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(57) Abstract: There is described a position sensor comprising a sensor electromagnetic field generator, a screen arranged to confine
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is related to a position of the screen in relation to the sensor electromagnetic field generator. There is also described a method of
detecting a relative position of an electromagnetic field generator and a screen.
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POSITION SENSOR

FIELD OF THE INVENTION

The present invention relates to a position sensor for
detecting linear and/or angular position, and to a method of

position sensing.

BACKGROUND OF THE INVENTION

Many types of position‘sensors are currently available
for detecting linear and/or angular position. For high
resolution position detection, conventional variable
capacitance sensors may be used. Alternatively, linear
variable transformers may be used, but these are generally
expensive and bulky. Moreover, the associated temperature
compensation of these prior art sensors can be difficult.
In addition, such sensors are rendered useless by the
presence of oil or cutting fluid on their active surfaces,

and will not work when immersed in £f£luid.

SUMMARY OF THE INVENTION

Against this background there is provided, in
accordance with a first aspect of the present invenfion, a
position sensor comprising a sensor electromagnetic field
generator, a screen arranged to confine the sensor
electromagnetic field, and an output arranged to provide a
signal which varies in dependence upon an amount of flux
compression of the electromagnetic field by the screen, the
amount of flux compression being related to a position of
the screen in relation to the sensor electromagnetic field
generator.

In a preferred embodiment, the sensor electromagnetic

field generator comprises a coil and a capacitive element
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which together form a resonant circuit. Thus, a change in
position of the screen in relation to the coil translates
into a change in flux compression of the coil's
electromagnetic field by the screen, and an associated
change in the inductance of the coil. This in turn alters
the impedance of the circuit, which may be measured by
bridge techniques, or by observing a change in the resonant
frequency or the qﬁality factor of the circuit, for example.

Thusg, there is provided an accurate position sensor for
sensing linear or angular position. A position sensor
according to the present invention has a number of
advantages over previous sensors, as described below.

The present position sensor is more robust than
previous sensors and is not vulnerable to failure or
malfunction due to ingress of dust or oil. The present
sensor is invulnerable to D.C. drift, and experiences none
of the problems usually introduced by 1/f noise. In
addition, the present sensor is compact, as well as being
inexpensive and easy to manufacture. The present sensor can
operate whilst immersed in fluid, or at high temperatures,
and is generally tolerant of hostile environments. Higher
spatial resolution is possible with the present position
sensor than with prior art sensors. Furthermore, the
present sensor is insensitive to system wear, bearing wear,
and the effects of mechanical vibration. The active life of
the present sensor is expected to exceed that of a variable
capacitance sensor. The length of the present sensing
device is less than the required length of a linearly
variable transformer for a given measuring range and
resolution. Moreover, the present sensor is easily
temperature compensated and is therefore ideally suited to

non-thermostatic applications.
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Preferably, the output of the position sensor is
arranged to provide a signal that varies in dependence upon
a resonant frequency of the resonant circuit, the resonant
frequency being related to the flux compression of the
electromagnetic field by the screen.

In a preferred embodiment, there is provided a linear
position sensor in which the screen comprises a tubular
screen adapted to coaxially receive the coil, and the
tubular screen is movable in an axial direction relative to
the coil. Preferably, the tubular screen is tapered. More
preferably, the tapering is such that the resonant frequency
is linearly related to the axial position of the coil within
the tubular screen.

In another preferred embodiment, the tubular screen is
a first cylindrical screen and the sensor further comprises
a metallic outer cylindrical screen disposed coaxially
around the first cylindrical screen and the coil. The outer
cylindrical screen is fixed in an axial direction with
respect to the coil, whereas the first cylindrical screen
can move in an axial direction in a space between the coil
and the outer cylindrical screen. In this way, the resonant
frequency of the resonant circuit is monotonically related
to the axial position of the first cylindrical screen
relative to the coil and the outer cylindrical screen. The
sensor is insensitive to sideways displacement of the first
screen and thus to system vibration, eccentricity, bearing
wear, etc.

In a further preferred embodiment, there is provided a
linear position sensor in which the screen comprises an
outer screen adapted to receive the coil, and a long tapered
part, such as a wire or rod, disposed axially through the
coil. The long tapered part is moveable in an axial
direction relative to the coil such that the flux

compression is related to the axial position of the long
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tapered part relative to the coil. The sensor is
insensitive to sideways movement of the long tapered part
and thus should give an output proportional to the diameter
of the long tapered part without the need for precise
centring. In this way, the sensor is insensitive to
machining error, and mechanical wear, etc.

In an alternative embodiment, there is provided an
angular position sensor in which the screen comprises a
spiral recess of varying dimension. The coil is located at
least partially within the recess, and is movable within the
recess such that a longitudinal axis of the coil remains
tangential to a spiral path at the centre of the recess.

In another embodiment, the screen comprises an annular
recess having a depth that varies with angular position
around the recess. The coil is at least partially received
within the recess, and is movable within tﬁe recess such
that a longitudinal axis of the coil remains tangential to a
circular path at the centre of the recess.

In a further embodiment, the screen comprises an outer
screen and a metallic part. The outer screen encloses the
metallic part and the coil, and the flux compression is
related to a rotational position of the metallic part.

In yet another embodiment, the screen comprises an
outer screen adapted to receive the coil and an annular
tapered part disposed through the coil. The annular tapered
part is rotatable such that the flux compression is related
to a rotational position of the annular tapered part
relative to the coil.

In an alternative embodiment, the position sensor
further comprises: a second sensor electromagnetic field
generator, the screen being further arranged to confine the

second sensor electromagnetic field; and a second output
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arranged to provide a second signal which varies in
dependence upon an amount of flux compression of the second
electromagnetic field resulting from the presence of the
screen, the amount of flux compression of the second
electromagnetic field being related to a position of the
screen in relation to the second sensor electromagnetic
field generator. Thus, a degree of redundancy is provided
in the sensor.

According to a second aspect of the present invention,
there is provided a method of detecting a relative position
of an electromagnetic field generator and a screen,
comprising (a) generating an electromagnetic field using the
electromagnetic field generator, (b) confining the
electromagnetic field using the screen, and (c) detecting a
flux compression of the electromagnetic field resulting from
the presence of the screen, the amount of flux compression
being related to a position of the screen in relation to the
electromagnetic field generator.

Other preferred features of the invention are sget out

in the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

Some embodiments of the present invention will now be
described by way of example with reference to the
accompanying drawings in which:

Figures la and 1lb show an inductor and a metallic
screen according to one embodiment of the present invention:
Figure la is an end view of the inductor and screen, and
Figure 1b is a longitudinal cross section of the inductor
and screen;

Figures 1c, 14, le, and 1f are equivalent circuit

diagrams;
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Figure 2 is a linear position sensor according to one
embodiment of the present invention, in which Figure 2a
shows an inner cylindrical screen completely shielding a
coil, Figure 2b shows the inner cylindrical screen at an
intermediate position, Figure 2c¢ shows the inner cylindrical
screen completely remote from the coil, and Figures 2d and
2e show a Parrot Cage Screen to fit around the coil;

Figures 3a and 3b are linear position sensors according
to alternative embodiments of the present invention in which
the screen is tapered;

Figure 4 is a linear position sensor according to a
further embodiment of the present invention;

Figure 5 is an angular position sensor according to one
embodiment of the present invention;

Figure 6 is an angular position sensor according to a
further embodiment of the present invention, in which Figure
6a is a horizontal section, Figure 6b is a vertical section
along AA', Figures 6c and 6d are vertical sections along OX
viewed in directions B and C respectively, and Figure 6e is
a vertical section along OY;

Figure 7 is an angular position sensor according to
another embodiment of the present invention;

Figure 8 is an angular position sensor according to a
further embodiment of the present invention;

Figure 9 is a dual lane linear position sensor
according to an embodiment of the present invention;

Figure 10 is a dual lane linear position sensor
according to another embodiment of the present invention;

Figure 11 is a dual lane linear position sensor
according to a further embodiment of the present invention;

Figure 12 is a dual lane linear position sensor

according to another embodiment of the present invention;
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Figure 13 illustrates a tuning mechanism for a dual
lane linear position sensor according to an embodiment of
the present invention;

Figures l4a, 14b and 1l4c show embodiments of driving
circuitry for a position sensor according to the present
invention;

Figure 15 illustrates the resolution-bandwidth
properties of a position sensor according to the present
invention; and

Figure 16 schematically illustrates the frequency
response of a position sensor according to an embodiment of
the present invention when used in a gear sensing

application.

DETAILED DESCRIPTION OF A PREFERRED EMBODIMENT

In order to provide a better understanding of the
invention, the theory underlying it will first be set out,
following which some embodiments of practical devices
operating in accordance with that theory will be described.

With this in mind, Figures la and 1b show an inductor
10 having n turns, length 1 and radius R; within a
cylindrical metallic screen 12 of radius Ro.-

It will first be shown that there is negligible
penetration of the metallic screen 12 by a time-varying
electromagnetic field. A parallel tuned circuit comprising
the inductor 10 and a capacitor of capacitance C will then
be described. 1In particular, it will be shown that a change
in position of the screen 12 in relation to the inductor 10

may be detected in various ways using the tuned circuit.
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Theory
The depth to which a time-varying electromagnetic field

will penetrate a conductor is dependent upon the frequency
of the applied field. A conductor in the presence of an

5 electric or magnetic field can be shown to have an internal
field distribution that decays exponentially with distance
from its surface and has decayed to 1/e of its original
value at the skin depth 6. As shown in the derivation that
follows, & decreases with increasing o and is small in

10 materials of high electrical conductivity and high magnetic
permeability; thus, at high frequency, metals behave to a
close approximation as diamagnets (i.e. effectively as
magnetic flux mirrors) .

Beginning at Maxwell’s Equations:

VAH=J+§Q
15 ot (1)
VAE=—§§
ot (2)
substituting Y =0 and D=¢E into Equation (1):
VAJY=cﬂ?+8§§
ot (3)
Substituting B=pH nto Equation (2):
V/\E=—,UQ.I-£
20 ot (4)
Taking the curl of Equation (4):
VAVAE =20 A H)
ot (5)

Substituting from Equation (3):

2
VAVAE=—Mﬁg€+8af)
ot ot (6)
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Expanding the left hand side, and noting that since the

divergence of Equation (1) i1s zero, V:E=0, we find that:

VAVAE=V(V-E)-V?E=-VE (7)

Substituting into Equation (6):

OE 0%
~V*E=-pyoc—+¢ (8)
”( o or j

Let:

= Jl@t=kx)
E=E.e (9)

where x is the distance into the conductor, perpendicular to

its surface. Substituting Equation (9) into Equation (8):
£ = o ue - jouc (10)

Hence:

k = (0’ ue — jouc)'"? (11)

In the case of a good conductor, the second term in the

brackets of Equation (11) dominates so that:

k= i(—jco,ud)”2 =(1-j) (o,uTa (12)

Substituting Equation (12) into Equation (9):

Jat(-1). P x) J(@tE ’%x) ’f‘ﬂ‘{x
— 2 = 2 2
E=Ege Eqe e (13)

Now considering the magnetic case: from Equation (3),
when o is large, we find that:

VAHzoE (14)

Taking the curl of Equation (17) and noting that V:B=0 ang

hence since p is scalar, Y H=0

VAVAH=(V-H)V-VH=-V*H=V A (cE) (15)

Expanding the right-hand side of Equation (15):

VA(@E)=c(VAE)+VoAE=0(VAE) (16)
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Substituting into Equation (15) from Equations (2) and (16),

we have:

_V2H=_O-'ué.li.
ot (17)

Now substituting a solution for H of the standard form:

H = H e/

i

we find that

H,k* =—joucH, (18)

Hence:

k = *(-jouc)'"? (19)

which is identical to Egquation (12). It follows that the
solution for the magnetic field is of the same form as that

for the electric field
J(atx(1-) 2;1—0—-):) j(a)l:}:J-Mx) J%x
H=Hge 2 "=Hge 2 et 2

Since the imaginary co-efficient of x in Equations (13) and

(20)

(20) describes how applied electric and magnetic fields
decay within the conductor, it can be seen that the field
has decayed to 1/e of its original strength when x has

reached the skin depth; that is:

(21)
Equation (21) demonstrates that 6 decreases with
increasing o, p and o and, as such, is small for a good

electrical conductor, with high magnetic permeability, at
high frequency. For example, for copper at 1 MHz, o=6x10"
Q'm™*, u,=47x10"7 Hm™, V@|wl. Hence §=65 pm. Thus, there
is negligible penetration of a copper screen by a time-

varying electromagnetic field at 1 MHz and the screen

behaves as an effective flux mirror. For a magnetic screen
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of the same o, the magnetic permeability of the material is
given by g=pu . p,>H,, and § is thus even smaller, thereby

affording even more marked ‘flux-mirror’ performance.

Consider now an air-filled wire-wound inductor through
which a d.c. current I flows. A magnetic field arises, the
value of which is given approximately by:

nI=4§— (22)

Ho
where n is the number of turns per unit length, B is the
magnetic field strength inside the inductor, and po is the
permeability of free space.

The magnetic field pattern around and within the
inductor resembles that of a bar magnet. Inside the
inductor, lines of magnetic flux are uniformly distributed
and parallel to the axis of the coil. Closed loops of flux
extend into space outside the volume of the coil; entering
one end and exiting the other; the strength of the magnetic
field outside the inductor decays with distance from its
centre.

When a sinusoidally varying current I(t) is applied to
the coil, the magnitude of the resulting magnetic field in
the region of the coil varies sinusoidally at the frequency
o of the modulated current, and its polarity reverses every
half cycle.

If the metallic screen 12 is placed over the inductor
10, as in Figures la and 1b, magnetic flux penetrates
significantly only to the skin depth of the metallic screen
12 at the frequency of the applied current as in Equation
(20) ; hence, there is negligible magnetic flux penetration

at radii greater than the screen outer radius.
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In the arrangement of Figures la and 1b, the inductor

A =nR;’

10 has a cross sectional area i . The cross-sectional

area A, of the annulus 14 between the inductor 10 and the

2 2
screen 12 is given by the relation ﬂRi-FAA'"ﬂRO.

5 When the conducting screen 12 is in place, there is an
induced current per unitAlength Jscreen @t its inner surface
due to the presence of the inductor’s alternating magnetic
field. This induced current in turn originates an
additional magnetic field that opposes and modifies the

10 field caused by the current in the inductor 10.
B, and Bc denote the magnetic fields within the annulus

14 and the centre of the inductor 10 respectively. Since

V-B=0.
B,A, = B4 (23)
15 By analogy with Equation (22):
ponl = poJ oy = (B4 +Bc) (24)
and
B, = tod sereen (25)

where n is the number of turns per unit length, and J_, =nl
20 is the effective current per unit length of the coil. Hence,
ignoring finite length effects, the inductance per unit

length L is given by:

_ nBoA;  pon’BcAc

L (26)
I (B, +B.)
Substituting from Equation (23) into Equation (26):
2un’
25 L=—2Fo (27)

1 1
— e ——
{AA Ac}
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Equation (27) demonstrates that as A, tends to infinity, the

inductance per unit length of the system tends to a maximum

of L, =2u,n*4. and that as A, tends to zero, SO does L.

The equivalent circuit of a differential length dx of
this inductor/screen system resembles that of a "slow wave
line" as seen in Figure 1lc where:

I is the inductance per unit length from equation (27) ;

L’ is coaxial inductance per unit length of the system;

C’ is coaxial capacitance per unit length of the

system;

C’’ is inter-winding capacitance per unit length of the

system; and

Tooiz aNA Tscreen are the loss equivalent resistances per

unit system length of the coil and screen respectively.

In practice, L’ << L and the admittance Yeqrr << Yy at
operating frequency. Thus, Tscreen @Nd L’ may be referred (as
shown in Figure 1d where A, B and C are equivalent) to give
the equivalent circuit shown in Figure le where ¥ = IYeoii +
Fsoreen and L* is the parallel combination of C’7 and (L +
L7).

Analysing the system as a transmission line with series
impedance Z and shunt admittance Y as shown in Figure 1f,

the characteristic impedance Z, of the line is given by:

Z, =.]= (28)

and the input impedance of the line, as a function of the
length 1 of the line, is given by:

Z. +iZ
z, =7,4=2> o tan Al (29)
Z,+jZ, tan fl
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where Z; is the load impedance, and S is the propagation

coefficient. In the model, the line is shorted at the load

end, hence Z; is zero, and:

Z,=JjZ, tanﬂl=j\/%tanﬁl (30)

such that if we approximate the line to be lossless (i.e.

r << wL*), then:

L*
Z,=] —C—"-tanﬁl (31)

If reactance is added in parallel to this Z;;, the total
admittance is zero at a frequency  that depends on L* and
hence on the displacement of the sensor screen. Tracking
this value of o provides a means of measuring the
displacement.

The analysis is susceptible to further development for
frequencies such that the wavelength A >> 1 (i.e. the line
length is only a small fraction of the wavelength of the

propagating wave) :

L*
Z, EjJ-Eﬂl (32)

B is the freqguency dependent propagation coefficient which

is given by:
Bz=woL*C (33)

Hence, substituting from Equation (33) into Equation (32):
L*
Zy, 2] -Ea)\/L*C'l=ja)L*l (34)

Finally, denoting the total line inductance L*1 by Lr gives:
Z, =joL, (35)
With an external parallel capacitor Cx this system resonates

(i.e. has zero admittance) at a frequency given by:



10

15

20

WO 2007/099282 PCT/GB2007/000350

1
- (36)
'VCxLT

Hence the resonant frequency is:

@y =

1 1
Wy € —== L —= (37)
JL, AL
Hence, it can be seen from Equations (36) and (37) that
a decrease in inductance L corresponds to an increase in the

frequency of resonance wy. Therefore, an increase in flux

compression is measurable as an increase in frequency.

The quality factor Q of the resonant circuit described
is given approximately by:
o, L* _ ayL,

(7" screen + rcoil ) " 7 l

Q:

(38)

where r is the loss-equivalent series resistance ZIscreen +
Teoiz Per unit length of the system and wo is its resonant

frequency. Hence, substituting from Equation (36):

oV _ (39)

¥ +7

screen coil

where r,,, is defined such that the dissipative loss in the

2 14
coil ’ screen *

screen per unit length is given by lI

Currents induced on the inner surface of the screen are

significant only to the skin depth of the metal as defined

in Equation (21). Hence,
1., 1 5 2R
5 ICOil rscreen = 5 Jscreen pscreenﬂ 5 > ( 4 0 )

screen

From Equations (24) and (25):

']scrzen = ‘]cail _IL ( 41 )
B, +B.

Substituting from Equation (23) into Equation (41):
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- 16 -
. I_.
J coreen = S o = ”gi (per unit length) (42)
4, R
I+—= 0
A: R?

Substituting Equation (42) into Equation (40):

1, 1., LR 2R,
51 coit Vscreen =—2—I coit 7 Ep screen’® m (43)
Hence:
, R} 2 2R (24)
Vocreen ™ B 7 Pscreen”™ 7
o Rr‘: i 5screen
Similarly,
rcoil =2n2£ﬂRi R (45)
coil
a'ndl if pscreen =pcoil =p and 5screen =5coil =5 ! then:
3
R,
r=rscreen+rcoi1=2n2£Ri 1+ 7 — (46)
5 R,

Hence, from Equations (39) and (46), we see that the Q of
the resonant circuit drops as the radius of the outer screen

decreases.

Thus, the introduction of a metallic screen of variable
radius R,(x) around a wire-wound inductor within a resonant
system as described above alters the Q of that circuit, and
therefore would produce a measurable output, by three
interconnected mechanisms:

1) As R, decreases, L decreases as in Equation (27)

and hence @, increases as in Equation (37).

2) As R, decreases, Igcreen iNCreases as in Equation
(44) .
3) As ® increases, O decreases as in Equation (21),

and hence reei1 and IYscreen lNCrease.
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4) As a consequence of 1, 2 and 3 above,

L
Q=——_“1——— ' decreases as RO decreases.
(}" screen +7 il )l Cx

col

For high-speed, low resolution applications, Q
monitoring is a cheaper, more effective solution than
frequency counting.

The above analysis is extensible to cases of lower
symmetry where a flux mirror invades a region containing
magnetic flux; for example a toothed or gear wheel rotating
close to a coil, such that the passing gear teeth compress
the coil’s magnetic flux. The associated change in @ of
the coil may be used to monitor the speed of the gear. For
further details, see the "Gear sensing application" towards
the end of the description.

Using the mechanisms described above, a position sensor
may be provided which is capable of accurately measuring the
position of the inductor in relation to the screen (or vice
versa). The performance of such a sensor would be
insensitive to drift and 1/f noise, and instant wake-up
would be a feature (i.e. on power up, the sensor would
immediately output the correct position value without
external interaction to calibrate it). If required, digital
temperature compensation could be incorporated.

The operating frequency of such a sensor is inversely
proportional to the root of the inductance of the working
coil (see Equation 37). A high frequency of operation, and

hence minimal inductance is desirable.
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Linear Position Sensors

Having explained the underlying theory, some examples
of its application will now be described. Referring first
to Figures 2a, 2b and 2c, a linear position sensor 20
according to one embodiment of the present invention is
shown.

The linear position sensor 20 comprises an outer
earthed cylindrical screen 22 having an internal radius Rj,
an inner earthed cylindrical screen 24 having an internal
radius R, (where R, < R;), and a wire-wound inductor coil 26
having an internal radius R; (where Rz < Rz < R;). The
screens 22 and 24 are coaxial with the coil 26. The coil 26
has a length L is wound onto a former 28. The sensor 20
further comprises an oscillator circuit (not shown) which is
connected to the coil 26.

The screens 22 and 24 are metallic and are good
conductors. Alternatively, the screens could be
manufactured from doped semiconductors. Preferably, the
screens 22 and 24 are made of copper. The former 28 is a
poor conductor. Preferably, the former 28 is made of PTFE.
However, other materials (for these and other components of
the sensor 20) are also contemplated within the scope of the
invention. For example, the former 28 could alternatively
be made of machineable ceramic, Tufnol, Nylon, Fibreglass,
or Delrin.

The outer screen 22 is closed at one end by an end cap
30, such as a copper disc, which is soldered or welded into
place. The end cap 30 comprises a central aperture 32 to
accommodate a coaxial cable (not shown) which connects the
coil 26 to the oscillator circuit. The outer screen 22 may

be mounted to a stand or base (not shown).
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The former 28 comprises a first cylindrical portion 34
having a radius equal to the radius R;. The former 28
further comprises a second cylindrical portion 36 which is
coaxial with the first cylindrical portion 34 and protrudes
from it. The coil 26 is wound around the second cylindrical
portion 36. A radius of the second cylindrical portion 36
is equal to the radius Ra.

The first cylindrical portion 34 is secured to the
outer screen 22. This may be accomplished by screwing
screws 38 through apertures 40 in the outer screen 22 into
threaded apertures 42 in the first cylindrical portion 34.
A first end 44 of the first cylindrical portion 34 is flush
with a surface of the end cap 30. The first cylindrical
portion 34 comprises a central cylindrical recess 46
extending coaxially from the first end 44 into the first
cylindrical portion 34; The recess 46 enables electrical
connections to be made to an oscillator, power source and
earth. In an alternative embodiment, a space may be
provided between the end cap 30 and the first cylindrical
portion 34 to accommodate the oscillator circuitry, etc.

Two straight holes are drilled completely through the
former 28 to accommodate various wires. A first hole 48
extends along the axis of the former 28. A gecond hole 50
extends from the recess 46 to a second end 54 of the first
cylindrical portion 34, exiting the second end 54 at a
radial location just beyond R;. The first and second holes
48 and 50 accommodate wires connected to the two ends of the
coil 26.

The inner screen 24 is maintained at a constant radial
distance from the outer screen 22 using a tubular PTFE

spacer 58 which is secured to the outer screen 22. The
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inner screen 24 may move freely relative to the spacer 58 in
an axial direction.

The inner screen 24 is closed at an end remote from the
coil 26 by a metallic end cap 60. The end cap 60 comprises
a first cylindrical portion 62 which fits tightly inside the
inner screen 24 and is secured to it. The end cap 60
further comprises a second cylindrical portion 64 which has
a radius approximately equal to the inner radius of the
outer screen 22, an O-ring groove is cut into this portion
into which a coil spring or piece of conducting braid is
inserted such that the second cylindrical portion 64 makes
good electrical contact with the outer screen 22 but ig able
to move axially relative to it. An end 66 of the second
cylindrical portion 64 which is remote from the coil 26
comprises a central cylindrical recess 68 extending
coaxially from the end 66 into the second cylindrical
portion 64. For the purposes of device demonstration, the
recess 68 is adapted to accommodate an end of a micrometer
shaft (not shown). 1In a practical application of this
embodiment, it is envisioned that the micrometer could be
replaced by a moving object. or device, the position of which
it is desirable to measure. The micrometer is mounted to a
stand or base and allows the inner screen 24 to move
relative to the outer screen 22.

The inner screen 24 is sprung using a coaxial spring 70
which resides in the axial space between the spacer 58 and
the end cap 60, and in the radial space between screens 22
and 24. 1In an alternative embodiment, the movement of the
inner screen is not sprung.

Ratios of R;, Rz, Rs and L are determined so as to

achieve the desired device frequency displacement relation.
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In use, the sensor 20 may be used to sense the position
of an object (not shown). The object may be a moving
object. This is accomplished by attaching the object to the
inner screen 24, either directly or indirectly, so that as
the object moves, the inner screen 24 also moves. For
example, as mentioned above, the recess 68 could be adapted
to receive the object. Thus, by sensing the position of the
inner screen 24, the absolute or relative position of the
object is also sensed.

The inner screen 24 may move between a first position
in which it completely shields the coil 26 as shown in
Figure 2a, and a second position in which it is completely
remote from the coil 26 as shown in Figure 2c. 1In the
second position of Figure 2c, the coil is shielded by the
outer screen 22 rather than the inner screen 24. Figure 2b
shows an intermediate position.

The output resonant frequency of the oscillator
circuit, which is related to the extent of flux compression
as described above, is dependent upon an axial position of
the inner screen 24. The response of the sensor 20 to unit
linear displacement of the inner screen 24 is expected to be
monotonic in frequency. Since the geometry of the sensor 20
exhibits translational uniformity, profile-dependent end
effects would not occur. Such a device could be used to
accurately measure the position of rapidly moving
reciprocating parts. With an oscillator operating at 10 MHz
with stability of one part in 107, and a maximum change in
carrier frequency between maximum and minimum screening
conditions of 1 MHz, a resolution of 10* is expected to kHz
measurement frequency (where, by Nyquist’s criterion, the
measurement frequency is equal to at least twice the maximum

frequency component of the object’s motion). The range of
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the sensor 20 is determined by the length of the coil 26.
Therefore, in order to minimise the inductance of such a
system, a coil with a turn-space ratio of around 1 is
preferred.

Flat copper wire may be used to improve the homogeneity
of the operating radio-frequency electromagnetic fields.
Alternatively, two, three, or four coils in parallel may be
used in place of a single coil. The coils may be
manufactured by screw-cutting techniques (i.e.
double/triple/quadruple cut threads). With a double thread,
the pitch of the coil is necessarily doubled, the inductance
per unit length halved, and the coils perfectly coupled.
Hence, when the two inductors are connected in parallel, the
inductance is equivalent to that of a single thread coil.

The behaviour of sensor 20 is affected by variations in
stray capacitance between the coil 26 and the screens 22 and
24. Therefore, in a preferred embodiment, a two part Parrot
Cage Screen (PCS) 74 is fitted to minimise this effect. The
PCS may be manufactured so as to have a negligible effect on
the radio-frequency electromagnetic field upon which the
behaviour of the sensor 20 depends. A first part 74a of the
PCS is fitted coaxially around the coil 26 as shown in
Figure 2d, and a second part 74b of the PCS is fitted at the
end of the coil 26 as shown in Figure 2e. In Figure 2d, the
first part 74a comprises an éarthed wire 76a shaped so as to
form a circle having a small arc of its circumference
missing. Parallel wires 78a extend from the earthed wire
76a in a direction perpendicular to the plane of the circle
at regular intervals around the circle. In use, the first
part 74a is placed coaxially over the coil 26 so that the
wires 78a extend parallel to the axis of the coil 26. The

second part 74b is designed to be fitted on the end of the
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coil 26 so as to screen the end of the coil 26 from
capacitative effects. The second part 74b consists of a
further incomplete earthed wire loop 76b with attached
lengths of wire 78b extending radially inwards from the wire
loop 76b. A PCS such as that shown in Figures 2d and 2e may
also be used in conjunction with other sensor embodiments

described below.

Figure 3a shows a linear position sensor 80a according
to another embodiment of the present invention. This
embodiment is largely similar to the previous embodiment
except for the explicit differences described.

The linear position sensor 80a comprises a tapered
screen 82a, a wire-wound inductor coil 84a which is wound
onto a former 86, and an oscillator circuit 88a connected to
the coil 84a. In contrast to the previous embodiment, there
is no second screen.

The coil 84a is substantially cylindrical with a
longitudinal axis indicated by the dot-dash line in Figure
2. The tapered screen 82a is coaxial with the coil 84a, and
has a circular cross-section with a radius that varies in an
axial direction. The tapered screen 82a is able to move in
an axial direction with respect to the coil 84a.

The output resonant frequency of the oscillator circuit
88a, which is related to the extent of flux compression as
described above, is dependent upon an axial position of the
coil 84 within the tapered screen 82a.

In order to obtain a linear relationship between the

movement of the coil into the tapered screen and the

frequency shift of the system (i.e. fekxy  recall from
equation (37) that:
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foe—=
JL (47)
where @ = 2znf, and therefore:
4 A (48)

Hence, it is possible to show that, for a linear

relationship, we must arrange for:

R*=R*+ !

0 i —1
=)
i (49)

A position sensor 80b having a tapered screen 82b according
to Equation (49) is shown schematically in Figure 3b.

It should be noted that the analysis that leads to
Equation (49) makes the assumption that the length of the
coil 84 is short compared to the system length (i.e. the
length of the tapered screen 82). End effects are ignored
in the idealised system but expected to influence the
behaviour of a real device.

Such a sensor could be used to accurately measure the
position of rapidly moving reciprocating parts. With an
oscillator operating at 10 MHz with stability of one part in
107, and a maximum change in carrier frequency between
maximum and minimum screening conditions of 1 MHz, a
resolution of 10* is expected to kHz measurement frequency
(where, by Nyquist’s criterion, the measurement frequency is
equal to at least twice the maximum frequency component of
the object’s motion). The output of the sensor 80 is given
by the convolution of the aperture (taper) function of the
tapered screen 82 and the profile of the wire used in the

coil 84. Hence the performance of the sensor 80 is
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insensitive to localised surface or bulk inhomogeneities in
the wire.

The coils 26 and 84 used in the linear position sensors
20 and 80 described above may be wound from wire of varying
cross-sectional area in order to linearise the sensor
response. In alternative embodiments, coils 26 and 84 may
be wound from wire of varying cross-sectional area to
produce sgensors 20 and 80 with desired non-linear
characteristicg. It is envisaged that coils 26 and 84 may

be etched onto printed circuit board.

Figure 4 shows a cross section of a linear position
gensor 140 according to a further embodiment of the present
invention. The sensor 140 comprises a coil 142, and a
coaxial cylindrical metallic screen 144. As in the previous
embodiments, the sensor 140 further comprises an oscillator
circuit (not shown) attached to the coil 142.

In use, a metallic wire or rod 146 of varying radius is
placed coaxially within the coil 142 and is moveable in an
axial direction. Axial movement of the wire or rod 146
through the centre of the coil 142 produces a Q or freguency
shift proportional to the radius of the wire or rod 146 by
the flux-compression mechanism described above. Thus the
sensor 140 may be used to detect the axial position of the
wire or rod 146 within the coil 142.

The sensor 140 is insensitive to movements of the wire
or rod 146 perpendicular to its axis. The sensor 140 may
therefore be used as a basis for an angular position
measurement device insensitive to endfloat. In an
alternative embodiment, the sensor 140 may be used for
sensitive real-time monitoring or measuring of the diameters

of metallic wires, cylinders or rods (of any diameter).
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Angular Position Sensors

Figure 5 shows a cross section of an angular position
sensor 100 according to an embodiment of the present
invention. The sensor 100 comprises a coil 102 located
partially within a recess in one side of a base plate (not
shown), and a metallic disc 103. As in the previous
embodiments, the sensor 100 further comprises an oscillator
circuit (not shown) attached to the coil 102.

The disc 103 has a tapered spiral recess 104 on one
side. The spiral recess 104 forms an outward spiral
originating from near the centre of the disc 103 and
terminating before reaching the edge of the disc 103. The
spiral recess 104 is tapered such that its width decreases
towards the centre of the spiral.

In use, the base plate is oriented horizontally such
that the base plate recess is located in the upper side of
the base plate. The coil 102 has a horizontal longitudinal
axig, and is partially contained within the base plate
recess. The disc 103 is then placed parallel to and above
the base plate. The disc 103 is oriented such that the
spiral recess 104 is located in the lower side of the disc
103. Thus, the coil 102 is contained within an enclosed
volume comprising the base plate recess and the spiral
recess 104. Preferably, the coil 102 is located such that
its longitudinal axis is coplanar with the lower side of the
disc 103 and the upper side of the base plate (i.e. the coil
102 is half contained within the base plate recess and is
half contained within the spiral recess 104).

The disc 103 is able to move in an angular direction as
shown by the arrow X. Thus, the coil 102 may move within

the spiral recess 104 along the dashed line shown in Figure
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4 such that an axis of the coil 102 is always tangential to
a spiral path (i.e. the dashed line) at the centre of the
spiral recess 104.

The output resonant frequency of the oscillator
circuit, which is related to the extent of flux compression,
is dependent upon an angular position of the coil 102 within
the spiral recess 104. Thus, this construction provides a
multi-turn angular position sensor with an achievable
resolution of less than 0.1°.

It will be appreciated that alternative orientations of

the sensor 100 could also be used.

Figure 6 shows an angular position sensor 110 according
to another embodiment of the present invention. The sensor
110 comprises a coil 112 located partially within a recess
in one side of a base plate (not shown), and a disc 114 of
depth D. As in the previous embodiments, the sensor 110
further comprises an oscillator circuit (not shown) attached
to the coil 112. Figure 6a is a horizontal section, Figure
6b is a vertical section along AA', Figures 6c and 6d are
vertical sections along OX viewed in directions B and C
respectively, and Figure 6e is a vertical section along OY.

The disc 114 has a coaxial annular recess 116 in one
side. The recess 116 is adapted to accommodate at least a
portion of the coil 112. A depth of the recess 116 varies

smoothly with angular position around the disc 114 except at

0/360° where the region of greatest depth meets the region
of least depth (see line OX in Figure 6a). In a preferred
embodiment, the disc 114 may be manufactured from an
injection moulded plastic coated with a conducting layer.
In use, the base plate is oriented horizontally such

that the base plate recess is located in the upper side of
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the base plate. The coil 112 has a horizontal longitudinal
axis, and is partially contained within the base plate
recess. The disc 114 is then placed parallel to and above
the'base plate. The disc 114 is oriented such that the
annular recess 116 is located in the lower side of the disc
114. Thus, the coil 112 is contained within an enclosed
volume comprising the base plate recess and the annular
recess 116. Preferably, as shown in Figure 6e, the coil 112
is located such that its longitudinal axis is coplanar with
the lower side of the disc 114 and the upper side of the
base plate (i.e. the coil 112 is half contained within the
base plate recess and is half contained within the annular
recess 116).

The disc 114 is rotatable about it centre (point O in
Figure 5a). Thus, the degree of flux compression of the
coil 112 by the disc 114 varies according to the angular
position of the disc 114. Similarly, the frequency output
of the oscillator circuit also varies according to the
angular position. The step change in frequency at 0/360
degrees may be logged by digital circuitry. Thus a highly

accurate multi-turn angular position sensor 110 is provided.

A further alternative embodiment of an angular position
sensor 120 according to the present invention is shown in
Figure 7. The sensor 120 comprises a coil 122, a base plate
124 having a recess 126, a metallic part 128, and a top
plate (not shown). As in the previous embodiments, the
sensor 100 further comprises an oscillator circuit (not
shown) attached to the coil 102.

In the embodiment of Figure 7, the base plate 124 is
substantially cylindrical and has a depth smaller than its

radius. The recess 126 is also cylindrical and is coaxial
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with the base plate 124. Alternatively, the recess need not
be cylindrical and/or coaxial. The coil 122 is located
approximately centrally in the recess 126 with its axis
perpendicular to the base plate axis. The top plate
confines the flux vertically within the recess 126 of the
base plate 124.

The metallic part 128 is located in the recess 126
adjacent to the coil 122 in a direction perpendicular to the
axis of the coil 122. 1In this embodiment, the metallic part
128 is a disc having an eccentric axis of rotation 130 that
is parallel to the axis of the disc and to the axis of the
base plate 124. Nonetheless, it will be appreciated that
alternative arrangements are also possible. For example,
the metallic part 128 could be any piece of metallic
material with application specific, determinable geometry
which could be rotated within the recess 126 so as to vary
the distance between a section of its metallic surface and
the coil 124.

In use, the output resonant frequency of the oscillator
circuit, which is related to the extent of flux compression
of the coil 124, is dependent upon an angular position of

the metallic part 128 about its eccentric axis 130.

Figure 8 shows an angular position sensor 150 according
to another embodiment of the present invention. The sensor
150 comprises a coil 152, an outer screen (not shown), and a
metallic tapered component 154. As in the previous
embodiments, the sensor 150 further comprises an oscillator
circuit (not shown) attached to the coil 152.

In this embodiment, the tapered component 154 has a
circular cross-section and is tapered between a first end

154a and a second end 154b. The tapered component 154 is
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approximately shaped into a circle having a centre point O
such that the first and second ends 154a and 154b are
located adjacent to one another. The tapered component 154
passes through the coil 152.

In use, the coil 152 has a fixed position whilst the
tapered component is rotatable through 360 degrees about the
point O, as shown by arrow X. The output resonant frequency
of the oscillator circuit, which is related to the extent of
flux compression of the coil 154 by the tapered component
154 and the outer screen, is dependent upon an angular
rotation of the tapered component 154 about point O. The
sensor 150 is insensitive to lateral movement of the tapered
component 154 within the coil 152, and so will deliver high

angular resolution even when operated with poor bearings.

Dual Lane Pogition Sensors

It is envisioned that in some applications it will be
desirable to have a dual lane position sensor (i.e. one
exhibiting some degree of redundancy). The following
schemes illustrate possible ways of achieving this; though

what follows by no means constitutes an exhaustive list.

In a first embodiment of a dual lane position sensor
according to the present invention, two coils are
interwound. One set of electronics operates both coils
alternately. This is achieved by rapid switching between
coils by means of a three-position switch. The sequence of
operation would be as follows (or similar): coil 1 active,
both coils active, coil 2 active. The coils would be
perfectly coupled, the output therefore for a given position
input is expected to be identical in all three operating

regimes. It will be appreciated that any of the linear or
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angular position sensors described above could be modified

to become a dual lane position sensor of this type.

A second embodiment of a dual lane position sensor 200
is shown in Figure 9. Two coils 202 and 204 are arranged
within a screen 206. The screen 206 is symmetrical about a
line AA' in Figure 9, with each half having a profile
similar to that of the tapered screen embodiment of Figure
3b (so as to obtain a linear response).

The coils may be set into an insulating rod 208, made
of epoxy, for example. Thus, by moving the rod 208, the
coils 202 and 204 may be moved axially within the screen
206. An inner surface 210 of the screen 206 is conducting.
It may be machined, or injection moulded from plastic; if it
is injection moulded, the screen 206 may be metal-plated
either on the inside or the outside. Either would result in
a satisfactory screen. The two coils 202 and 204 may be

operated by separate electronics.

A third embodiment of a dual lane position sensor 210
is shown in Figure 10. The sensor 210 comprises two
independenﬁly operating coils 212 and 214 built into a
simple dual-~lane system. The flux is confined by an outer
screen 216 and an inner screen 218. The inner screen 218 is

moveable relative to the coilg 212 and 214.

A fourth embodiment of a dual lane position sensor 220
is shown in Figure 11. The sensor 220 comprises two coils
222 and 224, and an outer screen 226 and an inner screen 228
to confine the flux. The inner screen 228 is moveable

relative to the coils 222 and 224.
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A fifth embodiment of a dual lane position sensor 230
is shown in Figure 12. The sensor 230 comprises two coils
232 and 234, and an outer screen 236 and an inner screen 238
to confine the flux. The inner screen 238 is moveable

relative to the coils 232 and 234.

It is envisioned that a mechanism for tuning a dual
lane position sensor may be required to compensate for
manufacturing tolerances and to ensure that the output of
both sensor coils is consistent. Such a system 240 is
illustrated in Figure 13. The coil 246 is embedded in a
non-conducting "filler" 248. The tuning is achieved by
screwing or unscrewing a metallic rod 242 into the centre
244 of one or both of the coils 246. Movement of the rod
242 is indicated by arrow X. As the rod 242 movesg, it will
affect the screening of the flux and thus the output of the
sensor. In this way, the sensor output may be tuned.

Alternatively one of the coils may be shimmed relative

to the other.

Temperature Compensation

For non-thermostatic position sensing applications it
is envisioned that a means to temperature compensate a
position sensor may be required. Indeed, one advantage of
the present position sensor over current technology is that
it is easily thermally compensated. Possible schemes of
temperature compensation are described below, but other
schemes are also contemplated within the scope of the

present invention.

In a first temperature compensation scheme, non-

conducting magnetic particles are introduced into the
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vicinity of the volume occupied by the RF magnetic field.
For example, a dilute garnet may be introduced, in which the
dilution is chosen to engineer the magnetic ordering
temperature according to the operating temperature range of
the sensor. Ferromagnetic, antiferromagnetic and
paramagnetic species may be introduced (used above their
ordering temperature).

The following relation may be used to determine the
quéntity of each species required for optimum temperature

correction:

N6 € Cr
P= Tt e AT T,

(50)
where cj,4,x are determined by the Curie constant and by the
quantity of magnetic species introduced (the subscripts i, 3

and k refer to paramagnetic, ferromagnetic and

. . . , c..c..c, .0, T
antiferromagnetic species respectively). 1272 k2T Ny

should be chosen to provide temperature correction over the

required temperature range.

In a second temperature compensation scheme,
temperature compensation is achieved by anchoring the coil
within the system at a particular point along its axis in
order to determine the direction of coil
expansion/contraction. Such a scheme is only suitable for

use with certain sensor embodiments.

In a third temperature compensation scheme, a shaft on
which the sensor or coil is mounted may be manufactured from
materials with different (known) coefficients of thermal

expansion. In this way, the thermal expansion effects can
be nullified.
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Driving circuitry

Figures 14a, 14b and 1l4c show three examples of driving

circuitry for a position sensor according to the present

5 invention. These schemes are for the purpose of
illustration only, many other schemes could be implemented.
In each of Figures l4a, 1l4b and 1l4c, the sensor "head" is
indicated by the dashed line Y. 1In Figure 1l4c, inductors IL;
and L;" are an a-static pair.

10

Resolution-bandwidth analysis

It is possible to perform a resolution-bandwidth
analysis of a sensor according to the present invention, as
below (see also Figure 15). Such an analysis illustrates

15 the high resolution possible with the present sensor.

The resolution of the sensor is defined as the fraction
of full sensor travel that is resolvable (i.e. [measurement
range/smallest measurable displacement]). The bandwidth of
the sensor is defined as the maximum frequency of moving

20 object f,, that can be measured, which is related to the

measurement frequency £, by:

Furthermore, let us denote the maximum change in carrier
frequency over the measurement range by Af,, and the maximum
25 change in frequency due to noise as Af,.

In the noise dominated region, the low frequency

resolution of the sensor is given by:

Af,

Resolution = (52)

Af,

This resolution extends from d.c. to a measurement frequency

30 of Af, as shown in Figure 8.
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In the uncertainty dominated region, at measurement

frequencies above Af,, the resolution is given by:

A,

m

Resolution = (53)

so that the resolution drops off at -20dB/decade, reaching

unity at a measurement frequency of Af, as shown in Figure
8.
By analogy with the gain-bandwidth product of an

operational amplifier, the sensor has a resolution-bandwidth

product equal to Af./2.

Gear sensing application

An angular position sensor according to the present
invention may be used to detect the position of toothed
wheels or cams. It should be appreciated that there are
many ways of realising a high accuracy device using the
technology. One possible device arrangement is described
below, together with corresponding performance
characteristics.

In the description that follows the term "gear" will be
used to describe the toothed gear/cam etc., the position of
which it is desirable to measure.

The position of a gear of N teeth is to be measured
using the teeth of that gear as "targets", i.e. the teeth of
the gear act as the moveable screen for the angular position
SEensor. Tgear is defined as the time taken for the gear to
complete one revolution, fger is the frequency of rotation
of the gear (i.e. 1/7geax), and one tooth width is defined as
360/N degrees.

Two sensor heads are used. These are positioned around

the circumference of the gear, displaced from each other by
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2n + % tooth widths, where n is an integer 1 < n < N/2. The
sensitive volume of each sensor head is equal to one tooth
width. For each sensor head, maximum screening occurs when
the gear tooth occupies the sensitive volume of the device,
minimum screening when the inter-tooth space lies within the
sensitive volume.

M samples are taken in the time taken for one tooth to

pass one sensor head. The change from the maximum to

minimum screening condition causes a frequency shift Af, of
the electronic carrier frequency f. as the tooth passes the
device, as shown schematically in Figure 16 (the graph is

not to scale, and the form of the graph is simplified to a

triangle-wave for the purposes of illustration). We define
the sampling time 7; as:
T 1

G A
N M (54)
As the gear rotates, the signals received by the two

sensors are in quadrature (i.e. out of pahse by exactly

90°) . As the teeth pass the sensor heads, data is read from
the two sensors alternately so as to read data continuously
within the signal region exhibiting greatest rate of change.
(The response of the device to unit angular displécement of
the gear will be non-linear, it is envisioned that a digital
‘look-up’ method would be employed for data-processing
purposes) .
We define frequency resolution by:
1

A, _ 7, _ O gaMN (55)

where Af. is the carrier frequency shift (peak to peak).

From Figure 16, it is clear that:
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A M

Therefore, combining Equations (55) and (56), we find that:

M= f_z_j‘ﬁ_
NAfgear (57)

The figure of merit for the device is given by:

po3601
N M
and the resolution in degrees of the device by:
R=360 | Lo
(V‘c (58)

where o is a constant equal to the fractional maximum
carrier frequency shift (e.g. 0.1 for a 10% effect).

The device has the following key advantages over
technologies currently employed (e.g. inductive methods,
magnetic code-wheel readers):

» The teeth of the gear may be used as targets for the
sensor such that no code-wheel or magnetic target or
modification to the face of the gear is required.

" Superior resolution.

*» Ruggedness and reliability.

» Temperature compensation easily achieved.

The direction of rotation of the gear may be obtained
from the output of the device. The device can deliver
absolute gear position if a "marker" (i.e. a small
irregularity) is present on one of the gear teeth, or if the
arrangement of teeth is known and asymmetric.

Table 1 illustrates the resolution R of the proposed
device for a gear of 60 teeth, a carrigr frequency of 200MHz

with oo = 0.1:
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..38_
Speed of rotation S gear . R
of wheel (rpm) (Hz) (degrees)
2000 33 60 0.042
3000 50 60 0.052
4000 67 60 0.060
5000 83 60 0.067
6000 100 60 0.073
7000 117 60 0.079
8000 133 60 0.085
9000 150 60 0.090
10000 167 60 0.095

Table 1

Although preferred embodiments of the invention have
been described, it is to be understood that these are by way
of example only and that various modifications may be
contemplated. For example, the gear sensing application
described above is merely one application of a position
sensor according to the present invention. It will be
appreciated that many other applications are also
contemplated within the scope of the present invention, e.g.
sensing the position of a plunger in fuel meter, sensing the

position of a topslide position on a lathe.
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CLAIMS:

1. A position sensor comprising:

a sensor electromagnetic field generator;

a screen arranged to confine the sensor electromagnetic
field; and

an output arranged to provide a signal which varies in
dependence upon an amount of flux compression of the
electromagnetic field resulting from the presence of the
screen, the amount of flux compression being related to a
position of the screen in relation to the sensor

electromagnetic field generator.

2. The position sensor of claim 1, in which the
sensor electromagnetic field generator is adapted to

generate an alternating current field.

3. The position sensor of any preceding claim, in
which the sensor electromagnetic field generator comprises a

conductive coil arranged to pass an alternating current.

4. The position sensor of any preceding claim, in
which the sensor electromagnetic field generator comprises a
coil and a capacitive element which together form a resonant

circuit.

5. The position sensor of claim 4, in which the
output is arranged to provide a signal that varies in
dependence upon a resonant frequency of the resonant
circuit, the resonant frequency being related to the amount
of flux compression of the electromagnetic field resulting

from the presence of the screen.



10

15

20

25

30

WO 2007/099282

- 40

PCT/GB2007/000350

6. The position sensor of claim 4, in which the

output is arranged to provide a signal that varies in

dependence upon a quality factor of the resonant circuit,

the quality factor being related to the amount of flux

compression of the electromagnetic field resulting from the

presence of the screen.

7. The position sensor

of any of claims 3 to 6 in

which the sensor further comprises a Parrot Cage Screen

disposed coaxially about the coil to reduce variations in

stray capacitance between the

8. The position sensor

coil and the screen.

of any preceding claim in

which the sensor is a linear position sensor, the flux

compression being related to a linear position of the screen

in relation to the sensor electromagnetic field generator.

9. The linear position

gensor of claim 8 when

dependent upon claim 5 in which the screen comprises a

tubular screen adapted to coaxially receive the coil, the

tubular screen being movable in an axial direction relative

to the coil.

10. The linear position

tubular screen is tapered.

11. The linear position
the tapering is such that the
related to the axial position

screerm.

12. The linear position

gensor of claim 8 in which the

sensor of claim 10 in which
resonant frequency is linearly
of the coil within the tubular

sensor of claim 9 in which the

tubular screen is a first cylindrical screen and the sensor

further comprises a metallic outer cylindrical screen
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disposed coaxially around the first cylindrical screen and
the coil, the outer cylindrical screen being fixed in an
axial direction with respect to the coil, and the first
cylindrical screen being movable in an axial direction in a
space between the coil and the outer cylindrical screen such
that the resonant frequency is monotonically related to the
axial position of the first cylindrical screen relative to

the coil and the outer cylindrical screen.

13. The linear position sensor of claim 8 when
dependent upon claim 5 in which the screen comprises an
outer screen adapted to receive the coil, and a long tapered
part disposed axially through the coil, the long tapered
part being moveable in an axial direction relative to the
coil such that the flux compression is related to the axial

position of the long tapered part relative to the coil.

14. The position sensor of any of claims 1 to 6 in
which the sensor is an angular position sensor, the flux
compression being related to an angular position of the
screen in relation to the sensor electromagnetic field

generator.

15. The angular position sensor of claim 14 when
dependent upon claim 5 in which the screen comprises a
spiral recess, the coil being located at least partially
within the recess, and the coil being movable within the
recess such that a longitudinal axis of the coil remains

tangential to a spiral path at the centre of the recess.

16. The angular position sensor of claim 15 in which
the recess is tapered such that its radius decreases towards

the centre of the spiral.
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17. The angular position sensor of claim 14 when
dependent upon claim 5 in which the screen comprises an
annular recess having a depth that varies with angular
position around the recess, the coil being at least
partially received within the recess, and the coil being
movable within the recess such that a longitudinal axis of
the coil remains tangential to a circular path at the centre

of the recess.

18. The angular position sensor of claim 14 when
dependent upon claim 5 in which the screen comprises an
outer screen and a metallic part, the outer screen enclosing
the metallic part and the coil, and the flux compression

being related to a rotational position of the metallic part.

19. The angular position sensor of claim 18 in which
the metallic part is located adjacent to the coil in a

direction d perpendicular to the axis of the coil.

20. The angular position sensor of claim 19 in which
the metallic part is a disc having an eccentric axis of
rotation that is parallel to the axis of the disc and

perpendicular to the direction d.

21. The angular position sensor of claim 14 when
dependent upon claim 5 in which the screen comprises an
outer screen adapted to receive the coil and an annular
tapered part disposed through the coil, the annular tapered
part being rotatable such that the flux compression is
related to a rotational position of the annular tapered part

relative to the coil.
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22. The position sensor of any preceding claim further
comprising:

a second sensor electromagnetic field generator, the
screen being further arranged to confine the second sensor
electromagnetic field; and

a second output arranged to provide a second signal
which varies in dependence upon an amount of flux
compression of the second electromagnetic field resulting
from the presence of the screen, the amount of flux
compression of the second electromagnetic field being
related to a position of the screen in relation to the

second sensor electromagnetic field generator.

23. A method of detecting a relative position of an
electromagnetic field generator and a screen, compfising:

(a) generating an electromagnetic field using the
electromagnetic field generator;

- (b) confining the electromagnetic field using the

screen; and

(¢) detecting an amount of flux compression of the
electromagnetic field resulting from the presence of the
screen, the amount of flux compression being related to a
position of the screen in relation to the electromagnetic

field generator.

24. The method of claim 21 in which the
electromagnetic field generator comprises a coil and a

capacitive element which together form a resonant circuit.

25. The method of claim 22 in which the step (c)
comprises measuring a resonant frequency of the resonant

circuit, the resonant frequency being related to the amount
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of flux compression of the electromagnetic field resulting

from the presence of the screen.

26. The method of claim 22 in which the step (c)
comprises measuring a quality factor of the resonant
circuit, the quality factor being related to the amount of
flux compression of the electromagnetic field resulting from

the presence of the screen.
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