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his paper presents a novel precision position-sensing methodol-
gy using two-axis Hall-effect sensors, where the absolute multi-
egree-of-freedom (DOF) positioning of a device above any mag-
et matrix is possible. Magnet matrices have a periodic magnetic
eld about each of its orthogonal axes, which can be modeled
sing Fourier series. This position-sensing methodology was
mplemented on a Halbach-magnet-matrix-based magnetic-
evitation (maglev) stage. It enables unrestricted translational and
otational ranges in planar motions with a potential 6-DOF
otion-measuring capability. A Gaussian least-squares
ifferential-correction (GLSDC) algorithm was developed and
mplemented to estimate the maglev stage’s position and orienta-
ion in three planar DOFs from raw Hall-effect-sensor measure-
ents. Experimental results show its position resolution of better

han 10 �m in translation and 100 �rad in rotation. The maxi-
um rotational range achieved so far is 16 deg, a factor of 100

mprovement of a typical laser interferometers’ rotational range of
few milliradians. Classical lead-lag compensators were de-

igned and implemented on a digital signal processor (DSP) to
lose the control loop at a sampling frequency of 800 Hz for the
hree planar DOFs using the GLSDC outputs. Calibration was
erformed by comparing the Hall-effect sensors’ outputs against
he laser-interferometer readings, which improved the positioning
ccuracy by correcting the GLSDC error. The experimental re-
ults exhibit better than a micrometer repeatability. This multi-
OF sensing mechanism is an excellent cost-effective solution to
lanar micro-positioning applications with unrestricted three-axis
ravel ranges. �DOI: 10.1115/1.2363201�

eywords: Hall-effect sensor, precision positioning, precision
otion control, multi-dimensional positioner, Gaussian least

quares differential correction

Introduction
To precisely position wafer steppers, surface motors, magnetic

uspension stages, or long-range scanning stages, conventional
ethods use mainly laser interferometers supplemented with op-

ical sensors or capacitance gauges �1–6�. They have high resolu-
ion and low positioning noise, allowing sub-nanometer position

easurement. However, they have downsides in cost, fine-finish
equirement, limitation in travel range, and relative sensing �7�.
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Components of the laser interferometry, such as mirrors, laser
heads, and laser interferometers, and electronics add up to be very
expensive. They also need a flat reference surface, where the laser
beam reflects to the laser receiver to acquire the position data. The
mirrors may become very long and bulky to achieve long travel
range, which makes the levitated moving part, namely, the platen,
heavy and consequently affecting its performance and design.
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 make the laser beam stray off the receiver. Then, the moving
platen may go unstable due to the loss of feedback signals. This
becomes more problematic when applying large �greater than a
few millimeters� step inputs because this can generate abrupt re-
active jerk on the platen, forcing the platen to rotate enough to
cause instability. Moreover, the laser interferometers can only give
relative position information by counting fringe patterns without
being able to tell the absolute position.

Whereas photolithography requires nanometer-precision posi-
tioning with only a few-milliradian rotational range, microassem-
bly without requiring nanometer resolution may benefit from
larger angular motion capabilities that cannot be met with conven-
tional laser interferometers. Further, micro-assembly processes re-
quire absolute micrometer precision positioning, for it must fol-
low the identical trajectory in the absolute reference frame. Unlike
the precision positioning stages presented in �3–5�, the maglev
stage used in this research �2� has potential large angular motion
capabilities in the XY plane. However, its performance could not
have been demonstrated previously due to the above-mentioned
limitations of the laser interferometers.

Considering the capabilities of our maglev device and the need
for a device with unrestricted translational and rotational range,
we sought for a novel sensing method with sufficient position
resolution, while allowing large rotation and absolute position
measurement. We focused on the periodicity of the magnetic field
generated by the magnet matrix, which can be measured by
magnetic-field sensors such as Hall-effect sensors.

By deriving an algorithm to estimate the position and orienta-
tion of the platen by measuring the magnetic flux density, we
could control the platen. Hall-effect sensors are used in various
applications, for they are contactless, small in size, reliable, low-
cost, linear, and not sensitive to harsh and polluted environmental
conditions. However, they are limited in accuracy due to offset,
noise, temperature, and aging effects �8�. These downsides can be
overcome by calibration and implementation of appropriate filters.
Hall-effect sensors have been utilized in various measurement
techniques, such as current sensing �9�, sensing the movement of
ferrous metal targets, and measuring position of rotating machin-
ery �10�. Previous work showed their capability in sensing rota-
tions of less than one degree �11�.

In this paper, we develop a novel precision sensing methodol-
ogy for multi-DOF positioning with two-axis Hall-effect sensors.
The primary purpose of this research is to develop a sensing
mechanism that can provide position feedback when the laser in-
terferometer system fails, which could happen easily due to large
rotational and translational motion or obstacles in the laser path.
Implementing this absolute sensing mechanism is sufficient for
micrometer-order precision positioning. At the same time it will
increase the rotational travel range of the platen and have unre-
stricted translational motion range, which are key requirements
for repetitive motion in micro-assembly.

This approach has many attractive features including �1� very
small �5.0�6.0�1.6 mm� sensors for unrestricted planar �X, Y,
and �z� motion detection, �2� no costly laser-interferometer setup
required �each two-axis Hall-effect sensor is $10�, �3� relatively
simple electronic circuits with no demanding design constraints,
and �4� sub-100-microradian rotational resolution with
micrometer-order translational resolution.

This paper is organized as follows. First, the magnetic charac-

teristics of the concentrated-field Halbach magnet matrix �1,12�
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re provided in Sec. 2. In Sec. 3, the sensing mechanism and the
osition-estimation methodology are described. Three sets of two-
xis Hall-effect sensors are used for 3 DOF positioning in a plane.
ection 4 describes the GLSDC-based multi-axis position-sensing
lgorithm. The electromechanical setup for the test bed is illus-
rated in Sec. 5. Based on the dynamic model of the maglev stage
nd its controllers designed in Sec. 6, 2 DOF and 3 DOF position-
ng experimental results are presented and discussed in Sec. 7.

Halbach Magnet Matrix Analysis
To enhance the understanding of our proposed sensing mecha-

ism, we describe in this section the nature of the 3-D magnetic
eld generated by the Halbach magnet matrix �1,2,12�. This mag-
et matrix is a superposition of two orthogonal Halbach magnet
rrays with orthogonal magnetic fields. Halbach arrays have a
tronger fundamental field by a factor of �2, which allows a de-
ign of a higher power-efficient magnetic device �13�. This
oncentrated-field magnet matrix consists of two kinds of magnets
iffering in magnetization. One is a strong magnet with 90 deg
agnetization, where we chose NdFeB50 material with rema-

ence of Br strong=1.43 T. The other magnet used is a weak mag-
et with magnetization in 45 deg. NdFeB30 material with a rema-
ence of Br weak=1.10 T was chosen for the weak magnet, which
as the weakest NdFeB material on the market at the time of
urchase. The pitch �l� of each magnet array is 50.8 mm �2 in.�,
nd the dimension of each magnet and spacer is 12.7�12.7
12.7 mm �0.5�0.5�0.5 in.�.
Due to the periodicity of the magnet matrix, the magnetic flux

ensity B is modeled using Fourier series. From this analysis, we
nd that for an ideal Halbach magnet matrix, there are nonzero
undamental, fifth, ninth, … harmonics, and that other harmonics

Fig. 1 Analytical results of the magnetic flux de
air gap of Z0=3 mm. „a… BX, „b… BY, and „c… BZ.
re zero. For the actual case, the fundamental and fifth-order har-

ournal of Dynamic Systems, Measurement, and Control
monics have the largest magnitudes, so we chose these two har-
monics as the basis functions. The model of the magnetic flux
density at �X ,Y ,Z0� is in the form,

BX�X,Y,Z0� = �X + �X sin��1X� + �X sin��5X� + �X sin��1Y�

+ 	X sin��5Y�
�1�

BY�X,Y,Z0� = �Y + �Y sin��1Y� + �Y sin��5Y� + �Y sin��1X�

+ 	Y sin��5X�

where �1�=2
 / l� and �5�=10
 / l� are the fundamental and fifth
spatial wave numbers, and �, �, �, �, and 	 are the parameters to
be curve fitted for a fixed air gap Z0 between the stationary mag-
net matrix and the moving coils on the platen. The coefficients �
and 	 are included to compensate for the sensor misalignment in
the Z axis, and � is the DC offset. From our analysis, we obtained
the total magnetic flux density in the target area for an air gap of
3 mm, shown in Fig. 1. Its X and Y components are identical but
the axes are reversed, as shown in Figs. 1�a� and 1�b�, respec-
tively. Both the X-magnet array and the Y-magnet array contribute
to the Z component of the total magnetic flux density, as shown in
Fig. 1�c�. BX and BY are not perfectly symmetric in reality due to
the magnet-matrix fabrication error, so each axis must be curve
fitted. Although higher-order harmonics can be included in the
model, its contributions were significantly smaller than the mod-
eling error, and hence were neglected. A batch least-squares
method was used for the curve fitting, which will be described in
Sec. 4.1.

Extending this magnetic-flux-density analysis to 6 DOF posi-
tion sensing, the curve-fitted coefficients �, �, �, and 	 of Eq. �1�
can be written in the form,

−�1Z

y generated by the Halbach magnet matrix at an
nsit
��Z� = �0e

DECEMBER 2006, Vol. 128 / 981
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��Z� = �0e−�5Z

�2�
��Z� = �0e−�1Z

	�Z� = 	0e−�5Z

here �0, �0, �0, and 	0 are the coefficients to be curve fitted.
hey contain the exponential dependence in Z because the mag-
etic flux density in Eq. �1� satisfies the Laplace equation �1�. In
ddition to measuring the magnetic flux density in the X and Y
xes, it is necessary to measure the magnetic field in the Z axis.
or the case of 6 DOF positioning, it is required to scan the
target area” at various air gaps in order to obtain an appropriate
urve-fitted model.

Two-Axis Hall-Effect Sensing Mechanism
For our experiment, we designated the “target area” of one

itch by one pitch �50.8�50.8 mm� on the Halbach magnet ma-
rix. First, let us consider a case for positioning within one pitch in
-D. The platen will move along the X axis where there is a
eriodic magnetic field BX generated by the magnet matrix, which
an be modeled as a periodic sinusoidal function. On the platen
re two Hall-effect sensors that detect the magnetic flux density at
wo distinct points along the X axis. If there are two Hall-effect
ensors positioned with some phase difference, it is possible to
etect the unique position of the platen within one pitch, as well
s the direction of its motion. Further, if the Hall-effect sensors
re located

�1

4
+

1

2
n�l, n = 1,2,3, . . . �3�

part, at least one sensor will be located in a more “sensitive”
egion where the gradient of BX �or the Hall voltage, because Hall
oltage and magnetic flux density have a linear relation� is large
ith respect to the position. Position sensing is sensitive in the

egion where this gradient is large because small motion along the
xis will result in a large change in the Hall voltages. In our setup,
he sensitive region has a gradient of about 50 mV/mm. Having at
east one sensor in the sensitive region allows positioning within
he target area to be sensitive everywhere over the whole magnet

atrix. Next, let us consider positioning in a 2-D XY plane with-
ut rotation. If there are orthogonal magnetic fields in a plane and
wo independent measurements can be taken for each axis, we can
osition the platen in 2-D.

Further, the fact that BX and BY are orthogonal brings another
dvantage. The reason for having two sensors per axis is only to
etect the unique position, and these are redundant in terms of
OFs. We can effectively use these four sensor outputs to detect

he orientation in �z as well as by triangularization with the dif-
erence in the sensor readings. Theoretically, it is possible to con-
rol the three planar DOFs using two sets of two-axis Hall-effect
ensors. However, due to the modeling error of the magnetic flux
ensity and various uncertainties in sensor locations and misalign-
ents, it was difficult to stabilize the platen with only two sen-

ors. Hence, we have incorporated three sets of sensors on the
aglev positioner, and a corresponding algorithm has been imple-
ented in our 3 DOF sensing scheme. Similar to the 2 DOF

ositioning case, having redundant sensors will likely improve the
ositioning accuracy and is easy to implement. In the following
ections, this sensing algorithm is explained thoroughly for a case
hen three sensors �six sensor outputs� are available for 3 DOF
ositioning.

An important task in this research is to find a way to map the
onlinear relationship between the six Hall-effect sensors’ outputs
nd the position and orientation of the platen. Candidate methods
or this nonlinear mapping include neural networks �14� and the
LSDC �15�. The GLSDC algorithm was implemented due to its
ore deterministic nature. Advantages of using the GLSDC algo-
ithm include �1� it incorporates a continuous periodic model, and

82 / Vol. 128, DECEMBER 2006
the output will be continuous even when the platen goes beyond
the target area, and �2� the algorithm can easily be extended when
more redundant sensor measurements are available, which will
improve the position noise and accuracy because the GLSDC al-
gorithm gives the least-squares solution.

The precision-positioning and motion-control methodology
proposed herein is applicable for the positioning of a platen atop
any magnetic matrices, such as �12,16–19�. Note that the nonlin-
ear relationship is between the magnetic flux density and the sen-
sors’ output signals, and hence this can be applied for other or-
thogonal magnet matrices where its periodic magnetic fields can
be modeled. For example, the magnet matrices presented in
�16–19� can be modeled using Fourier series, similar to Eq. �1�.
Hence this nonlinear mapping using the GLSDC algorithm can be
applied for these matrices as well. In this paper, we deal with
positioning of a platen of a unified multi-dimensional positioner
with a double-axis Halbach magnet matrix �1,2,12�.

The positioner used in our experiment is capable of positioning
in 6 DOFs with 20 nm positioning resolution using laser interfer-
ometers for controlling planar DOFs �2�. The platen is currently
suspended using three aerostatic bearings and generates force to
move in all 6 DOFs using three planar motors attached to the
bottom of the platen. Figure 2�a� shows the platen with three sets
of two-axis Hall-effect sensors mounted. The sensor fixture was
designed such that vertical and rotational adjustments could be
made. Below the platen is the Halbach magnet matrix covered
with a mirror-finished, 0.8 mm thick aluminum plate. In the fol-
lowing section, the algorithm to determine the platen’s position in
three planar DOFs is described.

4 Sensing Algorithm
The objective of this section is to show how to resolve the

position of the platen from the sensor outputs. Consider a 3
DOF positioning scheme to position the �X Y �z	T axes from the

three �A ,B ,C� two-axis Hall-effect sensors �ã b̃ c̃ d̃ ẽ f̃	T=
�Ax Ay Bx By Cx Cy	T, as shown Fig. 2�a�. The tilde �̃ � signifies
that they are measured values of the Hall-effect sensors. The
GLSDC algorithm is implemented to obtain the position and ori-
entation of the platen in an XY plane at a constant air gap. The
GLSDC minimizes the error between the measured output and
that from a model, and by doing so estimates the position of the
platen. Hence, we must derive an appropriate model of the mag-
netic flux density for each sensor output first. The model is ob-
tained using the batch least-squares method prior to the experi-
ment, where the raw Hall-effect sensor data are calibrated against
the laser interferometers, as explained in the following section.

4.1 Batch Least Squares. Consider the case for the sensor
output ã as shown in Fig. 3. First, we obtained measurements by
scanning the whole “target area,” as shown in Fig. 3�a�. To incor-
porate the Hall-effect sensors’ outputs with respect to the platen’s
position, we controlled the platen to follow a zigzag trajectory
using the laser interferometers and by doing so measured the mag-
netic flux density. Using the batch least-squares method, we
solved for the curve-fitted model shown in Fig. 3�b�. The batch
least-squares method solves for the curve-fitting parameters �, �,
�, 	, and � of Eq. �1� for each of the sensor outputs. The values of
X and Y are obtained from the laser interferometer readings.

The difference between the measured and modeled values is
shown in Fig. 3�c�. The maximum variation between the two was
less than 200 mV. Possible reasons for this error are �1� fabrica-
tion error of the Halbach magnet matrix, �2� error in material
properties of the magnets such as the direction of magnetization
vector and the remanence of each magnet piece, �3� modeling
error of the magnet matrix using the batch least-squares curve-

fitting, �4� Hall-effect sensor misalignment with respect to the

Transactions of the ASME
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laten’s axes in �x, �y, and �z, �5� error in defining the precise
ocation of the sensor �the sensitive volume of the Hall-effect
ensor is only 250�250�200 �m�, and �6� interference from
xternal magnetic field and sensor noise. If this modeling error
ere too large, it might lead the GLSDC to converge to an inac-

urate local minimum. To minimize this possibility, precise adjust-
ents in alignment must be made along with a low-noise signal-

onditioning circuit for the Hall-effect sensors. This is also why
aving redundant sensors may be a good idea to improve the
osition sensing accuracy. Having such a model f�x� for each
ensor output, the mapping between the raw Hall-effect sensor
utput and the laser interferometers is complete, and we can con-
rol the platen with only the Hall-effect sensors. Now we proceed
o the GLSDC algorithm.

4.2 Gaussian Least-Squares Differential Correction. The
LSDC solves the nonlinear relation between the position of the
laten and the sensors’ outputs. A flowchart of the GLSDC algo-
ithm is shown in Fig. 4. At each time step, the measured input

ignals ỹ= �ã b̃ c̃ d̃ ẽ f̃	T are obtained, the Jacobian matrix H is
olved, and the GLSDC algorithm is executed to minimize J, the
um square of the residual errors. The Jacobian matrix H and sum

Fig. 2 Experimental setup with three sets of 2D-VH-11SO 2
experimental setup with the indication of the three two-axis H
of the three Hall-effect sensors are indicated with arrows. T
the mirror-finished aluminum plate is the Halbach magnet
2D-VH-11SO two-axis Hall-effect sensor.
f square of residual errors J are defined as

ournal of Dynamic Systems, Measurement, and Control
H = 
 �f

�x



xc

�4�
J = �yc

TW�yc

Each iteration, the algorithm calculates the variation �yc be-
tween the measured sensor output ỹc and the estimated sensor
output f�xc�. The estimated sensor output is calculated from the
estimated location of the platen �xc�, which is the output of the
GLSDC algorithm. The GLSDC algorithm converges correctly
when the estimated location of the platen is in the vicinity of the
actual position. The sum square of residual errors J checks for the
convergence for each iteration. This is a modified GLSDC algo-
rithm of the conventional algorithm presented in �15�, where � in
Fig. 4 is a scaling factor adjusted to minimize the GLSDC out-
put’s oscillation. For our experimental setup, the sensor noise’s
standard deviation is 1 mV, and selecting �=0.2 resulted in the
best convergence. The GLSDC algorithm calculates the optimal
estimate position recursively. Hence when the controller is acti-
vated, if the initial position is far off from the initial estimate
position, we empirically know that it takes two to four iterations

is Hall-effect sensors. The coordinate-axis definition for the
-effect sensors’ locations is also given. The actual locations
white triangular Delrin frame is the moving platen. Beneath
atrix. „b… Schematic diagram of the sensing circuit with a
-ax
all

he
m

for both the two- and three-sensor cases.
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Electromechanical Setup

5.1 Mechanical Setup. Photographs of the experimental
etup for 3 DOF positioning are shown in Fig. 2�a�. The origin of
he body-fixed �xyz� coordinate system is attached to the platen’s
enter of mass. The coordinate-axis convention of the Hall-effect-
ensor measurements is also shown in the figure. The locations of
he three sensors A�xA ,yA�, B�xB ,yB�, and C�xC ,yC� are known in
he body-fixed xyz frame, and a, b, c, d, e, and f are the sensors’
utputs. In our current experimental setup, xA=89.7, yA=−123.1,
B=−97.1, yB=−136.7, xC=129.8, and yC=11.7, all in
illimeters.
The two-axis Hall-effect sensor used in this research is 2D-VH-

1SO manufactured by Sentron AG. It is an eight-pin, surface-
ount, small-outline integrated circuit �SOIC�. It can measure the
agnetic flux density in two orthogonal axes parallel to the chip’s

urface �8�. Its specifications are given in Table 1. The 2D-VH-
1SO requires either a constant current source of 2 mA or a con-
tant voltage source of 5 V. We chose to use a 2 mA current
ource because it resulted in less sensor noise. Current-regulator
iodes CR200 by Vishay Siliconix are used to supply the constant
urrent. The total cost for the sensors, sensor mounts, and sensing
nd signal-conditioning circuits was less than $200.

The sensor mounts are fixed to the platen by setscrews and
ere designed so that minor adjustments could be made to posi-

ion and align the sensors. The sensors are mounted at three dis-

Fig. 3 Batch least-squares results of the magnetic-flux-
model for the sensor output ã, and „c… modeling error from
inct points with respect to the magnetic field’s phase of the X and

84 / Vol. 128, DECEMBER 2006
Y axes to maximize the sensitivity. The surfaces of the Hall-effect
sensor chips were positioned close to the surface of the magnet
matrix. However, placing them too close would be an additional
source of modeling error because unmodeled higher harmonics of
the Fourier series would come into play. Thus, the gap between
the sensors and the magnet matrix was set to be 2 mm. The sen-
sors’ measurement axes were adjusted to align with the platen’s
body-fixed xyz axes.

5.2 Electronic Setup and Data Acquisition. A schematic
diagram of the sensing circuit is shown in Fig. 2�b�. The circuit
consists of a power supply, a two-axis Hall-effect sensor, a signal
amplifier, and a low-pass filter as an antialiasing filter. The outputs
of the Hall-effect sensors are amplified by a factor of 21 using
operational-amplifier circuits and go through antialiasing filters
with a cutoff frequency of 200 Hz. The standard deviation of the
sensor output noise after filtering is about 1 mV. There are three
sets of this sensing circuit, one for each sensor.

A Pentek 4284 DSP board is used for real-time digital control,
and a Pentek 6102 analog-to-digital �A/D� converter board and a
Datel DVME 622 digital-to-analog �D/A� converter board are
used for data acquisition and control. In Fig. 2�a�, the notations a,
b, c, d, e, and f are used for the sensor’s outputs after amplifica-
tion and filtering, which correspond to the labels of the input
channels of the Pentek 6102. The GLSDC algorithm is imple-

sity measurement. „a… Sensor output ã, „b… curve-fitted
urve-fitting.
den
mented in real-time C codes.

Transactions of the ASME
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Dynamic Modeling and Controller Design
A 3-D finite-element �FE� model of the mechanical system was

uilt using SolidWorks. The system parameters such as the platen
enter of mass, inertia matrix, and natural frequencies were cal-
ulated with this FE model. The platen is modeled as a pure mass
ince there is no mechanical contact, backlash, or hysteresis. The
agnetic spring constant and the damping factor are also negli-

ible.

6.1 Plant Transfer Functions. For translational motion, the
quation of motion in X is as the following by Newton’s second
aw

M
d2x

dt2 = f �5�

here M is 6.20 kg. Thus, the open-loop plant transfer function is

Fig. 4 Flowchart of the modified GLSDC algorithm

able 1 Specifications of 2D-VH-11SO two-axis Hall-effect
ensor †9‡

Item Test conditions Typical value

Input resistance B=0 mT, Ic=2 mA 22 k�
Output resistance B=0 mT, Ic=2 mA 8.5 k�
Output voltage B=1 T, Ic=2 mA 400 mV
Offset voltage B=0 mT, Ic=2 mA ±3 mV

Sensitivity Ic=2 mA 400 mV/T
Magnetic sensitive volume 0.25�0.25�0.20 mm
ournal of Dynamic Systems, Measurement, and Control
X�s�
F�s�

=
1

6.20s2 �6�

The open-loop plant transfer function in Y is identical to Eq. �6�.
Likewise, the open-loop plant transfer function for rotational mo-
tion is

�zz�s�
T�s�

=
1

Izzs
2 �7�

where T refers to the torque about the z axis, and Izz refers to the
principal moment of inertia about the z axis calculated as
0.054 kg-m2 using SolidWorks.

6.2 Controller Design and Implementation. Three indepen-
dent lead-lag controllers were designed and implemented for each
of the three axes �x, y, and �z� to stabilize the planar motion of the
maglev system. We used the MATLAB’s “sisotool” function to
select the control parameters. By using the zeroth-order-hold
�ZOH� method with an 800 Hz sampling rate, the following digi-
tal lead-lag compensators were designed

Dx,y�z� = 2.236 � 105z2 − 1.9773z + 0.977 428

z2 − 1.2423z + 0.2423
�8�

D��z� = 4.155 � 103z2 − 1.9773z + 0.977 428

z2 − 1.2423z + 0.2423
�9�

Our lead-lag compensators have a significant separation between
their lead pole and lead zero, and the phase crossover frequencies
are at about 10 Hz for x and y, and 20 Hz for �z. Thus the Hall-
effect sensors’ filter cutoff frequency at 200 Hz was high enough,
and their dynamics was neglected.

We implemented these control laws in real-time C on a Pentek
4284 DSP board and developed a user interface on a VME PC
�Model 7751 by VMIC� in C. The whole real-time sensing
and control routine is executed every 1.25 ms �i.e., at an 800 Hz
sampling frequency�.

7 Experimental Results
Experiments were conducted to test the performance of the pro-

posed sensing methodology. First, results for 2 DOF positioning
using Hall-effect sensors are presented, where the translational x
and y control loops are closed using Hall-effect sensor outputs and
the GLSDC algorithm, and the �z control loop is closed using the
laser interferometers. In the 2 DOF positioning experiments, the
GLSDC outputs are compared with the laser interferometer read-
ings to prove the validity of our sensing method. We consider the
laser interferometer readings as the “true” values and use it as a
comparison to prove our sensing method’s accuracy. The laser
interferometer setup has a resolution of 0.6 nm. This allowed us to
�1� compare the performance between our sensing method and the
laser interferometers, �2� calibrate the Hall-effect sensor outputs
against the much more accurate laser interferometers, and �3� cor-
rect any sensing and GLSDC error by error mapping. Then, for
the 3-DOF positioning experiments, laser interferometers are re-
moved and position sensing relies exclusively on the Hall-effect
sensors.

7.1 2 DOF Positioning Results. For 2 DOF positioning, two
sets of Hall-effect sensors �sensors A and B� were used in the
GLSDC algorithm. The platen is controlled in X and Y using
solely the estimated position data from the Hall-effect sensors,
and meanwhile the position data from the laser interferometers
were recorded. The purpose of this experiment is to evaluate the
positioning accuracy of our sensing method by comparing with
that of the laser interferometers.

Figure 5 shows the experimental results of a zigzag motion
profile. A commanded reference trajectory input to the controller
is shown in Fig. 5�a�, and the platen was controlled to follow the

preplanned path. The measured trajectory from the Hall-effect
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ensors shown in Fig. 5�b� is identical to Fig. 5�a� with an error
elow the resolution limit of our printer. However, the recorded
osition by the laser interferometers’ outputs is shown in Fig. 5�c�,
hich is believed to represent the actual motion profile of the
laten much more faithfully. There is a significant deviation be-
ween the measurements from the laser interferometers and the
utputs of the GLSDC based on the Hall-effect sensors’ outputs.
he maximum translational positioning error can be as large as
.4 mm, as shown in Fig. 5�d�. The main source of this error is
elieved to be the modeling error �as shown in Fig. 3�c�� origi-
ated from the nonideal fabrication and assembly listed in Sec.
.1.

To improve the positioning accuracy, we have performed cali-
ration by storing the positioning error of Fig. 5�d� in a two-
imensional lookup table. This was done because the outputs of
he GLSDC are absolute and repeatable. The tabulated error was
hen compensated for using linear interpolation with the laser in-
erferometer output as the “true” measurements. The results for a

mm step response in Fig. 6 show a significant reduction in po-
itioning error after the sensor calibration and the error correction
ere performed. The noncalibrated result in Fig. 6�a� shows that

he positioning error was as large as 300 �m whereas the cali-
rated and error-corrected result in Fig. 6�c� exhibits little steady-
tate positioning error with a position noise of 5 �m rms. We also
resent the laser-interferometer reading from the same step re-
ponse in Fig. 6�b� for comparison. Comparing Figs. 6�b� and
�c�, the Hall-effect sensing scheme exhibits a positioning error of
7 �m, which is believed to be the “true” error after the sensor
alibration and error correction. Thus this is a factor-of-20 reduc-

Fig. 5 Experimental results of 2-DOF positionin
manded trajectory, „b… measured trajectory from t
the laser interferometers used for Hall-effect-sen
two measured values.
ion in positioning error compared to the noncalibrated case.

86 / Vol. 128, DECEMBER 2006
7.2 3 DOF Positioning Results. For 3 DOF positioning, all
three Hall-effect sensors �sensors A, B, and C� were used and laser
interferometers were not used in the control routine. Theoretically,
two sensors are sufficient to control the 3 DOF motions, but due
to the Hall-effect sensors’ noise, it was difficult to keep the
GLSDC algorithm from converging to a wrong value, which
would result in instability. Having redundant sensor readings al-
lows the GLSDC algorithm to be more likely to converge cor-
rectly, and hence makes it be a more stable sensing method.
Three-dimensional look-up tables were not implemented because
there was no feasible method to obtain position and orientation
data with the conventional laser interferometers. The whole sys-
tem would go unstable if moved with large rotation due to the
laser-interferometry’s fundamental limitation. If such a method
would exist, a look-up table would likely improve the position
resolution and, further, this GLSDC algorithm would not be nec-
essary for such purpose.

The closed-loop responses to 10 �m and 100 �rad consecutive
step commands are shown in Fig. 7. The steps can clearly be
identified. This proves that the Hall-effect sensors are capable of
detecting the changes in the magnetic flux density as the position
changes less than 10 �m. Hence our sensing method based on the
two-axis Hall-effect sensors has better than 10 �m translational
position resolution and 100 �rad angular position resolution.

Figure 8 shows our sensing methodology’s capability of detect-
ing and controlling large rotational motion, from 0 to −0.12 rad
�6.9 deg� and from 0 0.16 rad �9.2 deg�. This is a factor-of-100
improvement in rotational sensing range compared with that of

X and Y following a zigzag trajectory. „a… Com-
Hall-effect sensors, „c… measured trajectory from
r calibration purpose, and „d… error between the
g in
he
so
commercial laser interferometers. Further, since our sensing
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ethod is an absolute position-sensing scheme, the platen will
lways settle at the desired position and orientation regardless of
ts initial position.

Although this method has unrestricted rotational sensing range
heoretically, the practical limitation comes from the following
actors: �1� Our current setup uses planar actuators where they are
odeled using the small-Euler-angle assumption. The controllers

esigned under this assumption will not work for large rotation
ue to significant modeling error. �2� The positions of the mounted
ensors are known with a 100-�m-order precision, and hence
arge rotation can result in significant error. These two factors

ight also contribute to the fluctuation in the middle of the large
otational motion shown in Fig. 8�b� at around t=1 s. However,
he controllers were robust enough to eliminate this angular posi-
ion fluctuation quickly, and the positioner could complete the
ommanded angular ramp motion without losing stability.

Conclusions
We developed a novel multi-DOF position sensing mechanism

sing two-axis Hall-effect sensors that have the capability to de-
ect the position with a micrometer-order resolution above any
ype of magnet matrix. The sensing mechanism and its experimen-
al verification were presented in this paper. A GLSDC algorithm
o process the raw Hall-effect sensor outputs and to resolve the
osition was implemented in real-time C codes at a sampling fre-
uency of 800 Hz. The overall performance of the sensing meth-

Fig. 6 Laser interferometer readings from a 4 m
calibration and error correction. „c… GLSDC outp
dology can be improved by using a faster DSP for the real-time

ournal of Dynamic Systems, Measurement, and Control
control, which can shorten the computational time required to
close the control loop and increase the sampling rate.

Experimental results for 2 DOF and 3 DOF positioning were
presented. For 2 DOF positioning, two sets of two-axis Hall-effect
sensors were used to control the translational motion, laser inter-
ferometers were used to control the rotation, and we demonstrated
a translational positioning resolution of better than 10 �m. The
GLSDC outputs were calibrated against laser-interferometer read-
ings, where the position error was mapped and stored in a two-
dimensional lookup table. Error correction by linear interpolation
improved the positioning accuracy significantly, reducing the
maximum positioning error from 300 to 17 �m. This error can be
further reduced by implementing redundant sensors and obtaining
improved position least-squares estimates, which would allow this
algorithm to converge more accurately.

For 3 DOF positioning, which relies exclusively on the Hall-
effect sensors and where laser interferometers were not used,
closed-loop consecutive step responses exhibited better than
10 �m translational and 100 �rad angular positioning resolutions.
With our current configuration, we achieved rotations under
closed loop as large as 16 deg, a factor-of-100 improvement com-
pared with the conventional laser interferometry’s rotational travel
range. Theoretically this sensing methodology has unrestricted
planar sensing range. Although there is a compromise in the sens-
ing resolution, this sensing algorithm calculates the absolute po-

tep response „a… before calibration and „b… after
fter calibration and error correction.
m s
ut a
sition, whereas methods using laser interferometers give relative
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osition with respect to its initial position. This is important in
pplications such as micro-assembly, where repetitive motion is
equired in the absolute position.

This sensing mechanism can also be used as a backup purpose
hen the sensing signals from laser interferometers become un-
etectable due to large rotation. The cost of our sensing mecha-
ism as a stand-alone 3 DOF position sensor is only 1/200 of that
f the commercial laser interferometry. We demonstrated in this
aper that this sensing methodology can be employed in planar
icro-positioning applications with unrestricted three-axis travel

anges.
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