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Design and Experiment of a Macro–Micro Planar
Maglev Positioning System
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Abstract—In this paper, a new planar magnetic levitation
(maglev) positioning system is proposed, which is capable of exe-
cuting dual-axis planar motions purely involving magnetic forces.
Functionally, such a mechanism behaves like a planar XY table
with micrometer precision. Specifically, in this system, a new struc-
ture with an adaptive sliding-mode control (ASMC) algorithm
is described, which aims to achieve the following three goals:
1) a large moving range (millimeter level); 2) precise positioning
(micrometer level); and 3) fast response. The system consists of a
moving carrier platform, six permanent magnets (PMs) attached
to the carrier, and six electromagnets mounted on a fixed base.
After exploring the characteristics of the magnetic forces between
PMs and electromagnets, the general 6-DOF dynamic model of
this system is derived and analyzed. Then, because of the natu-
rally unstable behavior inherent in maglev systems, the proposed
ASMC guarantees satisfactory performance of the maglev system.
Experiments have successfully demonstrated the feasibility and
effectiveness of the overall system.

Index Terms—Adaptive sliding-mode controller, magnetic levi-
tation (maglev), precision positioning.

I. INTRODUCTION

IN MACROAPPLICATIONS where a large moving range
is required, a common method of positioning is to employ

leadscrews or linear motors [1]. Despite their advantages of
high stiffness, thrust, and speed, leadscrews suffer from lost
motion, stick-slip, and wind-up. Also, leadscrews cause dis-
turbance, friction, and backlash due to the roughness of the
bearing elements. Moreover, because of friction, the linear
motors also have some drawbacks, such as the ripple effect
and end effect that are hard to deal with. It is noteworthy that
dry friction is one of the most important factors limiting the
performance of high-precision positioning devices. Overcom-
ing these, magnetic levitation (maglev) technology has evolved
to be the most suitable way to improve the performances
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of traditional precision mechanisms. The benefits include the
following: avoidance of mechanical contact, greater position-
ing resolution, operation in vacuum environment, etc. In the
previous research, a double-deck mechanism was adopted in
the design of a dual-axis maglev system [2], [3], where the
carrier is free to move along the X- and/or the Y -directions.
For simplifying the mechanism of the maglev system while
also trying to reduce power consumption, a planar single-layer
maglev positioning system needs to be developed.

In the literature, along the stream of maglev research works,
a precision 6-DOF maglev stage with planar motion capability
for photolithography in semiconductor manufacturing was pre-
sented in [4]. The key element of this stage is a linear motor ca-
pable of providing forces in both vertical suspension and lateral
translation without contact. The authors there designed and im-
plemented a linear optimal multivariable controller to deal with
dynamic coupling in the carrier. The work in [5] has proposed
a precision control of a linear maglev actuator with a new geo-
metric configuration. Such configuration leads to a lightweight
and compact triangular frame with three struts carrying the
single magnetically levitated moving part to which a number of
cylindrical magnets are affixed. The researchers also proposed
a kind of planar maglev system [6], where the coils’ axial
directions are arranged such that a path-planning mechanism
and a lead–lag control methodology can be devised to achieve
successful applications in nanomanufacturing. As for the work
in [7] and [8], a maglev construction that utilizes switching of
2-D electromagnet arrays with regulated currents was made to
drive the carrier to move in a plane. Last but not the least,
a 6-DOF magnetic levitation stage (MLS) was proposed [9],
consisting of a floater that can move freely within the work
volume. In the built MLS, three two-axis actuators, equivalent
to six single-axis actuators, are implemented to achieve six-axis
actuation and are employed to suspend and drive the moving
stage.

The challenge of designing a planar maglev system is how
to appropriately arrange actuators and design a stabilized con-
troller so as to achieve the objectives of a large moving range
and 2-D high-precision positioning. To attain the former goal,
we first build a one-axis electromagnetic actuator (EMA) in a
prototype to test and verify the feasibility. From the experimen-
tal results, it is seen that the EMA positioning system has been
successfully designed and implemented [10]. Based on those
experiences, a prototype of a new planar maglev positioning
system designed and implemented as mentioned previously
is described in detail in this paper. In the new structure, the
carrier’s motions (both levitation and propulsion) result from a
sum of repelling forces, of which each is exerted on the magnet
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Fig. 1. Magnetic flux density of a cylindrical coil.

affixed to the carrier from its corresponding coil. Incidentally,
within such structure, we provide enough gap space between
the magnet and coil to let the carrier possess enough working
space for creating sufficient range of motion. Note that, in this
new maglev positioning system, many factors need to be taken
into consideration, such as handling of system uncertainties,
including parameter drift during operation caused by, for exam-
ple, the following: 1) excursion of the coil temperature resulting
in changes in the coil’s resistance and 2) long-term operation
leading to changes in the magnetization characteristics. There-
fore, the desirable controller should be robust enough to deal
with these uncertainties and disturbances.

In this paper, a macro–micro planar maglev positioning sys-
tem, including mechanism, control, and analysis, is presented.
In particular, there are five main objectives that have been
addressed here: 1) to provide electromagnetic and mechanical
designs for a mobile planar magnetic levitator; 2) to derive the
transformation from the measured signals to the carrier’s pos-
ture; 3) to establish the mathematical modeling; 4) to develop
an adaptive sliding-mode control (SMC) (ASMC) to achieve
6-DOF stabilization; and 5) to perform extensive experiments
to validate the proposed design and to demonstrate satisfactory
performance.

The organization of this paper is as follows. In Section II,
the design aspects of the implemented prototype system are
described, and the model of the adopted coils is derived. In
Section III, the mathematic model of the entire system dynam-
ics is derived. In Section IV, an ASMC for the constructed
maglev positioning system is proposed. Section V presents
extensive experimental results which demonstrate the effective-
ness of the system design and its controller. Finally, conclusions
are presented in Section VI.

II. DESIGN CONCEPTS OF THE PLANAR MAGLEV SYSTEM

In this design, we need to generate a uniform magnetic field
on the top surfaces of cylindrical coils so that the controller can
drive the platform to move (almost) precisely in the X–Y plane.
From the simulation result, a cylindrical coil (whose side view
is shown in Fig. 1) can generate such a uniform magnetic field,
and three of these coils can levitate the platform throughout
its horizontal range. In principle, the X–Y movement of the
platform is actually caused by longitudinal (toward the mouth

Fig. 2. Magnetic flux density of a rectangular coil.

Fig. 3. Prototype of the proposed magnetically levitated system.

of the coil) as well as lateral movements of each permanent
magnet (PM) inside the hollow of the associated rectangular
coil. Thus, if we want to seek a large range of motion, which
is an important feature in this paper, practically, the rectangular
coil should have a long lateral side and a deep hollow (can result
in long longitudinal travel). From the simulation result (whose
front view is shown in Fig. 2), we also found that the vector field
inside a rectangular coil over the lateral (cross section) plane is
largely uniform, whereas it varies in a characterizable fashion
over the longitudinal direction, which exactly meets our need.
Apparently, the choice of rectangular coil (instead of cylindrical
coil) here will be in an optimal sense since it can minimize the
volume of the coil while achieving our purpose.

The planar maglev positioning system presented in this paper
consists mainly of a platform, which has three hanging arms
fixed on the carrier, and each hanging arm has two PMs, one at
the end and the other underneath the middle of the hanging arm;
three impelling sets (No.1, No.2, and No.3) which are located
adjacent to the PMs located at the ends of the hanging arms
and the coil of each impelling set generate the desired force
for lateral motion; three maglev sets (No.4, No.5, and No.6)
which are located underneath the PMs affixed to the middle
of the hanging arms, and the coil of each maglev set produces
the desired levitating force mainly to maintain leveling of the
carrier. Figs. 3 and 4 show a physical prototype maglev sys-
tem and its conceptual configuration, respectively, which we
have developed. A combination of the maglev forces and the
impelling forces is sufficient to control the carrier in the 6 DOF.
The sizes of electromagnetics are shown in Fig. 5.
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Fig. 4. Conceptual configuration.

Fig. 5. Specifications of (a) cylindrical and (b) rectangular electromagnets
used in this system.

To neglect the ambient electrical field, the expression for the
magnetic force can be simplified as a gradient force [11], [12]

�F = (�m · ∇) �B (1)

where �m is the dipole moment of the PM,
⇀

B is the magnetic
flux density, and

⇀

F is the magnetic force between the PM and
the electromagnetic coil.

We assume that the dipole moment of the PM exerted on
its shape center is only in the z-direction. Thus, the force
equation in (1) when applied to each electromagnetic coil can
be approximately derived as follows:

Case 1) PM in the cylindrical electromagnetic coil of the
maglev set

Fcyl,k = μ0mcyl,z

(
∂hcyl,k

∂z

)
· Icyl, for k = x, y, z. (2)

Case 2) PM in the rectangular electromagnetic coil of the
impelling set

Frec,k = μ0mrec,z

(
∂hrec,k

∂z

)
· Irec, for k = x, y, z. (3)

where h and I are the intensity of magnetic field and the
current flow of a coil, respectively. For real-time controller im-
plementation, it is not practical to establish a detailed analytical
model of the magnetic force as described by (2) and (3). Thus,
to solve this problem, an alternative method is to derive the
empirical model based on practical measurements as a function
of describing the magnetic force F in terms of the current I and
position z. Here, one kind of force detector, the so-called load

Fig. 6. Lower actuating component in the maglev set.

Fig. 7. Magnetic force along the z-axis in the maglev sets.

cell, is used to measure the force exerted on the PM, subject to
the coil’s magnetic field [13]–[17].

As shown in Fig. 6, (x, y, z)T is the local coordinate of
the cylindrical electromagnet in the maglev set. Several exper-
imental results reveal that, within the desired traveling range
of ±5 mm in both the X- and Y -directions, the magnetic
forces distributed on the x-axis and y-axis are much smaller
than the force distributed on the z-axis. Therefore, we take
care of only the force exerted on the PM along the z-axis and
treat the forces distributed along other axes as disturbances.
Hence, the magnetic force in the maglev set is approximated
by

⇀

Fcyl ≈ [0, 0, Fcyl,z]T, and based on (2), we can rewrite it as
a product of a position function and the current input

Fcyl,z = gcyl,z(x, y, z)Icyl (4)

where gcyl,z = μ0mcyl.z(∂hcyl,z/∂z) and Icyl represents the
current input.

Due to the reason given in the previous paragraph, only
the z component of the magnetic force Fcyl,z in the maglev
set is measured; the result is shown in Fig. 7. We set z = 0
at the center of the coil and let the total measuring range be
z ∈ [−10 mm,−50 mm] from the center through the bottom
surface to the outside of the cylindrical coil. In Fig. 7, the
vertical scale is the ratio of the force’s magnitude to the current
input (here, the current is set to 1 A), and the horizontal scale is
the PM’s z position with respect to the coil’s center. It is worth
noting, however, that the data from the force measurements
made at some offset from the central axis of the electromagnet
are still quite close to those measured on the central axis. The
largest data discrepancy is within only 10%. Thus, it should
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Fig. 8. Upper actuating component in the impelling set.

Fig. 9. Magnetic force along the y-axis in the impelling set.

be justified to simplify gcyl,z(x, y, z) as a function with only a
dependent variable z, and hence, we can write

Fcyl,z = gcyl,z(z)Icyl. (5)

Based on this, we first average those three sets of data to
produce the representative values at various z positions and
then calculate the best fit fourth-order polynomial curve. The
calculated result is

Fcyl,z =gcyl,z(z)Icyl =(b4z
4 + b3z

3 + b2z
2 + b1z + b0)Icyl

(6)

where b4 = −5.61 × 106, b3 = −4.89 × 105, b2 = −1.67 ×
104, b1 = −219.34, and b0 = 0.066.

Fig. 8 shows the configuration of a pair of electromag-
netic coils and PMs in the impelling set, where we set y = 0
at the coil center and let the total measuring range be y ∈
[5 mm, 45 mm] from the center through the top surface to the
outside of the rectangular coil. From this result, the measure-
ments of Frec,y at different locations along the y-axis are all
very close, with the largest deviation among the three data lines
being less than 8% (referring to Fig. 9). By applying the same
philosophy dealing with the maglev set to the present situation,
we can also assume that the magnetic force on the rectangular
PM is equal to the product of a nonlinear function of the PM’s
y position and the current flowing through the coil as

Frec,y = grec,y(y)Irec. (7)

The measurement results are shown in Fig. 9. Likewise, we
calculate the best fit sixth-order polynomial curve based on

Fig. 10. Carrier structure and force relation. (a) Top view of the carrier.
(b) Front view of the carrier.

those averaged data. The resulting fit is

Frec,y =(a6y
6+a5y

5+a4y
4+a3y

3+a2y
2+a1y+a0)Irec

(8)

where a6 = −1.95 × 109, a5 = 4.39 × 108, a4 = −3.38 ×
107, a3 = 1.16 × 106, a2 = −19338, a1 = 214.8, and a0 =
−0.385.

III. MODELING AND DYNAMIC FORMULATION

A. Assumptions

The following assumptions are made.

1) The carrier is made of an aluminum alloy, and we assume
that it is a rigid body throughout its motion range.

2) The magnetic fields generated by any two actuating com-
ponents can be viewed as decoupled.

3) Since the carrier’s translation performance is the main
concern in normal operation, the permissible angular
displacement range and their rates are typically small.
Thus, the attitude change around the z-axis is assumed
not to be coupled with those around the other two axes.
Additionally, we assume that the lateral dynamics will not
influence those along the vertical axis.

B. Mathematical Modeling

To develop the general model for this system, the global
coordinate is first defined. Its origin is located at the center of
the carrier when it is at its nominal configuration. Based on
Assumption 3, the terms of θ̇φ̇, φ̇ϕ̇, and θ̇ϕ̇ are exceedingly
small. Thus, the torques which are the nonsymmetrical terms
of the momentum, i.e., IXY , IY Z , IZX , IY X , IZY , and IXZ ,
multiplied by θ̇φ̇, φ̇ϕ̇, and θ̇ϕ̇, will be neglected. From the force
relations in Fig. 10 and Newton’s Law, the general dynamics of
this system can be written as

∑
FX = MẌ = F1 −

√
2

2
F3

∑
FY = MŸ = F2 +

√
2

2
F3∑

FZ = MZ̈ = F4 + F5 + F6 − Mg
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Fig. 11. Arrangement of optical sensors.

∑
TX

∼= IXX ϕ̈ + (IZZ − IY Y )φ̇θ̇

∼= IXX ϕ̈ = −F5l1 +
√

2
2

F6l2∑
TY

∼= IY Y φ̈ + (IXX − IZZ)ϕ̇θ̇

∼= IY Y φ̈ = F4l1 −
√

2
2

F6l2∑
TZ

∼= IZZ θ̈ + (IY Y − IXX)ϕ̇φ̇ ∼= IZZ θ̈ = F3L3 (9)

where M = 0.65 kg is the carrier mass, and L3 =
0.075 m, l1 = l2 = 0.1 m, IXX = 0.000101 kg · m2, IY Y =
0.000101 kg · m2, and IZZ = 0.00032 kg · m2.

This maglev system is controlled under 6-DOF feedback, so
that there must exist at least six displacement detectors to mea-
sure six distinct displacements of the carrier in order to generate
the carrier’s position and attitude information, including three
translations and three rotations. The proper arrangement of the
six sensors (Si, i = 1 to 6) is shown in Fig. 11. Initially, for
every actuating component of the impelling sets, the PM is
located at y = prec,0 = 30 mm in the local coordinate system.
Similarly, each PM in each actuating component of the maglev
sets is located at z = pcyl,0 = −20 mm in the local coordinate
system. Once the carrier undergoes a translation [X,Y,Z]T

and a rotation [ϕ, φ, θ]T , every PM’s position will be recorded
relative to its local coordinate. Therefore, three new relative y’s
in the three impelling sets and three new relative z’s in the three
maglev sets can be, respectively, expressed as

y′
1 = prec,0 + X + L1(1 − cos θ)

y′
2 = prec,0 + Y + L1(1 − cos θ)

y′
3 = prec,0 +

√
2

2
(−X + Y ) +

(
L2

2 + L2
3

) 1
2 sin θ

z′4 = pcyl,0 + Z + l1 sin φ

z′5 = pcyl,0 + Z − l1 sin ϕ

z′6 = pcyl,0 + Z +
√

2
2

l2(sin ϕ − sin φ) (10)

where L1 = 0.16 m and L2 = 0.11 m. By substituting (10)
into (9), the forces with the subscripts 1–6 in (9) can be readily
obtained. Then, the plant model can be rewritten in matrix
form as

MẌ = B(Y
′
)U − G (11)

where M ≡ diag[M,M,M, Ixx, Iyy, Izz], vectors ≡ [X,Y,

Z, ϕ, φ, θ]T , Y ≡ [y′
1, y

′
2, y

′
3, z

′
4, z

′
5, z

′
6]

T , U ≡ [I1, I2, I3, I4,

I5, I6]T , G ≡ [0, 0,Mg, 0, 0, 0]T , and B(Y
′
) is shown at the

bottom of the page.

IV. CONTROLLER ANALYSIS

To realize the goals of precision positioning, a proper con-
troller must be designed to control this maglev system. During
the modeling process in the previous section, we have made
several assumptions that will inevitably lead to some model-
ing errors. Therefore, the stabilizing controller developed here
should be robust enough to tolerate these inherent uncertainties.

Up to now, there are several kinds of control methodologies
available. One is the field of the adaptive control [18]–[22],
which can tune the controller gains in real time or estimate the
system’s parameters to guarantee the stability of the closed-loop
system. However, this kind of controller still has some pitfalls.
For example, one is its poor transient response resulting from
the real-time tuning process, and another is its poorer ability to
deal with unmodeled dynamics and external disturbances. The
second category is the field of robust controls, including, e.g.,
variable structure control [23], [25], H∞ control [26], [29], and
linear quadratic Gaussian (LQG) control [30], [31]. Among the
existing robust control approaches, SMC has been recognized
as an effective robust control approach for uncertain systems,
and it has successfully been applied to a wide variety of
practical engineering systems, such as robot manipulators, air-
craft, underwater vehicles, spacecraft, flexible space structures,
electrical motors, power systems, and automotive engines [29].
[32]. The main features of SMC systems are the follow-
ing: 1) fast response and good transient performance, and

B(Y
′
) ≡

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

grec (y′
1) 0 −

√
2

2 grec (y′
3) 0 0 0

0 grec (y′
2)

√
2

2 grec (y′
3) 0 0 0

0 0 0 gcyl (y′
4) gcyl (y′

5) gcyl (y′
6)

0 0 0 0 −l1gcyl (y′
5)

√
2

2 l2gcyl (y′
6)

0 0 0 l1gcyl (y′
4) 0 −

√
2

2 l2gcyl (y′
6)

0 0 L2grec (y′
3) 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎦
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2) robustness against a large class of perturbations or model
uncertainties. In fact, Maglev system without control is an
open-loop unstable system, which makes the control issue here
subtle and full of challenge, particularly being required to take
care of several system uncertainties and disturbances. In order
to possess the capability of real-time gain tuning as well as
robustness, in this paper, we propose an ASMC [33]–[36],
which will be described in the following in detail.

A. Linearization of System Model

Referring to the plant model shown by (11), for the purpose
of the following controller design, it is linearized at the operat-
ing point Y

′
0 = [0, 0, 0, 0, 0, 0]T by substituting B0 = B(Y

′
0)

for the function B. Due to the carrier’s gravity, we initially
derive the bias currents flowing into the maglev sets to lift the
carrier to some roughly leveling stage. Again, from (11), the
bias currents are apparently

UBias

=B−1
0 G·

=

⎡
⎢⎢⎢⎢⎢⎣

1.6674 0 −1.179 0 0 0
0 1.6674 1.179 0 0 0
0 0 0 1.4769 1.4769 1.4769
0 0 0 0 −0.1477 0.1149
0 0 0 0.1477 0 −0.1149
0 0 0.20 0 0 0

⎤
⎥⎥⎥⎥⎥⎦

−1

×

⎡
⎢⎢⎢⎢⎢⎣

0
0

6.1313
0
0
0

⎤
⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎣

0
0
0

1.2636
1.2636
1.6243

⎤
⎥⎥⎥⎥⎥⎦

. (12)

Thus, the final input current of a coil is the sum of the
output of one specific controller UCtrl and the associated bias
UBias, i.e., U = UCtrl + UBias; then, (11) can be obtained as a
reference model

MẌ = B0UCtrl. (13)

Nevertheless, because we made some assumptions to sim-
plify the plant’s model development in Section III, some in-
accuracies of the resulting plant model will surely occur. To
reflect this fact while considering the positioning task, we
define an error state vector E ≡ X − Xd, where Xd is the
desired position and X is the current position. As a result, (13)
can be rewritten as

MË = B0UCtrl − MẌd + W1 (14)

where W1 denotes the system’s uncertainty and is assumed
bounded.

B. Adaptive Sliding-Mode Controller Design

In order to design a controller which possesses a better
ability to gain high robustness and self-tuning property, two

advanced control methods have been integrated. In this section,
we will introduce the controller design and provide the stability
analysis.

1) ASMC: From (14), we denote the term M
−1

B0 as P and
M

−1
W1 as a constant uncertainty Q plus a varying uncertainty

R. Therefore, (14) can be expressed as

Ë = PUAS − Ẍd + Q + R (15)

where we assume that the varying uncertainty is bounded
and ‖R‖ ≤ RMAX. Furthermore, we define the sliding surface
variable S as

S = Ė + ΛE (16)

where Λ is a positive diagonal matrix. In this paper, we try
to regulate the state error E to zero, and in the context of
SMC, asymptotical convergence of the variable S to zero will
apparently imply asymptotical convergence of E, and Ė as
well, to zero. To validate this, we will need to investigate the
dynamics of the sliding surface variable S as follows:

Ṡ = Ë + ΛĖ = (ΛĖ − Ẍd + Q + R) + PUAS . (17)

In addition to the SMC, an adaptive controller is applied for
estimating the parameters of the system online while simultane-
ously controlling the system [16]. After we have the estimates
of the system parameters, the control command in (17) can then
adopt these estimates to form appropriate SMC with boundary
layer as

UAS = P̂−1
(
−KS − ΛĖ − N · sat(S/ε) + Ẍd −

�

Q
)
(18)

where K and N are positive diagonal matrices with ‖N‖ >
RMAX, P̂ and Q̂ are the estimates of P and Q, respectively, and
sat(·/ε) is the saturation function with boundary layer width ε.
Notably, the use of saturation function instead of sign function
sign(·) will naturally alleviate the so-called chattering problem.

Thus, substituting (18) into (17), we obtain

Ṡ = (ΛĖ − Ẍd + Q + R)

+ P
[
P̂−1

(
−KS − ΛĖ − N · sat(S/ε) + ¨̄Xd − Q̂

)]

= −KS − N · sat(S/ε) + R + Q̃ + P̃UAS (19)

where the estimation errors are defined as P̃ = P − P̂ and Q̃ =
Q − Q̂. By applying appropriate gains K, N , and Λ, we can
ensure the convergence of S and, hence, the tracking error E to
a neighborhood of zero, whose size depends on the boundary
layer width ε, and meanwhile maintain the estimation errors
within a bound.

2) Stability Analysis: We define a Lyapunov function candi-
date V , which is a positive definite function

V =
1
2
ST S +

1
2
tr

(
P̃T Γ−1

1 P̃
)

+
1
2
tr

(
Q̃T Γ−1

2 Q̃
)

(20)
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where Γ−1
1 and Γ−1

2 are positive diagonal matrices. The time
derivative of the Lyapunov candidate function V can be found
to be

V̇ =ST Ṡ+tr
(
P̃T Γ−1

1
˙̃P
)
+tr

(
Q̃T Γ−1

2
˙̃Q
)

= −ST KS − ST (N · sat(S/ε) − R)+ST P̃UAS

+ ST Q̃+tr
(
P̃T Γ−1

1
˙̃P
)

+ tr
(
Q̃T Γ−1

2
˙̃Q
)

= −ST KS − ST (N · sat(S/ε) − R)

+tr
[
P̃T

(
Γ−1

1
˙̃P +SUT

AS

)]
+, tr

[
Q̃T

(
Γ−1

2
˙̃Q+S

)]
. (21)

Using the σ-modification [15] of the adaptive control theory
to establish boundedness of parameter estimates in the presence
of modeling error terms, the adaptive laws are devised as

˙̂
P = − ˙̃P = Γ1SUT

AS − Γ1Σ1P̂

˙̂
Q = − ˙̃Q = Γ2S − Γ2Σ2Q̂ (22)

where Γi ≡ diag[γi1 γi2 γi3 γi4 γi5 γi6] and Σi ≡
diag[σi1 σi2 σi3 σi4 σi5 σi6] ∀i = 1, 2 are all positive diagonal
matrices. If these equations hold, (21) will become

V̇ =−ST KS−ST (N · sat(S/ε)−R)

−tr[P̃T Σ1P̂ ]− tr[Q̃T Σ2Q̂]

=−ST KS−ST (N · sat(S/ε)−R)

−
6∑

j=1

(
σ1j p̃

T
j p̂j + σ2j q̃

T
j q̂j

)

≤−ST KS−ST (N · sat(S/ε)−R)

−
6∑

j=1

{σ1j

2
[‖p̃j‖2−‖pj‖2

]
+

σ2j

2
[|q̃j |2−|qj |2

]}
. (23)

After adding and subtracting the term αV for an adequate
α > 0, where 0 < α < min{2kj , γ1jσ1j , γ2jσ2j} ∀j = 1−6,
we can obtain

V̇ ≤ −ST (N · sat(S/ε) − R) − αV

+
6∑

j=1

{σ1j

2
‖pj‖2 +

σ2j

2
|qj |2

}
. (24)

Because the SMC scheme involving saturation function be-
longs to boundary layer control, the stability analysis should
consider the effect of the boundary width ε. After considering
two situations, namely, whether the sliding variable is inside
the boundary layer or not, we can conclude the worst case
bounded stability using the fact −ST (N · sat(S/ε) − R) ≤
‖S‖ · RMAX, i.e., according to Lyapunov bounded stability
theory, for

V ≥ V0 =
2
α

6∑
j=1

{
1

12α
R2

MAX +
σ1j

2
‖pj‖2 +

σ2j

2
|qj |2

}

(25)

Fig. 12. Control scheme block diagram of the closed-loop system.

Fig. 13. ASMC diagram.

we have V̇ ≤ 0, which, in turn, implies that V ∈ L∞, where
we also use the fact that ‖S‖ · RMAX ≤ 1/2α · ‖S‖2 + α/2 ·
R2

MAX. As a consequence, V and all signals in V , in particular,
the estimate errors P̃ and Q̃, should be bounded on the order of
max{RMAX, σ

1/2
ij }, whose fact when being substituted back to

(19), namely,

Ṡ = −KS − (N · sat(S/ε) − R) + (Q̃ + P̃UAS) (26)

further implies that the tracking error ‖E(t)‖ will con-
verge to a residual set whose size is on the order of
max{ε, σ1/2

ij /λmin(K), RMAX/λmin(K)}. Of course, if the
high gain N is chosen large enough, then the order will be as
low as approximately ε only.

V. EXPERIMENTAL RESULTS

A. Hardware Setup

Fig. 3 shows the system setup. The material used for the
PM, a critical factor to the success of the proposed system,
was chosen to be NdFeB. To avoid electromagnetic interference
effects and to meet the requirement of a long traveling range,
optical sensors are adopted in this experiment. The model
number of the optical sensor is Z4W-V25R, manufactured by
the OMRON Corporation, Japan. Its sampling frequency is
10 kHz, and the active range is up to 8 mm with a resolution
of 10 μm. Generally, such a sensor is fast enough and can
cover the total specified range in this application. To avoid
errors due to noise, we use a low-pass filter with a cutoff
frequency of 10 kHz. The drivers are linear servo drivers for
dc motors. The power is 250 W, 10 A at ±24 V. Based on
the experimental results, a sampling time between 0.05 and
0.1 ms leads to better signal reconstruction through sampling.
The analog-to-digital converter (ADC) is a 16-b high-resolution
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Fig. 14. Experimental results for regulating a large moving range (±3.5 mm in both X- and Y -axes).

Fig. 15. Experimental result for repeating a 1-mm step-train response in X- and Y -axes.

data acquisition adapter and converts the analog sensor outputs
to provide feedback to the digital controller. For the digital-
to-analog converter (DAC) used to convert the control signals
from digital to analog for compatibility with the drivers, there
are altogether six converting channels with 12-b resolution
each. Fig. 12 shows the control scheme block diagram of the
closed-loop system. First, the vertical and horizontal sensors
get the gap signals and import them to microcomputer by

ADC. Second, based on the sensing principle, filters A and B
mean the low-pass filter whose bandwidth is set within 1 kHz.
According to Fig. 11, the sensing principles are used to trans-
fer six displacement detectors to six distinct displacements
(y′

1, y
′
2, y

′
3, z

′
4, z

′
5, z

′
6) of the carrier into a translation (X,Y,Z)

and a rotation (ϕ, φ, θ) by (10). Then, the digital controller
produces the control signals to the maglev and impelling set
drivers by DAC. The digital controller scheme is shown in
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Fig. 16. Experimental result for tracking a sinusoidal motion at ±2.5 mm with 0.25 Hz in X- and Y -axes.

Fig. 13. Based on the reference model and SMC structure for
the Maglev system, the stable adaptive laws are designed to
estimate the parameters in the presence of modeling error terms.
Then, the parameters of the Maglev system are estimated prior
to determining the control parameters which help to achieve the
system objective. The labels in Figs. 14–17 are defined: (a) X
state, (b) Y state, (c) Z state, (d) ϕ state, (e) φ state, and (f) θ
state. The controller design parameters for the experiment are
listed as follows:

Λ = diag[100, 100, 100, 100, 100, 100]T

K = diag[10, 10, 10, 20, 20, 15]T

N = diag[0.5, 0.5, 0.5, 1.5, 1.5, 1.5]T

Γ1 = diag[100, 100, 100, 100, 100, 100]T

Γ2 = diag[100, 100, 100, 100, 100, 100]T .

B. Experiment Results

1) Large Moving Range: In order to test the available range
of motion (millimeter level) of this system, we execute the
XY plane positioning motion and let the other four states be
regulated to zero, i.e., we set the initial 6-DOF configuration
states to X = −3.5 mm, Y = −3.5 mm, and Z = ϕ = φ =
θ = 0, and the control goal is to eventually converge these
configuration states to the point at X = 3.5 mm, Y = 3.5 mm,
and Z = ϕ = φ = θ = 0. The experimental data are shown
in Fig. 14, where all configuration states except Z state can
converge to the desired values within 0.5 s, whereas Z state
takes 1 s to reach steady state and the steady-state errors are
within the resolution level of the detecting sensors, i.e., 10 μm.

2) Step-Train Response: A continuing stepping response
experiment with the proposed ASMC will be conducted with
each step equal to 1 mm. The experimental result, as shown
in Fig. 15, demonstrates the satisfactory performance in XY
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Fig. 17. Ability of the system to compensate for a disturbance (payload test 150 g).

plane motion where the transient time is within 0.15 s, which
indicates that the settling time here is faster and all the steady-
state errors are also within the resolution level of the detecting
sensors. Although the motion dynamics for all the six states
are coupled together, the strong robustness of the ASMC will,
in fact, imply that XY step-train traversing will have little
influence to the other four configuration states, namely, Z, ϕ,
φ, and θ.

3) Circling Motion Response: In order to test the tracking
capability, a way to show the tracking ability is to profile
a desired circle. Fig. 16 shows the fine tracking ability on
the XY plane where the trajectory traversed by the carrier
almost perfectly overlaps the desired circle. The rms value for
the tracking error is 13 μm which shows that the positioning
performance attained the sensor’s resolution limits, and the
resolution is 10 μm which is the limit of the sensor resolution.
Because of the higher robustness property of the ASMC, the
coupling influences from the other four irrelevant configuration
states, i.e., Z, ϕ, φ, and θ, become very small and are well
within acceptable ranges. Continuing to increase the frequency
of the target motion, we find that the highest frequency that this
proposed ASMC can withstand is about 3.5 Hz.

4) Payload Test (150 g): In order to further validate the
robustness of this system with the controller, a 150 g weighted
mass (about one-fourth the weight of the carrier) is suddenly
released from a 1-mm height right above the carrier. Fig. 17
shows that a payload which is suddenly set free vertically will
have only a slight influence on every state and that it takes only
around 1 s to return to each state’s initial position. Again, this

result shows the extreme robustness of the hereby developed
ASMC.

VI. CONCLUSION

In this paper, we have designed and implemented a
macro–micro 6-DOF maglev positioning system, which, in
nature, serves as a multi-input multioutput system. To precisely
regulate the 6 DOF and to track a particular desired motion, an
ASMC is properly designed. To demonstrate the effectiveness
of the system design and satisfactory performance of the pre-
cision positioning, extensive experiments have been conducted,
and the results showed that the positioning performance reaches
the limit of the sensor’s resolution, namely, 10 μm, and the
digital signal acquisition device and, moreover, the system’s
response suits practical applications. To sum up, the main
contribution of this paper is the design of a new structure
for a high-precision and long-range motion positioner, which
successfully demonstrates feasibility and effectiveness of such
a new system through extensive experimental results.
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