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Abstract: Magnetic levitation technology has promising applications in modern manufacturing,
especially for fine-motion stage and long-range omnidirectional planar motors. This paper presents
the development of a compact planar maglev prototype with the potential to achieve both applications
to increase flexibility for the manufacturing system. The planar stator is designed by using optimized
square coils arranged in the zigzag configuration, which provides a better uniform magnetic flux
density compared with another configuration. The stator is a compact and portable module with built-
in current amplifier units. The single-disc magnet mover is deployed with five controllable degrees
of freedom. The cross-coupling effect is decoupled by a precomputed Lorentz force based wrench–
current transformation matrix stored in the lookup table. A 2-D linear interpolation is implemented
to enhance decoupling effectiveness which is offered via discrete lookup data. Experiments with
motion-tracking cameras and a basic controller demonstrate the results of fine step motion of 10 and
20 µm and rotation steps of 0.5 and 1.0 mrad. The potential for multidirectional material handling is
represented by a total horizontal translation range of 20 mm by 20 mm with a maximum air gap of
26 mm and a total rotation range of 20 degrees for both roll and pitch.

Keywords: magnetic levitation; electromagnetic actuator; compact design; decoupling enhancement;
interpolation; five degrees of freedom

1. Introduction

Nowadays, magnetic levitation or maglev technology is applied in various fields from
macro- to microlevel applications. Maglev technology utilizes the interaction between
magnets and/or electromagnets to levitate a magnetized object without contact. By manip-
ulating the actuator outputs, attractive or repulsive forces are generated on the object to
control the motion. With its advantages of low friction and contactless motion, maglev can
provide high-speed and dustless motion. One of the well-known applications is high-speed
transportation such as maglev trains [1] and hyperloop [2]. Meanwhile, various robotic
applications using maglev technology can be found in [3]. The maglev system can perform
delicate tasks in micromanipulation [4–6] and haptics [7]. Moreover, it can also be applied
for modern industrial applications, for example, metal melting [8], magnetic bearing [9] for
high-speed electrical machines, and metal additive manufacturing [10].

Another industrial application of maglev is for manufacturing systems. Since the
suspended object can be controlled for multiple degree-of-freedom (DOF) motion, the ma-
glev system can improve the flexibility of the machining or material handling tasks in
the production line. For these tasks, the repulsive-type planar maglev system, which has
the mover levitated on top of the stator, is more suitable than the attractive-type system
because it enables the system to work with other automation systems such as CNC ma-
chines and industrial robots. For the planar maglev system structure, there are two types
of movers, namely, moving coils and moving magnets, which work with magnet stators
and electromagnet stators, respectively. Even though some research works use moving coil
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mover [11,12]; this type of mover is not popular because it must be equipped with or wired
to the power source to energize moving coils.

By using several combinations of magnet movers and electromagnet stators, the previ-
ous research works mainly aimed to develop maglev systems for high-precision and/or
long-range motion. For high-precision motion, the system structures are usually designed
with multiple sets of coil stators and moving magnet arrays. The mover is controlled to
have a fine motion with micro- or nanolevel precision and relatively small errors. An early
high-precision maglev stage was developed for photolithography [13] which had a trans-
lation range of 50 mm by 50 mm with a motion step size of 50 nm. Subsequent designs
of high-precision maglev stages utilized multiple sets of 1-D Halbach arrays with long
rectangular coils [14] with 100 mm motion stroke and 20 nm step motion, or square coil
arrays [15] which presented the high-precision steps of 1 µm and its RMSE of 0.58 µm.
The alternative stage design had multiple single-axis maglev actuators made of a cylindrical
magnet and a cylindrical coil for vertical and horizontal motion control [16]. The design of
a dual-stage mover for fine motion can be found in [17]. Not only precision linear stages,
but the design of a circular Halbach array mover and electromagnet stator arranged in a
circle can also achieve high-precision rotary table [18,19]. From the review, the Halbach
array mover is widely used because it has the advantage of focusing a strong magnetic
field on one side. Most of the proposed systems were invented for short- or medium-stroke
motion with a small levitation gap below 10 mm and small rotation ranges. Moreover,
most of the structures were designed as multiactuator stages. It is difficult to extend this
structure for long-range motion even though some works have long motion strokes.

For long-range motion, the stator is designed to be planar and expandable since the
motion range of the mover is limited by the stator area. A topology comparison of four coil
arrays in [20] indicated that the rectangular coil array in a herringbone pattern provided
low-power dissipation and small force/torque ripples on the 2-D Halbach array mover.
The modular stator of multilayer copper conductors in [21] could be expanded easily while
achieving precision motion with microlevel motion error. However, the levitation gap
was still small. The long-range translation with a large levitation gap can be realized
using disc magnets and a cylindrical coil array. A single disc magnet can be controlled
for five-DOF motion only [22] because of its symmetry around the vertical axis. In [23],
a two-disc-magnet mover could achieve six-DOF motion with an air gap of 25 mm. Then,
the unlimited yaw rotation using six disc magnets mounted on a ball-shaped mover was
demonstrated in [24]. Nevertheless, the levitation error was large due to the slow sensing
and control frequency.

In real-time motion control of the planar maglev system, the cross-coupling effect
in this overactuated system is usually decoupled by a wrench–current transformation
matrix. The force and torque components in this matrix are based on the Lorentz force
law which requires the computations of (1) magnetic flux density and (2) forces and
torques from the volume integral. For the magnetic flux density, the magnetic node
approach [25] is used for the rectangular magnet but is also applicable for the cylindrical
magnet. The magnetic flux density of the Halbach array can be rapidly estimated by
the order-reduction harmonic model [26,27]. Next, the volume integral can be solved by
numerical methods. The Gaussian quadrature technique which can transform the integral
into the summation was implemented on an FPGA for parallel computing [28] and used
for real-time decoupling for the maglev rotary table in [29].

Alternatively, selecting the nearest wrench–current transformation matrix from a
lookup table, which stores precomputed transformation matrices in a specific range, was
used for disc-magnet mover in [22,30]. However, the lookup table approach has a problem
with its discrete data. The effectiveness of decoupling at the no-data locations deteri-
orates because the transformation matrix is acquired from the nearest data. Therefore,
the decoupling enhancement using estimation techniques for the transformation matrix
at the locations without lookup data can improve the levitation performance. The mul-
tidimensional linear interpolation was implemented in [23,24] to improve the accuracy
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in long-range translation and rotation whereas the performance of the fine motion was
not examined. This paper presents a novel design of a compact planar maglev system,
which is capable of expanding for large-area omnidirectional levitation while performing
a high-precision motion, to be applicable to modern manufacturing systems. The main
objectives of this work are described as follows:

1. The compact and portable design of a five-DOF repulsive planar maglev prototype using an
array of square coils with a single disc magnet mover: The system is intended to perform
as a fine motion stage for a precision machining workstation. Meanwhile, the design
is capable of expanding the planar stator as a module for long-range levitation.

2. Wrench–current decoupling enhancement using multidimensional interpolation for the fine
motion: An implementation of a linear interpolation method can improve the levitation
performance at the mover pose without data in the lookup table. This method is
feasible to deploy on a control system with limited computational resources.

The rest of this paper is organized as follows: Section 2 details the compact planar
maglev system design. The implementation of the working principle from Section 3 and the
wrench–current decoupling enhancement using a linear multidimensional interpolation for
the real-time control system are described in Section 4. The results of levitation experiments
are presented in Section 5. The discussions of this work are given in Section 6 and a
conclusion is provided in Section 7.

2. System Design Procedure

The main components of the planar maglev system in this work include an electro-
magnet stator and a permanent magnet (PM) mover. This section provides the details of the
planar maglev system design starting from the electromagnet, stator array configuration,
and compact system structure. Subsequently, the details of a single-disc magnet mover
are described.

2.1. Electromagnet Design

A comparison between square and cylindrical coils of similar size in [30] indicated
that an average magnetic flux density generated by an array of square coils was stronger
than that of cylindrical coils. Thus, a square coil is preferable.

Figure 1 presents the top and side views of the round-corner square coil with inner
radius Ri and outer radius Ro. There were three key dimensions to be designed in this
work, the inner width Di, the outer width Do, and the height H. The coil was designed
with the objective of this research to propose a compact and portable design of the planar
maglev system. First, the inner width was obtained from the width of the coil bobbin spool.
The bobbin spool was made of a 31.75 mm (1-1/4-inch) aluminum square tube welded
on a 76.2 mm (3-inch) aluminum square base flange. The advantages of using the hollow
aluminum bobbin are a good machinability, an efficient heat dissipation from the coil, and a
slight influence on the magnetic field generated by the coil.

Next, the outer width was determined by the thickness of the winding. The winding
was assumed to be evenly distributed with the orthocyclic winding pattern as shown
in Figure 1b, which ideally provides an optimal fill factor of 90.7% [31]. In this work,
an insulated magnet wire gauge of 16 AWG with a diameter d of 1.31 mm was used to make
the coils with a maximum current of 7 A. The winding thickness can be calculated from the
magnet wire diameter and the number of radial layers but must not exceed the width of
the bobbin base flange. By considering a 10% tolerance from the material dimension and
winding process, the number of radial layers of 16 was selected. As a result, the total outer
width of the coil was approximately 75 mm.
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(a) (b)
Figure 1. Round-corner square coil with key dimensions: (a) top view; (b) side view.

Since the inner and outer widths of the coil were decided, the height of the coil was
designed to achieve an optimal energy efficiency and levitation effort. In terms of energy
use, the Fabry factor was used in this work. This factor considers the coil geometry to
evaluate the efficiency in generating a magnetic field. Even though the factor was derived
from the cylindrical coil, it was adopted in this initial design since the square coil in this
work had a large corner radius which resembled that of a cylindrical coil. The Fabry factor
G of the uniform-current-density coil was expressed in [32] as

G(α,β) =
1
5

√
2πβ

α2 − 1
ln

(
α +

√
α2 + β2

1 +
√

1 + β2

)
, (1)

where α = Do/Di and β = H/Di. From the designed outer and inner widths, the ratio
of the coil’s outer-inner width was α = 2.36. The remaining variable β depended on the
height of the coil. With the designed α value, the best G value this design could achieve
was 0.175, where β = 1.59. Therefore, the optimal coil height from the Fabry factor was
50.48 mm, which was equivalent to 35 vertical winding turns or 50.435 mm.

Simulations of a square and a cylindrical coil with parameters in Table 1 were con-
ducted using finite element analysis software ANSYS Maxwell. Both coils were comparable
in size with the designed inner-outer widths and optimal height from the Fabry factor.
The comparison of the z-component of the magnetic flux density Bz between the two coils
is shown in Figure 2. The magnetic flux density is observed along the diagonal distance
from center to corner at different levels from 18 mm to 26 mm above the coil top surface.
The square coil could generate a stronger magnetic flux density than the cylindrical coil,
especially at the corner, with higher percentage differences as shown in Figure 3. With an
average difference of 18%, the height of the square coil was determined to attain at least 82%
of the best achievable G value (G ≥ 0.144). Accordingly, the range of β was 0.60 ≤ β ≤ 4.22,
and the range of the coil height was 19.05 mm ≤ H ≤ 133.98 mm.

Table 1. Simulation (I): magnetic flux density comparison between square and cylindrical coils.

Parameters Value Unit

Outer width Do 75.00 mm
Inner width Di 31.75 mm
Outer radius * Ro 27.625 mm
Inner radius * Ri 6.00 mm
Height H 50.435 mm
Number of turns N 560 turns

* For square coil.

Another factor to be considered for the coil height optimization is the levitation effort.
The vertical force was mainly considered in this design. To consider the Fabry factor and the
vertical force together, the maximum height must be determined since the force continues
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to increase with the increment of the coil height or the number of vertical winding turns.
With the optimal height and the range of the coil height from the previous step, the coil
height was preferred to be higher than the optimal height to provide more force. Therefore,
the range of coil height was from 50.48 mm to 133.98 mm. The range of the number of
vertical winding turns was from 35 turns to 90 turns.

Figure 2. Magnetic flux density z-component Bz comparison between square and cylindrical coils
along the diagonal distance from center to corner at different levels.

Figure 3. Percentage differences of the magnetic flux density z-component Bz between square and
cylindrical coils along the diagonal distance from center to corner at different levels.

The parametric simulation of the force between a square coil and a single disc magnet
was conducted in ANSYS Maxwell with the parameters in Table 2. The simulation model
consisted of a disc magnet grade N50, a 101.60 mm (4-inch) diameter× 12.70 mm (1/2-inch)
thickness, suspended with a 20 mm gap above the center of the square coil. The coil had
inner and outer widths as designed. The coil height was a function of the number of
vertical winding turns Nvert. The coil was supplied with a current of 1 A. Ideally, only the
z-component of the force on the magnet can be observed whereas other force components
are zero.

The normalized values of the Fabry factor and the vertical force are plotted in Figure 4.
From the plot, the optimal number of vertical winding turns was close to 60 turns or an
estimated height of 86.50 mm. Hence, the number of vertical winding turns of 60 turns was
selected. All designed parameters of the square coil are summarized in Table 3.
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Table 2. Simulation (II): parametric simulation of the force between a square coil and a single
disc magnet.

Parameters Value Unit

Square coil
Outer width Do 75.00 mm
Inner width Di 31.75 mm
Outer radius Ro 27.625 mm
Inner radius Ri 6.00 mm
Magnet wire diameter d 1.31 mm
Vertical winding turns Nvert 30–90 turns
Height H d(Nvert) + 10% mm

Disc magnet: 4-inch dia. × 1/2-inch-thick neodymium magnet grade N50
Diameter 101.6 mm
Thickness 12.7 mm
Remanence Br 1.45 T

Figure 4. Normalized Fabry factor (red �) and normalized z-component of the force (blue •) on a
4-inch diameter × 1/2-inch thickness disc magnet grade N50 with a 20 mm gap above the center of a
square coil with different numbers of vertical turns.

Table 3. Square coil specifications and coil array configuration parameters.

Parameters Value Unit

Square coil
Outer width Do 75.00 mm
Inner width Di 31.75 mm
Outer radius Ro 27.625 mm
Inner radius Ri 6.00 mm
Height H 86.50 mm
Number of turns N 960.00 turns

Array configuration
Coil pitch x (center-to-center) 76.20 mm
Coil pitch y (center-to-center) 76.20 mm
Row offset * 38.10 mm

* For zigzag configuration.

2.2. Stator Array Configuration

After the square coil was designed, the arrangement of the planar coil array was
considered. With a disc magnet mover, only five degrees of freedom can be controlled
except for rotation about the vertical axis or yaw motion. The minimum number of coils
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to control the levitation of a single disc magnet is five as shown in [22]. For the planar
maglev system, the surrounding coils were added to form the planar coil array. The planar
coil array stator in this design initially had 9 coils arranged in a 3 by 3 array or straight
configuration. The coil pitch or distance from center to center of the coil along the x and y
axes was 76.2 mm (3 inches) to maximize the packing density of the array.

Two array configurations, namely straight and zigzag, were analyzed in this work.
Both arrays had nine coils arranged with configuration parameters as detailed in Table 3.
The zigzag array had a 38.1 mm (1-1/2-inch) offset for the middle row. The plots of the mag-
netic flux density at 20 mm above the two arrays are depicted in Figure 5. The significant
difference between these two configurations can be observed at the corner between coils.
The zigzag array could provide a better uniform magnetic flux density within the array
than the straight array. In this work, the zigzag configuration was selected. An additional
coil was added to the right side of the middle row for array symmetry.

(a) (b)
Figure 5. Magnetic flux density on the area of 300 mm × 300 mm at 20 mm above the 9-coil array
with (a) straight configuration, (b) zigzag configuration.

2.3. Compact Planar Maglev System Structure and Permanent Magnet Mover

Figure 6 represents an overview of the proposed compact planar maglev prototype
with system specifications in Table 4. The overall dimensions of the planar stator module
were 320 mm wide, 410 mm long, and 290 mm high, with a total weight of 36 kg. The top
level was an array of ten coils arranged in the zigzag configuration as designed. The proto-
type was covered and surrounded by acrylic sheets for mechanical and electrical safety.

The bottom level had two current amplifier boards. Each amplifier board had five
current amplifier units to control five coils individually. The current amplifier (AZB20A8,
ADVANCED Motion Controls, Camarillo, United States) received the ±10 V analog current
command signal from the controller with a supply voltage of 36 VDC.

The PM mover in this work was a 101.60 mm (4-inch) diameter × 12.70 mm (1/2-
inch) thickness neodymium disc magnet grade N50. The magnet was mounted to the
acrylic frame equipped with reflective markers on the top with different heights for motion
tracking as shown in Figure 7. The total weight of the mover was approximately 900 g.



Appl. Sci. 2023, 13, 2370 8 of 22

Figure 6. Compact planar maglev prototype structure.

Figure 7. Permanent magnet mover with reflective markers: (left) top view; (right) bottom view.

Table 4. Compact planar maglev system specifications.

Parameters Value Unit

Overall dimensions and weight
Width 320.00 mm
Length 410.00 mm
Height 290.00 mm
Weight 36.00 kg

Current amplifier unit
Analog command signal ±10.00 V
DC supply voltage 36.00 V

Disc magnet mover: 4-inch dia. × 1/2-inch-thick neodymium magnet grade N50
Diameter 101.6 mm
Thickness 12.7 mm
Weight 900 g

3. Working Principle and Modeling

With the designed planar maglev system, the working principle of the proposed
maglev system is described in this section. First, the coordinate systems are set. Then,
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the Lorentz force based wrench–current model is formulated. The solution to the triple
integral using the magnetic nodes approach and numerical integration is presented.

3.1. Coordinate System Settings

Figure 8 depicts the three main coordinate systems in this work, namely, the world
{w}, mover {m}, and coil {c} coordinates. The world coordinate is set at the center of the
coil array top surface. The mover coordinate is at the center of the disc magnet. Each coil
coordinate frame origin is defined at the centroid of the corresponding coil with arbitrary
location inside its volume as point p. The superscript and subscript of a vector are used to
represent the direction from end location to start location and to which coordinate systems
they are referring, respectively. Without the superscripts, the vectors only indicate in
which coordinate frame they are expressed. For instance,~r 21

w represents a vector~r from
location 1 to location 2 expressed in the world coordinate system. The subscript of the
coordinate transformation matrices represents the relationship between coordinate systems,
such as Twc to represent a transformation from mover coordinates to world coordinates.
Additionally, there is a sensor coordinate system, which is easily adjusted to overlap with
the world coordinate system after calibration.

Figure 8. Coordinate systems: world coordinates {w}, coil coordinates {c}, and mover coordinates {m}.

3.2. Lorentz Force

Finding the relationship between the stator current density (J ) and forces (F ) and
torques (T ) generated on disc magnet was the fundamental component of this system.
The Lorentz force law was utilized in this study. Given both the mover-generated magnetic
fields and corresponding current density on coil locations, the reaction forces and torques
on the mover at a particular pose could be obtained as follows:

Fw = −
∫∫∫

V
Jw(p)×Bw(p) dV, (2)

Tw = −
∫∫∫

V
~r pom

w × [Jw(p)×Bw(p)] dV. (3)

• p(xp, yp, zp) represent arbitrary world points on the coils.
• om represents the location of the center of the magnet in the world coordinate system,

which can be obtained from the sensor returned mover pose (x, y, z, ψ, θ, φ).
• V represents the integration volume of the coils.
• Fw and Tw represent the resultant forces and torques vectors generated on the mover

in the world coordinate system, respectively.
• Jw and Bw represent the location p current density and magnetic flux density obtained

in world coordinate system, respectively.



Appl. Sci. 2023, 13, 2370 10 of 22

3.3. Magnetic Flux Density Computation

It is difficult to find the analytical solutions to Equations (2) and (3) for the maglev
system in real-time control. Alternative solutions, numerical methods, such as the Gaus-
sian quadrature method [28], can be applied to solve for forces and torques in real time.
However, it could not be reimplemented on the proposed system due to limitations on the
computation power of the controller in this work. In addition to the numerical method,
the magnetic nodes approach [25] can be used to find the magnetic flux density Bc(p)

generated by the magnet mover at any location in the mover frame expressed as

Bk(p) =
(−1)k−1Br

4π


ln
(
−yr + ‖~rp −~rk‖2

)
ln
(
−xr + ‖~rp −~rk‖2

)
arctan

(
xryr

zr‖~rp −~rk‖2

)
, (4)

where xr = xp − xk, yr = yp − yk, zr = zp − zk, and ‖~rp −~rk‖2 =
√
(xr)2 + (yr)2 + (zr)2.

In this work, the disc magnet was modeled with 116 nodes for both top and bottom
levels. Therefore, there were 232 nodes in total. The total magnetic flux density at arbitrary
point p could be computed by

Bm(p) =
232

∑
k=1
Bk(p). (5)

The equations shown above were all expressed in the mover coordinate system. Later,
the obtained magnetic flux density was transformed into the world coordinate system.
Numerical results of the magnetic flux density of the 4-inch disc magnet were verified with
simulation results in ANSYS Maxwell as shown in Figure 9. The magnetic flux density
components were computed at 20 mm above the center of the magnet along the x axis from
−200 mm to 200 mm.

Figure 9. Magnetic field verification of disc magnet mover.

With the obtained magnetic flux density components, the Lorentz forces and torques
could be computed for each square coil with the following coil segmentation strategies.

3.4. Numerical Integration for Magnetic Force and Torque Model

To solve the triple integrals in Equations (2) and (3), the square coil model was sepa-
rated into eight sections, four straight sections and four corner sections. With a segmen-
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tation of all coil sections into small elements, the triple integrals in Equations (2) and (3)
could be estimated as the summations of the results from each element. Since all results
were expressed in the world coordinate system, the magnetic flux density results from
Equations (4) and (5) were transformed into the world coordinate system by

Bw(p) = Rwc · Bc(p)

= Rx · Ry · Rz · Bc(p). (6)

The rotation matrix Rxyz was easily obtained based on Euler angles (in X-Y-Z order) of
the mover (ψ, θ, φ), measured in the world coordinate system.

4. Control System

After obtaining the Lorentz force and torque models, this section provides the details
of the real-time implementation of the 5-DOF controller.

4.1. Control Algorithm

An overall 5-DOF control diagram is illustrated in Figure 10. By using the wrench–
current transformation, the cross-coupling effect could be decoupled and a 5-DOF PID
controller was applied to control each degree of freedom separately. The precomputed
wrench–current transformation matrices were stored in the lookup table. The transfor-
mation matrix could be looked up by using the moving pose obtained from the motion
tracking system. Additional feed-forward control was used to compensate for the mover
weight in a vertical motion.

The tuned PID parameters for the proposed system are shown in Table 5. It is worth
noting that the PID parameters were different on the x and y axes. Similarly, the parameters
were different on the ψ and θ axes. Due to the zigzag configuration of the ten-coil array as
shown in Figure 8, the different arrangements of the coils along the x and y axes featured the
maglev system controller with different PID parameters along the x and y axes. Therefore,
the tuned parameters were different on the axes. The units of the PID gains were selected as
SI units. For rotations, due to the difficulty of the system to generate large torques, the gains
were relatively small quantities with SI units.

Figure 10. Five-DOF control diagram.
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Table 5. Five-DOF PID controller gains.

DOF
PID Controller

P Gain I Gain D Gain

x 1500 N/m 6500 N/m s 55 N s/m
y 600 N/m 3000 N/m s 36 N s/m
z 900 N/m 5000 N/m s 40 N s/m
ψ 1 N m

rad
3.33 N m

rad s
0.06 N m

rad/s
θ 1.5 N m

rad
5 N m

rad s
0.09 N m

rad/s

4.2. Decoupling Method Using Wrench–Current Transformation Matrix

The proposed ten-coil planar maglev system was a MIMO overactuated system with
ten coil current inputs and 5-DOF motion outputs. The yaw rotation around the z axis could
not be controlled because of the axial symmetry of the disc magnet. Therefore, the torque
about the z axis was not considered in the control design. From the Lorentz force law in the
previous section, the forces and torques were proportional to the coil currents I . Therefore,
the force and torque equations as a function of coil currents could be written as[

Fw
Tw

]
5×1

= K(x,y,z,ψ,θ) I

=


fx1 . . . fxk . . . fx10

fy1 . . . fyk . . . fy10

fz1 . . . fzk . . . fz10

tx1 . . . txk . . . tx10

ty1 . . . tyk . . . ty10

 ·


i1
...
ik
...

i10

 (7)

where K is the commutation matrix. It represents the relationship between the coils and the
forces and torques on the magnet at specific pose (x, y, z, ψ, θ) when each coil is supplied
with a 1 A current.

In the control system, the total wrench (forces and torques) command Wtotal from the
5-DOF PID controller and feed-forward controller was decoupled and transformed to coil
current command Icmd by

Icmd = K+Wtotal (8)

where the wrench–current transformation matrix or wrench matrix K+ is an inverse of
the commutation matrix. Since the commutation matrix is usually a nonsquare matrix,
the Moore–Penrose pseudoinverse can be computed instead, expressed by

K+ = KT(KKT)−1. (9)

Next, the implementation of the wrench–current transformation matrix for decoupling
using the lookup table is presented.

4.3. Lookup Table

Since the wrench–current transformation matrix is a function of the mover pose,
the real-time solution of this matrix must be computed for every control sampling. However,
numerically computing the Lorentz forces and torque cannot be implemented in real time.
Hence, in this work, the wrench–current transformation matrices within a specific range of
motion were precomputed and stored in a lookup table.

To keep the size of the lookup table reasonable while providing sufficient information
for the operational space, a 5-D table with a 1 mm grid on both x and y axes from −10 mm
to 10 mm, 1 mm grid on z axis from 18 mm to 26 mm, and a 5-degree grid on both ψ and θ
axes from −10 degrees to 10 degrees was created. The matrix with corresponding mover
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pose closest to the current mover pose was returned while searching the lookup table at
runtime. This lookup table approach helped reduce the computation cost by sacrificing the
controller memory. Only a finite number of mover poses were stored. Therefore, it was
inevitable to use lookup results when the operation location was not in the lookup data.
By applying a multidimensional linear interpolation approach, the transformation matrix
could be estimated for the desired pose instead of using the nearest data.

4.4. Multidimensional Linear Interpolation

The closest pose search of the lookup table was utilized at runtime to find the current
outputs. Therefore, inconsistent errors were expected when switching selected matrices,
which degraded the overall controller performance. To improve the real-time control
performance, a multidimensional linear interpolation method was introduced to smooth
out the errors brought by data switching.

The interpolation could be formulated as follows. The ax, ay, az, aψ, and aθ were used
to represent the weighting parameters for the multidimensional linear interpolation of the
x, y, z, ψ, and θ states of the mover pose, respectively. Suppose that the random 5-DOF
pose to be interpolated was at (x0, y0, z0, ψ0, θ0), which was between the state pairs, (x1,
x2), (y1, y2), (z1, z2), (ψ1, ψ2), and (θ1, θ2), respectively. The weighting parameters could
be calculated by

ap =
p0 − p2

p1 − p2
with p1 ≤ p0 ≤ p2 (10)

where p can be the x, y, z, ψ, or θ state. This formula could be generalized for extrapola-
tion purposes. Once the weighting parameters were obtained, the general results of the
interpolated wrench matrix could be found for any desired states as expressed in

K0 =
2

∑
i=1

2

∑
j=1

2

∑
k=1

2

∑
l=1

2

∑
m=1

{[ θm

∏
s=xi

as

]
· K(xi ,yj ,zk ,ψl ,θm)

}
. (11)

For n-dimension or -state interpolation, a total of 2n number of wrench matrices
were needed. Then, we applied Equation (11) as explained in Algorithm 1 to find K0.
In the 5-D case, there were 32 wrench matrices to extract. Due to controller constraints,
only a 2-D linear interpolation was implemented with two combinations of x–y and ψ–θ
axes separately.

Algorithm 1 Multidimensional linear interpolation

Require: A precomputed lookup table
Input: The sensor mover pose readings x0, y0, z0, ψ0, and θ0, only work with the states

needed
Output: The interpolated results K0

Initialization K0 = zeros(5, 10), n as the number of states selected

Calculate the weights ap1 =
p0 − p2

p1 − p2
and ap2 = 1− ap1

while i ≤ 2n do {n while loops to be precise}
lookup Ki
find the ∏ as product
K0 = K0 + ∏ as · Ki
i = i + 1

end while

5. Experimental Setup and Results

This section presents the levitation experiment results of the proposed ten-coil planar
maglev system. First, the maglev system is discussed. Then, the effectiveness of the
linear interpolation is evaluated. Finally, the fine-step motion and long-range motion are
performed to demonstrate the system performance.
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5.1. System Setup

Figure 11 represents the overall setup of the proposed planar maglev system with
the motion-tracking system and controller. The motion-tracking system had four cameras
(VICON Vantage V5, Vicon Motion Systems, Oxford, United Kingdom) to detect the
reflective markers on the mover. Then, the data were transmitted over Ethernet to a
software program to compute the mover position and orientation. With a proper calibration,
the motion-tracking system could provide position and orientation data with a ±10 µm
and ±0.2 mrad resolution with an update frequency of 1 kHz to the controller via the
UDP protocol. With the same sampling frequency of 1 kHz, the controller (NI PXI-8820,
National Instruments, Austin, United States) operated with the implemented control
algorithms as described in the previous section to determine the coil currents. The analog
current command outputs were sent out through two analog output modules to the current
amplifiers in the planar maglev system.

Figure 11. Overall system setup.

5.2. Linear Interpolation Performance Verification

The PID parameters in Table 5 were used to verify the performance improvement
with and without the linear interpolations, on both combinations of x–y and ψ–θ axes.
In Figure 12, the ψ–θ axes’ linear interpolation was able to eliminate the sharp oscillation
effect when switching wrench matrices in the lookup table. Because the grid size of the
lookup table on the ψ–θ axes was five degrees, larger error gaps were expected at the
switching location. On the x–y axes, the step response at the wrench matrix switching
location showed its performance with constant oscillations. There were smaller oscillations
on the x axis than on the y axis, due to the coil layout configurations. The x–y axes’ linear
interpolation could reduce the additional source of oscillations caused by the uncontrollable
yaw rotation effect on the x–y step responses and x–y steady-state errors shown in Figure 13
and Figure 14, respectively. To smooth out the overall errors, applying a linear interpolation
is one of the approaches to achieving so. The results showed that the control performance
improved with no further tuning needed.
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Figure 12. x–y and ψ–θ axes interpolation results: (a) step responses without linear interpolations;
(b) step responses with 2-D linear interpolations.

Figure 13. All axes step responses.
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Figure 14. All axes precise step responses.

5.3. Step and Microstep Responses

First, the mover was controlled to move with a step motion of 1 mm in the x, y, and z
axes for translation. For rotation, the mover was rotated with a one-degree step for both
roll and pitch motion. The step response results of all five types of motion are plotted in
Figure 13. The characteristics of the step response are provided in Table 6.

Table 6. Step response characteristics.

DOF
Characteristics

Trise (ms) Overshoot (%) Tsettle (ms)

x 38 20 460
y 62 16.4 515
z 46 19 554
ψ 57 50 1023
θ 75 17.2 695

Next, the precision motion performance of all five types of motion, x, y, z, ψ, and θ,
is shown in Figure 14. The proposed planar maglev system could be controlled with
the precise step of 10 µm in the x, y, and z axes, and 0.5 mrad in roll ψ and pitch θ.
An unexpected spike was observed in some motion results. The precise step performances
were almost limited by the sensor resolutions. These performance results indicate that the
system was capable of precise control on all axes.
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5.4. Full-Range Trajectory Tracking

To demonstrate the full-range motion of the proposed system, two experiments were
conducted. One was focused on translational trajectory tracking. The other was focused on
the rotational ramp command following.

For trajectory tracking in translation, the motion range was defined to be equal to
the lookup table data range, which ranged from −10 mm to 10 mm on both x and y axes,
and 18 mm to 26 mm on the z axis. Figure 15 represents the full-range motion in the lookup
region and the motion of each axis is shown in Figure 16. Note that the ramp commands
were applied on the x and y axes only. The z axis was controlled with step commands.
Therefore, large overshoots along the z axis could be observed.

For the rotation motion, to avoid the mover colliding with the base surface at a
maximum rotation angle, the mover had to be levitated with a 26 mm air gap. The results
of the full-range rotation with the ramp command are shown in Figure 17. The mover was
rotated with roll ψ for ±10 degrees. Then, the mover rotated with the same rotation range
for pitch θ. Figure 18 represents the mover was levitated at 26 mm and rotated with pitch
angle θ of 10 degrees. The results were recorded at the same time scale. Each column used
different vertical scales to fit with the motion results.

Figure 15. Full-range trajectory following.
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Figure 16. Full-range trajectory following performance.

Figure 17. ψ–θ axes ramp responses.
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Figure 18. The disc magnet mover levitated at 26 mm and rotated with pitch angle θ of 10 degrees.

6. Discussion

This section provides a discussion of the proposed compact planar maglev system
design and levitation experiment results.

6.1. Compact Planar Maglev Design

The proposed compact maglev system had a planar square coil array to achieve
both fine and long-range motion controls. The round-corner square coil was initially
designed by the Fabry factor as it resembled the cylindrical coil. With the magnetic flux
density comparison, the coil height was thereby optimized to achieve a high levitation force
with acceptable power efficiency. Even though the zigzag array was better, the straight
array might be more suitable to build as a compact module for an expanded work area.
The design of the magnet mover will be important for efficiency in levitation.

For the development of an expandable planar maglev system, two main components
must be considered: system communication and motion-tracking system. The analog signal
command in this work might not be suitable for a large area. The control and current driver
components with automation protocols will provide more robust communication. The
vision system is flexible for scalable areas. However, the larger the tracking area, the worse
the motion-tracking quality.

6.2. Levitation Experiment Results

The experiment results demonstrated both precision motion and long-range motion.
The 2-D linear interpolation could enhance the wrench–current transformation. The ef-
fectiveness of the interpolation was tested by moving the mover to the location with no
data available in the lookup table. For high-precision motion, the mover was controlled
to move with steps of 10 and 20 µm for translation and 0.5 and 1 mrad for roll and pitch.
The precision of the system was limited by the motion sensor.

To prove the concept of long-range motion, the mover was moved within the horizontal
area of 20 mm × 20 mm with a vertical motion range from 18 mm to 26 mm. The rotation
range was ±10 degrees for both roll and pitch. A large overshoot could be observed in
large-step motion. Even though the multidimensional linear interpolation could improve
the levitation as discussed, the real-time solution to decouple the wrench command was
still important.

From the experiment results, there were two main problems that significantly deterio-
rated the levitation performance: undesired yaw motion and system lag. In the experiments,
the untethered mover was suspended in the air with five controllable degrees of freedom.
Imperfect control efforts could result in an undesired yaw motion, especially, during the
large motion. Unwanted rotation could cause oscillations in other axes.
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Next, the authors believe that the reason for the large spikes in both precision and
long-range motion might be the limitation of the old controller hardware. Prior to the
experiment, large spikes occurred frequently when too many features were implemented.
Therefore, the linear interpolation was limited to 2-D with a ramp command feature to
reduce the computational load in this work.

By comparing with other previous works, the proposed planar maglev prototype had
several advantages and room for improvement. First, for the range of motion, the system
could move with a long range, especially in the vertical direction with a 26 mm levitation
gap, compared to other works with the disc magnet [22] and Halbach array [21]. A solution
for unlimited translation is needed since the horizontal range was relatively small and yaw
motion was not controlled. Next, the fine-step motion of 10 and 20 µm demonstrated an
improvement of this system compared to other works with disc magnets [23,30]. The preci-
sion motion quality can still be improved for better performance such as that of the Halbach
array [17].

From the discussions above, there are plenty of research opportunities for the design
and levitation performance of the proposed planar maglev system. For educational pur-
poses, a cost-effective planar maglev system using inexpensive sensors and a controller
can be built as found in [33]. For precision motion, with the most recent review in [34],
the challenges lie in solutions for effective fine-level sensing, long-range extension, and ex-
treme performance such as high-speed motion. In high-speed motion or long-time use,
the coils must consume a lot of currents and heat up quickly. The generated heat will
affect levitation performance. The analysis of the thermal model [35] and the design of
the cooling system are important. The eddy current damping, produced by array cover
materials such as aluminum, could improve the stability even though it affects the speed.
However, the selected material must be optimized to avoid an excessive damping force on
the mover [36]. Lastly, advanced control can be applied for complicated tasks, for example,
iterative control for higher precision in repetitive motion [19,37], or a study on transient
responses with external disturbances and the design of a robust controller to improve
levitation performance in real-world applications.

7. Conclusions and Future Work

In this work, a compact planar maglev prototype was developed to be capable of both
precision and long-range motion. The stator was designed as a compact module. The coil
array consisted of ten optimized square coils arranged in a zigzag pattern. The single
magnet mover was deployed with five-DOF motion. The experiment began with the
evaluation of the decoupling enhancement approach. The 2-D linear interpolation was able
to reduce the oscillations which occurred when the mover was at the switching location,
by estimating the data at that location to smooth the motion. Next, for step and microstep
motion, the experiment results demonstrated the mover was moved with steps of 10 and
20 µm for translation and 0.5 and 1 mrad for roll and pitch. Finally, full-range motion
tests were conducted. The mover was moved following the trajectory within the range
of 20 mm × 20 mm × 8 mm with a maximum air gap of 26 mm. The rotation range
was ±10 degrees for both roll and pitch. Levitation results for microstep and full-range
motion demonstrated that the proposed planar maglev design had the potential to increase
flexibility for manufacturing systems as a machining workstation and an expandable
modular omnidirectional conveyor.

Future work of this research will mainly aim to achieve six-DOF motion with unlim-
ited horizontal motion range. The stator design will be further developed into a modular
structure to provide flexibility in its arrangement. Accurate real-time wrench–current
transformation solutions and improved motion-tracking techniques will elevate the levita-
tion performance.
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