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BACKGROUND OF THE I NVENTION ; The present invention is
a magneti c di spl acenent sensor having a 5 magnetic circuit reluctance
that is constant with displacenent. Mre specifically, t he present

invention is a nmagnetic displacenment sensor having inproved fl ux

shapi ng pol e pieces for inproved performnce.

Typically, magnetic displacenent sensors include a flux generator

that provides a constant source of nagnétic flux and a pickup device that

measures 10  fl ux.JTy¥Ri Gal the flux generator_is nounted to one

el enent and the pi c%ﬁﬁmﬁm&‘ﬁgmﬁﬁm&mm@ ement so that
t he magnetic flux density sen ' device is based on

t he di spl acenent between the € eng%gm&§#&soo$spl acenent sensors
typically neasure |inear GBAC_K@(DUNEQE&W%“ provi de an out put
proportional to absolute linear or rotary position displacenment of the

el enents. 15  Magnet i dhgipspseatisnentionsis agnagnetia displapément sensoe having a

el ect ronggne . . magnets .as.,a ,sourc magneiic flux. A
pi ckup ggvi c@é&bcoa@ga&gm%ertgg%%%%w’ displa gt&fﬂ’% ; ¥a Hal |

ef fect sensothe preéeétSfvdntion He anmagirtit Widpldbémendsd86CRAving improved B@RYES i n

t he magnetic field produced by the nagnets.
shaping pole pieces for improved performance.

Typically, magnetic displacement sensors include a flux generator
that provides a constant source of magnetic flux and a pickup device that measures
10 flux. Typically, the flux generator is mounted to one element and the pickup device
is mounted to another element so that the magnetic flux density sensed by the pickup
device is based on the displacement between the elements. Magnetic displacement
sensors typically measure linear or rotational displacement and provide an output
proportional to absolute linear or rotary position displacement of the elements.
15  Magnetic displacement sensors may employ either electromagnets or permanent
magnets as a source of magnetic flux. A pickup device (e.g., a magnetoresistor, a
magnetodiode, or a Hall effect sensor) intersects the magnetic flux and detects
changes in the magnetic field produced by the magnets.
Magnetic displacement sensors are commonly used in cooperation
20  with microprocessors in remote control systems with field devices. For example,
magnetic displacement sensors can be used to monitor valve position. Examples of
prior art magnetic displacement sensors are found in Prinz et al. U.S. Patent No.
4,532,810, Wolf et al. 5,497,081, and Riggs et al. U.S. Patent No. 5,359,288.
The useful range of prior art magnetic displacement sensors is limited
25 by the magnets’ fringing flux. When two permanent magnets are adjacently aligned,
the mechanical characteristic of each magnet and its proximity of another magnet
pole face dictate the distribution of magnetic flux from pole face to opposite pole

face. At the magnetic poles, fringing flux appears between the magnets. Fringing
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. BRIEF SUMMARY OF THE INVENTION

The present invention is directed to flux-shaping pole pieces for the
magnet pole faces of a magnetic displacement sensor.

In accordance with one aspect of the invention, a displacement sensor
senses relative displacement between first and second elements. The displacement
sensor includes a magnet assembly having a housing for mounting to one of the first
and second elements. First and second magnets are mounted to the magnet
assembly housing so that the north pole of one magnet confronts the south pole of
the other magnet and vice versa. The magnet assembly housing supports the first
and second magnets to form a longitudinal space between the first and second
magnets. A flux-shaping pole piece is provided on each of the poles of the first and
second magnets. The flux-shaping pole pieces together having configurations to
sculpt fringing magnetic flux in the longitudinal space so that magnetic flux density
in the longitudinal space varies substantially linearly along a line in the longitudinal
space between a point between the north pole of the first magnet and the south pole
of the second magnet and a point between the south pole of the first magnet and the
north pole of the second magnet. A magnetic field sensor assembly has a housing
for mounting to the other of the first and second elements. A magnetic flux sensor
is mounted to the sensor housing on the line in the longitudinal space between the
first and second magnets,

In one embodiment of the displacement sensor, the flux-shaping pole
pieces are metal pole pieces appended to each pole of the first and second magnets.

The magnetic force exhibited by the magnets may be employed to hold the pole
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a magnetic di splacenent sensor. I n accor ce Wth
one dspect of the invention, a displacenent sensor 10 senses relative -
di spl acenent between first and second el enents. The di spl acenent

sensor includes a magnet assenbly having a housing for nounting to one of
the first and second el enents. First and second nagnets are nounted
to the magnet assenbly housing so that the north pole of one nagnet
confronts the south pol e of t he qt her magnet and vice versa. The
magnet assenbly housi ng supports the first 15 and second nmagnets to form

a longitudinal space betweg he first and second magnets. A
f I ux- shapi ng PHSE %P@&féﬂi@g&&/m&ﬁp@aﬁtwwﬁ@»Haﬂ%le@ﬁwsﬁmmest and

second magne é];ﬁa §ER&3M‘% ?hgg es together having configurations
to SCE’PB? |t%|mn& magne i‘?ﬂ* ux 1?% t he | ongi tudi nal space so that
magnetic flux density Inanotherembolimenbofthé didplacémanaemsor,ahe frox-shaphiganti al | y
linearly along ,a_ line in the Iongitudinal 20 space between a point

bet ween the Bolepiessspree igtegral to theTespestiva-lanst anksecond magaet pol e of the
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assenbl y has sécondusdghets are permahént nidgdesi ng to the other of the first and
second el enments. A magnetic flux sensor _is nounted to the_sensor
housi ng on the |ine in Inyetanothar eobpdiment phthe displagement;seasopseach pfthet and

Second TNl i sapin el i o » b Lo P BRSH F Botly el <coren
to each pol efsriniighe daiost faee Goffeerting the Jowdithdinal space bEheeeittie Eritcantior ce
exhi bited by the magnets may be enployed to hold the pole
10 ~ second magnets. In one aspect of this embodiment of the displacement sensor, the
narrow face of each flux-shaping pole piece is wider across the primary flux pattern
than along the length of the line in the longitudinal space.
In accordance with another aspect of the invention, a flux-shaping
pole piece is provided for a pole of a magnet of a magnetic displacement sensor
15  which senses relative displacement between first and second elements. The magnet
is to be arranged with another magnet so that a north pole of one magnet confronts
a south pole of the other magnet and vice versa to form a longitudinal space
between the magnets. The pole piece comprises a magnetic material shaped to
sculpt fringing magpetic flux in the longitudinal space so that magnetic flux density
20  inthe longitudinal space varies substantially linearly along a line in the longitudinal
space between a point between the north pole of one magnet and the south pole of
the other magnet and a point between the south pole of the one magnet and the
north pole of the other magnet.
In one embodiment of the flux-shaping pole piece, the flux-shaping
25  pole piece is a metal pole piece appended to a pole of the magnet. The magnetic
force exhibited by magnet may be employed to hold the pole piece in contact with
the magnet pole. Alternatively, the pole piece may be adhesively attached to the

magnetic pole.
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be - - bonded to the nagnetic poles with adhesive.

I n anot her enbodi nent of the displacenent sensor, the flux-shaping

pol e pieces are integral to the respective first and second magnet. 5

In yet anot her enbodi nent of the displacenent sensor, the first:- and

second magnets are pernmanent nagnets. I n yet anot her
enbodi nent of the displacenent sensor, each of the f | ux- shapi ng pol e
pi eces has a pentagon shape in a plane df primary flux pattern,

formng a narrow face confronting the | ongitudinal space between the first
and 10 second magnet §n amﬂmnexrxbth of thé flox-eldping pole tpiext, thecflux-
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the line in the Ionglt [ 8511 ance
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provi ded for shapinglpolejjiece lﬁﬁﬂp&itaglfn shapaamraemm of printany fhosepattess; fomiing 5
whi ch senses rel ative di | acement between first and econd el enents. The
magnet 3  a nagrqw f %@Eah%mﬁl longitdinah spacedg e magpets IBong pol e of

Lo torm o | oRHEEAF Ris cmpadinar Ot R 8 ﬁ&%@#@ﬁ’gp‘?&g B 70 1952,

to forma lo
conprises a ﬂwﬁlﬁphtgpwmﬁeﬁwﬁb&mksmprkmryﬂuxpattemthanalongthelength

of the line in the longitudinal space.

10 : BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1is a perspective view of a magnetic displacement sensor with
flux shaping pole pieces of the present invention.
FIG. 2 is an enlarged perspective view, with portions removed for
sake of clarity, of the magnetic displacement sensor shown in FIG. 1.
15 FIG. 3 is a perspective view of 2 magnet block assembly and a
magnetic field sensor assembly of the magnetic displacement sensor taken generally
in the direction of arrow 3 in FIG. 2.
FIG. 4 is a top view of the assemblies shown in FIG. 3.
FIG. 5 is an exploded view of the magnet block assembly shown in

20 FIGS.3 and 4.
FIG. 6 is perspective view, with portions not shown for sake of

clarity, of the magnets of the magnetic block assembly with a magnetic field sensor
between the magnets.
FIG. 7 is a diagram illustrating the magnet block assembly shown in

25  FIGS. 3-5 and the associated flux pattern.
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I n anot her enb_odi ment ¢ S flux- ?lﬂ%%ﬁgfm‘ig&tﬁccﬁspﬁ&ﬁwmééﬁsorwith
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pol e piece has a pentagon shape in a plane o rimary flux pattern
the present invention. e magnetxc d:splacement sensor comprises 2 movab ble

5  magnet assembly 10 (shown in greater detail in FIGS. 2-5) and a magnetic field
sensor assembly 20, Magnetic field sensor assembly 20 is mounted to a stationary
instrument housing 30 and a stationary actuator yoke 32 by mounting arm 34. As
shown in FIG. 2, magnet assembly 10 is arranged for linear or reciprocal movement
of valve stem 106 in the direction of arrow 38. Stem connector 102 is connected

10 between actuator stem and 104 and valve stem 106. Actuator stem 104 transmits
linear movement of a valve actuator, such as a pressure-responsive diaphragm (not
shown) to valve stem 106, which in turn operates a valve plug (not shown) in a
manner well known in the art to open and close the valve under control.

As shown particularly in FIGS. 2-5, magnet assembly 10 comprises

15 a housing 50 supporting permanent bar magnets 52 and 54 in cavities 64 and 66.
As shown particularly in FIG. 5, magnéts 52 and 54 are arranged so that one of the
magnets, such as magnetic 52, has its north pole 56 orientated towards the top of
housing 50 and its south pole 58 orientated toward the bottom of housing 50. The
other magnet, such as magnet 54, is oriented opposite to magnet 52 with its north

20  pole 62 at the bottom of housing 50 and its south pole 60 at the top of housing 50.
Housing 50 orients magnets 52 and 54 so that conﬁ'onﬁng surfaces 57 are parallel
to each other and to longitudinal line 81 in the longitudinal space between the
magnets. Although magnets 52 and 54 may be electromagnets or permanent
magnets, a permanent magnet is preferred because it can be easily incorporated into

25  the sensor and does not require a separate power source. Magnets 52 and 54 are
preferably Alnico V magnets. It will be appreciated that magnets 52 and 54 are a

constant magnetic flux source.

form ng
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adhesive may be employed to attach pole pieces 70 to the respective magnetic pole.

In an alternative embodiment of the present invention, flux shaping
pole pieces 70 are not separate components from magnets 52 and 54, but are an
10  integral part of the magnets themselves. Thus, magnets 52 and 54 can be cast with
pole pieces 70 integrated as part of the magnets. In such an embodiment, each
magnet (with pole pieces) is the singular component that is placed in cavities 64 and
66 of housing 50.
Pole pieces 70 provide optimal magnetic displacement sensor
15  performance. Typically, magnets display fringing flux at the poles, resulting in non-
finear flux variations that cause inaccurate or erroneous magnetic displacement
sensor performance. Pole pieces 70 "sculpt" the magnetic flux to provide a linear
change in flux density. By sculpting the fringing flux, pole pieces 70 linearize the
flux measurements over the length of the magnets, thereby dramatically increasing
20  the useful range of the magnets and the magnetic displacement sensor.
As shown particularly in FIGS. 5 and 7, pole pieces 70 have a
pentagon shape, when viewed in the plane of the primary flux pattern (FIG. 7),
having two pairs of parallel surfaces normal to each other. The narrow surface 71
of the pentagon forms a narrow face that is significantly wider across the primary
25  flux pattern (into the paper of FIG. 7 and along line 83 in FIG. 5) than in the
direction along the length of magnets 52 and 54. More particularly, we have
experimentally determined that the pentagon shape of pole pieces 70 optimizes

linear performance over the full length of the magnets of the magnetic displacement
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fl ux shaping pole pieces in accordance with the presently preferre

enbodi nent of the present invention. The magnetic di spl acenent sensor
conprises a novable 5 magnet assenbly 10 (shown in greater detail in
FIGS. 2-5) and a magnetic field sensor assenbly 20. Magnetic field
sensor assenbly 20 is nounted to a stationary i nstrunment housi ng 30
and a stationary actuatoryoke 32 by nountdng arm 34. As shown in FIG
2, magnet assenbly 10 is arranged for linear or reciprocal novenent

of val ve st esendd¥6 The size of itheepérntagompolerpieces I8, is Stased om tive separatibdiistance

connected 1Q bet ween actuator stem and 104 and val ve stem 106. Actuat or
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ressure-res sive di aphta ot shown) to val ve stem.106. whjch in
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art to open;ﬁ%& n?zf@ the, val ve under control . As
shown particu arﬁ’y [ né . 2-5, magnet assenbly 10 conprises 15 a

housi ng 50 supporting IRey ivptatint RPtheFrosat smkAtidAdhfi4at7¢ dfithd REpétivand
66. As shown particularly in FIG 5, magnets 52 and 54 are arranged

so t hat one pehtagoa pole piecen@d &e paralled ho aurface) A of thé gespbetiva bar magndh 5ol e
56 orientated  towards the E}%{J of housi ng 50 and jits south_pole 58
orientated @8da Hiafass:Bah apolgafdnagnesds natperpendicular fp themgfase S7Qfch as
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par al | el
10 pole piece 70 to be certain that face 71 is parallel to surface 57 of the magnet.

Hence, if the pole face 53 is nicked or otherwise damaged to provide a face not

perpendicular to the length of the magnet, repair by shims may render the magnet

usable.
As illustrated particularly in FIGS. 3 and 4, magnetic field sensor
15 assembly 20 includes a nonmagnetic cylinder 82 which extends between magnets

52 and 54 in housing 50. Acceptable materials for cylinder 82 are aluminum or
ceramic. Cylinder 82 contains a magnetic field sensor 80, such as a Hall effect
sensor, placed in proximity to magnet assembly 10 between magnets 52 and 54.
Magnetic field sensor 80 is mounted within cylinder 82 by an acetal plastic bushing
20 835, keyed to precisely position sensor 80 within cylinder 82 to within 0.002 inches.
Cylinder 84 plugs into instrument housing 30 (FIGS. 1 and 2) and permits the feed
through for the wiring for electronics. In one form of the invention, housing 30 is -
formed of a suitable non-magnetic material such as aluminum or rigid plastic. Non-
magnetic fastener 86 mounts the housing of sensor assembly 20 to housing 30, and
25 mounting arm 34 mounts housing 30 to stationary actuator yoke 32.
As shown in FIG. 2, housing 50 of magnet assembly 10 is attached
to bracket 90 by pin bolts 92, washers 94 and nuts 96 fastened through respective
slots 98 and 100 in housing 50. Additionally, bracket 90 is connected to a stem

SUBSTITUTE SHEET (RULE 26)
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As shown particularly in FIG 5, a flux ghaping pole piece 70 is
appended to each of poles 56, 58, 60, and 62 of magnets 52 and 54. Pol e

pi eces 70 ma onposed of any, suitable netic, material,_such as
G10100 col d- r‘iﬂ“ﬂ%‘ﬁ"‘yi)&ﬁm upss a %@éﬁ%&%ﬂ@r ﬁﬁ‘lﬂgl%gitééé@l"éts@%%eﬁ c, the
magnetic for hifal 0968 %,g Leces 70
I n cont act wﬁ%h%%@%%@%%d Elfy “ﬁé‘b‘%ﬁ‘?é"z‘?’"a e?tle\%}gé&u%kr”esi m | ar
subst ances arassemtily ofthe valesiwhdsetpesitior i being monitored by the displacsment sengobe

enpl oyed to attach pol e pieces 70 to the respectiv ghetic_pol e,
In an al terna?ﬁ‘aémnoﬁstﬁg’eﬁ%é%WWémﬁ\? irection o5 #EgW 38,

5  stem connector 102 and bracket 90 move magnet assembly 10 relative to magnetic
field sensor assembly 20. Magnetic field sensor 80 (FIG. 6) remains stationary
because it is coupled to stationary actuator yoke 32 and instrument housing 30.
Movement of magnet assembly 10 in the direction of arrow 38 causes a relative
displacement between the magnet assembly and magnetic field sensor 80 within

10  magnetic field sensor assembly 20. Thus, the magnetic flux density through
magnetic field sensor 80 varies with displacement of actuator 104 and valve stem
106,
FIG. 6 illustrates a perspective view of magnetic field sensor 80
located between magnets 52 and 54 appended with flux shaping pole pieces 70, and
15  FIG. 7 illustrates the magnetic flux lines 110 between magnets 52 and 54.
Preferably, magnets 52 and 54 are of equal magnetic strength, so that line 81 is
centered between and parallel to surfaces 57 of ‘magnets 52 and 54, line 83 is
orthogonal to fine 81 in a direction along the width of surfaces 57, and line 83
intersects line 81 at midpoint 112 centered between the pole pieces and centered
20  between the edges of magnets 53 and 54 along the width of surfaces 57 (FIGS. 5
and 7). At point 112, the magnetic flux density is at a null (zero). The sensor is
calibrated by placing sensor 80 at the midpoint 112 where magnetic field strength
is zero and calibrating the sensor.
Along longitudinal line 81 between the magnets, the flux density
25  increases uniformly from the midpoint of the assembly toward the poles, to a
maximum flux density directly between pole faces 71. Because the poles are
oppositely oriented, the flux directions are opposite at the regions along line 81 on
each side of the midpoint. Hence, the flux density varies along line 81 from a
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can be cast with pol e pieces 70 integrated as part of the magnets.
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50. Pol e pieces 70 provide optimal nmagnetic

di spl acenent sensor 15 performance. Typically, magnets display fringing
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10  voltage readings produced by magnetic field sensor 80.

Although the present invention has been described with reference to
preferred embodiments, workers skilled in the art will recognize that changes may.
be made in form and detail without departing from the spirit and scope of the
invention.

15
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position sensor 80 within cylinder 82 to within 0.002 inches.

Cylinder 84 plugs into instrunent housieg sg tBe ¢ mpetl pole of ghe firsh TREHEY i t s
the feed t hrough for t hecgm&éqr}g?%éthio?gaf&gisg d! BEadqes m of

the invention, housing 30 is a sultabl e noh-magnetic

material such as al um numor rigi Qoxmlng&&bemerﬂmmagnetconﬁonmgmmimé ast ener
86 nounts the housing of sensor assenbly 20 to housingt 30, and 25

mounting arm 34 nounts housi ng 300f e stcand uanst, Wherginithe mpgpet agsembly
As shown in FIG 2, housing 50 of hg@&%h&%ﬁ@é&&%ﬁ%ﬁ&@ﬁgﬁﬁw to

form a longitudinal space between the first and
second magnets, and
a flux-shaping pole piece on each of the north and south
poles of the first and second magnets, the flux-
shaping pole pieces having configurations to sculpt
fringing magnetic flux in the longitudinal space so
that magnetic flux density in the longitudinal space
varies substantially linearly along a line in the
longitudinal space extending substantially parallel to
the length of at least one of the magnets and between
the confronting poles of the first and second; and
a magnetic field sensor assembly having |
a sensor housing for mounting to the second element, and
a magnetic flux sensor mounted to the sensor housing on the

line in the longitudinal space between the first and

second magnets.



to bracket 90 by pin bolts 92, washers 94 and nuts 96 fastened through
respective woognsers Sl ots 98 and 100 in housing 50. Additiongldpysepidsket

90 is connected to a stem WD 99/ 08073

PCT/ US98/ 16238 connéctor 102 that couples a threaded actuator
stem 104 to a valve stem 106 of a I igece, magnet assenbly 10
Is rigidly nounted to the val ve stelmum"lmmmllm assenbly of the valve
whose position is being nonitored by tHKe dishl acerrent sensor - of the

present invention. As valve stem 106 noves in the direction of arrow 38, 5
stem connector 102 and bracket 90 nove magnet assenbly 10 relative to
magneti c field sensor assenbly 201 Magnetic field sensor 80 (FIG 6)
remai ns stationary because it is coupled to stationary actuator yoke
32 and instr@ent housiThe @Splacement sersbr efielaim df whergirethedirsteand| seedr i n t he
direction of arrow 38 causes a rel ative di spl acenent between the
magnet asse FREMADERE MIZEY- sensor 80 within 10 nagnetic field
sensor assenbly 20. Thus, the magnetic flux density through magneti c
field sensor 80 varies with displacenment of actuator 104 and val ve stem
106. 3. The displacerfient ké¢nsart oflaim 1awhereineect ofithe fhireshapingragnet i c
field sensor 8? . . ] .

pole pieces is a metal pole piece appended to a respective pole of the first and

second magnets.

4. The displacement sensor of claim 3 wherein the pole pieces are
attached to the respective pole by a magnetic force exhibited by the respective
magnet, '

5. The displacement sensor of claim 1, wherein each of the flux-shaping
pole piece is integral to the respective first and second magnet.

6. The displacement sensor of claim 1, wherein the first and second
magnets are I-magnets of substantially equal lengths and substantially equal widths
and having poles at opposite ends, wherein the I-magnets form confronting surfaces
substantially parallel to each other to form the longitudinal space and wherein the
line in the longitudinal space is substantially parallel to both confronting surfaces
and extends the length of the magnets at a location midway between the confronting
surfaces and midway across the widths of the magnets.

7. The displacement sensor of claim 1, wherein each of the flux-shaping
pole pieces has a pentagon s&pe in a plane of a primary flux pattern across the
longitudinal space, the pentagon shape forming a narrow face confronting the
longitudinal space between the first and second magnets and parallel to the line in
the longitudinal space.



| ocat ed between magnets 52 and 54 appended with flux shaping pole pieces
70, and 15w0@/% 7 illustrates the magnetic flux lines 110 between magnets
52 and 54. 9897%r ef erabl y. _nmagnets 52 and 54 are of equalPGRAGIEHFE8
strength, so that line 81 is centered between and parallel to

surfaces 57 of magnets 52 and“w",umpﬂl&m orthogonal to line 81
in a direction along the w dt '*' | lﬂ"’ and |ine 83

intersects line 81 at nidpoint 112 cent®er&d between the pol e pi eces and
centered 20 bet ween the edges of magnets-53 and 54 al ong the wi dth of

surfaces 57 (FIGS. 5 and 7). At point 112, the magnetic flux density
is at a null (zero). The sensor is 12cal i brated by placing sensor 80 at
the m dpoint 112 where magnetic field strength is zero and

calibrating t8ie sensor .The displacement sensor of claim A wigeih thgnartsti e is inwe 81
bet ween t he gnets, the flux depnsity 25 increases uniformy fromthe
m dpoi nt of tHHEneRAT Foythﬁmlhﬁiér pEiye magngt. maxi mum f |l ux density
directly between pole faces 71. Because the poles are oppositely
oriented, the flux directions are opposite at the regions along line 81 on
each side of 9he m dpoiThe disjdaement fensdd ofcladars; whereimeachsofathopoles hase 81

froma 99/ 08073 . .

PCT/ US98/ 162 #pole face substantially perpendicular to the length of the respective magnet, andg
each of the flux-shaping pole pieces is a metal pole piece having a second face
appended to a respective pole face, the second face being perpendicular to the
narrow face, and the pole piece being oriented on the respective pole so that the

narrow face is parallel to the length of the magnet.

10. The displacement sensor of claim 9, wherein the narrow face of each
flux-shaping pole piece is wider across the primary flux pattern than along the line
in the longitudinal space.

11 The displacement sensor of claim 7, wherein the narrow face of each
flux-shaping pole piece is wider across the primary flux pattern than along the line
in the Jongitudinal space.

12. The displacement sensor of claim 7, wherein each of the flux-shaping
pole pieces is a metal pole piece appended to a respective pole of the first and

second magnets,

13. The displacement sensor of claim 12, wherein the narrow face of
each flux-shaping pole piece is wider across the primary flux pattern than along the
length of the line in the longitudinal space.



maxi mum i n one direction between one set of pole faces, through zero at

m dpoi nt wo 99080732 (0 @ maxi mumin the opposite direction goghgsrekie
ot her set ofo p(/)qse faces. . magnetic field sensor 80 Is

ori ented m dway between nagnets \ﬂl‘““(m\ line 81 so that as the
magnet assenbly reciprocates in ﬂ \ﬂ“ Akl arrow 38 5 (FIG 2)
parallel to line 81, sensor 80 cresses % h& ffux pattern between the

sl i de- by magnet s and produces a voltage proportional to the relative
posi tion of magnetic field sensor 80 in relation to magnet assenbly
10. By sculpting the fringing flux, pol e pieces 70 linearize the flux
nmeasurenents over the length of the maddets. Thus, pole pieces 70
dramatically increase the useful range and accuracy .of the 10 vol t age

readi ngs prolthiced by n’ﬁ@géisplgwmmt@exggﬁgg,claim.?, wherein one of the first and

Bref er pad ontsoananpents A N S ahd JEve SNl i e/ B R6Eisp
changes By and secohi€ efenibats i o Gatiorang hd@ﬁ}%@h&t&ﬁ}oﬂh displadeneny séusom t he

spirit and scope of the i nventi on. WO 99/ 08073
PCT/ US98/ 162@®ses linear displacement between the valve stem and the stationary housing.

15. The displacement sensor of claim 1, wherein one of the first and
second elements is a valve actuator and valve stem housing and the other of the first
and second elements is a stationary housing, whereby the displacement sensor

senses linear displacement between the valve stem and the stationary housing.

16. A flux-shaping pole piece for a pole of a first magnet of a magnetic
displacement sensor displacement sensor for sensing relative displacement between
first and second elements, wherein the first magnet is to be arranged with a second
magnet so that a north pole of the first magnet confronts a south pole of the second
magnet and a south pole of the first magnet confronts a north pole of the second
magnet to form a longitudinal space between the first and second magnets, the pole
piece comprising:

a magnetic material having an attachment surface arranged to
attach to the pole of the first magnet, and a configuration so
disposed and arranged so that when a pole piece is attached
to the poles of the first and second magnets each of the pole
pieces sculpt fringing magnetic flux in the longitudinal space
so that magnetic flux density in the longitudinal space varies
substantially linearly along a line in the longitudinal space
between the confronting poles of the first and second

magnets.



10 VWHAT IS CLAI MED | S: 1. A di spl acenent sensor for
sensi ng rel»@})iﬁ/‘oﬁso% spl acenent between first and second el enents

conpri si ng: Wavi ng PCT/US98/16238

a magnet assenbly housing for rmur'lt.i ng Lrst -

mgnet asserbl y fl!ﬂlgﬁﬂllli[mi/ﬁmj‘,ﬂoﬂi?RSt S0 that & north
L n s .

pol e of the first nagnet confronts a south
pol e of the second magnet and a _ sout h pol e
of the first magnet confronts a north pole

of the second nagnet, wherein the nmagnety,assenbly

housi ng supports the first and second nagnets to

forma |ongitudinal spa \ween first . .
second magnets;” and %ﬁehﬁk\gﬁa%mé&ﬁeplecgOf%{ég?llgx?’gﬁrgﬁ’itﬁﬁ%'@a%’%ce on
each of the ngeie pieadiid asMutatipole piece for appending to a pole of the first-nam@ hfdgn&! t he

first and second nagnets, the fl ux- shapi ng
pol e pi eces having configurations to scul pt

fringing magngiic flux i he 1 ongit udi nal ce,.50 . .

that magneti cfél ux den.sj'lrﬁflhf“ﬁ'sm& Bﬁ@ipﬁfﬁioﬁgﬁl‘g&z{:‘ghﬂm the pole piece is
varies subst agdsighbd Yo bé REd id dondcdRithahé MaBnétpold By a magnetic force exhibited -
| ongi tudi nal space extending substantially parallel to

t he | engt h ofbyfirst-named magnadi t he nmgnets and between

the confronting poles of the first and second; and a
magnetic field sensor assenbly having a sensor
housing for npaunting t oThd p6le PRRB of clafifl 18 having aﬁentagon shape in a
magnetic flux sensor. nounted to the sensor housing on the -

line in the |dnkine@fipaimans fux pattern aewss theclongihugdinal gppee arranged to form a
narrow face confronting the longitudinal space between the first-named and other
magnets and parallel to the line in the longitudinal space when the pole piece is
attached to the magnet pole.

20. The flux-shaping pole piece of claim 19, wherein the narrow face is
arranged parallel to the length of the magnet when the pole piece is attached to the
magnet pole.

21. The flux-shaping pole piece of claim 20, wherein the attachment
surface is perpendicular to the narrow face, the attachment surface orienting the

pole piece on the pole so that the narrow face is parallel to the length of the magnet.

22, The flux-shaping pole piece of claim 19, wherein the narrow face of
the flux-shaping pole piece is wider across the primary flux pattern than along the
length of the line in the longitudinal space when the pole piece is attached to the
magnet pole,



second magnets. WO 99/ 08073

PCT/ US98/ 162G 89/08073 08/16938

The di.spl acenent sensor of claiml, wherein the first and secon

are pernmanent nagnets. 3. The di spl acenent sensor of claim’
1, wherein each ofthe fl ux-shaping pol e pieces is a netal pole piece
appended to a respective pole of the first and second nagnets. 4.

The di spl acenent sensor of claim 3 wherein the pole pieces are attached
to the respective pole by a magnetic forgggexhibited by the respective
magnet .
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5. The di spl acenent sensor of claim11, wherein each of the

f 1 ux-shapi e piece is integral to the respective fir nd
magnet . Qﬂ%?wﬁﬁ%s The di spl acenent sensor of clain11fn&ﬁ%?§%ﬁ8the
first-and second magnets are |-magnets of substantially equal |engths and
substantially equal w dths and havi ng poles at opposite ends, wherein the
| -magnets form confronting.surfaces substantially parallel to each other
to formthe | ongitudi nal space and wherein the line in the |ongitudinal
space is substantially parallel to both ctgfronting surfaces and extends
the length of the magnets at a |l ocation m dway between the confronting
surfaces and m dway across the w dths of the magnets. 7. The
di spl acenent sensor of claim1l, wherein each ofthe fl ux-shaping pol e

pi eces has a pentagon shape in a plane of a primary flux pattern across the
| ongi tudi nal space, the pentagon shape form ng a narrow face confronting

t he | ongi tudi nal space between the first and second nagnets and parall el
to the line in RE_1 ORG, pRce.  ==~\\D 99/ 08073
PCT/ US9/ 16238 =
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12 8. The di spl acenent sensor of claim?7, wherein the
narr ow f aceyg sdsiraa pl ane parallel to the length of the peSARREMs8s
9.

magnet . The di spl acenent sensor of claim8, wherein
each of the poles has a pole face substantially perpendicular to the -

| ength of the respective magnet, and each of the flux-shaping pole
pieces is a netal pole piece having a second face appended to a
respective pole face, the second face being perpendicular to the narr ow
face, and the pol e piece being oriente® 6rbthe respective pole so that the
narrow face is parallel to the length of the magnet. 10. The

di spl acenent sensor of claim9, wherein the narrow face of each
fl ux-shaping pole piece is wider across the primary flux pattern than al ong

the Iine in the | ongitudi nal space. 11. The di spl acenent
sensor of claim7, wherein the narrow face of each f | ux- shapi ng pol e
piece is wder across the primary flux pattern than along the |line I n
t he | ongi tudi nal space. 12. The di spl acenent sensor of claim
7, wherein each of the flux-shaping heces is a netal pole piece
appended to- a respective pole of the second magnets.
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13. The di spl acenent sensor of claim 12, wherein the narrow face
of eaclyd basygesapi ng pol e piece is wider across the pri wgglsﬂgr,@attern

t han al ong the |l ength ofthe Iine in the |ongitudinal space.

99/ 08073

PCT/ US98/ 16238 13 14.
The di spl acenent sensor of claim7, wherein one of the first and second
elenents is a valve actuator and val v /sgem housing and the other of the
first and second elenents is a statlonary housi ng, whereby the

di spl acenent sensor senses |linear displacenent between the valve stem
and the stationary housing. 15. The di spl acenent sensor of
claim1l1l, wherein one of the first and second el enents is a valve
actuator and val ve stem housing and the other of the first and second

el enents is a stationary housing, whereby the displacenent sensor

—/02
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senses |inear displacenent between the valve stemand the stationary

housi ng. Wwo 99/4873 A flux-shaping pol e piece for ®qEUSIO623® fir st
magnet of a magnetic di spl acenent sensor displacement sensor for sensing
rel ative di spl acement between first and second el enents, wherein the"
first magnet is to be arranged wth a second magnet so that a north pole
of the first magnet confronts a south pole of the second magnet and a
south pole of the first magnet confronts a north pole of the second

magnet to forma |ongitudinal space bebueén the first and second nagnets,

t he pol e pi ece conpri sing: a magnetic material having
an attachnent surface arranged to attach to the
pole of the first nagnet, and a configuration so

di sposed and arrange that when a pole piece is attached

to the poles ofthe first second magnets each of the pole

pi eces scul pt fringing magnetic flux in the |ongitudinal space

so that magnetic flux density ji#a=t+Re—prQi tudi nal space varies
substantially linearly al ong [ f e | ongi tudi nal space

bet ween the confronting poleé and second

magnet s.
PCT/ US98/ 16238
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14 17. The fl ux-shaping pol e piece of claim16, wherein the

fl ux-shapip‘jag9 ole piece is a metal pole piece for appendi-paishghéspol e of
the fi rst-nar?{eogeﬁagnet 18. The fl ux-shapi ng poﬁje pl ece of
clai-m-17, wherein the pole piece is designed to be held in contact w-th
t he magnet pole by a nagnetic force exhibited by first-nanmed nmagnet.
19. The fl ux-shapi ng pol e piece of claim18 having a pentagon
shape in a plane of primary flux pattern across the |ongitudinal space
arranged to forma narrow face conérpgti ng the | ongitudinal space
between the first-naned and ot her magnets and parallel to the line in
the | ongi tudi nal space when the pole piece is attached to the nagnet
pol e. 20. The fl ux-shaping pol e piece of claim19, wherein
the narrow face is arranged parallel to the Iength of the magnet when
the pole piece is attached to t —= 21. The
fl ux- shapi ng pol e piece of ' m 20, ereivp t attachnent surface is
per pendi cul ar to t he /6 ] f}ace,: Jhejartachyrent swface orienting the
pol e piece on the pole Fred {he na r‘muﬂ’\@c‘e i 72) to the length of
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22. £ & The fI ux-shaping pole piece of claim19, whereingtl
face of the flux-shaping pole piece is wider across the prEiinR)

fl i
pattern than t he L ' ngi t udiGRYEEE pacgmis’elg
the pole pi ecg ' attached&%g%ﬁg%gﬁun%%%‘{&é%aw
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A displacement sensor includes a
magnet assembly having a housing for
mounting to one of first and second rel-
atively moveable elements, First and
second magnets are mounted to the
magnet assembly housing so that the
north pole of one magnet confronts the
south pole of the other magnet, and
vice versa. The first and second mag-
nets form a longitudinal space between
them. A flux-shaping pole piece on
each of the poles have configurations
to sculpt fringing magnetic flux in the
longitudinal space so that magnetic flux
density in the longitudinal space varies
substantially linearly along a line in
the longitudinal space between the con-
fronting poles of the magnets, A mag-
netic field sensor assembly has a hous-
ing for mounting to the other of the
first and second elements. A magnetic
flux sensor is mounted to the sensor
housing on the line in the longitudi-
nal space between the first and second
magnets., In one embodiment, each of
the flux—shaping pole pieces has a pent-
agon shape in a plane of primary flux
pattern, forming a narrow face con-
fronting the longitudinal space between
the first and second magnets. The nar-
row face of each flux—shaping pole piece is wider across the primary flux pattern than along the length of the line in the longitudinal space.

e 2R3 P56




