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& (57) Abstract: A system and method for sensing position and/or displacement of a moving, substrate, ram, target, piston, encoder
& wheel or the like. The system comprises a plurality of transducers for generating two sinusoidal signals in quadrature related to the
position and displacement of the substrate, ram or the like. Alternatively, the sinusoidal signals may be generated by other well-
known means, such as by an optical encoder or the like. The two sinusoidal signals in quadrature are processed to provide enhanced
resolution compared to conventional quadrature systems. The system is also capable of self-calibration in order to accommodate

fluctuations in the two sinusoidal signals in quadrature.
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METHOD AND SYSTEM FOR ENHANCED RESOLUTION, AUTOMATICALLY-
CALIBRATED POSITION SENSOR

CROSS REFERENCE TO RELATED APPLICATIONS

The present invention claims priority from U.S. Provisional Application Serial No.
60/523,648, filed November 20, 2003, entitled “Method, System, and Computer Program for
Enhanced Resolution, Automatically-Calibrated Magneﬁc Position Sensor,” which is hereby

incorporated by reference herein in its entirety.

BACKGROUND OF THE INVENTION

Sensors for detecting position and displacement are often used in many mechanical
processes in which it is important to position and/or move a ram, or the like, axially under
precise control. It is well known in the art that signals containing information related to the
position and displacement of a moving ram can be generated by mounting transducers in
close proximity to the ram and outfitting the ram with equally-spaced magnetic bands
disposed circumferentially around the girth of the ram. It is common for such systems to
employ two transducers mounted in close proximity to the ram such that when the ram
moves, the bands of magnetic material pass by the transducers thereby generating sinusoidal
output voltages at the transducers. Traditionally, the two transducers are positioned precisely
in respect to each other such that the two sinusoidal output signals are in quadrature (i.e., the
transducer output signals are 90 degrees out of phase). Conversion of the two sinusoidal
signals in quadrature into corresponding digital pulse trains, wherein each pulse corresponds
to the passage of a magnetic band, yields meaningful information related to the position and
displacement of the ram. Each pulse train changes state twice, once for each time the
corresponding sinusoidal output signal crosses zero, over one period from one magnetic band
to the next. Due to the fact that the pulse trains are 90 degrees out of phase, four state
changes occur per period. It is well known in the art that the pattern of the state changes of
the pulse trains reveals information related to the position and displacement of the ram.
However, because there are only four discernible state changes per period, the resolution of

such systems is limited and often proves inadequate.
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Numerous systems and techniques for enhancing the resolution of conventional
quadrature position and displacement sensors are known. However, these systems and
techniques are plagued by a number of infirmities. For instance, many known systems for
enhancing resolution require long chains of costly analog electronic circuitry. In addition to
increasing cost, the elaborate analog circuitry required by such systems increases the
systems’ sensitivity to electromagnetic noise, distortion, and other environmental
disturbances. Furthermore, many known systems for enhancing resolution often require the
size and the complexity of the circuitry to scale proportionately with the desired increase in
resolution. - In other words, in order to double the resolution of the system, it is necessary to
double the size and complexity of the circuitry. Moreover, a number of known systems for
enhancing resolution cannot handle changes in the amplitude of the transducer output signals
and consequently require manual calibration of analog circuit components like
potentiometers. Finally, numerous known systems rely on lengthy, difficult, and costly
digital operations such as digital division operations.

There is therefore a need in the art for a simple and efficient method and system of
sensing the position and displacement of a moving substrate, ram or the like that provides,

among other things, enhanced resolution and is capable of self-calibration.

BRIEF SUMMARY OF THE INVENTION

According to one aspect of the invention, a system for sensing position and/or
displacement of a moving ram, substrate, target, piston or optical encoder is provided in
which multiple state changes are generated in two quadrature signals, such that the state

changes correspond to discreet locations within the interval between two magnetic bands or

ptical encoder wheel
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respective apertures of an opt 1
In accordance with this aspect of an embodiment of the invention, the ram, substrate,
piston, or target is outfitted with a plurality of equally-spaced bands of magnetic material
disposed circumferentially around the girth of the ram or place as required or desired, or
alternatively apertures are provided on an optical wheel or the like. Further in accordance
with this aspect of the invention, a first signal acquisition means for acquiring a first signal
related to the position of the ram and a second signal acquisition means for acquiring a
second signal related to the position of the ram that is 90 degrees out of phase with the first

signal related to the position of the ram is provided. Still further in accordance with this



WO 2005/053146 PCT/US2004/039380

aspect of the invention, a signal selection means is provided for comparing the first signal
related to the position of the ram and the second signal related to the position of the ram,
selecting the signal with the lesser instantaneous magnitude as the primary signal, selecting
the signal with the greater instantaneous magnitude as the secondary signal, and producing a
reference signal indicating whether the first signal related to the position of the ram or the
second signal related to the position of the ram was selected as the primary signal. Yet
further in accordance with this aspect of the invention, a phase angle converter means is
provided for converting the primary signal into a phase angle signal. Still further in
accordance with this aspect of the invention, an angular movement detection means is
provided for determining angular movement over time based on the value of the phase angle
signal over time.

Yet ﬂnther in accordance with this aspect of an embodiment of the invention, the
phase angle converter means includes a signal normalizing means for producing a normalized
position signal by mapping the primary signal to a corresponding signal with a known
amplitude; a phase angle lookup means for converting the normalized position signal into an
uncorrected phase angle signal corresponding to the instantaneous phase angle of the
normalized position signal; and a phase translation means for producing a phase angle signal
by correcting the phase angle signal based on the values of the secondary signal and the
reference signal.

Still further in accordance with an aspect of an embodiment of the invention, the
angular movement detection means includes a phase register means for storing the phase
angle signal and outputting a previous iteration phase angle signal equal to the phase angle
signal and a phase subtractor means for producing an uncorrected angular movement signal
by subtracting the previous iteration phase angle signal from the phase angle signal. Yet
further in accordance with this aspect of the invention, the angular movement detection
means also includes an overflow corrector means for correcting the uncorrected angular
movement signal in the case of an overflow or underflow and producing the angular
movement signal.

Still further in accordance with an aspect of an embodiment of the invention, the first
signal acquisition means includes a first transducer and a second transducer mounted in close
proximity to the ram such that when the ram moves the plurality of bands of magnetic

material disposed circumferentially around the girth of the ram pass the transducers and
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thereby generate sinusoidal output signals at each transducer. Yet further in accordance with
this aspect of the invention, the two transducers are positioned linearly with respect to each
other and are spaced such that the distance between the first transducer and the second
transducer is one-half of the distance between two adjacent bands of magnetic material
disposed circumferentially around the girth of the ram. Consequently, the first transducer
output signal is 180 degrees out of phase with the second transducer output signal.

Still further in accordance with an aspect of an embodiment of the invention, the
second signal acquisition means includes a third transducer and a fourth transducer mounted
in close proximity to the ram such that when the ram moves the plurality of bands of ‘
magnetic material disposed circumferentially around the girth of the ram pass the transducers
and thereby generate sinusoidal output signals at each transducer. Yet further in accordance
with this aspect of the invention, the two transducers are positioned linearly with respect to
each other and are spaced such that the distance between the third transducer and the fourth
transducer is one-half of the distance between two adjacent bands of magnetic material
disposed circumferentially around the girth of the ram. Consequently, the third transducer
output signal is 180 degrees out of phase with the fourth transducer output signal. Still
further in accordance with this aspect of the invention, the third transducer is located between
the first transducer and the second transducer, and the distance between the third transducer
and the first transducer and the distance between the third transducer and the second
transducer is one-quarter of the distance between two adjacent bands of magnetic material
disposed circumferentially around the girth of the ram. Yet further in accordance with this
aspect of the invention, the distance between the fourth transducer and the first transducer is
three-quarters of the distance between two adjacent bands of magnetic material disposed
circumferentially around the girth of the ram, and the distance between the fourth transducer
and the second transducer is one-quarter of the distance between two of the adjacent bands of
magnetic material disposed circumferentially around the girth of the ram.

Still further in accordance with an aspect of an embodiment of the invention, the first
signal acquisition means also includes a first signal combining means for producing a first
combined signal by subtracting the second transducer output signal from the first transducer
output signal and amplifying the resulting signal; a first analog-to-digital converter for
producing the first signal related to the position of the ram by converting a first calibrated
signal into a digital signal; a first averaging means for producing a first digital error signal by
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performing a time-average of the first signal related to the position of the ram and subtracting
the time-average of the first signal related to the position of the ram from the value of the
direct current offset required by the first analog-to-digital conwverter; a first digital-to-analog
converter for converting the first digital error signal into a first analog error signal; and a first
subtractor means for producing the first calibrated signal by subtracting the first analog etror
signal from the first combined signal.

Yet further in accordance with an aspect of an embodirment of the invention, the
second signal acquisition means also includes a second signal combining means for
producing a second combined signal by subtracting the fourth transducer output signal from
the third transducer output signal and amplifying the resulting signal; a second analog-to-
digital converter for producing the second signal related to the position of the ram by
converting a second calibrated signal into a corresponding digital signal; a second averaging
means for producing a second digital error signal by performing a time-average of the second
signal related to the position of the ram and subtracting the time-average of the second signal
related to the position of the ram from the value of the direct current offset required by the
second analog-to-digital converter; a second digital-to-analog converter for converting the
second digital error signal into a second analog error signal; and a second subtractor means
for producing the second calibrated signal by subtracting the second analog error signal from
the second combined signal.

Still further in accordance with an aspect of an embodiznent of the invention, the first
signal combining means and the second signal combining means are differential amplifiers.

Yet further in accordance with an aspect of an embodiment of this invention, a
traditional quadrature output emulating means is provided for converting the angular
movement signal into traditional quadrature output signals.

Still further in accordance with an aspect of an embodiment of the invention the signal
normalizing means computes the amplitude of the primary signal, and maps the primary
signal to a corresponding sinusoidal signal with known amplitude. Yet further in accordance
with this aspect of the invention, the calculation of the amplitude of the primary signal and
the mapping of the primary signal to a corresponding signal with known amplitude is
facilitated by the use of a lookup table.
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Still further in accordance with an aspect of an embodiment of the invention, the
phase angle lookup means determines the instantaneous phase angle of the normalized
position signal using a lookup table.

Yet further in accordance with an aspect of an embodiment of the invention, the
traditional quadrature output signals are controlled using a simple finite state machine.

Still further in accordance with an aspect of an embodiment of the invention, the first
transducer, the second transducer, the third transducer, and the fourth transducer are Hall-
effect sensors.

Yet further in accordance with an aspect of an embodiment of the invention, the
signal selection means, the signal normalizing means, the phase angle lookup means, the
phase translation means, the phase register means, the phase subtractor means, the overflow
corrector means, the traditional quadrature output emulating means and the simple finite state
machine are implemented in software in a digital controller.

According to a second aspect of the invention, a method for sensing position and/or
displacement of a moving ram, substrate or the like is provided in which multiple state
changes are generated in two quadrature signals, such that the state changes correspond to
discreet locations within the interval between two magnetic bands.

In accordance with this aspect of an embodiment of the invention, the ram is outfitted
with a plurality of equally-spaced bands of magnetic material disposed circumferentially
around the girth of the ram or placed as required or desired. |

Further in accordance with this aspect of an embodiment of the invention, the method
comprises the following steps: acquiring a first signal related to the position of the ram;
acquiring a second signal related to the position of the ram that is 9'0 degrees out of phase
with the first signal related to the position of the ram; comparing the first signal related to the
position of the ram to the second signal related to the position of the ram, selecting the signal
with the lesser instantaneous magnitude as the primary signal, selecting the signal with the
greater instantaneous magnitude as the secondary signal, and producing a reference signal
indicating whether the first signal related to the position of the ram or the second signal
related to the position of the ram was selected as the primary signal; converting the primary
signal into a phase angle signal; determining angular movement over time based on the value
of the phase angle signal over time and creating an angular movement signal; and converting

the angular movement signal into traditional quadrature output signals.



transducer and the second transducer are positioned linearly with respect to each other and
are spaced such that the distance between the first transducer and the second transducer is
one-half of the distance between two adjacent bands of magnetic material disposed
circumferentially around the girth of the ram such that the first transducer output signal is 180
degrees out of phase with the second transducer output signal.

Still further in accordance with an aspect of an embodiment of the invention,
acquiring the second signal related to the position of the ram comprises using a third
transducer and a fourth transducer mounted in close proximity to the ram such that when the
ram moves the plurality of bands of magnetic material disposed circumferentially around the
girth of the ram pass the transducers thereby generating a third transducer output signal and a
fourth transducer output signal. Yet further in accordance with this aspect of the invention,



















































































































































