrangement

Fig. 5 Electrostatic motor stator structure

Since the A(x) has no z-component, it can be written in terms of
cylindrical coordinates by computing the projections

A,(x) = A() - 7, ®)
Ay(x0) = AX) - . ©)

The magnetic flux density B and vector potential A are linked by
following relation

B=VxA. (10)

Therefore, the axial field component is obtained

1/ 9
B.(v) = (5 (rA¢(x)) - %Ar(x)). (11)

Similarly, we can get the axial field component for the encircled
cylinder magnet B, (x). So, the total axial field component is
calculated as

B..(x) = B,(x) + B.,(x). (12)

The magnetic potential surface of the magnetic field array in the
axial direction is evaluated with the M parameters 14 x 10° A/m
for the ring magnet and 11 x 10° A/m for the encircled cylinder
magnet. Fig. 4b shows the axial 3D view of magnetic potential
(B at 600 um above the magnets calculated from the above
derivation. It can be seen that the axial magnetic potential surfaces
of the magnetic field are concave (cup-like), which lead to the stably
diamagnetic levitation.

The electrostatic glass motor system includes signal generator,
high voltage amplifiers and electrostatic stator. Since the air gap
between the rotor and the magnets is limited in 500 um (Fig. 2),
it is practically impossible to use industry standard printed
circuit board (PCB) (1.0-1.6 mm thickness) to be located in it.
Therefore, we fabricated the stator using a flexible PCB with
100 um thickness, which is shown in Fig. 5. The stator possesses
16 poles (48 electrodes) and a 280 um gap between two electrodes.
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Oscilloscope

Fig. 6 Experimental system

4. Experiment and discussion: Fig. 6 presents the whole test
rig, which include power supply, high voltage amplifier, signal
generator, speed sensor, rotor bearing, and oscilloscope. The
power supply proved 12V voltage to high voltage amplifiers
module and signal generator provide excitation signal to high
voltage amplifiers module. For the high voltage amplifier module,
THV 12-500P and THV 12-500N high voltage power supplies
components from Tracopower, and PA97 high voltage amplifier
components from Apex are adopted. The maximum output
voltage is set from —350 to 350 V. For the signal generator
module, the DSP28335 microcontroller is adopted and the sampling
frequency is set 100 kHz.

The step three-phase excitation strategy is employed in the
experiment. Before the run-up, a certain amount of net charges
on the glass surface was built up under a static field around 10 s
charging time using constant voltages (=350V, 0V, +350 V).
After this charging period, the voltages of the three electrodes
are changed and accelerated periodically in a step strategy. The
speed is increased by 0.75 r/min/s from 0 to 200 rpm and by
0.25 r/min/s from 200 to 300 rpm. Maximum rotation speeds of
300 rpm have been observed and the rotor will fall out of step
when losses is too high.

The diamagnetic levitation and electrostatic driven system
possess energetic efficiency and micro structure merits, which
have potential promising application for the micro-mechatronic
system. In this work, the system maximum speed is also limited
by the torque and air resistance, which may be improved con-
tinuously by the driven system parameters optimisation.
Furthermore, the rotor and magnets size can be minimised to
make it more compact and small. Our future studies are directed
to improve the performance by optimising the parameters to make
it operate in higher speed.
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