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Short Papers

A Compact Hall-Effect-Sensing 6-DOF Precision Positioner

Ho Yu and Won-jong Kim

Abstract—This paper presents the design, control, and implementation
of a compact high-precision multidimensional positioner. A 1.52-kg sin-
gle levitated moving part, named as the platen, generates all six-axis fine
and coarse motions, resulting in a reliable and effective positioning system.
Three laser distance sensors are used to measure its vertical translational
motion and x- and y-axis rotational motion. Three two-axis Hall-effect
sensors are used to determine its lateral motions and rotational motion
about the z-axis by measuring the magnetic flux density generated by a
magnet matrix. Real-time control is implemented on a Linux-based oper-
ating system, Real-Time Application Interface (RTAI) with COntrol and
MEasurement Device Interface (Comedi) and Comedi libraries. A maxi-
mum travel of 220 mm in the x-direction and 200 mm in the y-direction,
and a rotation angle of 18.6° about the z-axis were achieved experimen-
tally. A maximum velocity of 0.3 m/s with an acceleration of 3.6 m/s?> was
obtained in the y-direction. Step responses the demonstrated a 10-pm
resolution and 6-pum rms noise in the translational mode. This compact
single-moving-part positioner is suitable for use in precision-positioning
systems, e.g., in semiconductor manufacturing.

Index Terms—Hall-effect sensor, precision manufacturing, precision po-
sitioning, real-time digital control, Real-Time Application Interface (RTAI).

[. INTRODUCTION

In modern nanoscale and microscale engineering applications, such
as wafer steppers in semiconductor manufacturing, high-precision
motion control is a key component. The motion profile of wafer step-
pers requires not only high resolution and precision, but also multi-
dimensional motion with a large travel range and high control band-
width [1]-[4]. A planar motor is a good candidate as an actuator for a
precision-positioning stage. The advantage of a planar motor is mul-
tidimensional motion with a large travel range that can be provided
with high precision. The Sawyer motor is one of the first planar motors
commercialized by Northern Magnetics and Megamation [5]—[7]. It
exhibited a two-phase full-step motion as coarse as 250 pm with a po-
sitioning repeatability of the order of 5 yum. The Sawyer motor requires
a tight air gap of less than 25 pm; therefore, it should be operated with
an ultrafine motor surface finish with precisely manufactured teeth.
Other drawbacks of the sawyer motor include a large attractive force
of 1800 N, large cogging force, and overheating.

The compact multidimensional precision-positioning stage pre-
sented in this paper uses a stator of a superimposed Halbach magnet
matrix and a synchronous permanent magnet planar motor [3], [8]. The
earlier positioner in our laboratory was capable of generating 6-DOF
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Fig. 1.

Photograph of the precision positioner.

motions with a 20-nm positioning noise using laser interferometers [2].
A laser interferometer is a prevailing sensor in positioning devices that
require high precision. However, it has several drawbacks such as high
cost, complicated alignment, and limited rotational sensing. On the
other hand, a two-axis Hall-effect sensor is not only cost-effective, but
also capable of measuring large rotational motion with good resolu-
tion [9], [10]. The precision positioner presented in this paper uses
three two-axis Hall-effect sensors to measure lateral motion in the x-
and y-directions, and rotation about the z-axis with the positioning
resolution of the order of micrometers.

Section II presents the positioner design concept, and Section III
illustrates the working principles of the two-axis Hall-effect sensors.
Sections IV and V present the dynamic analysis and real-time control
of the positioner supported by experimental results.

II. CoMPACT 6-DOF PRECISION POSITIONER

The design objectives of this positioner are the minimization of
platen mass, enhancement of dynamic performance, extension of pla-
nar motion, and low cost. Fig. 1 shows a photograph of the compact
multidimensional positioner [3]. The overall dimension of the platen
is 170.18 mm x 152.40 mm x 53.34 mm. The single moving frame,
named as the platen, can generate 6-DOF fine and coarse motions. For
the lateral motion measurement, three two-axis Hall-effect sensors are
used instead of laser interferometers. They can also have unlimited
travel range in translational motions. The platen is the single moving
part, comprising a main body made of Delrin with the mass density
of 1.54 g/cm?®, three-phase planar motor armatures, three aerostatic
bearings, three laser distance sensors for vertical motion sensing, three
two-axis Hall-effect sensors for lateral motion sensing, and two termi-
nal blocks for wire connection. Three two-axis Hall-effect sensors are
used in part because they have unlimited travel ranges in translation
motions.

This moving-coil platen has two key advantages: 1) the entire sys-
tem is lightweight so that the platen can generate faster dynamics and
consume less power; 2) by extending the permanent magnet matrix,
the maximum travel range can be easily extended. In addition, this
positioner has additional advantages to be used as a semiconductor-
manufacturing positioning stage. A mechanically noncontact frame
produces no wear particles and is compatible with the clean-room
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TABLE I
PARAMETERS OF THE PLANAR MOTOR ARMATURES AND THE MAGNET MATRIX

Specifications Values

Number of motor pictch N, =1/2

Pitch, / 50.977 mm =2.007 in

Winding thickness, I /5

Turn density, 7, 3.5246x10° turns/m?

Nominal peak current density 2x10° A/m?

Magnet array width, w 12.7 mm

Nominal motor air gap, z, 2.3 mm

Magnet matrix size 304.8 x 304.8 mm

Magnet thickness, A /4

Equivalent magnet remanence M,=0.71T

Fundamental wave number =27//=12325m!
TABLE I

SPECIFICATIONS OF THE 2D-VD-11SO TwO-AXIS HALL-EFFECT SENSOR [10]

Specifications Conditions Values
Input resistance B=0mT, I,=2mA 2.2kQ
Output resistance B=0mT, /,=2mA 8.5kQ
Output voltage Constant current drive 400 mV
B=1T, I,=2mA
Offset voltage B=0mT, I,=2mA +3mV
Sensitivity I,=2mA 400 mV/T
Resolution 2uT

Magnetic sensitive 0.25 x 0.25 x 0.20 mm

volume

environment. A single rigid moving frame can have high natural fre-
quencies; therefore, faster dynamics with high reliability and low power
consumption in multidimensional positioning can be obtained.

The superimposition of two orthogonal Halbach magnet arrays on
the base plate produces a concentrated-field magnet matrix [4]. The
magnet matrix consists of six pitches in the z- and y-directions, re-
spectively. Four magnet blocks form one sinusoidal cycle that is called
a pitch. Table I presents key motor and magnet-matrix parameters.

III. TWO-AXI1S HALL-EFFECT SENSORS AND THEIR OPERATION

Three two-axis Hall-effect sensors are used for lateral position mea-
surements. Specifications of the Hall-effect sensor are presented in
Table I1. Each Hall-effect sensor has two orthogonal axes and measures
the magnetic flux density in two independent perpendicular axes. A sin-
gle Hall-effect sensor cannot detect the unique position of the platen,
because there are two of the equal magnitude points in a one-pitch
sinusoidal magnetic flux density. Therefore, two Hall-effect sensors
collaborate to measure one-axis motion. Moreover, the phase differ-
ence between the two Hall-effect sensors is used to determine the
direction of motion. The magnetic flux density exhibits symmetry and
periodicity with a sensor position gap

1 1
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Fig. 2 shows a top view of the platen to illustrate the geometrical
relations of the three Hall-effect sensors. One of the two adjacent
sensors (the set of sensors A and B and the set of sensors A and C) is
always located in one of the sensitive intervals drawn by thick lines in
Fig. 3, where the gradient of magnetic flux density is large with respect
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Fig. 2. Locations of the three Hall-effect sensors. The numerical values of
the parameters are h 4, = 33.57 mm, hp, = 30.81 mm, h¢, = 33.47 mm,
hay =13.77mm, hp, = 13.77 mm, and h¢, = 49.73 mm.
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Fig. 3. Illustration of the sensor switching and collaboration principle. Sensor

B is in one of the sensitive intervals.

to the position. The periodic magnetic flux density is converted to a
voltage signal.

Since we use the sensitive intervals, a sensor switching is required
at every quarter pitch. This sensor switching takes place repeatedly as
the platen moves over multiple pitches.

Four voltage readings V.., Vi, Vay, and V., are used to determine
the platen translations in the z- and y-axes. Voltage data directly from
the Hall-effect sensors need to be normalized with the same magnitudes
for accurate position measurement. With the calibration constants of
Waz» Why» Way, and w,, and the offset values of V,,omsets Viwofisets
Vayottset> and Veyogset, the values of a,, b,, a,, and ¢, in (2)—(5)
represent the normalized sensor data

a; = sin(woy Vs + Vasoiset ) @)
b, = sin(wpz Vir + Vizoftset) 3
ay = sin(way Vay + Vayotiset) “)

¢y = sin(wey Vo + Veyofiset )- ®)

A pitch of the magnetic flux density wave consists of eight distinct
sections that are adopted with different calibration factors. These eight
sections are repeated over the entire magnet matrix due to the peri-
odicity of the magnetic flux density. For example, in the first section,
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the sensitive interval of sensor A is used with a scaling factor of « in
the z- and y-directions. Sensor data Az, in the z-axis and Ay, in the
y-axis compensate for the variables of Az, and Ay, ; the final position
displacement of the platen in the z- and y-directions with a scaling
factor of 3

Azrg =a-Ax, + - Az, (6)
Ayd = Q- Aya + /B : Ayu (7)

where Az,, Azy, Ay,, and Ay, are the derivative of a,, b,, a,, and
¢y, respectively. Hence, the sensors can measure unrestricted motion
in the x—y plane with respect to the size of the magnet matrix.

Using this principle, the rotation about the z-axis can also be de-
termined. Sensors A and B detect the distance at each location. The
difference between the two sensor measurements in the y-axis is used
in triangulation as follows:

AA—AB)

¢ = tan™! ( =5 (8)

where AB is the lateral distance between sensors A and B, which is
63.5 mm.

IV. DYNAMIC MODELING AND CONTROLLER DESIGN

The decoupled forces in both the horizontal and vertical directions
are derived as follows:

Ty = l,quoUon Ge 7170 coi%%y oy
f. 2 —siny;y cosmy
2 1 1 iy
3 3 3 )
X 1 1 ip )
0 — —— .
V3 V3l b

where the motor geometric constant G is 1.072 x 1075 m3. [2]
The equations of motion based on Newton’s second law in the hori-
zontal plane are as follows:

d*(z,y) d*1)
M——= = f, I..— =M,.. 10
e faw de? (1o
The dynamic models for vertical modes are as follows:
d*z
]\/[W:fz—KZZ (11)
d* d*¢

where M is the total platen mass of 1.52 kg. The principal moments of
inertia of I,.,, I,,,, and I . are 0.0037, 0.0019, and 0.0022 kg-m?, re-
spectively. The effective spring constant of the motoris X, = 620 N/m,
which is determined by experiments based on Hooke’s law. K, and
K, are the effective torsional spring constants, which are determined
experimentally as 65 and 87 N-m-rad !, respectively.

Second-order digital lead-lag controllers were designed with the
dynamic models in all axes, as given in (13). The sampling frequency
of 1 kHz was selected

13)

G.,(2) =151 x10° (z - 0.9673) <z — 0.9901) .

z —0.3433 z—1

The controller of the rotation about the z-axis has a gain of 1.87 X
10%. The crossover frequencies in the horizontal modes are 25.27 and
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Fig. 4. (a) 100-pum step response in the x-direction. (b) 20-m step response

in the y-direction.
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Fig. 5. (a) 0.1° and (b) 0.01° rotational motions about the z-axis.

22.4 Hz with the phase margins of 73.1° and 66.3°, respectively. Sim-
ilarly, the vertical-mode controllers were designed as follows:

2 0.879\ [z — 0.988
(2) =2 14
G:(2) 98600(z—0.379)( -1 ) 14
20905\ [z — 0.988
- () ()
2 —0.905\ [z — 0.988
() = 102 ‘ 1
G (2) 00<z70.470)( -1 ) (16)

Pure integrators located at z = 1 eliminate the steady-state error
introduced by the aerostatic bearings and the umbilical cables.

V. REAL-TIME CONTROL EXPERIMENTAL RESULTS

Ubuntu with RTAT has been installed and demonstrated with the user
interface for our real-time control system. RTAI is a kernel-modified
package of Linux. A standard Linux kernel and RTAI can be used with
Comedi and libraries.

The real-time control system acquires analog data from the sensors
through an A/D converter board (NI-6221). A Pentium IV PC com-
piles the C codes that include the real-time control and digital signal
processing routines. The position command data computed from the
PC flow to the D/A converters on NI-6703, which supports sixteen
16-bit analog output voltage channels with a £10 V voltage swing and
8 digital I/O lines.

A 100-pm step response in the z-direction and a 20-um step re-
sponse in the y-direction are presented in Fig. 4. The results demon-
strate arise time of less than 25 ms, a maximum overshoot of about 20%,
and a settling time of less than 220 ms without any steady-state errors
in the - and y-axes. The resolution is better than 10 pm and the posi-
tion noise is 6 pm rms in both the x- and y-axes. The position noise is
mainly caused by the Hall-effect sensors’ electronics and the unsteady
airflow through the aerostatic bearings. Staircase step responses of 0.1°
and 0.01° rotations about the z-axis are presented in Fig. 5.

Long-range planar motions are commonly required in precision-
positioning applications, such as scanning and microlithography. One
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Fig. 6. (a) 18.6° rotational motion in the z-axis and (b) maximum travel range

of 220 mm in the z-direction.
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Fig. 7. Position profile in the y-axis with respect to time.

of the key advantages of this positioning stage is that the angu-
lar measurement range with the Hall-effect sensors is much larger
than that of laser interferometers. Fig. 6(a) presents the large-angle
rotation motion of 18.6°. The maximum travel range of the positioner
in the x-axis is presented in Fig. 6(b). The travel ranges of 220 mm in
the z-direction and 200 mm in the y-direction were achieved in the
z—y plane. The scanning velocity was 8 mm/s.

A position profile is one of the important features in precision posi-
tioning. This compact multidimensional positioner is currently capable
of generating a maximum velocity of 0.3 m/s in the y-direction. Fig. 7
illustrates that a maximum velocity of 0.3 m/s was achieved between
0.2 s and 0.3 s with an acceleration of 3.6 m/s>. Less than 5% overshoot
due to the abrupt velocity change occurred at the ends of the steps.

VI. CONCLUSION

In this paper, a compact multidimensional precision positioner was
developed and implemented. Three planar motors on the bottom of
the platen can generate 6-DOF motions. Three two-axis Hall-effect
sensors measure translational motions and three laser distance sen-
sors are involved in measuring vertical displacements. The positioner
was controlled by a Linux-based real-time system, and digital lead-lag
compensators were designed at 1 kHz sampling frequency.

Unrestricted translations and large rotational angles based on the
size of the magnet matrix are one of the key advantages of the two-axis
Hall-effect sensors used in this research. A compact size and minimized
mass of the platen exhibits excellent dynamics. In addition, a Linux
real-time system on a PC costs much less than a DSP-based control
units with laser interferometers. This compact 6-DOF positioner has
potential applications in the precision-positioning industry.
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Analysis of Pole Configurations of Permanent-Magnet
Spherical Actuators

Liang Yan, I-Ming Chen, Hungsun Son, Chee Kian Lim,
and Guilin Yang

Abstract—This paper presents a generic design concept of three degree-
of-freedom (3-DOF) permanent-magnet (PM) spherical actuators. A ball-
shaped rotor mounted with multiple layers of PM poles is concentrically
housed in a spherical-shell-like stator with multiple layers of air-core coils.
This design allows more rotor and stator poles to be incorporated to in-
crease torque output and motion range of the actuator. The magnetic field
and torque modeling methods are generalized to multiple layers of poles,
which provides a convenient way to analyze field distribution and torque
performance of spherical actuators with various pole configurations. The
simulation results of flux distribution and torque variation of double-layer
configuration are compared with those of single-layer one. It shows that
the magnetic field distribution and torque variation for both configura-
tions are coincident with PM-pole arrangement on the rotor surface. The
tilting torque of double-layer design is larger than that of single layer, and
the torque variation is more uniform. The spinning torque of single layer is
relatively large. The proposed analyzing methods of field and torque could
be employed for preliminary study of other PM spherical actuators.

Index Terms—Magnetic field, spherical actuator, torque.
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