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Abstract This paper introduces a control method using a
ring magnet for the stable levitation of a cylindrical ferro-
magnetic object. The levitation has a strong stability with
anti-disturbance abilities, and weight can be placed on the
floating magnet. The magnetic field created by the ring
magnet provides stabilities in 3 degrees of freedom of the
floating magnet, and a feedback control in the horizon-
tal plane is introduced to the control system. Analytical
calculation and experiments have been done to prove the
feasibility of this control method.

Keywords Magnetic levitation · Ring magnet · Stability ·
Coulombian approach

1 Introduction

Magnetic levitation system is widely used in the areas such
as high-speed motion and precision engineering industry
[1]. The stable magnetic levitation refers that the floating
object is static or is with a controllable rotation motion along
one axis. The antigravity force for the stable levitation is
provided by the base under the floating object. According to
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analytical calculation and experiments, the magnetic fields
created by axially magnetized permanent-magnet rings have
special properties. Along the symmetric axis, the direction
of the magnetic field varies at two particular points. This
interesting property provides stabilities of the suspending
magnet. With a ring magnet, Martin et al. have achieved
spin-stabilized magnetic levitation [2] and Yang et al. have
achieved stable levitation of an iron ball [3].

This paper introduces a control model using a ring mag-
net for the stable levitation of a cylindrical ferromagnetic
object. A stable levitation with a 60-mm air gap has been
achieved, and the floating ferromagnetic object can carry a
2-kg load. This model was invented by Wang and Li [4] and
has been applied for commercial use.

The setup of the levitation device is shown in the Fig. 1.
An axially magnetized permanent-magnet ring whose north
pole is on its upper surface is placed on the base of the setup.
Three hall sensors are used for detecting the instantaneous
coordinates of the floating magnet at three axes. The hori-
zontal position of the floating magnet is controlled by two
groups of coils. The north pole of the floating magnet is also
on the upper surface, which is inconsistent with the common
sense that unlike poles attract each other, not repelling each
other to provide antigravity force for the floating magnet. It
is worth mentioning that the hall component for z axis acts
just for a circuit protection. If the floating magnet is within
the certain controllable area, there is no need to control its
position along z axis.

Coulombian approach [5] is used to analyze the magnetic
field created by the ring magnet and the force and torque
acting on the floating magnet. The stability in 3 degrees
of freedom is proved theoretically and experimentally. The
experiments are based on a prototype of Li’s early research.
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Fig. 1 a The floating magnet can carry load. b The setup for magnetic
levitation: 1 ring magnet, 2 x axis control coils, 3 hall components, 4 y
axis control coils, and 5 floating magnet

2 The Magnetic Field Created by an Axially
Magnetized Permanent-Magnet Ring

Intuitively speaking, the magnetic field lines proceed from
the north pole of a permanent magnet to the south pole. For
an axially magnetized permanent-magnet ring, the magnetic
field lines have two ways to travel. One is through the exter-
nal space surrounding the magnetic ring, while the other
way is through the internal space of the ring. Along the axis
of symmetry, two points at which the magnetic field varies
its direction exist.

2.1 Geometry and Notation

The magnetic field created by an axially magnetized
permanent-magnet ring can be calculated analytically using
the Coulombian model [5]. The z axis is the axis of symme-
try of the ring magnet. Its inner radius is rin; its outer radius
is rout; its height is h; its magnetic polarization is axial, and
the north pole is on its upper face with a surface magnetic
pole density σ ∗. The magnetic field is expressed in three
magnetic field components along the three defined axes:

Hθ (r, z), Hr (r, z), and Hz (r, z). The geometry, coordinate
system, and some related notation appear in Fig. 2.

2.2 Analytical Calculation

The Azimuthal Component The azimuthal component
Hθ (r, z) equals 0 on account of the cylindrical symmetry
[6].

Hθ (r, z) = 0 (1)

The Radial Component The expression of the radial com-
ponent Hr (r, z) presented here is established by Wang
et al. [7]. The magnet’s analytical expression was built
using scalar magnetic potential method, generalized bino-
mial theorem, and vector superposition theorem (Fig. 3). An
auxiliary function is established first.
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Fig. 2 The geometry: its inner radius is rin; its outer radius is rout; its
height is h; its magnetic polarization is axial, and the north pole is on
its upper face with a surface magnetic pole density σ ∗
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Fig. 3 The magnetic field created by a magnetic ring with
rin = 30 mm, rout = 50 mm, h = 10 mm, and σ ∗ = 1 T

The axial component We present here the axial component
Hz (r, z) which is established by Babic and Akyel [8].
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where r1 = rin and r2 = rout with
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�(h, k) is the complete elliptic integral of the third kind.
The axial component HBabic

z (r, z) is expressed as follows:

HBabic
z (r, z) = Hh

z − H 0
z (10)

3 The Stability of 3 Degrees of Freedom

The stability exists in 3 degrees of freedom. They are the
movement along z axis and the rotation along x axis and y
axis. Figure 4 shows the contour plot of the magnetic field
created by the ring magnet in the upper half plane x–z. The

radial component H
Wang
r (r, z) is plotted in panel a, and the

positive value indicates the direction of H
Wang
r is toward

right. The axial component HBabic
z (r, z) is plotted in panel

b, and the positive value indicates the direction of HBabic
z

is upward. The black line in the figure indicates the place
where the value of H

Wang
r or HBabic

z is 0.
Generally speaking, it is not necessary to establish a feed-

back control in those 3 degrees of freedom. This provides
satisfactory properties for the levitation. The floating mag-
net is able to find its balance within a particular range along
z axis, and the height of the air gap can change during levi-
tation (when some weight is placed on or taken away from
the floating magnet).

3.1 The Stability Along z Axis

Using the Coulombian model, the floating permanent mag-
net is represented by two circular planes with magnetic pole
surface densities +σ ∗

c and −σ ∗
c . Taking our prototype SIM-

12 as an example, the floating cylindrical magnet has a
diameter dc = 40 mm and a pole surface density σ ∗

c = 0.92
and its height hc = 5 mm. The dimension of the ring magnet
on the base is the same as it is in section B with σ ∗ = 0.29.
Note that the south pole of the floating magnet is facing the
north pole of the ring magnet. In other words, unlike poles
repel each other in this case.

Consider a single plane of the floating magnet, the mag-
netic force Fp acts on it is determined by the magnetic field
in the environment.

Fp =
∫

s

Hσ ∗ds (11)

Because of the symmetry, supposing that Hp is the z coor-
dinate of the plane, Fp can be expressed as

Fp = 2πσ ∗
∫ rc

0
Hz

(
r, Hp

)
rdr (12)

Thus, the force put on the floating magnet along z axis is
presented as follows.

F = 2πσc∗
(∫ rc

0
Hz (r, h + H + hc)

rdr − Hz (r, h + H) rdr

)

(13)

According to Fig. 4, in a small region above the zero
line, HBabic

z is upward and increases with z coordinate. So,
the lift force on the upper surface will be greater than the
attractive force on the lower surface. In the region under
the zero line, HBabic

z changes into downward and its abso-
lute value still increases with the decline of z coordinate.
Thus, the lift force on the upper surface varies into attrac-
tion force and will be smaller than the lift force on the lower
surface. Assuming that the size of the floating magnetic
pallet remains unchanged, there is a corresponding relation
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Fig. 4 a The contour plot of
H

Wang
r (r, z) in the upper half

vertical plane x–z. b The contour
plot of HBabic

z (r, z) in the upper
half vertical plane x–z

between the height of air gap and the value of antigrav-
ity force provided by the ring magnet, which was shown in
Fig. 5. When the weight of the floating object changes (e.g.,
when a wooden block is placed on the floating magnet), the
floating object will find its balance at a new position. If the
floating magnetic pallet jumps up because of some distur-
bance, the direction of the resultant force acts on the magnet
may be downward. This property significantly reduces the
overshoot of the balance along z axis. According to our
experiment, the prototype SIM-12 can achieve stable levita-
tion in a range of air gap from 7 to 26 mm. The max air gap
we have reached is about 80 mm.

3.2 The Stability of the Rotation Along x Axis and y Axis

Consider the magnetic pallet suspending with an air gap of
H = 24 mm and leaning at a very small angle tgθ = 0.1. The
magnet field distribution on its surface is shown in Fig. 6.
The magnetic pole surface density of the upper surface is
positive, while on the lower surface, it is negative. Thus,

the area between the red line and the blue line refers to the
antigravity force provided by the magnetic field created by
the ring magnet.

Fig. 5 The corresponding relations between the height of air gap and
the value of antigravity force provided by the ring magnet
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Fig. 6 a HBabic
z distribution on the surface of the floating magnetic

pallet. b H
Wang
r distribution on the surface of the floating magnetic

pallet

For the vertical component, the right part of the floating
magnet upturn reduces the antigravity force at the right side
and a sight enlargement of the antigravity force at its left
side. If the size of the floating magnet becomes larger, there
is the possibility that the repelling force between the ring
magnet and the floating magnet on its right edge changes
into attractive force. Considering the horizontal magnetic
field, which is shown in Fig. 6b, the positive value means
the direction of H

Wang
r is pointing rightward. For the hori-

zontal forces acting on the surface of the floating magnet,
comparing to the upper surface, the lower surface occupies
the dominant position. Because the magnetic pole surface
density on the lower surface is negative, the direction of
the force acts on the floating magnet is opposite against the
direction of the magnetic field. The direction of the force
acting on the left part of the floating magnet is pointing
leftward and it is pointing rightward on the right side of
the magnet. Thus, a torque is formed by HBabic

z and H
Wang
r

when the floating magnet is prone to overturn.
The ring magnet provides the stabilities for 3 degrees of

freedom. So, if we are able to lock the floating magnet at

the central position in the horizontal plane with a control
system, the magnet will be able to obtain a stable levitation.

4 The Feedback Control in the Horizontal Plane

The movement of the floating magnet along x axis and y
axis in the horizontal plane are controlled by the feedback
system. Two groups of coils are used to trap the floating
magnet at the center of the magnetic field created by the
ring magnet. Feedback control is implemented along the
two dimensions separately. Hall components which are able
to detect the magnetic field created by the floating magnet
and transfer it into voltage signals play the role of sensors. In
order to eliminate the effect of the magnetic field created by
the ring magnet and coils, the two coils are placed symmet-
rically along one axis and the hall component is located at
the center of the ring magnet and two coils, which is shown
in Fig. 7. Currents with the same intensity but reversed
direction are added into each coil so that the magnetic field
created by them make a cancelation at the center.

Under the circumstance of the stable levitation, a refe-
rence voltage is selected. The results of experiments show
that, within a small range, a linear relationship is held
between the difference from the input voltage of the hall
component to the reference voltage and the deviation of the

Fig. 7 a Through adjustment, the effects of control magnetic field on
hall components are eliminated to minimum. b A simplified model of
feedback control along one axis in the horizontal plane
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floating magnet from the balance point, where the differ-
ence value is zero. Thus, a simple negative feedback can
achieve the stable control. Besides, because of errors and
interference, some special mechanisms are introduced such
as floating reference voltage.

5 Conclusion

It is shown that the levitation of the cylindrical ferromag-
netic object is stable. It has an anti-overturn ability and an
anti-disturbance ability. The requirements needed for the
levitation is not harsh at all, and the device can be even put
on a leaning platform. For the floating object, the move-
ment along z axis and the rotation along x axis and y axis
are constrained by the magnetic field distributed by the ring
magnet. The movements of the 2 degrees of freedom on
the horizontal plane are feedback-controlled. The rotation
along z axis is set free. We have already applied this control
method in commerce. The result is also helpful to develop
new kinds of levitation systems for industries.
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