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Abstract—A novel sensing methodology using two-axis
Hall-effect sensors is proposed, where the absolute positioning
of a device atop any magnet matrix is possible. This
methodology has the capability of micrometer-order
positioning resolution as well as unrestricted translational and
rotational range in planar 3-DOF (degree-of-freedom) motions,
with potential capability of measuring all 6-DOF motions. This
paper presents the methodology and preliminary experimental
results of 3-DOF planar motion measurements atop a Halbach
magnet matrix using two sets of two-axis Hall-effect sensors.
This methodology uses the Gaussian least squares differential
correction (GLSDC) algorithm to estimate the relative position
and orientation from the Hall-effect sensor measurements. The
sensor and its algorithm are implemented to a magnetic
levitation (maglev) stage positioned atop a Halbach magnet
matrix. Preliminary experimental results show its position
resolution capability of less than 10 pm and position accuracy
of less than 1.4 mm. Controllers were designed to close the
control loop for the translational motion using the GLSDC
outputs at a sampling frequency of 800 Hz on a Pentek 4284
digital signal processor (DSP). Calibration was done by
comparing the laser interferometers’ and the Hall-effect
sensors’ outputs to improve the positioning accuracy. The
results exhibit good repeatability.

Index Terms—Hall-effect sensor, precision positioning,
multi-dimensional positioner, Gaussian least squares
differential correction

I. INTRODUCTION

OR high-precision positioning of any device such as
wafer steppers, surface motors, magnetic suspension
stages, or long-range scanning stages, conventional methods
use laser interferometers, optical sensors, or capacitance
gauges [1]-[4]. These sensors have high resolution and low
positioning noise, allowing sub-nanometer position
measurements. The noncontact nature of these sensors is
suitable for maglev applications.
However, these sensors have downsides in cost, design,
and limitations in travel range. Components of such sensors,
such as mirrors, laser heads, and laser interferometers which
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make up the sensing system add up to be very expensive. For
example, the laser interferometry setup for the maglev stage
in [2] cost approximately $48,000. In terms of design, these
sensors need a very good surface finish as a flat reference,
where the laser beam will reflect to the laser receiver. The
mirrors may become very large in order to achieve long
travel range, which makes the levitated part (namely, the
platen) heavy, affecting its performance and design.

Another major downside of the use of laser
interferometers is the limitation in rotation. Since the laser
beam reflected off the mirror must go into the laser receiver,
even small rotations on the order of a few milliradians can
cause the laser beam to stray off the receiver, which causes
the platen to become unstable. In a practical sense, this
becomes more problematic when applying large (a few
millimeters) step inputs because this can cause a responsive
jerk of the platen, which may cause the platen to rotate
enough to cause instability.

It must also be noted that the applications of maglev
devices are not only for photolithography that requires
nanometer-precision positioning, but for microassembly,
where nanometer resolution is not a strict requirement.
Furthermore, there may be more need for larger angular
displacement capabilities, which cannot be met using
conventional laser interferometers.

Having these considerations, we seek for inexpensive
sensors with sufficient positioning capabilities allowing
large rotations, with absolute outputs with respect to
position. We focus on a sensing methodology using
Hall-effect sensors in this paper.

Hall-effect sensors are used in various fields, for they are
contactless, small in size, reliable, low-cost, and not
sensitive to harsh and polluted environmental conditions.
However, they are limited in accuracy due to offset, noise,
temperature, and aging effects [5]. Nevertheless, Hall-effect
sensors have been utilized in various measurement
techniques, such as current sensing [6], sensing the
movement of ferrous metal targets with Hall-effect
proximity sensors, and measuring positions of rotating
machinery [7]. Previous work showed their capability in
sensing rotations of less than one degree [8].

In this paper, we propose a novel methodology for 6-DOF
positioning atop a magnet matrix, using multi-axis
Hall-effect sensors. First, we explain the sensing mechanism
and the position-calculation methodology. We demonstrate
our concept by using two sets of two-axis Hall-effect sensors
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Fig. 1. Photograph of the experimental setup. (a) Multi-DOF positioner
[2] with two sets of 2D-VH-11SO Hall-effect sensors mounted on the
base. The triangular platen is placed atop a mirror-finished aluminum
plate, and beneath the plate is the Halbach magnet matrix. (b) Close-up
view of the mounted Hall-effect sensor 4.

(Model 2D-VH-11SO by Sentron AG [9]) for 3-DOF
positioning in a plane. Preliminary experimental results are
presented. Our approach has many attractive features
including (1) very small sensor with unrestricted range in
planar (X,Y) and yaw (6.) motion, (2) no costly

laser-interferometer setup required (a two-axis Hall-effect
sensor is $10 apiece), (3) relatively simple electronic circuits
with no demanding design constraints, (4) can be applied in
various fields, not limited to magnetic fields, and (5) capable
of sensing large rotations with sub-degree resolution.

II. TwO-AXIS HALL-EFFECT SENSING MECHANISM

The methodology proposed in this paper is applicable for
the positioning of a platen atop various magnetic matrices,
such as [10]-[13]. In this paper, we consider positioning of a
platen on a double-axis Halbach magnet matrix, presented in
[2]. The platen is a magnetically levitated positioner, and is
capable of positioning in 6 DOFs with 20-nm positioning
resolution. The platen is currently suspended using

SNSHSE
0 Y

Y-magnet array

X

(2)
Fig. 2. Halbach magnet matrix [1], [13]. (a) Conceptual superimposition
of the two orthogonal Halbach magnet arrays to produce a
concentrated-field magnet matrix. (b) Top view of the concentrated-field
magnet matrix

aerostatic bearings, and generates force to move in all 6
DOFs using three planar motors, which are attached to the
bottom of the platen. Figure 1 (a) shows the platen with two
sets of two-axis Hall-effect sensors mounted. The sensor
fixture is designed such that vertical and rotational
adjustments can be made. Underneath the platen is the
Halbach magnet matrix covered with a mirror-finished thin
aluminum plate. A close-up view of the sensor and the
fixture is shown in Figure 1 (b).

A. Halbach Magnet Matrix Analysis

A conceptual construction of the Halbach magnet matrix
is shown in Figure 2. The magnet matrix is a superposition
of two orthogonal Halbach magnet arrays with orthogonal
magnetic fields. Halbach arrays have a stronger fundamental

field by a factor of V2, which allows a design of a higher
power-efficient magnetic device [14].

The magnet matrix consists of two kinds of magnets. One
is a strong magnet with 90° magnetization (shown with ‘N’
or ‘S’ in Figure 2), where we chose NdFeB50 material
which has a remanence of B ons =1.43 T. The other magnet
used is a weak magnet with magnetization in 45° (shown
with arrows). NdFeB30 with a remanence of B,yex =1.10 T
was chosen, which was the weakest NdFeB at the time of
purchase. The blank areas are non-magnetic aluminum
spacers. The pitch of each magnet array is 50.8 mm (2””), and
the dimension of each magnet and spacer is 12.7 mmx 12.7
mmx 12.7 mm (0.5” x 0.5” x 0.5”). The letters X, Y, and Z
are used for the axes of the magnet matrix, and x, y, and z, the
body-fixed axes of the platen.

Due to the periodicity of the magnet matrix, the magnetic
flux density B is modeled using Fourier series. The results
for By are shown in Figure 3. The results for an ideal
Halbach array and the fabricated array are presented. The
difference results from using weak magnets which differ
from the ideal case,
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Fig. 3. Fourier coefficients of magnetic flux density By at 0-mm air gap
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Fig. 4. Analytical result of magnetic flux density By of an ideal Halbach
magnet matrix at 3-mm air gap
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Fig. 5. 1-D positioning method

(a) (®)
Fig. 6. Representative Hall-sensor setups with minimum number of sensor,
(a) for 3-DOF position sensing in a plane, (b) for 6-DOF position sensing

BYSU‘OH
B =1.10% 50 101 (1)

2
From this analysis, we find that for an ideal Halbach
magnet matrix, the fundamental, 5th, 9th, ... harmonics are
non-zero and the other odd harmonics are zero. For the

actual case, the fundamental and the 5th-order harmonics
have the largest magnitude, and hence we chose these two
harmonics as the basis functions. The curve-fitting model of
the magnetic flux density at (X;, Y;, Z,) is in the form,
B, (X,,Y,Z,)=c+asin(wX,)+ fsin(SwX,)
+ ysin(wY;) + dsin(SwY,),
B, (X,,Y.,Z,) =c+asin(w),) + Bsin(5wY,;)
+ysin(wX;) +osin(5Sw.X,),
where ¢, a, 3,7, and J are the parameters to be curve-fitted.

2

The coefficients y and § are included to compensate the

sensor misalignment, and ¢ is the DC offset. The
curve-fitting procedure is presented in Section III.

The X-component of the total magnetic flux density in the
target area is shown in Figure 4. The Y-component is
identical, but the axes are reversed.

B. Proposed Sensing Method

We propose a novel methodology for a 6-DOF
positioning of a platen atop a magnet matrix, using
multi-axis Hall-effect sensors. This methodology will allow
positioning of the platen within the ‘target area’ in Figure 2,
which is one pitch by one pitch (50.8 mm x 50.8 mm,
27x27).

First, consider a case for positioning within one pitch in
1-D, as shown in Figure 5. The platen will move along the
X-axis where there is a periodic magnetic field B that can be
modeled as a periodic function. On the platen are two
Hall-effect sensors which can detect the magnetic flux
density at two points along the X-axis.

If there are two Hall-effect sensors positioned with some
phase lag with respect to the pitch, it is possible to detect the
unique position of the platen within one pitch, as well as the
direction of motion. Further, if the Hall-effect sensors are
located

1 1
—+—n |xpitch, n=1,2,3,... 3
(4 5 j P 3)

apart, at least one sensor will be located in a ‘sensitive’
region where the gradient of B is large. This will allow
positioning within the ‘target area’ to be sensitive at all
locations.

Next, consider positioning in a 2-D XY plane without
rotation. If there are orthogonal magnetic fields in a plane
and two measurements can be taken for each axis, we can
position the platen. This is precisely the reason we consider
the use of magnet matrices. An example of a sensor setup for
2-D planar positioning is shown in Figure 6 (a). Note that
this has only the minimum number of sensors, and having
more redundant sensors will improve the resolution and
accuracy of positioning.

Further, the fact that the fields By and By, are orthogonal
brings one more advantage. By having four sensor outputs
and two orthogonal magnetic fields, it is possible to detect
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Fig. 7. Definition of sensor locations and axes of measurement

the orientation 6, of the platen as well. This approach can be
extended to 6-DOF position sensing, where in that case, the
coefficients of the curve-fitting (¢, &, S,y and &) will be

modeled as a function of the air gap Z,. One possible setup
for 6-DOF position sensing is shown in Figure 6 (b).

An important part of this research is to find a way to map
the nonlinear relationship between the four sensors’ outputs
to the position and orientation of the platen. Candidate
methods for this nonlinear mapping include neural networks
[15] and the GLSDC [16]. The GLSDC algorithm was
implemented due to its more deterministic nature, and
resulted in better convergence. Also, the GLSDC
incorporates the continuous, periodic model, and the output
will be continuous even when the platen goes beyond the
target area.

C. Experimental Setup

A photograph of the experimental setup for 3-DOF
positioning is shown in Figure 1. The platen’s axes are
defined at the platen’s center of mass, and are not aligned
with the magnet matrix’s axes. The axes of measurement are
shown in Figure 7. The location of the two sensors
A(x,,y,) and B(xp,y5) are known in the body-fixed xyz

coordinates.

A Pentek 4284 DSP is used for real-time control, and a
Pentek 6102 analog-to-digital (A/D) converter board and a
Datel DVMEG622 digital-to-analog (D/A) converter board is
used for data acquisition and control. The 2D-VH-11SO
Hall-effect sensor requires a 2-mA current source, which is
provided using Vishay’s current regulator diode CR200.
The four outputs of the Hall-effect sensors are amplified by

Sensor output (V)
Model sensor output (V)

21 times using operational amplifier circuits, and then go
through an anti-aliasing filter with a corner frequency of 200
Hz. The standard deviation of the sensor output noise after
filtering is about 1 mV. In Figure 7, the notation a, b, ¢, and d
are used for the sensor’s outputs after amplification and
filtering, which correspond to the input channels of the
Pentek 6102. The GLSDC algorithm is implemented in
real-time C codes, and the routine is executed every 1.25 ms
(at 800-Hz sampling frequency).

III. SENSING ALGORITHM

The objective of this section is to show how to resolve the
position of the platen {X, ¥, 6.}" from the sensor outputs

{abédy using the GLSDC algorithm. The tilde

represents measured values.

A. Batch Least Squares

The GLSDC minimizes the error between the measured
output and the model, and by doing so estimates the position
of the platen. Hence, we must derive an appropriate model of
the magnetic field for each sensor output first. The model is
obtained using a method of batch least squares prior to the
experiment. Consider the case for output a as shown in
Figure 8. First, we obtain measurements as shown in Figure
8 (a). Using the method of batch least squares, we solve for
the curve-fitted model shown in Figure 8 (b). The difference
between the measured and modeled values is shown in
Figure 8 (c). The error is found to be less than 200 mV.
Possible reasons for this error are (1) fabrication error of the
Halbach magnet matrix, (2) error in material properties of
the magnets, (3) modeling error of the magnet matrix using
batch least squares curve-fitting, (4) Hall-effect sensor
misalignment with respect to the platen’s axes, iné,, 6,,
and 6., (5) error in defining the precise location of the
sensor (the sensitive volume of the Hall-effect sensor is 250
pmx 250 pmx 200 um), and (6) external magnetic field
interference and sensor noise. Large modeling errors may
lead the GLSDC to converge to inaccurate positions, and
precise adjustments in alignment must be made along with a
low-noise circuit. Having such a model for each sensor

A

Modeling error (V)

Yo m) -0.06 006

Fig. 8. Batch least squares results. (a) Sensor output a. (b) Curve-fitted model for output a. (¢c) Modeling error from curve-fitting
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output, we proceed to the GLSDC algorithm.

B. Gaussian Least Squares Differential Correction

The GLSDC solves the nonlinear relation between the
position of the platen and the sensors’ outputs. A flowchart
of the GLSDC algorithm is shown in Figure 9. At each time

step, the input signals y ={a bé a~7}T are obtained, the
Jacobian matrix H is solved, and the GLSDC algorithm is

executed to minimize J, the sum square of the residual errors.

J decreases when the GLSDC converges, and hence an
additional loop is added to check for convergence. This is a
modified algorithm of the conventional algorithm presented
in [16], where « is a scaling factor which is adjusted to
minimize the GLSDC output’s oscillation. For our
experimental setup, the sensor noise’s standard deviation is
1 mV, and selecting o =0.2 resulted in the best
convergence. The GLSDC algorithm takes approximately 3
steps (3.75 ms) to converge when given a step input.

IV. EXPERIMENTAL RESULTS

Experiments were conducted to test the performance of
the proposed sensing method. To compare the laser
interferometer and our method, the translational X and Y
motions are closed using Hall-effect sensor outputs and the
GLSDC algorithm, and &, motion is closed using the laser

interferometers. This is because when the &, motion is

closed using our method, the oscillation becomes large that
the laser interferometers go out of range. This is due to the
reasons mentioned in section III and can be improved by
having redundant sensors.

Figure 10 shows the experimental result of a zigzag
motion. A reference trajectory input to the controller is
identical to Figure 10 (a), and the platen has been controlled
to follow the preplanned path very well. However, the actual
path of the platen detected by the laser interferometers’
outputs is shown in Figure 10 (b). There is a significant
deviation between the measurements from the laser
interferometers and the output of the GLSDC based on the
Hall-effect sensors’ outputs. The maximum positioning
error can be as large as 1.4 mm, as shown in Figure 10 (c).

Sensor calibration and using redundant sensors may reduce
this error. Because the outputs of the GLSDC are absolute
and repeatable, calibration can be done by error-mapping the
results of Figure 10 (c). The tabulated error is compensated
using linear interpolation with the laser interferometer
output as the ‘true’ measurements. The laser interferometer
outputs are shown in Figure 11 for the two cases to a 4-mm
step input. The non-calibrated result shows that the platen
actually moved 4.3 mm whereas the calibrated results show
that it moved 4 mm, hence following the command
correctly.

The GLSDC output for 10-pm steps is shown in Figure 12.
The Hall-effect sensors are capable of detecting the change
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Fig. 10. Experimental results of positioning the platen in X and Y using the proposed algorithm. (a) Measured position from the Hall-effect sensors.
(b) Measured position from the laser interferometers used for Hall-effect-sensor calibration purpose. (c) Error between the two measured values.
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in magnetic flux density for position changes of less than 10
pm, and hence this method has at least 10-um position
resolution.

V. CONCLUSIONS AND FUTURE WORK

We developed a novel sensing mechanism using two-axis
Hall-effect sensors that have the capability to detect the
position with micrometer resolution above any type of
magnet matrix. The sensing mechanism and experimental
results are presented in this paper. A GLSDC algorithm was
implemented in real-time C codes at a sampling frequency of
800 Hz.

This sensing mechanism can also be used as a backup
purpose when the sensing signal using laser interferometers
becomes undetectable due to large rotation. Using two
two-axis Hall-effect sensors are sufficient to estimate the
position and orientation. However, there was a significant
error in positioning which resulted from the reasons listed in
Section III. Calibration has improved the accuracy
significantly.

Currently, the translational motions in X and Y are closed
using the Hall-effect sensors, and 6, is closed using laser
interferometers so that we can compare the Hall-effect
sensor’s performance with the laser interferometers’.
Closing the remaining 6. using this sensing method is our

future work. Further, we plan to test the GLSDC algorithm
with redundant sensors, which will improve the accuracy
further.
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