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Simulated levitation characteristics of magnetic suspension
system by linear induction motor
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In this paper, a model for simulation of a developed magnetic suspension system by a linear induction motor is induced.
The system has a linear induction motor (LIM) as a primary guide way, and a U-shaped iron core, on which the secondary
winding is wound, is set at the center top of the vehicle. The vehicle has no electrical contact with the guide way and the
configuration of the system is very simple. In the experimental system, however, it is difficult to decide the parameters.
Therefore, the model plays an important role to confirm the stability of the suspended motion and to obtain a stable
parameter region. Through several analyses, it is proved that the vehicle can be levitated by the proposed contrel method.
Moreover, it is also cleared that chaotic motions cccur at some parameter area in the domain of levitation.

1. Introduction

In semiconductor factories it is well known that dust causes a decrease in the yield rate. The factory
automation system, which is used in a clean-room, needs to be completely dustiess. The conveyance
systems applied in the factory automation system have so many dust sources that many kinds of
magnetic levitation systems are proposed as an alternative system.

We have developed a magnetic suspension system by the linear induction motor (LIM) [1-3]. The
system has 2 linear induction motor to suspend and to carry a vehicle. In order to obtain the suspending
and driving forces, a U-shaped iron core with secondary winding is fixed at the center top of the vehicle.
Generally speaking, the attraction type magnetic suspension system without any feedback control is
essentially unstable. The proposed system adopts the method that the forces are controlled by the
short-circuit and open-circuit of the secondary winding using a transistor switch. The developed system
uses the magnetic field of LIM both to suspend and to carry the vehicle. However, in this paper the
levitation characteristics are mainly discussed.

In order to obtain stable levitation characteristics, the transistor is switched with reference to a
function of the gap displacement and the velocity of displacement. The levitation characteristics have
been discussed experimentally. In this paper, a model for the simulation of the developed magnetic
suspension system is induced to comfirm the dynamical mechanism of levitation and to decide the
parameters. Moreover, the levitation characteristics are discussed numerically. Through the analyses, it
is also made clear that chaotic motions occur at some parameter area in the domain of levitation.
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2. System configuration of magnetic suspension system
2.1. Principles of magnetic suspension

Attraction type magnetic suspension systems are essentially unstable without any control of the
suspending force. The schematic system configuration is shown in fig. 1. The upper U-shaped core
means an equivalent magnetic circuit of LIM and the lower one the fixed U-shaped core on a vehicle.
To obtain the attracting magnetic force, the LIM is fed by an AC voltage V,. When the position of the
vehicle is lower than the directed position as shown in fig. 1a, the switching transistor S, is turned off.
Then the vehicle is attracted toward LIM. When the position of the vehicle is higher than the directed
position as shown in fig. 1b, the switching transistor is turned on. Then the vehicle is repulsed against
the LIM by the magnetic force caused by the current in the secondary winding. Changing the transistor
(on—off) mode between the attractive and the repulsive state, the vehicle can be held near a directed
position.

2.2. System configuration

The system configuration is shown in fig. 2. A LIM is arranged at the upper side as a primary guide
way and a U-shaped core is fixed at the center top of the vehicle, which is given by a horizontal board in
fig. 2. To control the magnetic attracting force, the secondary winding is equipped on the core. The
winding is connected with a diode bridge circuit and the current is changed into a direct current. The
DC terminal of the bridge circuit parallels both a transistor and a resistor. The resistor has a role to
protect the transistor from switching surge. The resistor is equivalent to an internal resistance of the
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Fig. 1. Principles of suspension control of the system: (a} the attracted state (§,: off), (b) the repulsed state (§,: on).
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Fig. 2. System configuration.

charging circuit of a battery in the planned prototype system. By switching the transistor, the resistance
of the secondary circuit can be changed discretely.

To examine the stability of levitation, it is not necessary to generate the driving magnetic force by
LIM. The LIM is fed enly by a u,v-phase voltage as a single phase excited state. Moreover, the freedom
of the vehicle is limited to the up and down direction by vertically stretched piano strings and guide
pipes at the corners of the horizontal board.

2.3. Control method

The principal method for suspension control is given in section 2.1. However, it is difficult to
stabilize the levitated motion of 2 vehicle only by the application of the method. Then, the experimental
system adopts the method which decides the timing of switching by reference to the following function §
of the gap displacement x and the velocity of the displacement y:

y=—a(x — x4}, (1)

where x, denotes a directed position and a is the slope of the switching line on the phase plane. Here,
the positive directions of x and y are defined as the directions opposite to LIM. The switching function
S on the phase plane (x, y) is shown in fig. 3. In the upper (right} side of the line the transistor is turned
off. On the other hand, the transistor is turned on in the lower (left) side. The timing of switching is
given at the instant when the trajectory of the vehicle motion intersects the line § on the phase plane
transversally. As a result, the vehicle can be brought near the directed position smoothly. This type of
control can be called bang-bang control or VSS [4].

However, fig. 3 shows a typical phase portrait obtained by the DC magnetic force. The phase
portrait driven by the AC magnetic force is periodically changed. Therefore, sampled points of the
trajectory at the frequency pf excited LIM current foliow the phase portrait in fig. 3. That is, the
suspended motion can be finally brought to a periodic levitated motion by means of the control method
which uses the switching function on the two-dimensional phase plane.
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Switching

Fig. 3. Concepts of the switching control methad.

2.4. Dynamical system model

2.4.1. Kinetic equation
The developed magnetic suspension system has many parameters which can be arranged initially.
Table 1 denotes their definitions. As the freedom of the vehicle motion is limited only to the up and
down direction, all forces which operate upon the vehicle are shown in fig. 4. The downward forces
consist of the gravitation Mg and the repulsive force F, caused by the current of secondary winding. On
the other hand, the upward forces consist of the attracting force F, caused by the LIM current and the
damping force k dx/dz. The kinetic equation is given by
d’x dx
Md:1+kclt Mg+ F - F=0. (2)
The attracting force F, and the repulsive force F, are generated by the magnetic flux ¢ through the
LIM and the U-shaped iron core. The magnetic flux ¢ is given by magnetic circuit theory as follows:

Table 1
System parameters and variables

Symbol parameter/variable

g Acceleration of gravity

M Mass of vehicle

k Damping coefficient

Magnetic permeability of air-gap
Cross section of U-shaped core
Number of turns of LTM winding
Number of turns of secondary winding
Excited current of LIM winding

i Current of secondary winding
Amplitude of excited LIM current
120 '
Inductance of secondary winding
Protection resistor

Conduction resistance of transistor

22 0¥
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Fig. 4. Forces which operate on the vehicle.

Sc . -
ﬂznx (M) — Nyiy), (3)

¢=

where {, denotes the LIM current and i, the current of secondary winding. Then, the gross of the
magnetic attracting force and the repulsive force, — F, + F,, is given by

—F + F,=—¢%uS. . (4)

Eqs. (2)-(4) describe the kinetic relations of motion.

2.4.2. Circuit relations of secondary winding
The exciting current of LIM, {,, always keeps a constant amplitude, because the windings on the

LIM poles, which do not oppose the U-shaped core of the vehicle, operate as leakage inductances. The
current is given by

i =lsinwt, w=120%. (5

The current of the secondary winding, i,, continuously changes, in spite of the discrete turn of the
transistor on—off mode. In the case of the on-mode, the resistance of the secondary winding consists of
the conduction resistance r, of the transistor and the protection resistor R. They are parallel connected.
In the case of the off-mode, the resistance of the transistor becomes an infinite value. When the voltage
drop of the switched resistance is given by f(i,}, the circuit equation is as follows:

d¢ di

N, g =L d—:+f(:‘2), (6)

where
.\ _ | Rriy/(R+r,) (Tr:on),
f&) = g, (Tr: off)
2.4.3. System equations

Based on the above consideration, the levitation characteristic of the system is given by the following
simultaneous ordinary differential equations:

dx _
ar 7

d_}’= __Mnsc (NIEI._N2£2)2_£
dt ~ 87 am e M7
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Fig. 5. Domain of beviladion.

directed position x, plane. In the fgure, the domain of attraction toward LIM (the deep haiched area),
the domain of levitation (the white area), and the domain of falling (the thin hatched area) are shown,
Figure 5 corresponds to the cases in which the gradient o of eq. (1) is fixed at 400, In the analysis, the
amplitude of the LIM current /| is set at 6.0 A, the damping cocfficient & at 80, the leakage coefficient ¥
at 2, and the mass of the vehicle M at T80 g. They correspond to the value of our experimental system.
The initial position on the phase plane is at (¥, v, §,) = (x,, 0,0). In the following discussions a is always
kept at 400,

ol turn)

i 100 300
k
Fig. #. Damping cocificient dependence of the kevitabon domain
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3.2, Damping characieristics and moss dependence

In the former section, we chose the damping cocfficient & = 80, Figure 6 shows a domain of levitation
on the damping coefficient & - the dirccted position x, plane. In the calculation, the protection resistor
R 15 fixed at 3.01 and the other paramcters are the same as in the case of fig. 5. According 1o the
increase of the damping coefficient, the domain of levitation is likely to become wide. On the basis of
comparison of the trajectories in the numerical analysis wath those in the experiments, the damping
coefficient & can be obtained as B0,

Figure 7 shows a domain of levitation on the mass M = the directed position 1, plane. The horzontal
axis means the increased mass of the vehicle, The protection resistor is fixed at &= 3042 and the other
parameters are the same as in the case of fig. 5. There can necessarily be found a domain of levitation in
the region where M is less than 0.2 kg, According 1o the increase in mass, the directed position must be
closed w LIM.

J.3 Levitenon characterisics

After the long time continuous calculation of the suspended maotion, the transient state converges 10
three states. The bevitated state of the vehicle exists between the attracting area to LIM and the falling
arca.

Figure 8 shows the boundary of the domains in fig. 5. We chose typical parameter points {rom & to n
in the domain. The phase plane trajectories at the points are shown in fig. 9. The solid line in the figures
is the switching line. The domain of levitation s separated into two areas, which are denoted area | and
11 in fig. & Near the domain of attraction in area 1, the trajectories are likely to be irregular. On the
other hand, the trajectories are periodic near the domain of falling in area 1. It becomes a single shaped
trajectory from the double shaped one according to being far from the LIM. In area 11, the trajectory is

always single shaped.

5.2 4
| ¥y
E E 33].
=5 & i
&
i.0 3.5 il
28 3 | peRE]
0 0.1 0.2 fe[11)
Mkq) Fig. 8. Boundary of levitation domain and caleulated param-

Fig. 7. Inoreased mass dependence of the levilation domain. elers.
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Fig. 9. Phase plane trajectorics.

Figure 10 shows the gap displacement, the velocity of the displacement, the transistor mode and the
spectrum ratio at the typical parameter points (b), {e), and (k). Figure 11 shows the Poincaré map of
the trajectory at (e). The Poincaré map experimentally means the plot of sampled points of a trajectory
on the phase plane by the frequency which synchronizes to the exciting force of the system. In the
analysis, the frequency is fixed at 60 Hz, which is the frequency of the exciting LIM current. When
the trajectory shows the periodical steady state like (a), the map gathers a point. However, when the
motion of the vehicle is irregular, the map distributes widely. In the field of nonlinear dynamics, the
irregular motions, which is called “chaos”, can be found [5~7]. Our system also has the irreguiar
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Fig. 10. Gap displacement, velocity of displacement, switching patterns, and spectrum of vibration of the gap displacement.
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Fig. 11. Poincaré map of trajectory at (g).

motions in the domain of levitation. Based on figs. 9, 10, and 11 the motions are considered to be
chaotic. In sight of the levitation control, the mechanism of chaotic motion must be grasped clearly.
Moreover, in this three-dimensional non-autonomous system, the relations between the chaotic motions
and VSS control have to be researched in detail.

3.4, Trajectory bifurcation

By means of the points at which the trajectory crosses the switching line from the left side to the
right side transversally, a one-dimensional mapping can be defined [8]. Figure 12 shows the bifurcation

0.05

L=

Difference of mapping points

from directed posilion (mm)

-0.05 :
3.10 3.25 3.40

zo{mm)

Fig. 12. Bifurcation diagram.
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diagram of the points according to the upward shift of the directed position x, with keeping R = 5.6 1),
The change of trajectory, which is shown in fig. 9, can be explained as “pitch-fork bifurcation™. Based
on the bifurcation, the domain of levitation can be classified as shown in fig. 13, The periodical

trajectories are found in the arca near the domain of falling. As the directed position x, closes to LIM,
the trajectories bifurcate and chaotic motions appear at R > 310},

girmm faee)
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Fig. 14, Inittal value dependence af the levitatios damadn
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3.5. Initial value dependence

The former results are obtained by calculation from an initial directed position on the phase plane
(x, y) with the velocity of displacement y and the secondary current i, at 0. Here, we examine whether
the levitation characteristics depend upon the initial position and velocity, or not, Figure 14 shows the
initial value dependence which is obtained by the scanning on the phase plane (x, y) at (k) in fig. 8. At
the beginning of calculation, i, is also fixed at 0. Each hatched area corresponds to the domains in fig. 5,
respectively. The domains of attraction to LIM and the falling enter into the domain of levitation
compticatedly. It is shown that the directed position with no velocity is not necessarily appropriate to
the initial value for levitation. Besides the parameter region I and II in fig. 8, there cannot be found any
levitation area in the initial position and velocity plane.

4. Conclusion

In this paper, a model for the analysis of magnetic suspension system by a linear induction motor is
induced. By making use of the model, the detailed levitation characteristics are examined numerically.
As a result of the analyses, it is clarified that the adopted control method has an effect to hold the
vehicle near a directed position. In the case of a non-autonomous system, like the proposed system, the
periodical states are considered to be stable states. However, even when the vehicle is levitated, the
motion is not necessarily periodic, because it is also clarified that a kind of chaotic motion can be found
in the system.

These results are considered to be conservative. The experimental system has a larger domain of
levitation and is robust. The reason is that the model for simulation has some assumptions. Especially,
the teluctance force may have an effect on the stability in the case of wide gap. In this paper, we have
treated a periodical steady state with the small amplitude. Therefore, the results in this paper are the
ascertainment in principle.

V5SS, which is adopted to the proposed magnetic suspension system, is well known as one of the
effective control methods to nonlinear systems. However, the VSS control method is usually applied to
an autonomous dynamical system. Therefore, in the case of our proposed non-autonomous system, the
stability must be ensured theoretically. The obtained resuits show that the system can be stabilized by
the VS8S control method numerically.

The obtained results are important clues to develop a new control method for carrying the vehicle
along the LIM guide way. Moreover, the theoretical approach of the stability and the onset of chaotic
motion by the VSS control method is inevitable.
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