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ABSTRACT

This paper discusses an indirect suspension of
magnetic target through an actively controlled per-
manent magnet. This proposed system consists of
an electromagnet, a permanent magnet and a tar-
get mainly. The dynamics of levitated bodies are
restricted in one dimension, and the target is suffi-
ciently away from the electromagnet. The target is
suspended by a proportional-derivative control with
respect to the position and the velocity of the per-
manent magnet. The aim is to model the dynamics
of levitated bodies by magnetic charges. The behav-
iors of levitated bodies near the reference positions
are studied numerically and experimentally. As a
result, it is shown that the behaviors of levitated
bodies near the reference positions can be described
by the proposed model.

I INTRODUCTION

Recently, the controllable manipulation of single
atoms or molecules has attracted much attention as
a bottom-up nanotechnology. There exists a method
for the manipulation of nano-meter or micro-meter
sized target like single atoms or molecules by the me-
chanical interaction between a target and a tip of a
cantilever shown in Fig. 11 2 3). The possibility of
noncontact suspension and manipulation by a tip of
an oscillated cantilever was discussed numerically(¥.
Here, it is important to prepare an experimental sys-
tem for establishing dynamics and control methods.
However, the preparation of experimental system is
difficult because the target is very small. Then, we
discuss a macro-suspension system which is analo-
gous to a nano- or micro-suspension system with a
cantilever in its dynamics.

A magnetic force can be utilized as an interac-
tion in a macro-suspension system. For the last few
decades, the magnetic suspension systems have been
studied by many researchers® ©) | and the possibility
of ultra fine motion control in nano meter order was
confirmed(”> & 9 A magnetic suspension system for
micromanipulation was also discussed'?). Thereby,
we propose an indirect suspension system, which has
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FIGURE 1: Schematic diagram of cantilever probe
and target.

an analogy with noncontact suspension system with
a cantilever. This system consists of an electromag-
net, a permanent magnet, and a target, mainly. The
dynamics are restricted in one dimension. Moreover,
it is assumed that the interaction between the elec-
tromagnet and the target is relatively small, when
the target is sufficiently away from the electromag-
net. This assumption is significant because the tar-
get is suspended by the interaction between the tar-
get and the actively controlled cantilever probe tip
in the nano- or micro-suspension system with a can-
tilever. Under these settings, the dynamics of indi-
rect suspension system correspond to that of nano-
or micro-suspension system with a cantilever. The
electromagnet corresponds to the part for driving a
cantilever, the permanent magnet to the tip of the
cantilever.

The organization of this paper is as follows. In
the section II, an electromagnet, a permanent mag-
net, and a target are modeled by magnetic charges.
In the section III, it is confirmed in a system for sus-
pending a permanent magnet by an electromagnet
that the dynamics of levitated body are described
by a magnetic charge model. In the section IV,
the equations of motions of levitated bodies and the
control method are depicted by a magnetic charge
model. The behaviors of levitated bodies are stud-
ied numerically and experimentally. As a result, it is
confirmed that the behaviors of levitated bodies near

—182—



My = Pol
my
PM z
-my
Target 2, M
Z

FIGURE 2: Magnetic charge model for indirect
suspension system.

the reference positions are described by the magnetic
charge model. Conclusion is shown in the section V.

IT MAGNETIC CHARGE MODEL

Figure 2 shows the configuration of an electro-
magnet(EM), a permanent magnet(PM) and a tar-
get in an indirect suspension system. The magnetic
poles of the EM, the PM and the target are modeled
by magnetic charges. For the EM, three magnetic
charges are set on the surfaces of the magnetic core
respectively because the shape of the magnetic core
is E character. However, it is difficult to estimate
the each effect of three magnetic charges. Then, a
magnetic charge mq, is set on the surface of the mag-
netic core in z-axis as shown in Fig. 2. As the mag-
netic charge m1, is proportional to the density of the
magnetic flux, my, is proportional to the current I
flowing along the EM. Assuming that my, is also
proportional to the current I, my,=pol. Here, pg is
a proportional coefficient.

For the PM, two magnetic charges m4 and —my
are set on the surface of the PM as shown in Fig. 2.
In this paper, the target is also a permanent magnet.
Additionally, the magnetic charges ms and —ms are
set on the surface of the target.

IIT VERIFICATION OF MAG-
NETIC CHARGE MODEL

In this section, a magnetic charge model is con-
firmed in a system for suspending a PM by an EM.
A Equation of Motion and Control Method

In a system for suspending a PM by an EM, the
interaction between mi, and —my is not considered.

TABLE 1: Parameters.

Physical Quantity Symbol
Acceleration of gravity g
Permeability under vacuum 1o
Mass of PM M,
Mass of target Mo
Radius of PM 71
Radius of target 9
Current flowing along EM I
Magnetic point charge for EM pol
Magnetic point charge for PM  my, —my
Magnetic point charge for target ms, —ms

The dynamics of the PM are depicted by

mM4Po 1

Mz = Myg + 3 (1)

dmpg (21 — 1)
where the position of mq, is set at the origin, and z;
at the barycentric position of the PM. The parame-
ters of Eq.(1) are given in Table 1 . The first term
on the right-hand side is due to the gravity force,
and the second to the interaction force between the
EM and the PM.

The PM is suspended by proportional-derivative
(PD) control with respect to the position and the
velocity of the PM. Then, the control output I is set
as

I=1Iy+1I=Io+ Ki(z1 — Z10) + Ka21, (2)

where I is the current at an equilibrium state, and
the variable with upper suffix e depicts the deflection
from the reference value. Furthermore, Zlo is the
reference position for the PM in control.

B Behavior near Reference Position

The PM in the suspension system is a magnetic
ball with radius 5 mm. In the numerical simulation,
it is absolutely imperative to estimate the propor-
tional coefficient pg and the magnetic charge my.
For the estimation of py and my4, the each mag-
netic flux distribution generated by the EM and the
PM is measured. As results, pg=3.20 x 107> Wb/A,
m4=—6.72 x 1075 Wb. By Eq.(1), an equilibrium
position z1q is derived with respect to the current I
at an equilibrium state. However, z1¢ is unstable be-
cause one of two eigenvalues of the system equation
has a positive real part in the system linearized at
z10- Then, the control gains K; and K> are given
to stabilize z19 by Egs.(1) and (2). Here, the refer-
ence position 210 is determined for z1g. As an exam-
ple, the control gains K1=125A/m, Ko=3 As/m are
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FIGURE 3: Behavior of PM.
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FIGURE 4: Schematic diagram of experimental
system for suspending PM.

given with respect to the reference values Ip=0.30 A,
Z19=17.61mm. The behavior of the PM is simulated
by Egs.(1) and (2). The numerical result is shown
by the dotted line in Fig. 3.

Figure 4 shows the experimental system for the
suspension of PM. The position of the PM is de-
tected by a transmission-type laser position sensor,
and the detected position is input to the controller.
The control output I amplified appropriately is ap-
plied to the EM. As a result, a noncontact suspension
of PM is achieved. The experimental result is shown
by the solid line in Fig. 3. Here, the reference val-
ues and the control gains are same as those in the
numerical simulation.

In the range of ¢ < 0.1s, the PM moves to the
equilibrium position, and is finally suspended at
2z1=17.62mm in the experiment. In the numerical
simulation, at z1=17.61 mm. The position deflection
between the experiment and the numerical simula-
tion is 10 pm. This is because the detection error of
the laser position sensor is +30 pum.

In the range of t > 0.1s, the variation is observed
in the experiment, and the amount is 10 um. On
the other hand, the variation is not found in the

numerical simulation, because the variation in the
experiment is caused by the detection error of the
laser position sensor.

The difference between the experimental result
and the numerical result is attributed to the detec-
tion accuracy of the laser position sensor. Therefore,
the numerical result coincides with the experimen-
tal result qualitatively. That is, the behavior of the
PM near the reference position can be described by

Eq.(1).

C Dependence of Equilibrium Position on
Reference Position

The equilibrium positions Z1¢ are derived by Eqgs.
(1) and (2) as follows:

Zl() =T — AK1

. (3)
+\(AK)? = 24(1y — K1 Zag + Kar),

where A=(poma)/(8muoMig). Z5, and Ziy (Z5, <
Z3,) denote the equilibrium positions of Eq.(3) re-
spectively. Here, the upper suffix s implies a stable
equilibrium position, and the upper suffix u an un-
stable one. Z37, and Z}, depend on the reference po-
sition Z1o. Then, the position of the PM is detected
with respect to the reference position Z1g under the
settings [p=0.30 A and K;=125A/m. The exper-
imental result is represented by the symbol ‘X’ in
Fig. 5. Moreover, the solid line in Fig. 5 represents
the stable equilibrium position Z5, of Eq.(3). As
can be seen in Fig. 5, Z§ coincides with the exper-
imental result qualitatively. Therefore, the depen-
dence of equilibrium position on the reference po-
sition can be described by Eq.(3) in the range of
16 mm < 210 < 19mm. The possibility is confirmed
at another control gain.

D Dependence of Equilibrium Position on
Control Gain

Z3 and Zj; depend on the control gain K; as can
be seen in Eq.(3). Then, the position of the PM is
detected with respect to the control gain K3 under
the settings Ip=0.30 A and Z10=17.35mm. The ex-
perimental result is represented by the symbol ‘x’
in Fig. 6. Zj, and Zj, are respectively shown by
the solid line and the dotted line in Fig. 6. In
the experiment, the PM is able to be suspended
at any control gain K; in the range of 33A/m
< K; < 150 A/m. Moreover, the PM moves toward
the EM as K; becomes small. The change in the
range of K7 > 60 A/m is much smaller than that in
the range of K7 < 60A/m. The stable equilibrium
position Zj, shown in Fig. 6 represents the charac-
teristics similar to the experiment.
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FIGURE T7: Equilibrium positions Zj, and Zj
with respect to K7 at Z10=18.1 mm.

Additionally, the position of the PM is detected
under the settings 1p=0.30 A and Z10=18.1mm. The
symbol ‘x’ in Fig. 7 shows the experimental result.
The solid line and the dotted line show Zj;, and Zjj,.
In the experiment, the PM is not able to be sus-
pended with respect to any control gain K; in the

range of 31A/m < K; < 67A/m. In the range
of K1 > 67A/m, the PM gets away from the EM
as Ky becomes small. On the other hand, the PM
approaches the EM in the range of K1 < 31 A/m.
Z3, in Fig. 7 also represents the characteristics sim-
ilar to the experiment. Therefore, the theoretical
results obtained by Eq.(3) coincide with the exper-
imental results qualitatively. That is, the depen-
dence of equilibrium position on the control gain K3
can be described by Eq.(3) in the range of 30 A/m
< K; <150A/m.

IV INDIRECT SUSPENSION OF
MAGNETIC TARGET
A Equations of Motions
In the indirect suspension system, the interaction
between m1, and —my is not considered. So is the
interaction between mq, and —ms. The dynamics of
levitated bodies are depicted by

Mz = Mg+ F1 — fi1 — fa— f3— [a, )
MoZy = Mag + Fo + f1+ fo+ f3 + fa,

I
F = mypo -,
drpo (21 — 1)
ms I
Fy = Po —
dmpo (22 — 12)
= mams 1
YT dmpg (22— — 21 +11)2 5)
f o maqames 1
2 Arpg (29 + 12 — 21 +11)2’
mams 1
f3 = - PRI
drpg (22 — 190 — 21 — 11)
mames 1
f4 = 2
drpo (22 + 19 — 21 —11)

where the position of my, is set at the origin, z;
and z9 at the barycentric positions of the PM and
the target, respectively. The parameters of Egs.(4)
and (5) are given in Table 1. Moreover, F} denotes
the interaction between the EM and the PM, and F»
between the EM and the target. f; (i=1,2,3,4) de-
notes an interaction between the PM and the target.

B Control Method

In the indirect suspension system, the target is suf-
ficiently away from the EM. The target is suspended
only by the PM because the interaction between the
EM and the target can be neglected. As the mag-
netic force of the PM is constant, the distance be-
tween the PM and the target is kept constant at an
equilibrium state. Therefore, the target can be sus-
pended by changing the reference position for the
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TABLE 2: Reference values.
| IQ /A ZlO /mm ZQO /mm

o | 0.40 17.41 35.89
B | 0.40 17.41 36.37
v | 0.40 17.44 35.80

TABLE 3: Control gains.
| Ki/A/m K;/A/m Ks/As/m K;/As/m

o 70.0 6.50 0.13 -2.5
Ié) 48.2 4.83 0.13 -2.2
0 53.0 5.30 0.13 -3.3

PM in control according to the change of the dis-
tance between the PM and the target. The control
output I is set as

I=1y+1I°,
=Io+ Ki(2] — 2%) + K421, (6)
25 = KQ(Z§ — Zf) + Kg(ig — 21),

where the variables with upper suffix ¢ depict the
deflections from the reference values respectively.
Moreover, z* is the controlled value with respect to
the distance between the PM and the target. 210
and 220 are the reference positions for the PM and
the target in the control.

C Numerical Simulation

The PM in the indirect suspension system is a
magnetic ball with radius 5 mm, and the target is
one with radius 4 mm. In the numerical simulation,
it is absolutely imperative to estimate the magnetic
charge ms. The magnetic flux distribution gener-
ated by the target is measured for the estimation.
As a result, ms=—3.47 x 10" Wb. By Egs.(4) and
(5), the each equilibrium position z19 and 2z is de-
rived with respect to the current Iy at an equilibrium
state. However, z19 and 2o are unstable because two
of four eigenvalues of the system equation have the
positive real parts in the indirect suspension system
linearized at z19 and z99. Then, the control gains
K1, K3, K3 and K4 are given to stabilize z1¢9 and
z90. Here, 210 and 220 are determined for z19 and
z20- The dotted lines in Figs. 8 and 9 represent the
behaviors of levitated bodies and the control output
I, respectively. The reference values and the con-
trol gains in the numerical simulation are shown by
« in Tables 2 and 3. Moreover, the control output
I is applied to the EM at 0s. As can be seen in
Figs. 8 and 9, the PM approaches the target first,
and then the target is levitated. Finally, the PM is
suspended at the reference position for the PM in
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FIGURE 8: Behaviors of levitated bodies.
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FIGURE 9: Control output I.

control, and the target at the reference position for
the target. The control output I converges to the
reference current Ij.

By these results, it is confirmed numerically that
the target is suspended at the reference position for
the target through the actively controlled PM.

D Experiment

Figures 10 and 11 show the indirect suspension
system and a diagram of a controller, respectively.
In this experimental system, the positions of levi-
tated bodies are detected by transmission-type laser
position sensors. The detected positions are utilized
as the inputs of the controller. The control output
I amplified appropriately is applied to the EM, and
the PM is controlled actively by the EM. As a result,
the indirect suspension of target is achieved through
the actively controlled PM. The photograph of the
achieved indirect suspension is shown in Fig. 12.

The experimental results are represented by the
solid lines in Figs. 8 and 9. Here, the reference values
and the control gains are shown by ( of Tables 2 and
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FIGURE 10: Schematic diagram of experimental
system for suspending target indirectly through ac-
tively controlled PM.
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FIGURE 12: Indirect suspension of magnetic tar-
get through actively controlled PM.

3. In the range of t < 0.22s, the target moves toward
the EM every time the PM approaches the target. At
t=0.22s, the PM is levitated at z;=16.50mm, and
the target is suspended at zo=35.40mm. Then, the
deflection between the position of the PM and the
reference position is 0.91 mm, and the deflection is
0.97 mm for the target. Moreover, the control output
I is 0.337 A. These deflections are caused by the dif-
ference between the reference positions of levitated

bodies and the equilibrium positions of experimental
system with respect to the current Iy at the equilib-
rium state.

In the range of ¢t > 0.22s, each of levitated bodies
moves up and down near the position at t=0.22s.
The both amplitudes are 0.5mm. Additionally,
the control output I changes near 0.337 A, and the
amount of change is 0.1 A. In the experiment, the
positions of levitated bodies are detected on z-axis
by laser position sensors. The each displacement of
levitated bodies in the y-axis direction is detected as
the displacement in the z-axis direction, because the
shape of the PM and the target is ball. The motions
of levitated bodies and the change of control output
I are observed as this detected positions are input
to the controller.

E Evaluation of Equations of Motions

In the experiment, it is difficult to determine the
reference positions for the equilibrium positions of
the experimental system with respect to Iy because
of the estimation errors of pg, m4 and ms. Then,
we focus attention on the change of the control out-
put I. The reference values and the control gains are
calculated for getting the similar result to the exper-
imental result. v in Tables 2 and 3 show the calcu-
lated values. Figs. 13 and 14 represent the behaviors
of levitated bodies near the reference positions and
the control output I, respectively. From Fig. 14, it is
verified that the numerical result is qualitatively sim-
ilar to the experimental result. Here, the reference
values and the control gains in the numerical sim-
ulation are different from those in the experiment.
This difference is caused by the estimation errors of
Po, M4 and ms.

In the range of t < 0.22s, the PM and the target
are oscillated and levitated. Near the each reference
position, the amplitude and the cycle of the oscilla-
tion coincide with those in the experiment qualita-
tively.

In the range of ¢ > 0.22s, the oscillations of lev-
itated bodies become small, and finally the PM is
suspended at the position from the reference posi-
tion 2{=—1.07mm, and the target at z5=—1.08 mm.
The deflection changes of levitated bodies are differ-
ent from those in the experiment. Additionally, the
convergence of the change is also different. These dif-
ference arise because the motions of levitated bodies
in the y-axis direction are not considered in the nu-
merical simulation.

Therefore, the numerical results coincide with the
experimental results qualitatively. That is, the dy-
namics of levitated bodies near the reference posi-
tions can be described by Egs.(4) and (5).
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V.  CONCLUSION

In this paper, an indirect suspension of magnetic
target through an actively controlled PM is dis-
cussed. The EM, the PM and the target are de-
scribed by magnetic charges. It was confirmed that
the dynamics of the PM were described by a mag-
netic charge model in a system for suspending a PM.

A magnetic charge model is applied to an indirect
suspension system, and the equations of motions of
levitated bodies are depicted. The control method
is also set. Here, the target is suspended by PD
control with respect to the position and the velocity
of the PM. Then, the possibility of indirect suspen-
sion was confirmed numerically and experimentally.
Additionally, it was confirmed that the behaviors of
levitated bodies near the reference positions were de-
scribed by the depicted equations of motions of lev-
itated bodies.

In addition, the dependences of equilibrium posi-
tions on the reference values and the control gains

should be studied experimentally and numerically.
The obtained results will be important to establish
the dynamics and the control methods of the nano-
or micro-suspension systems with a cantilever.
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