
IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 50, NO. 3, JUNE 2003 493

Modeling and Controller Design of a Maglev Guiding
System for Application in Precision Positioning
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Abstract—In this paper, the authors analyze the dynamics of a
magnetic guiding system and derive its analytical model with full
degrees of freedom (DOFs). Then, an adaptive controller which
deals with unknown parameters is proposed to regulate the five
DOFs in this system. The guiding system, including sensors and
driver subsystems, has actually been implemented. Based on the
experimental results, satisfactory performance including stiffness
and resolution has been achieved. This validates the design of the
system hardware and demonstrates the feasibility of the developed
controller.

Index Terms—Adaptive control, guideway transportation, mag-
netic levitation (maglev), motion control.

I. INTRODUCTION

RECENTLY, magnetic levitation has been considered as
one of the most suitable ways to achieve high-precision

transportation. According to Holliset al.. [1], [2], it creates a
stable state without any mechanical contact when the gravita-
tional force is solely counterbalanced by magnetic forces. Of
course, such contact-free levitation has to be enforced for all
degrees of freedom (DOFs) of the rigid body.

Often, a distinction is made between magnetic suspension and
magnetic levitation. The former refers to systems based on at-
tractive magnetic forces whereas the latter refers to those based
on repulsive forces. However, this restricted sense of the two
terms does not cover all types of contact-free magnetic support.
Therefore, it is the current trend to use the term “levitation” in
a more general sense and to abbreviate “magnetic levitation” as
“maglev.”

Previous work on maglev systems has spanned many fields.
A large volume of literature has been published. Some well-
known fields include maglev transportation [3], [4], wind tunnel
levitation [5], magnetic bearings [6], antivibration tables [7],
and photolithography stepper [8]. Here, however, this paper will
only investigate maglev techniques used in the field of short-
range travel with precision positioning. In this paper, a prototype
maglev system has been designed and implemented to verify its
high level of performance.
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In general, maglev systems can be classified into two cate-
gories according to whether the utilized magnetic forces are at-
tractive or repulsive, each type having various kinds of possible
arrangements. Notably, the gravity of the carrier in a permanent
maglev system is counterbalanced by the magnetic force gen-
erated by the opposing magnetic fields between the permanent
magnets on the carrier and the electromagnets inside the guiding
tracks, so that very slight power consumption is required for the
carrier levitation. However, unlike the attractive case, a repulsive
maglev is vertically stable but laterally unstable. Therefore, an
appropriate mechanical design with additional electromagnets
is necessary to provide proper guiding control of the carrier. The
maglev silicon wafer transporter designed by Wang [9] is an ex-
ample of a design which applies the aforementioned technique.

On account of these factors, permanent magnets are used
in the maglev system for levitation, and electromagnets are
used for positioning and stabilization. In this paper, a prototype
maglev guiding system is introduced, whose underlying concept
is similar to those in [9] and [10]. However, the latter works
only developed 2-DOF (translation and rotation) controllers,
and the control laws were based on traditional control methods.
These developed controllers may not meet the precision control
purpose for the maglev systems, because these systems naturally
are subject to many uncertainties. For example, coil impedance
varies with temperature fluctuation, different payload is put
on the carrier, and so on. On the other hand, this system
has a natural magnetic damping in the other three dimensions
(vertical, roll, and pitch). Despite the existence of the magnetic
damping, lack of control of those dimensions will, however,
lead to a long settling time of the entire system. Hence, there
are several features of the system developed in this paper,
namely, decrease of energy dissipation, increase of load capacity,
derivation of a complete 5-DOF analytical model (i.e., without
considering the degree of long-range actuation), and high-
precision adaptive controller. Inparticular, it is worthmentioning
that the hereby developed controller adopts a nontraditional
adaptive control approach. Experimental results are presented
here which demonstrate the feasibility of the proposed guiding
system.

The organization of this paper is as follows. In Section II,
some magnetic formulas will be reviewed, and then the design
aspects of the implemented prototype system are described
and the mathematical model is presented in detail. In Sec-
tion III, a sound adaptive controller for the prototype maglev
system is given. Section IV presents extensive simulation
and experimental results which demonstrate the effectiveness
of the system design and its controller. Some discussion is
also included in Section IV. Finally, conclusions are drawn in
Section V.
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Fig. 1. Magnetic flux density from arbitrary current-carrying wire.

II. SYSTEM DESCRIPTION ANDMODELING

In this section, some magnetic formulas will be reviewed,
which will be used in the model derivation. Then, the mechan-
ical design of a maglev guiding system will be described. The
full-DOFs analytical model of the design system will be thor-
oughly derived and investigated.

A. Preliminary

According to Biot–Savart’s Law [13], the magnetic flux den-
sity generated from an arbitrary current-carrying wire is

(2.1)

where denoting the permeability in a free space is equal to
10 H m, is the distance from wire to dipole moment,

and is the magnitude of the current flowing through the wire.
Then, from Fig. 1, (2.1) can rewritten as follows:

(2.2)

Thus, the magnetic flux density from a straight infinity-length
current-carrying wire is

(2.3)

After arranging (2.3), the magnetic flux density can be ob-
tained as

(2.4)

Then, according to Ampere’s circuit law, the magnetic flux
in any point around an infinitely long current-carrying straight
wire at a point ( ) as shown in Fig. 2 can be obtained as

(2.5)

where and are the unit vectors in the Cartesian coordinate.
Without the presence of an electrical field, the expression of

the Lorentz force [13] for a permanent magnet ofcan be sim-
plified as

(2.6)

where is the dipole moment of this infinitesimal current loop.
Since the magnetic field originating from an infinitesimal per-

manent magnet is equivalent to the field from an infinitesimal

current loop, the force applied to an infinitesimal magnet can
be obtained directly from (2.6). For an understanding of the
Lorentz force applied to a magnet, (2.6) can be expanded into
two equations corresponding to forces in different Cartesian co-
ordinate axes, namely,

(2.7)

(2.8)

These equations indicate that the forces applied to a magnet
are proportional to the magnetic field gradients. In other words,
no force exists in a uniform magnetic field. Nevertheless, the
torques applied to a magnet are not subject to this constraint.
They exist as long as the filed is present, and the torques applied
to a magnet are given by

(2.9)

Combining (2.5) and (2.7)–(2.9), assuming the dipole lies in
the direction, the equations of the forces and torques on a
magnet induced by an infinitely long current-carrying straight
wire can be rewritten as

(2.10)

(2.11)

(2.12)

B. Maglev Guiding System

For a stepper in the semiconduction environment, one always
finds a linear sliding mechanism to support and to guide the car-
rier. The system proposed here is by an active control which
provides a contactless sliding mechanism as previously men-
tioned, which, however, is not equipped with the kind of mag-
netic bearing of a rotating machine. For the detailed design of
the system, the reader can refer to [11]. In this section, only
a brief description will be given. The features of this maglev
guiding system include: 1) repulsive levitation; 2) hybrid mag-
nets; 3) a passive carrier and active track; 4) an oblong coil con-
cept; and 5) a four-track design.

In order to control 3 DOFs in attitude and 2 DOFs in lateral
displacement (except the one for long-range propulsion), i.e.,
a total of 5 DOFs of the carrier separately, a four-track design
is sufficient to supply such 5-DOFs control. In addition, there
are two other advantages. One is that the overall structure can
become symmetric, which facilitates employment of a linear ac-
tuator to realize the long-range propulsion. Another is that it can
be more robust to the payload arrangement on the carrier, which
may not necessarily be so symmetric.

The paper chooses repulsive levitation instead of attractive
levitation for several reasons. First, in an attractive system,
the carrier floats because its “feet” are suspended beneath the
tracks. Hence, some connecting structural components between
the carrier body and the carrier feet are needed to support
the carrier to move above the tracks. These extra structural
components, unless carefully designed, will easily weaken the

Authorized licensed use limited to: IEEE Xplore. Downloaded on January 13, 2009 at 21:18 from IEEE Xplore.  Restrictions apply.



CHEN et al.: MODELING AND CONTROLLER DESIGN OF A MAGLEV GUIDING SYSTEM 495

Fig. 2. Directions ofB for opposite directions of current.

Fig. 3. Maglev guiding system.

Fig. 4. Straight-cut face of the track.

rigidity of the overall carrier structure. Second, the aforemen-
tioned components will increase the carrier weight. However,
the carrier can naturally move above the repulsive tracks. The
overall system is shown in Fig. 3.

1) Track and Carrier Design:The tracks together must pro-
vide a levitation force to counteract the carrier gravity. Also,
due to the nature of vertical instability of a repulsive system,
stabilizers are needed inside. Fig. 4 shows the straight-cut face
of the track. The stabilizer can control the lateral position of
a levitating NdFeB magnet whereas the levitator can control
the vertical (up–down) position of a levitating NdFeB magnet.
However, in fact, there are two sources of levitation forces, one
from the just mentioned coils and the other from the rubber
magnet affixed to the track. The rubber magnet is used to
provide the main levitation force whereas the coils fine tune
the vertical positioning so as to control the carrier.

Fig. 5. Cylindrical coils versus an oblong coil.

In order to provide a uniform magnetic field along the large
moving range, the tracks using an oblong coil with a perma-
nent magnet inside has been designed as shown in Fig. 5. The
tracks lengths are 400 mm. Some maglev trains use a series of
cylindrical coils to generate the magnetic field along the long
traveling range, but nonuniform magnetic fields may exist at the
connections of every pair of neighboring coils.

The carrier is made of acrylic material with dimensions of
270 mm 200 mm 8 mm. An area of 3 mm 35 mm
on each side of the carrier is used as a reference plane for ver-
tical sensors. Four NdFeB magnets, each with dimensions of
7 mm 50 mm 25 mm, are attached under the carrier and
are placed close to its four corners.

2) Operation Principle: The lateral position of the carrier
can actually be controlled by the stabilizers. The four stabilizing
coils are grouped into two sets: inner tracks and outer tracks.
Then, the principle shown in Figs. 6 and 7 to control rotation of
the carrier about a vertical axis and its lateral translation of the
carrier can be used.
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Fig. 6. Stabilizing control forces acting on the magnets.

Fig. 7. Levitating control forces acting on the magnets.

Letting the direction pointing upwards be thedirection and
the direction along the long-range travel be thedirection, then
the lateral direction is naturally thedirection. Thus, the former
control ( ) setup takes care of the translational () freedom
in the direction and the rotational () freedom in the direc-
tion (referred to as yawing). In order to deal with the single DOF
( ) in the direction and the other two DOFs ( ) in attitude,
the two levitation coils associated with tracks II and III are fur-
ther made as a group as shown in Fig. 3 into which a single
control is applied, and the levitation coils in track I and track
IV are independently controlled by separate currents,and

, respectively. By this kind of setup, the total four levitation
coils can provide another 3 DOFs control, covering the-axis
rotation (referred to as rolling),-axis rotation (referred to as
pitching), and -direction translation.

Via the stabilizers and levitators, 5 out of the 6 DOFs of the
carrier are well controlled, leaving only one direction left to be
controlled over a long range. It should be clear that, whether the
high-precision positioning performance can be achieved or not
depends on how well the guiding system can be controlled. To
provide the actuation force in thedirection, a modified voice
coil motor (VCM) is employed.

C. Analytical Model

In order to achieve the objective of high-precision posi-
tioning, an appropriate controller has to be developed. Thus, a
complete analytical model, characterizes the dynamics of the
aforementioned 5 DOF’s, is imperative for designing a good
controller.

Before starting the modeling process, several assumptions
must be made for the purpose of simplification.

Assumption A Referring to Fig. 4, the -turn wires of
stabilizing and levitating coils that are dis-
tributed over the cross section of each track
are lumped together as an equivalent single
wire whose cross section is located at the
center of that of the -turn wires.

Assumption B Each levitator permanent magnet (rubber
magnet located inside a track) is viewed as
a single turn of current-carrying wire wound
around the side surface of the magnet.

Assumption C The tracks are long enough with respect to
the travel range of the carrier so that all the
levitation magnets (right beneath the carrier)
are only subject to uniform magnetic fields.

Assumption D Each levitation magnet is considered as one
single magnetic dipole carrying the same
magnetic dipole moment and is located at the
center of each magnet.

Assumption E The magnetic forces and torques between
the levitation magnets and levitators can be
linearized about the small displacements in
the direction and direction. This property
can also be applied to the interaction situa-
tion between the levitation magnets and the
stabilizing coils.

In assumption A, the force and torque characteristics of the
lumped model and the original model are not identical but are
very similar [9]. In assumption B, the volume current density
of the permanent magnet is zero if it is uniformly magnetized;
hence, only a surface current exists. Following assumption A,
assumption B is indirectly implied. Assumption C allows the
magnetic field to be simply described by (2.5). Assumption D
makes it feasible to employ (2.10)–(2.12) to derive the nonlinear
interaction forces and torques in this system. Finally, assump-
tion E is reasonable when the mechanical structure is well de-
signed. For empirical justification, the magnetic force acting on
the permanent magnet fixed beneath the carrier shows in Fig. 9.

1) Dynamics of a Carrier: In carrier design, the material
is chosen such that the rigidity of the carrier can be ensured.
To understand the dynamics of a rigid body, it is necessary to
know how to describe an arbitrary orientation of a rigid body in
space. Here, the– — Eulerian angle orientational represen-
tation will be adopted. Let the coordinate system be fixed
on the carrier, and let the coordinate system be fixed on
the track, as shown in Fig. 8. If these two coordinate systems
coincide initially, an arbitrary orientation of the coordinate
system can be described by the following rotational sequence:

1) a positive rotation with respect to the axis, resulting
in an system;

2) a positive rotation with respect to the axis, resulting
in an system;

3) a positive rotation with respect to the axis, resulting
in an system;

where , and are the Eulerian angles of the coordinate
system, or of the carrier.
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Fig. 8. Eulerian angles.

Consider a carrier represented by a uniform box-shaped
object with the center of mass coincident with the center of
geometry. Assume rather small displacements in rotation and
translation, and neglect the higher order terms. Based on the
Newton–Euler method, the equation of motion can be obtained
as

(2.13)

where and are the resultant forces acting on the carrier
along the axis and axis and is the mass of the carrier.
Moreover,

(2.14)

where , and are the external torques, exerted on the
carrier and are represented with respect to thecoordinate,
and , , and are the principal moments of inertia of the
carrier.

However, to derive the external torques and forces acting on
the carrier relative to the coordinate system, transfor-
mation from , , and to , , and is necessary.
Applying transformation and the small angle assumption, the
transformation can be simplified as

(2.15)

Performing variational calculus on these equations with re-
spect to the origin, one obtains

(2.16)

Observing the mechanical design,
can be obtained. Therefore, the rotational equations of motion

are linearized to

(2.17)

Equations (2.13) and (2.17) result in the dynamics of the carrier.
2) Magnetic Force Between the Levitation Magnet and

Tracks: The interaction force between the levitation magnet
and levitator in the direction can be obtained from (2.10).
There exist only small displacements and as shown in

Fig. 9. Force diagram from the levitator.

Fig. 9. Define as the -direction force contributed by
physical coils, is the -direction force contributed by
the rubber magnet, is the equivalent current of the rubber
magnet, and the positive direction of current is beyond the
scope of this paper. The magnetic force exerted on the levitation
magnet can perform linearization aboutand such that

(2.18)

where and , which implies that
and . In a similar way, the interaction force between
the levitation magnet and the levitator in thedirection can be
obtained as

(2.19)

where and .
The interaction torque between the levitation magnet and the

levitator can be derived from (2.12). After simplification, one
can obtain

(2.20)

where , which implies that and .
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Fig. 10. Force diagram from outer tracks of the stabilizer.

It should be noted that means the lateral direc-
tion is unstable in terms of force versus displacement whereas

means the vertical direction is stable also in terms of
force versus displacement. These two phenomena indicate the
property of the repulsive maglev system: vertically stable but
laterally unstable.

The stabilizers can be classified into two groups: one with
the inner tracks and the other with the outer tracks. Here, the
stabilizers associated with the outer tracks will be considered as
shown in Fig. 8, and similar results will also hold for those with
inner tracks.

The interaction force between the levitation magnet and the
stabilizer A in the direction can be derived from (2.10). Ap-
plying linearization to the function about and

subject to small displacements, and , as shown in
Fig. 10, which can be simplified as

(2.21)

where , , and . By the same
token, the remaining force and torque on the levitation magnet
exerted by the stabilizer can be obtained.

3) Movement of Magnets:The magnetic forces exerted
on the levitation magnets of the carrier will be derived in the
following. The displacements of the levitation magnets must
be sensed first in order to calculate these forces. The relative
positions of the levitation magnets are as shown in Fig. 11.
The coordinates with respect to the coordinate system are,
respectively, as follows:

(2.22)
where , and denote the center positions of these
magnets.

Therefore, the -coordinate system into the -coordi-
nate system will be transformed as

(2.23)

Fig. 11. Positions of levitation magnets.

where is a transformation matrix with the assumption of small
angle displacement. In additional to and translation, the
positions of the magnets in the -coordinate system are

(2.24)

4) Equations of Motion:By substituting the positions of
the levitation magnet as in (2.24) into the force equations
and torque equations in (2.18)–(2.21), one can get the forces
and torques exerted on each levitation magnet. Next, one can
substitute these forces and torques equations into the dynamics
of the carrier, and then one can obtain the model of this maglev
guiding system. Before this, one should define the control
current in the inner stabilizer as , whereas in the outer
stabilizer it is . Control currents in levitators corresponding
the levitation magnets A, B, C, and D are, , , and ,
respectively. Let and represent the moments of inertia
with respect to the axes parallel to theaxis at the points A
and C. After simplifying and dropping thesign, the equations
of motion can be obtained
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(2.25)

The controller will be designed in the next section using these
equations.

III. CONTROLLER DESIGN

Based on the modeling process described in the previous
section, several assumptions have been made which inevitably
will cause some modeling errors. Therefore, the controller to
be developed should be robust enough to tolerate these system
uncertainties and unmodeling dynamics. Here, the authors prefer
to use the adaptive control scheme as a tool to achieve this
goal.

A. Plant Model

In order to obtain a compact controller, the control inputs will
be redefined as

(3.1)

(3.2)

where and the transformation matrices in (3.1)
and (3.2) are invertible. Also, to facilitate the design of a
singularity-free adaptive controller, the plant model described
by (2.25) can be rewritten as

(3.3)

(3.4)

(3.5)

(3.6)

(3.7)

where for , for , and
for . Additionally, , do not appear
in (2.25), but they are modeled here in order to cancel out the
sensor calibration error. These errors occur due to mismatches
between the actual neutral points (tracks) and the chosen neutral
points (sensors) as shown in Fig. 12, and can be further reduced
by calibration of the precision equipment.

In (3.3) and (3.4), and are decoupled from the other states
and can be properly controlled by and . The signals , ,

, and , in (3.5)–(3.7) are measurable, and if the controllers
for and can assure their boundedness, they can be used as
known and bounded terms for the controller design of, and

. Rewrite (3.5)–(3.7) as

(3.8)

Fig. 12. Mismatch between actual and chosen neutral points.

where

Based on the above discussion, the controller for lateral
modes in (3.3) and (3.4) and vertical modes in (3.8) can be
designed, respectively. The forms of (3.3) and (3.4) are the
same, so that the symbolic controller derivations are identical.
In the following sections, the authors will design the controller
only for (3.3). The same results and conclusions can be applied
to (3.4).

B. Control Laws

1) Lateral Control: Due to lack of knowledge of the system
parameters, assume that , , and are unknown except
the sign of , and then devise the control law as

(3.9)

Thus, the closed-loop system becomes

(3.10)

where , , and
.

Define

(3.11)

Then, (3.10) can be further simplified as

(3.12)

As in the previous description, control signal is designed
to control similarly to .
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2) Vertical Control: Assume , , , and are un-
known, but that the sign of each item in is known. Thus, the
control law is chosen as

(3.13)

Then, the closed-loop system after (3.13) is substituted into
(3.8) becomes

(3.14)
where the estimation errors , ,

, and .
By choosing , properly, the roots of

, i.e., , , , , and are all real and
negative.

Define

(3.15)

where , and .
Then, after some rearrangement (3.14) can be more compactly
expressed as

(3.16)

where .

C. Adaptive Laws

In the previous section, the closed-loop dynamics which in-
volve estimation errors were derived. Now, the adaptive laws
will be chosen differently due to effect on the convergence of
the errors as follows.

1) Lateral Control: The adaptive laws of lateral control are

(3.17)

where , for .
2) Vertical Control: The adaptive laws of vertical control

are

(3.18)

where

Combining the lateral and vertical control laws, the authors
will prove that all the error states are asymptotically stable in
the next section.

D. Stability Analysis

1) Lateral Control: In order to prove the stability of the
closed-loop equation in (3.12), a Lyapunov function candidate

is chosen as

(3.19)

Its time derivative can be evaluated as

(3.20)

Substituting (3.12) and the adaptive laws in (3.17) into (3.20),
(3.20) becomes

(3.21)

From (3.19) and (3.21), it is seen that is a suitable Lya-
punov function, and, by the Lyapunov stability criteria,, ,

, and are all bounded, that and in turn, that
by referring back to (3.12). Thus, using Barbalat’s

Lemma [14], is asymptotically stable. From the definition
of (3.11), the states and are asymptotically stable, too.
Using the same stability analysis, the states and are
asymptotically stable.

2) Vertical Control: To prove the stability of the close-loop
function (3.16), a Lyapunov function candidateis chosen as

(3.22)

where

Its time derivative is evaluated as

(3.23)

where

Substituting (3.16) and the adaptive laws in (3.18) into (3.23),
(3.23) becomes

(3.24)
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Fig. 13. Simulation result.

TABLE I
SYSTEM DESIGN CONSTANTS

where is the diagonal matrix with positive diagonal
terms.

From (3.22) and (3.24), it is seen that is a suitable Lya-
punov function, and, by the Lyapunov stability criteria,, ,

, , and the parameters which exist inare all bounded, that
, and in turn that by referring back to (3.16).

Thus, using Barbalat’s Lemma [14],is asymptotically stable.
From the definition given in (3.15), the states, , , , , and

are asymptotically stable.

IV. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Result

In this section, a simulation is made for the maglev system
using the adaptive controller, shown in Fig. 13. The states
variables, , , are, respectively, corresponding to
the lateral translation ( translation), rotation along the axis
(yawing), vertical translation ( translation), rotation along
the axis (rolling), and rotation along the axis (pitching).
Because the system parameters are difficult to obtain, the
system parameters from the design specifications will be
calculated. Due to manufacturing and assembling imprecision,
these parameters are only rough values. The constants in the
system design are listed in Table I.

By simulation results, all the states converge to zero
eventually as goes to infinity, which means the reg-
ulating function of the controller is satisfactory. The
control parameters for the adaptive controller are set as

, , , and
. Therefore, the simulation results

may well demonstrate the feasibility of the controller design as

Fig. 14. Photograph of an aspect of the physical system.

well as the consistent physical behavior. In the next section, the
tendencies of these simulation results will be used to examine
the experimental results later.

B. Experimental Hardware

The experimental hardware, including the main body, sensor
system, driver system, and controller hardware, will be de-
scribed here. Fig. 14 shows a photograph of the physical setup.
A number of experimental results, including the transient and
the steady-state responses in different situations, will also be
provided in this section to demonstrate the performance of this
system with the controller presented in Section III. Based on
these results, some important aspects of future research will be
presented.
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Fig. 15. Final integration in the optical sensing system.

Fig. 16. Transient responses when a full controller is employed (largest translation displacement).

1) Sensor System:This sensor system, which is divided into
lateral and vertical sensor subsystems, respectively, provides
two translational and three rotational displacement data for the
controller. The lateral sensor subsystem is of the optical type
as shown in Fig. 15. Two identical emitter–receiver sensor pairs
are mounted. Their arrangements are such that the light-emitting
directions are parallel but opposite to include special consider-
ation of the system symmetry. The collimation of laser beams
is ensured through careful calibration of the convex lens. Two
polarizers, which are used to reduce the energy of the laser
beams, are placed at positions close to the photodetecters be-
cause within the traveling range, the higher the power of the
laser beam, the higher the signal-to-noise ratio that can be ob-
tained. In addition, to reduce optical interference, two shelters
with openings toward the laser emitters are used to surround the

polerizer–photodetector pairs. The photodetecter is chosen to be
an ET-4000, manufactured by Electro-Optics Technology, in the
U.S. The rise time can be as low as 200 ps whereas the active
area is up to 20 mm, which means this sensor is fast enough
and can cover all the traveling range in this application.

The scheme of the vertical sensor subsystem is composed
of four gap sensors which are needed to measure for the large
travel motion of the carrier. The model number of the vertical
gap sensor is Z4W-V25R, and it is manufactured by OMRON
Corporation, Japan. The measuring range is 4 mm and the
gap sensor had 1-m resolution.

2) Driver System and Controller Hardware:The function of
drivers in the system is to provide a sufficient amount of currents
to the stabilizing and levitating coils. Because the current in-
stead of voltage is used as control input, the current drivers must
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Fig. 17. Steady-state responses when a full controller is employed.

Fig. 18. Responses when a full controller with a load of 250 g is employed (largest translation displacement).

have enough high bandwidth. The drivers are C0–502-001Q
Torque Amplifiers manufactured by CMC Inc., U.S. They are
linear drivers designed to be servo drivers for dc motors. The
power is 250 W, 5 A for 50 V or 10 A for 24 V. The current

microcomputer is an IBM PC with Pentium microprocessor in-
side. The clock rate is 150 MHz which allows this research to
accomplish a real-time control implementation. Based on the
experiential results, a sampling time between 0.1–0.05 ms leads
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Fig. 19. Steady-state responses when a full controller with a load of 250 g is employed.

TABLE II
COMPARISONBETWEEN THEHEREBY DEVELOPEDSYSTEM AND THE SYSTEM DEVELOPED IN [9] AND [10]

to better behavior of this system. The type of ADC is a 16-bit
high-resolution data acquisition adapter, and the type of DAC is
altogether six converting channels with 12-bit resolution each.

C. Experimental Results and Discussion

1) Transient Response:Before investigate the transient re-
sponses of the closed-loop system, some specifications should
be revealed. First, the full -direction translational range is lim-
ited to 2 mm, or 1 mm, whereas the-axis full rotational range
is 0.4 rad, or 0.2 rad. On the other hand, the performance of
the two cases, respectively, with empty load and 250-g load will
be compared.

In Fig. 16, the transient responses for the case with initial
maximum translational error are illustrated. From the trajecto-
ries of all state, one can see that all of the error signals converge
to their steady states within about 0.13 s. In Fig. 18, when the
carrier is with 250-g load, the control currents are larger than
those in the case with empty load. This is exactly the salient fea-
ture of the adaptive controller, which may adjust its controller
online to adapt to the change of the environment to ensure the
system performance.

2) Steady-State Response:The positioning precision of the
system is determined by the steady-state response of the carrier.
Figs. 17 and 19 show the system responses around the operating
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points with respect to empty load and the 250-g load. The final
precision level up to 1.4m in translation and 10 m rad
in rotation. It is obvious that the resulting time responses are
combinations of a low-frequency component and some high-fre-
quency ones. The low-frequency component, which is around
0.5 Hz, arises from the vibration of the surrounding environ-
ment, while the other frequency components are possibly due
to the operation of the electromechanical system and interfer-
ence of the optical sensors.

3) Damping Force: When no control inputs are implied to
levitators, the vertical states will be stable because of the ex-
isting damping forces. In general, there are three sources of
damping forces. They are air damping, an electromagnetic force
(EMF), and eddy-current losses resulting from the dynamics
magnetic field.

First, it is difficult to make the air damping negligible unless
the system is employed in a vacuum environment during opera-
tion. Second, the EMF effect is relatively insignificant since all
the coils are current controlled in the system. Therefore, the last
and most important factor consists of the eddy-current losses, as
explained below.

Eddy-current loss is due to heating of the core by circulating
currents that are induced in the metallic material core by the
varying magnetic field around the turns of the coil. Although
the permeability of the material used for the tracks, namely,
aluminum, is quite low, the conductivity will inevitably cause
eddy-current losses. The kinetic energy will gradually be dis-
sipated due to these energy losses until the system reaches its
minimum potential energy.

4) Comparison With Original System:In this section, a
comparison between the hereby developed system and original
systems [9], [10] is summarized in Table II. By the experiment,
the hereby developed system which applied adaptive control
obtains performance better than that of the original systems.
The advantage of the adaptive controller is that even if the
static term is not known exactly, the tuning process will modify
the static term to its true value and will result in improved
performance.

V. CONCLUSION

In this paper, a short-range travel maglev mechanism with
high precision has been designed. A repulsive magnetic setup
system with four active guiding tracks has been adopted here,
which incorporates for advanced technologies in magnetic
materials, microelectronics, and optical sensors. The system
has been treated as a multi-input/multi-output system, and
an adaptive controller has been designed and implemented
using a microcomputer. Based on the experimental results,
the system’s feasibility and effectiveness have been clearly
demonstrated. The system performance shows that effects due
to nonideal manufacturing and alignment imperfections have
been eliminated completely. This implies that improvement
in the performance is possible if a more reliable sensing and
control are used rather than to use a more expensive hardware
setup.
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