
EP 0 344 942 B1 Description This invention relates to capacitive systems
for sensing position. Numbers of mechanical positioning systems requiring
the highest available accuracy utilize air bearings, 5  to minimize
friction and backlash effects, together with laser interferometers to
determine position as proposed for example by Hinds in US Patent No.
4,654,571. However such interferometer systems are of necessity costly and
complex and exhibit further difficulties if it is desired to position
several such elements independently in a common working area. This latter
problem arises due to the inevitable mutual blocking of the multiple
independent measuring light beams for some relative positions of the moving
elements. The 10   need for such multiple independent elements can arise,
for example, in certain types of high precision automated fabrication and
assembly applications. An attractive alternative approach would be to
arrange that each moving element be capable of determining its own position
directly, in two dimensions, relative to a patterned working surface over
which it-moved. Suitable patterns arise automatically if two-dimensional
actuators of the type initially proposed by 15  Sawyer in US Patent No. Re
27,436 are employed. However, no prior method exists for measuring position
accurately, rapidly and at low cost over large working regions for such
actuators or, indeed for any multiple independent moving elements. In other
contexts, capacitive transducers are known to be advantageous. The use of
capacitive transducers for distance measurement is an established
technique, and is capable of providing exceedingly 20  high resolution as
discussed by R. V. Jones and J. C. S. Richards, "The Design and Application
of Capacitance Micrometers", Journal of Physics E, Science Instruments,
Vol. 6 Series 2, 1973, pp. 589-600, and A. M. Thompson, "The Precise
Measurement of Small Capacitances", IRE Transactions on In- strumentation,
Vol. 1-7, 1958, pp. 245-253. This high sensitivity is inherent and derives
in the last resort from the fact that capacitors themselves generate no
noise. Such capacitive methods are well known and 25  have even been
extended to provide digital linear encoder designs for one dimensional
transverse motion as exemplified by Andermo in US Patent No. 4,420,754.
U.K. Patent No. GB-A-2,123,629 discloses a capacitive device for the
measurement of displacement. The device comprises a scale and a slide,
which are provided with electrodes arranged to form two pairs of
capacitances for the measurement of displacement in one dimension. These
capacitances are connected 30  via bridges and comparators to a processor
adapted to produce a one-dimensional measurement signal by counting the
periods of the signal from the measurement capacitances and by
interpolation with each of these periods. However, the prior methods are
unsatisfactory in four important respects. First, the position encoder
needs to be truly two dimensional, reading out either or both the X and Y
position simultaneously with 35  orthogonal independence, i.e., translation
in X not affecting the Y readout and conversely. Second, the position
measurement system must not require the use of any special wiring,
interconnections or electrically floating electrodes associated with the
platen itself. Third, the output information needs to be independent of
electrode spacing and any associated "roll", "pitch" or "yaw" of the
sensor. And finally the sensor needs to be of sufficiently large area that
it averages over hundreds, if not thousands, of substrate posts. (This last
40  requirement relieves the need for unreasonable demands being placed on
the post-to-post uniformity of the platen for high positioning accuracy).
Additional desiderata are low sensor fabrication cost, fast response,
independent height readout (indicating instantaneous air bearing thickness)
and simple associated readout electronics. According to this invention
there is provided a capacitive position-sensing system as claimed in claim
1. 45     An embodiment of the invention refers the motion to a uniformly
repeated two-dimensional symmetrical pattern impressed on the working
surface and examines this pattern capacitively. The patterned substrate, or
"platen", can consist of a uniform two-dimensional array of either posts or
holes in either a conducting or an insulating surface. In the system
proposed here, the element moving over this surface (supported for example
on an air bearing) determines its position by making continuous multiple
capacitive measurements so  to the substrate itself. The method, which uses
the foregoing spatially modulated capacitive effect, extends directly to
linear, planar, rotational and cylindrical position measurement and motion
control. All of the foregoing requirements are met by the repetitively
patterned multiple-capacitive-sensor system proposed here. The first
multiple-electrode sensor reads out motion incrementally in only the one
desired direction, with essential independence from all live of the
remaining (unwanted) degrees of freedom. 55 A second multiple-electrode
sensor, orthogonal to the first, provides a simultaneous and independent Y
readout. Preferably, both sensors provide both digital incremental position
encoding and high resolution 



position interpolation, assisted by a preferred three-phase read-out
technique and a "chevron" printed circuit implementation of the multiple
electrodes. 2    EP 0 344 942 B1 The same scheme extends directly to
position readout on a right circular cylinder instead of a plane. The
position of an object with respect to a replicated patterned array of
identical elements is determined by a capacitive effect which is spatially
modulated in each desired direction of measurement. This is achieved in the
two-dimensional case by the use of two respective photolithographically
fabricated 5  "chevron" arrays of multiple identical electrodes, each
composed of conducting elements spaced apart in a respective direction of
measurement, all of which are driven in unison through a common 1:1:1:1
transformer. This electrode array can move with respect to a closely
spaced, electrical ground plane associated with, or including, the
patterned substrate. Both lateral position and spacing information are
derived simultaneously by synchronous detection of both the sums and the
differences of the RF 10  displacement currents flowing to the separate
elements of the electrode structure. The RF amplitude itself is
servo-stabilized in such a way as to compensate for spacing variations as
the sensor moves, while continuously reading out both the spacing and the
lateral position information. An important attribute of each array
arrangement of conducting elements is that it reads out position
Information in only the one (desired) direction, while- remaining
essentially insensitive to motion in the 15  transverse (undesired)
direction. It is this feature that allows two such arrays of conducting
elements to be mounted at right angles to one another and thereby provide
high resolution position information In two dimensions simultaneously while
the sensor moves over a 2D ground plane of arbitrary size. The resolution,
and interpolative, capability are aided by appropriate choices of the
periodicities of the array; on one hand, and of the patterned substrate, on
the other hand. 20     Other features are that the measurement is largely
unaffected by small angular motions ("roll", "pitch" and "yaw") of the
sensor, as well as spacing variations, such as are virtually unavoidable
with the use of air hearings. These desirable properties arise from the
highly interdigitated chevron array geometry employed, together with the
exceedingly uniform driving voltage applied to each electrode, (i.e., each
conducting element), through the use of a multifilar transformer and
servo-stabilization of the sum total of the electrode 25  displacement
currents. Another important attribute of the approach is that it lends
itself naturally to the use of very large electrode arrays, at almost no
additional cost. This property provides an automatic and continuous
averaging effect over nonuniformities and "spatial noise" in both the
patterned ground plane and the position measuring electrode structure
itself. As such the system is capable of providing high differential 30
linearity in the position measurement. This can be important in controlling
the tool or workpiece that is typically mounted on, or is a part of, the
same moving member as the electrode arrays. It should be clear that
position measurement is not limited to a factory environment, but has
applications wherever the position of an object must be precisely known.
Additional observations are that the method extends directly to
two-dimensional position measurement 35  on cylindrical surfaces. The
method can be applied in two different situations, depending on whether the
patterned electrode is electrically grounded or alternatively can itself be
intentionally driven with RF. In the former case the multifilar transformer
driving scheme Is advantageous and constitutes the method of choice. In the
latter case the patterned base electrode (or an electrode behind it) can
advantageously Itself be driven with RF 40  instead of using the series
transformer. A qualitatively different feature of the use of capacitive
sensors for position determination (as distinct from some type of magnetic
sensors, for example) is their inherently high measurement speed. This
stems directly from the fact that they operate at radio frequencies and can
therefore readily provide fast response. Such fast response is particularly
advantageous for numbers of motion control applications involving very 45
fine-toothed variable reluctance motors which require high commutation
frequencies if they are to move at high speeds. These and further features
of the invention will become apparent from the following detailed
description and the drawing. Brief Description of the Drawing 50 



FIG. 1 is a composite view of a chevron capacitive sensor, driven by a
quadrifilar transformer, being used for position measurement in one
direction on a two-dimensional platen. FIG. 2 is a plan view of two groups
of three position sensing electrodes spanning exactly four transverse
periods of the platen. 55     FIG. 3 is a side view of three pickup
electrodes spanning precisely two periods of the platen in the measurement
direction. FIG. 4 is a diagram indicating the maximum and minimum
capacitance positions of one representative electrode with respect to one
platen period. 3    EP 0 344 942 B1 FIG. 5 is a plan view of a sensor
electrode array that is tilted with respect to the platen structure. FIGs.
6 and 7 are a top and bottom views, respectively of an actual chevron
printed circuit capacitive sensor designed to span seven platen periods
transversely and a much larger number of periods longitudinally, to provide
a high degree of spatial averaging. 5      FIG. 8 is an exemplary
self-guarded transformer-coupled readout scheme for one capacitive
electrode situated above a uniform ground plane. FIG. 9 is a simplified
schematic showing the system that provides an output precisely proportional
to the height h of an electrode above a flat ground plane. FIG. 10
illustrates the basic spatial three phase capacitive readout system showing
the quadrifilar to  driving transformer and the summing and differencing
transformer system. FIG. 11 is an overall schematic block diagram of the
sensor system shown in FIG. 1, indicating both the height and the
three-phase position outputs. FIG. 12 is an illustration of the three phase
position outputs [err]1, [err]2, [err]3 and the significance of the sensor
differential-linearity. 15     FIG. 13 illustrates the use of four chevron
sensors mounted in a square to provide redundant two- dimensional position
and angle readout in the plane. FIG. 14 illustrates the use of two curved
chevron sensors to provide two-dimensional linear and angular displacement
readout on a cylinder. FIG. 15 is a composite diagram showing the use of
the three-phase  [err]1, [err]2, [err]3 outputs to commutate a 20  motor,
together with the derivation of sine and cosine position outputs for
vernier position interpolation. FIG. 16 is a plan view of three-phase
pickup electrodes with respect to an apertured belt or tape. FIG. 17 is a
coiled, patterned, flexible rule with interpolating distance readout, based
on the use of an apertured tape. FIG. 18 is a side view of a three-phase
capacitive pickup being used in conjunction with a plastic 25  timing belt.
FIG. 19 is a modification of the three-phase capacitive system to employ a
separate RF driving electrode mounted behind a plastic timing belt. FIG. 20
shows a two-phase position sensor that employs four identical electrodes
spanning three platen periods to provide sine and cosine outputs. 30
Detailed Description The basis of the capacitive position measuring system
can be understood by reference to FIG. 1. Here a sensing electrode array 1
is connected to a quarifilar 1:1:1:1 transformer 2 and is situated a small
distance 35  h above a patterned and electrically grounded platen 3. The
transformer 2 is driven by an RF oscillator 4, operated at a frequency in
the range from 100 kHz to 100 MHz; and the connections are such that all of
the triples of replicated sensor electrodes E1, E2, E3 are voltage driven
in unison, i.e., all the sensing electrodes always move together
electrically with exactly the same amplitude and phase. By virtue of this
arrangement it is simple to shield the sensor electrodes E1, E2, E3 from
unwanted stray capacitances to 40  ground by driving the cable braid 5 and
sensor electrostatic shield 6 directly from the primary of the 1:1:1:1
transformer. In this way the RF current outputs 7, 8 and 9, which all three
flow into virtual grounds, are themselves a measure of the RF currents
flowing to the platen as a consequence of the capacitances of the
electrodes E1, E2, E3 to ground. These capacitances in turn are due in part
to the overlap of the sensing electrodes 15, 16, 17 (shown in 



45  plan view above platen 3 in FIG. 2) with the platen posts. It is
important to note that while the width of the sensing electrodes is
illustratively equal to that of one post, their length is advantageously an
integral number of posts-plus-valleys. In this way the overlap capacitance
of any electrode to ground only changes as the sensor moves in the
measurement direction and remains essentially unchanged for motions in the
perpendicular direction. 50     It is also evident in FIG. 2 that each
measurement electrode triple E1, E2, E3, regardless of the individual
widths, actually spans precisely two of the spatial periods of the platen,
as indicated schemati- cally in the side vied of FIG. 3. Here the
measurement electrodes 15, 16, 17 are seen situated just above two periods
of the platen 3. In practice the platen valleys are filled with an epoxy
material (of dielectric constant k) since the platen 55  surface needs to
be extremely smooth so as to act as a small-clearance air bearing.
Consequently the electrode-to-platen capacitance is modified, and
furthermore of course the maximum and minimum capacitance values [err] and
[err] actually correspond to a three-dimensional situation that includes
significant fringing field effects. The position signals themselves derive
in the last resort from the maximum 4    EP 0 344 942 B1 to minimum
capacitance ratios for a typical electrode, shown schematically in two
positions in FIG. 4. For the currently implemented two dimensional systems
the capacitance ratio can be shown to be approximated by 5 [ERR] 10 Here d
is the valley depth and the quantity [err] = d/3hk is the modulation index
that ultimately produces the position signal. Its value for current systems
Is [err]0.2 and It is advantageous to make It as large as Is reasonably
possible. It is also evident that in an air bearing situation It is
possible for the electrode array shown in FIG. 2 to 15 twist through some
angle, as indicated in FIG. 5. From this, it is clear that for any
sufficiently large rotation the sensor will ultimately become insensitive
to linear motion since each electrode element will always overlap the next
row of posts, etc. This demonstrates that for a given sensor area it is
advantageous to arrange that the electrode structure be narrow in the
motion direction and less extended in the perpendicu- lar direction. This
maximizes the range of angular motions that can be tolerated. The sensor
must not be 20 made too narrow, however, for fear of becoming excessively
sensitive to transverse motions through spanning too few platen periods in
that direction. Furthermore, of course, it is uneconomic to demand
exceedingly stringent dimensional tolerances on the sensor electrode
structure itself, since this is typically made by standard printed circuit
board photolithographic techniques and as such is subject to over- or
under-etching which can result in small and uncontrolled but significant
variations in the sensor electrode 25 lengths. This problem in turn can be
circumvented by arranging that the sensor electrodes are arranged in a
serpentine or "chevron" pattern as indicated in FIGs. 6 and 7, which shows
the front and back of a position sensor, the common edges thereof being 27
and 28, respectively. Use of this chevron technique in effect allows each
E1, E2, E3 electrode triple 15, 16, 17 on the position sensor 1 to sample
all possible positions 30 within one transverse platen period. This,
together with arranging that the length of each sensor electrode nominally
span an integral number of posts-plus-valleys, renders the system highly
insensitive to transverse motions. Since it will be recalled from FIG. 1
that all the E1, E2, E3 electrodes move electrically exactly in unison it
follows that their mutual capacitances are of no concern since they never
experience any potential 35  differences. Consequently it is convenient to
arrange that all the electrode triples are appropriately connected (via
redundant plated-through holes) to the three printed circuit buses 21, 22,
23 shown on the back of the printed circuit sensor 1 in FIG. 7. This actual
sensor design uses 20 mil wide electrodes and spans 7 by 64 platen periods
for a total of 448 platen elements. Assuming statistical spatial
independence on the platen pattern this leads to a [err]488, (i.e., greater
than twenty-fold), improvement in positioning 40 accuracy over that
obtainable by sensing single pattern elements. The operation of the
specially developed self-shielding transformer coupled capacitance
measuring 



scheme is shown (for the simplified case of just one electrode 15) in FIG.
8. Here the quantity of interest is the capacitance C1 to ground, and it is
desired to measure this capacitance alone, independent of any interfering
effects from any of the other capacitances. It will be noted that the use
of a bifilar 1:1 45 transformer, with primary 30 and secondary 31, causes
both dotted ends of the windings to move exactly In unison. Consequently no
voltage difference occurs between the cable braid 28 and the cable core 30.
Similarly, no voltage occurs between the electrode 15 and the electrostatic
shield 29, so no RF current flows through the capacitor C4. Similarly
negligible current flows through capacitors C2 and C3, in overlaid
windings, since all the corresponding points on both windings move in
unison. Of course, a large current 50 flows through C5 to ground, but this
current flows directly from the output of oscillator 4 and therefore does
not appear in the secondary circuit of the transformer. As a result, the
current I that flows into the (virtual) ground at 32 is a measure of the
current flowing through C1 and through C1 alone. Referring back to FIG. 6
and FIG. 7, it will also be apparent that there are, in addition, two
"window frame" electrodes 24 and 25 on each side of the chevron sensor.
These two are electrically common and also ss driven from the oscillator 4
of FIG. 8 in common with electrostatic shield 29, to provide added RF
shielding since they, too, move electrically exactly in unison with all the
triples of sensing electrodes. A particular feature of the scheme shown in
FIG. 8, and the main reason for its development for the present
applications, is that it allows a simple and direct measurement of
capacitances to ground. This by 5    EP 0344 942 B1 itself is useful, but
it can be further extended to provide, in addition, the property of also
measuring the spacing to ground in an inherently linear manner. (This is in
sharp distinction to all prior capacitance v. distance methods which
exhibit an inherently reciprocal relationship.) The method for achieving
this Is shown in FIG. 9. 5     Here, the undotted end of the transformer
secondary 31 is connected to a virtual ground formed by the emitter of a
grounded base transistor 36. (In this and all subsequent diagrams all
transistor current and voltage biasing arrangements are omitted for
clarity.) In this way the RF current flowing to ground from electrode 15 is
rectified by 37 and subtracted from a fixed demanded value in 38. The
residual difference between the two is then amplified by 39 and used to
control the amplitude of the RF oscillator 4. In this way 10  the RF
amplitude itself is constantly servoed so as always to ensure that a
constant displacement current is flowing from electrode 15 to ground. Since
the impedance of 15 to ground is itself precisely proportional to the
distance h (within the parallel plate capacitor approximation), it follows
that the system output is inherently linear in distance, without the need
of any corrections or the taking of any reciprocals. This linear--height
measuring scheme is incorporated as an integral part of the chevron
electrode 15 positioning system as indicated In FIG. 10. Here the position
sensing electrodes 15, 16, 17 are driven In unison by the 1:1:1:1
transformer 43, and the resulting RF currents flow through the grounded
base stages 44, 45 and 46. Current differences are then formed passively
(and very stably) by the 1:1:1 transformers T2, T3, T4, and thereby drive
the grounded base stages 50, 51, 52. The outputs of these three
transistors, in turn, constitute the RF current position information
[err]1, [err]2, [err]3. The sum total RF current flowing to all three 20
electrodes 15, 16, 17, on the other hand, is formed by summation at the
emitter of 53, and is used to servo the amplitude of the RF drive 54 so as
to provide the height output information as previously described in
connection with FIG. 9. A further virtue of this approach is that it
provides excellent common-mode rejection in the transverse position signals
themselves since they are formed by taking differences. This allows a
substantial length of 25 flexible cable be employed, if desired, to couple
the moving position sensor unit to the main system electronics without any
problem from spurious pickup effects. All of the preceding elements are
combined to form a complete position and height sensing system as indicated
in FIG. 11. The three (spatial) phase position outputs are formed by
synchronous detectors 58, 59, 60, operating at the RF carrier frequency,
and the RF filters 63, 64, 65. The RF drive itself is obtained from 30  a
common oscillator 61 (driving multiple independent position sensors for XY
motion measurement) followed by a linear electronic attenuator 62. This, in
turn, controls the servoed RF drive toelectrodes 15, 16, 17, as previously
described in connection with FIGs. 9 and 10. The final output of this
system consists of a signal representing the height h of the sensing
electrode above the platen together with three essentially sinusoidal
position signals 69, 70, 71 as shown in FIG 12. 



35 These position signals in turn each span one platen spatial period 72,
and are interleaved at [err] and [err] in the spatial domain. An important
property of this system is that of high cycle-to-cycle reproduc- ibility of
each of the three position signals. This stems directly from the spatial
averaging produced by the use of large electrode arrays of the type shown
in FIG. 6. As a consequence the differential linearity Is high, meaning
that all distances such as 73 and 74 in FIG. 12 between corresponding
segments such as 40 AB and BC are essentially equal. (This is very
important if it is desired to interpolate the position information
accurately within each platen period.) A position measuring system of the
kind so far described, can be applied in many different ways. One is to
mount four such chevron sensors 78, 79, 80, 81 along the edges of a square,
as shown in FIG. 13. This provides redundant X, Y, and angle readout for a
two-dimensional actuator floating on an air bearing. 45     By the same
token, the use of suitably curved sensors 83, 84 of the same type provides
position readout on the surface of a cylinder 85 as indicated in FIG. 14.
In both of these applications the use of the chevron sensor geometry
provides a high degree of independence in the readout of the two separate
degrees of freedom. While the provision of a three-phase output is
particularly convenient for numbers of applications, so notably multi-phase
motor commutation, a two-phase sine-cosine format is often desirable in
other situations. This is provided in the present case by the scheme shown
in FIG. 15, resulting in a standard CHAN A, CHAN B output of a type
suitable to drive most commercial electronic positioning systems. (The
operation of this system is analogous to that provided by the conversion
from "Synchro" to "Resolver" format with magnetic systems by the use of
"Scott T" transformers, except that in the present case it works 55 down to
DC). While the preceding systems have been primarily developed for
two-dimensional positioning applica- tions, their use instead in
one-dimensional situations is straightforward (here no "chevron" is needed
since there is no motion in a perpendicular direction). Conceptually the
simplest of these applications is to 6    EP 0 344 942 B1 employ a system
essentially identical to that of FIGS. 1 and 11, except that now the sensor
moves over a ground plane that only has grooves cut in one direction
instead of two. By the same token, the sensor can alternatively be itself
stationary and the substrate (providing the spatially modulated capacitive
pattern) can take the form of a long, flexible, patterned metal (or
insulating) tape 95, as shown illustratively in FIG.16. 5  Such a tape can
be reeled up, if desired, to provide the analog of a carpenter's flexible
steel rule, but with a high resolution electrical readout as shown in
FIG.17. Another point relates to the way in which the RF currents are
obtained from the position sensor. All the system discussed so far have
taken the form illustrated in FIG 18, i.e., using a transformer drive to
the sensing electrodes. This is usually the applicable method and is
illustrated here in exemplary use with a 10 plastic timing belt 98 (which
doubles both as the capacitively patterned substrate and the moving
element), together with the same electronics 99 as are shown in FIG. 11. It
is convenient furthermore precisely to define the capacitances seen by
electrodes 15, 16, 17 by using the grounded back electrode 100. However,
for this situation, and for a number of analogous ones that have suitable
ungrounded electrodes available, the system can omit the driving
transformer as shown in FIG. 19. Here, the sensing 15 electrodes 15, 16, 17
drive the measuring electronics directly (i.e., transistors 44, 45, 46 of
FIG. 10), while the servoed RF drive is applied to the backplate 100. This
regime can be advantageous provided suitable electrodes are available. A
final variation of the invention modifies the use of exactly three sensing
electrodes E1, E2, E3 (and multiples thereof) in preference to any other
number. This can be shown to be the minimum number 20  required for
unambiguous position determination, and has the additional advantage that
[err] spatial outputs are convenient for commutating three-phase motors.
However, other multi-phase schemes can also be employed while still using
the same driving and sensing approach. Such an arrangement is shown in FIG.
20, in which a basic set of four electrodes E1, E2, E3, E4 span exactly
three platen periods. (This is to be compared with FIG. 11 where three
electrodes span two platen periods.) Taking the 25  differences of the E1,
E3 and E2, E4 signals then provides two output signals that are 90  apart
in spatial phase, i.e., this system produces position signals  identical to
the sine and cosine outputs of FIG. 15. This can be useful in situations in
which just two 90  output are required. 



Claims 30 1. A capacitive position-sensing system  comprising a first set
(1,78,80) of at least three groups of electrodes (15,16,17) in a
configuration defining a first surface, said electrodes being spaced apart
in a first direction, a second surface (3) spaced apart from said
electrodes, said second surface being a monolithic conductor and having
pattern means thereon for rendering the capacitance between said 35
electrodes and said second surface spatially periodic, first means (43-54)
for generating signals representing a first set of at least three
capacitance differences between respective ones of said first set of
electrodes and said second surface, first means (58-71) for determining the
position of said pattern means in said first direction with respect to said
first set of electrodes from said first set of capacitance differences,
CHARACTERISED BY a second set (79,81) of at least three groups of 40
electrodes In said first surface, said second set of electrodes being
spaced apart In a second direction and apart from said second surface,
second means (43-54) for generating signals representing a second set of at
least three capacitance differences between respective ones of said second
set of electrodes and said second surface, second means (58-71) for
determining the position of said pattern means in said second direction
with respect to said second set of electrodes from said second set of 45
capacitance differences, and said pattern means being adapted to be
periodic in both said first direction and said second direction, whereby
relative motion between said electrodes and said pattern means can be
accommodated in both directions. 2. A system as claimed in claim I wherein
the ratio of the periodicity of the electrodes (15,16,17) to the so
periodicity of the pattern means (3) in at least one of said directions is
three to two. 3. A system as claimed in claim 1 wherein the ratio of the
periodicity of the electrodes (E1,E2,E3,E4) to the periodicity of the
pattern means (98) in at least one of said directions is four to three. 55
4. A system as claimed in claim 1 wherein said generating means comprises
driving means for applying voltage signals having the same amplitude and
phase to each group of electrodes while separating the respective current
signals to each group (2,4) and said capacitive difference signals are
generated from said current signals. 7    employ a system essentially
identical to that of FIGS. 1 and 11, except that now the sensor moves over
a ground plane that only has grooves cut in one direction instead of two.
By the same token, the sensor can alternatively be itself stationary and
the substrate (providing the spatially modulated capacitive pattern) can
take the form of a long, flexible, patterned metal (or insulating) tape 95,
as shown illustratively in FIG.16. s  Such a tape can be reeled up, if
desired, to provide the analog of a carpenter's flexible steel rule, but
with a high resolution electrical readout as shown in FIG.17. Another point
relates to the way in which the RF currents are obtained from the position
sensor. All the system discussed so far have taken the form illustrated in
FIG 18, i.e., using a transformer drive to the sensing electrodes. This is
usually the applicable method and is illustrated here in exemplary use with
a 10  plastic timing belt 98 (which doubles both as the capacitively
patterned substrate and the moving element), together with the same
electronics 99 as are shown in FIG. 11. It is convenient furthermore
precisely to define the capacitances seen by electrodes 15, 16, 17 by using
the grounded back electrode 100. However, for this situation, and for a
number of analogous ones that have suitable ungrounded electrodes
available, the system can omit the driving transformer as shown in FIG. 19.
Here, the sensing 15  electrodes 15, 16, 17 drive the measuring electronics
directly (i.e., transistors 44, 45, 46 of FIG. 10), while the servoed RF
drive is applied to the backplate 100. This regime can be advantageous
provided suitable electrodes are available. A final variation of the
invention modifies the use of exactly three sensing electrodes E1, E2, E3
(and multiples thereof) in preference to any other number. This can be
shown to be the minimum number 20  required for unambiguous position
determination, and has the additional advantage that 0 ,120 ,240 spatial
outputs are convenient for commutating three-phase motors. However, other
multi-phase schemes can also be employed while still using the same driving
and sensing approach. Such an arrangement is shown in FIG. 20, in which a
basic set of four electrodes E1, E2, E3, E4 span exactly three platen
periods. (This is to be compared with FIG. 11 where three electrodes span
two platen periods.) Taking the 25  differences of the E1, E3 and E2, E4
signals then provides two output signals that are 90  apart in spatial 



phase, i.e., this system produces position signals identical to the sine
and cosine outputs of FIG. 15. This can be useful in situations in which
just two 90 output are required. Claims 30 1. A capacitive position-sensing
system  comprising a first set (1,78,80) of at least three groups of
electrodes (15,16,17) in a configuration defining a first surface, said
electrodes being spaced apart in a first direction, a second surface (3)
spaced apart from said electrodes, said second surface being a monolithic
conductor and having pattern means thereon for rendering the capacitance
between said 35     electrodes and said second surface spatially.,
periodic, first means (43-54) for generating signals representing a first
set of at least three capac tance differences between respective ones of
said first set of electrodes and said second surface, first means (58-71)
for determining the position of said pattern means in said first direction
with respect to said first set of electrodes from said first set of
capacitance differences, CHARACTERISED BY a second set (79,81) of at least
three groups of 40     electrodes in said first surface, said second set of
electrodes being spaced apart in a second direction and apart from said
second surface, second means (43-54) for generating signals representing a
second set of at least three capacitance differences between respective
ones of said second set of electrodes and said second surface, second means
(58-71) for determining the position of said pattern means in said second
direction with respect to said second set of electrodes from said second
set of 45     capacitance differences, and said pattern means being adapted
to be periodic in both said first direction and said second direction,
whereby relative motion between said electrodes and said pattern means can
be accommodated in both directions. 2. A system as claimed in claim 1
wherein the ratio of the periodicity of the electrodes (15,16,17) to the 50
periodicity of the pattern means (3) in at least one of said directions is
three to two. 3. A system as claimed in claim 1 wherein the ratio of the
periodicity of the electrodes (E1,E2,E3,E4) to the periodicity of the
pattern means (98) in at least one of said directions is four to three. 55
4. A system as claimed in claim 1 wherein said generating means comprises
driving means for applying voltage signals having the same amplitude and
phase to each group of electrodes while separating the respective current
signals to each group (2,4) and said capacitive difference signals are
generated from said current signals. 7    EP 0 344 942 B1 5. A system  as
claimed in claim 4 comprising an electrostatic shield (5,6) positioned to
guard said electrodes and/or the leads connected to said electrodes and
wherein said driving means (2) comprises means for applying a voltage
signal having the same amplitude and phase as the signals applied to each
group of electrodes while separating the current signal to said
electrostatic shield, whereby the 5      effect of capacitances other than
the capacitances between said electrodes and said reference surface is
reduced. 6. A system  as claimed in claim  1 wherein the groups of
electrodes (15,16,17) in each set are interdigitated. 10 7. A system as
claimed in claim 1 wherein said second direction is orthogonal to said
first direction, said first-direction electrodes (78,80) have lengths of an
integral number of periods of the second-direction pattern and periodic
offsets orthogonal to said first direction, and said second-direction
electrodes (79,81) have lengths of an integral number of periods of the
first-direction pattern and periodic offsets 15     orthogonal to said
second direction, thereby improving the independence of position sensing
for the respective directions. 8. A system as claimed in claim 4 wherein
said first and second generating means comprise means for simultaneously
determining differences between said current signals (47,48,49) and the sum
of said 20     current signals (53), and means for controlling the
amplitude of said voltage signals In accordance with said sum to maintain
the magnitude of said sum substantially at a constant value  [err]  and the
first and second determining means comprise means for indicating the
position of said electrodes with respect to said pattern means from said
current-signal differences (58-71) and the distance between said electrodes
and said second surface from said voltage-signal amplitude [err]. 



25 9. A system as claimed in claim 1 wherein the electrodes (83.84) and the
pattern means (85) are mutually adapted to sense position with respect to
an axis of rotation, said first direction relating to rotation around said
axis, said second direction relating to linear motion along said axis. 30
10. A system as claimed in claim 9 wherein the pattern means (85) is a
concentric cylinder around said axis of rotation, the electrodes (83,84)
are spaced apart from the surface of said cylinder, the first set of
electrodes (83) is positioned to sense rotation of said cylinder, and the
second set of electrodes (84) is positioned to sense linear motion of said
cylinder. 35  Patentanspr~che                       -, 1. Kapazitives
WegmeBsystem mit einem ersten Satz (1, 78, 80) von mindestens drei Gruppen
von Elektroden (15, 16, 17) in einem elne erste Oberflache definierenden
Aufbau, wobei die besagten Elektroden in einer ersten Richtung beabstandet
sind, einer zweiten von den besagten Elektroden 40     beabstandeten
Oberflche (3), die ein FestkOrperleiter ist und darauf Strukturmittel zum
Bewirken dal die Kapazit~t zwischen den besagten Elektroden und der
besagten zweilten OberflAche ordentlich periodisch ist, aufweist, ersten
Mitteln (43-54) zum Erzeugen von Signalen, die einen ersten Satz von
mindestens drei KapazitAtsunterschieden zwischen entsprechenden des
besagten ersten Satzes von Elektroden und der besagten zweiten OberflAche
darstellen, ersten Mitteln (58-71) zum Bestimmen der 45     Position der
besagten Strukturmittel in der besagten ersten Richtung in bezug auf den
besagten ersten Satz von Elektroden aus dem besagten ersten Satz von
Kapazitftsunterschieden, gekennzeichnet durch einen zweiten Satz (79, 81)
von mindestens drei Gruppen von Elektroden in der besagten ersten
Oberfldche, die in einer zweiten Richtung und von der besagten zweiten
OberflAche beabstandet sind, zweite Mittel (43-54) zum Erzeugen von
Signalen, die einen zweiten Satz von mindestens drei 50
Kapazitgtsunlerschieden zwischen entsprechenden des besagten zweilen Satzes
von Elektroden und der besagten zweiten Oberfldche darstellen, zweite
Mittel (58-71) zum Bestimmen der Position des besagten Strukturrnittels in
der besagten zwelten Richtung in bezug auf den besagten zweiten Satz von
Elektroden aus dem besagten zwelten Satz von Kapazitatsunterschieden, und
wobei die besagten Strukturmittel sowohl in der besagten ersten Richtung
als auch der besagten zweiten Richtung 55     periodisch gestaitet sind,
wodurch eine relative Bewegung zwischen den besagten Elektroden und den
besagten Strukturmitteln in beiden Richtungen aufgenommen werden kann. 8
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!l 2. System nach Anspruch 1, wobei das Verhaltnis der Periodizitat der
Elektroden (15, 16, 17) zur Periodizit~t der Strukturmittel (3) in
mindestens einer der besagten Richtungen drel zu zwei ist. 3. System nach
Anspruch 1, wobel das Verhaitnis der Periodizitat der Elektroden (El. E2,
E3, E4) zur 5      Periodizit~t der Strukturmittel (98) in mindestens einer
der besagten Richtungen vier zu drei ist. 4. System  nach Anspruch 1, wobei
die besagten Erzeugungsmittel Antriebsmittel zum Anlegen von
Spannungssignalen dersolben Amplitude und Phase an jede Elektrodengruppe
und gleichzeitigen Auseinandertrennen cler entsprechenden Stromsignale an
jede Gruppe (2, 4) umfalt und die besagten 10     kapazitiven
Differenzsignale aus den besagten Stromsignalen erzeugt werden. S. System
nach Anspruch 4 mit einem elektrostatischen Schirm (5, 6) zum Schatzen der
besagten Elektroden undloder der mit den besagten Elektroden verbundenen
Leitungen und wobei die besagten Antrlebsmittel (2) Mittel zum Anlegen
elnes Spannungssignals mit derselben Amplitude und Phase wle 15     die an
lede Elektrodengruppe angelegten Signale und gleichzeltigen
Auselnandertrennen des Stromsl- gnats an den besagten elektrostatischen
Schirm umfa6t, wodurch die Wirkung von anderen Kapazitaten als den
Kapazititen zwischen den besaglen Elektroden und der besagten
BezugsoberflIche verringert wird. 2o  6. System nach Anspruch 1, wobef die
Gruppen von Elektroden (15, 16, 17) in jedem Satz ineinandergrei- ten. 7.
System nach Anspruch 1, wobei die besagte Richtung orthogonal zur besagten
ersten Richtung liegt, die besagten Elektroden (78, 80) der ersten Richtung
Langen mit einer Ganzzahl von Perioden der 25     Struktur der zweiten
Richtung und periodische Versetzungen besitzen, die orthogonal zur besagten
ersten Richtung sind, Lind die besagten Elektroden (79, 81) der zweiten
Richtung Langen mit einer Ganzzahl von Perioden der Struktur der ersten
Richtung und periodische Versetzungen besitzen, die 



orthogonal zur besagten'zweiten Richtung sind, womit die UnabhAngIgkeit der
Wegmessung fOr die entsprechenden Richtungen verbessert wird. 30 8  System
nach Anspruch 4, wobei die besagten ersten und zweiten Erzeugungsmittel
Mittel zur gleichzeitigen Bestimmung von Unterschieden zwischen den
besagten Stromsignalen (47, 48, 49) und der Summe der besagten Stromsignale
(53) umfassen, und Mittel zum Steuem der Amplitude der besagten
'Spannungssign'ale der besagten Summe zur Aufrechterhaltung der Hohe der
besagten 35     Summe auf im wesentlichen einem konstanten Wert (A,, A2)
entsprechen, und die ersten und zweiten Bestimmungsmittel Mittel zurn
Anzeigen der,,Position der besagten Elektroden in bezug auf die besagten
Strukturmittel aus den besagten Stromsignalunterschieden (58-71) und des
Abstandes zwl- schen den besagten Elektroden und der besagten zweiten
Oberflgche aus der besagten Spannungssl- gnalamplitude (Al) umfassen. 40 9.
System nach Anspruch 1, wobei die Elektroden (83, 84) und die
Strukturmittel (85) miteinander die Position in bezug auf eine Drehachse
messen k6nnen, wobei die besagte erste Richtung sich auf Drehung um die
besagte Achse und die besagte zweite Richtung sich auf lineare Bewegung
entlang der besagten Achse bezieht. 45 10. System nach Anspruch 9, wobei
die Strukturmittel (85) ein konzentrischer Zylinder um die besagte
Drehachse sind, die Elektroden (83, 84) von der Oberflache des besagten
Zylinders beabstandet sind, der erste Satz Elektroden (83) zur Messung der
Drehung des besagten Zylinders positioniert ist und der zweite Satz von
Elektroden (84) zur Messung der linearen Bewegung des besagten Zylinders 50
positioniert ist. Revendicatlons 1. Systeme de d6tection de position
capacitif comportant un premier jeu (1, 78, 80) d'au moins trois 55
groupes d'6lectrodes (15, 16, 17) dans une configuration d6finissant une
premibre surface, lesdites electrodes 6tant espacees les unes des autres
dans une premiere direction, une deuxieme surface (3) espacee desdites
6lectrodes, ladite deuxieme surface 6tant un conducteur monolithe et
portant un moyen A motif pour rendre la capaci'te entre lesdites electrodes
et ladite deuxieme surface spatiale- 9    EP 0 344 942 B1
11111111111111 11111 111! ment p6riodique, des premiers moyens (43-54) pour
g6n6rer des signaux representant un premier jeu d'au moins trois
differences de capacite entre des elements respectifs dudit premier jeu
d'dlectrodes et ladite deuxibme surface, des premiers moyens (58-71) pour
determiner la position dudit moyen a motif dans ladite premibre direction
par rapport audit premier jou d'electrodes a partir dudit premier jeu de 5
differences de capacit6, caracterise par un deuxibme jeu (79. 81) d'au
moins trois groupes d'6lectrodes dans ladite premiere surface, les
electrodes dudit deuxibme jeu d'4lectrodes etant espacees les unes des
autres dans une deuxieme direction et espac6es de ladite deuxierne surface.
des deuxibmes moyens (43-54) pour g6n6rer des signaux repr6sentant un
deuxibme jeu d1'au moins trois dirf6rences de capacit6 entre des tO
6elments respectifs dudit deuxieme jeu d'4lectrodes et ladite deuxieme
surface, des deuxibmes moyens (58-71) pour determiner la position dudit
moyen A motif dans ladite deuxibme direction par rapport audit deuxibme jeu
d'electrodes A partir dudit deuxieme jeu de differences de capacite, et
ledit moyen A motif 6tant concu pour 8te p6riodlque a la fois dans ladite
premiere direction et dans ladite deuxibme direction, de sorte qu'un
mouvement relatif entre lesdites 6lectrodes et ledit moyen A motif 15
peut etre assurd dans les deux directions. 2. Systeme selon la
revendication 1, dans loquel le rapport de la p6riodicit6 des electrodes
(15, 16, 17) a la periodicit6 du moyen A motif (3) dans au moins l'une
desdites directions est de trois pour deux. 20  3. Systeme selon la
revendication 1, dans lequel le rapport de la p6riodicite des 4lectrodes
(El, E2, E3, E4) A la periodicit6 du moyen A motif (98) dans au moins l'une
desdites directions est de quatre pour trois. 4. Systeme selon la
revendication 1, dans lequel lesdits moyens de generation component un
moyen de 25     commande pour appliquer des signaux de tension possedant la
m8me amplitude et la m8me phase A 



chaque groupe d'6lectrodes tout en separant les signaux de courant
respectifs destin6s A chaque groupe (2, 4) et lesdits signaux de difference
de capacit6 sont g6ner6s a partir desdits signaux de courant. 30  5.
Systeme selon la revendication 4, comportant un 6cran 6lectrostatique (5,
6) positionne de maniere a prot~ger besdites 4lectrodes et/ou les
conducteurs connect~s auxdites 6lectrodes et dans lequel ledit moyen de
commande (2) comporte un moyen pour appliquer un signal de tension
poss6dant la m8me amplitude et la meme phase que les signaux appliques A
chaque groupe d'dlectrodes tout en separant le signal de courant destin6
audit 6cran rlectrostatique, de sorte que l'effet des capacit6s autres que
35     celles entre lesdites electrodes et lad[te surface de reference est
attenue. 1.4 6. Systeme selon la revendication 1, dans loquel les:groupes
d'6lectrodes (15, 16, 17) de chaque jou sont interdigites. 40  7. SystAme
selon la revendication 1, dans lequel ladite deuxieme direction est
perpendiculaire A ladite premiere direction, lesdites 4lectrodes de la
premibre direction (78, 80) presentent des longueurs egales A un nombre
entier de periodes du motif de la deuxflme direction et des decalages
periodlques perpendiculaires A ladite premikre direction, et lesdites
electrodes de la deuxieme direction (79, 81) presentent des longueurs
egales a un nombre entier de periodes du motif de la premibre direction et
45     des decalages periodiques perpendiculaires a ladite deuxibme
direction, am6liorant ainsi I'independan- ce de la detection de position
dans les directions respectives. 8. Systeme selon la revendication 4. dans
lequel lesdits premiers et deuxiemes moyens de g6neration comportent des
moyens pour determiner simultanement des differences entre lesdits signaux
de 50     courant (47, 48, 49) et la somme desdits signaux de courant (53),
et des moyens pour controler l'amplitude desdits signaux de tension en
fonction de ladite somme afin de maintenir la grandeur de ladite somme
sensiblement a une valeur constante (Ai, A2), et les premiers et deuxiemes
moyens de determination comportent des moyens pour indiquer la position
desdites Electrodes par rapport audit moyen 3 motif A partir desdites
differences des signaux de courant (58-71) et la distance entre lesdites 55
electrodes et ladite deuxibme surface A partir de ladite amplitude des
signaux de tension. (Al). 9. Systeme selon la revendication 1, dans lequel
les electrodes (83, 84) et le moyen A motif (85) sont mutuellement adaptes
pour detecter la position par rapport a un axe de rotation, ladite premiere
10    direction se rapportant a la rotation autour dudit axe, ladite
deuxieme direction se rapportant au mouvement lin6aire le long dudit axe.
10. Systbme selon la revendication 9. dans lequel le moyen a motif (85) est
un cylindre concentrique 5      centr6 sur ledit axe de rotation, les
electrodes (83, 84) sont espacees de la surface dudit cylindre, le premier
jeu d'eiectrodos (83) est positionne pour detecter la rotation dudit
cylindre, et le deuxieme jeu d'6lectrodes (84) est positionn6 pour d6tecter
le mouvement lindaire dudit cylindre. 15 20 25 30 40 45 50 55    


