WD 01/ 46651 PCT/ US00/ 41970 1 FLUX SHAPI NG POLE PI ECES FOR A MAGNETI C
DI SPLACEMENT SENSOR CROSS- REFERENCE TO RELATED APPLI CATION(S) This

appl i cat iwamos/ss684 continuation-in-part of Application No. perR%0§9G70 73
filed August 6, 1997 for "Flux Shaping Pole Pieces for a Magnetic

D spl acement Sensor" by John P. Dilger and Nile K Dielschneider and
assigned to the sane assignee as the present application. BACKGROUND OF
THE | NVENTI ON The present invention is a nagnetic displacenent sensor
having a 10 nmagnetic circuit reluctance that is constant with

di spl acenent. More specifically, the present invention is a magnetic

di spl acenent sensor having i nproved flux jshaping pole pieces for inproved
performance. Typically, magnetic di splacenment sensors include a flux

generator that provigasug SIPAPINGIPORE'EE(ESs FRRvaivadNrrIend a pi ckup
device that neasures 15 flux. Typically, the flux generator is nounted to

one el enent and the pickup devi DESPAGEMERT SENSOR her el enent so that the

magnetic flux density | ' ' t he

di spl acenent between tﬁ85§mw%%mfﬁﬁ%&;£m8&éﬁﬂors typically
measure |inear or rotatiqpal 1plliRRl&S G5B loffifhatibhGYIipde &N AQiHliBation No.
proportional to absolute linear or rotary position displacéiment of 20 the

el enents. 3vagned/Dec,av3 filatAngust 65&9¥bie ik Shapling Pelettieses dbeetMagneginet s
o DeT e TRANCL e 2% SaS0uca Bl ATBRRE! Lo KU puRLGIR CRYLSEL 0 @
magnetic fl uxealdsgdat 8&ighet BaNESReseht dppficamaet i c fiel d produced by the
magnets. Magnetic dlsplacenﬁgajéggiﬁainﬁsgT%ggggeéﬁn%gﬁd i n cooperation
The present invention is a magnetic displacement sensor having a
10  magnetic circuit reluctance that is constant with displacement. More specifically,
the present invention is a magnetic displacement sensor having improved flux
shaping pole pieces for improved performance.
Typicaﬁy, magnetic displacement sensors include a flux generator
that provides a constant source of magnetic flux and a pickup device that measures
15 flux. Typically, the flux génerator 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
20 the elements. 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
25  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, Wolfet al. 5,497,081, and Riggs et al. U.S. Patent No. 5,359,283.



25 with mcroprocessors in renote control systenms wth field devices. For
exanpl e, magnetic displacenent sensors can be used to nonitor valve

posi ti onWEAB4esles of prior art magnetic di spl acenent semrswrEso@s®7é ound in
Prinz et al. US. Patent No. 4,532,810, WIf et al. 5,497,081, and Ri ggs
et al. U S Patent No. 5,359,288. WO 01/46651 PCT/US00/ 41970 2 The useful
range of prior art magnetic displacenent sensors is limted by the
magnets' fringing flux. When two permanent magnets are adjacently aligned,
t he nechani cal characteristic of each magnet and its proximty to the other
magnet pole face dictate the distribution of magnetic flux from pole face
to opposite 5 pole face. The fringing fl u? appears between the nagnetic

pol es of the two-magnet assenbly. Were single magnet is used as the

flux generator, fringing.fl ux xt ends .bet ween the opposite poles of .the
magnet are is concentr at eqﬂﬁef@ TBPgs &f PrioT ARy magRetic @Fpﬁﬁﬂ%é SFBIHRES In

both cases fripgiifedy 'tﬁ@‘rﬁ! ' %I%F}% @519 engih afEBaQiﬂa‘”c' are
non- | i near. Thgir}he ore, t egdr?a'tsgnet |é|r]%’h§£§xéé(): ed Dilntﬁ]agh%g mag etE]i(i
di spl acenent sehged, themhehanit«) Rhirhdi€asticyo N\shéHmdirfep bty mokimithiothe other

linearity results in inaccurate and erroneous sensor readi ng‘;, limting the
useful range BWEnEPPifersEpatshedistibytien ptmagnest Suwe frampoleifsd sOPPPRE t wo

The magnet SasstRb T S BESEER D hens tobi R pE teteo POl S hhiE sv bk
15 the magnet aGSRBB).Y WRerd TRNEIRGnet i9ViQRICad ihRERIx BQRtdtd0 FrihSinB i

nmoni tored, and to nount the senSor to stationary housing for connection to
control circui txtynds Hetwednshe opposigpqies of thetagest atkisicngreotrated gluteclose to

posi ti oni ng operati . 1.he magney assenbly. mght rotate tp a position
where the mag n%‘fcﬁ&arﬁri 'Y m?ﬂ’gt' n%d’r‘?éti C2568 éﬁ’&ﬁu&g HBX VIAYQEF a@a&grtg% felny“th
operates the SgABQrmaglt(s) are non-linear. Therefore, the magnetic field detected by the

10 magnetic displacement sensor varies. non-linearly with displacement. This non-

linearity results in inaccurate and erroneous sensor readings, limiting the useful
range and effectiveness of magnetic displacement sensors.
The two magnet assembly is also susceptible to errors due to relative
rotation of the magnet assembly and the sensor. It is typical, for example, to mount
15 the magnet assembly to a moving part whose lineal position is being monitored, and
to mount the sensor to stationary housing for connection to control circuitry. . If the
‘moving part rotates during control or positioning operations, the magnet assembly
might rotate to a position where the magnetic field of the magnet assembly no
longer correctly operates the sensor.
20
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.
One form of the invention is a displacement sensor that senses
25  relative displacement between first and second elements. A magnet assembly is
mounted to the first element and defines a longitudinal space having an axis along
its length. The magnet assembly includes at least one magnet having a north pole

and a south pole that supply fringing magnetic flux in the longitudinal space and a



BRI EF SUMVARY OF THE | NVENTI ON The present invention is directed to

fl ux-shaping pole pieces for the nmagnet pole faces of a nmagnetic

di spl acea0l/4hkor. One formof the invention is a displ RAESN/4EEMSOr
that senses 25 relative displacenent between first and second el enents. A
magnet assenbly is nounted to the first el enent and defines a | ongitudinal
space having an axis along its length. The magnet assenbly includes at

| east one magnet having a north pole and a south pole that supply flinging
magnetic flux in the |ongitudinal space and a WO 01/ 46651 PCTI USOQ 41970 3
fl ux- shapi ng pol e piece on each of the north and south poles. The

fl ux-shaping pole pieces have configurations to sculpt fringing nagnetic
flux in the longitudinal space so that négnetic flux density in the

| ongi tudi nal space vanes substantially linearly along_the, axis of

t he
space. A magneflicc-shipimgipalepisos omeash abihg nesd aadé@ﬁléé‘?leﬁéﬂﬁ%‘g’a?@lgpﬁgeunti ng
to the second el enent and. a nmagneti c UX .Sensor. .. r
housi ng on theplé‘k?rgg"aﬁ? C?’%@WE‘? Péﬁ?mgm ?gqeﬁggﬂg;ngtﬂ%?oﬁlgﬁgh %g?%%g?@t he

i nvention each oO{hag g?ggéngﬁ&fa@ggi&gnﬁ@ ﬁnghﬁﬁﬁﬁ Pace rieepitgaNiaihdipeariyn a

pl ane of a prinar ux pattern”in the Fongitudi nal space, the gent,agon

shape forning glohg tifetaxis eftke spané.r Amdgngtit Feldlsomgr esseinhiylhag paersopap®ii&el to
the axis of the |ongitudinal space. 10 In one enbodinent of theteidqggﬁgi on,
the magnet5is foroppuming toathe spepjdlcTaeRt e PERRAUCUGPNIPSYHREE™ TS "ad] acent

to and extends_al ong?lﬁ%hgg :ogglget %igéggﬁqﬂlgﬂ&hqgrs?g&l_ 1BgReterrelifothiof theor m of

t he inventi on, STA8° tx- shapfng ‘pole piece is

cylindrical, aﬂﬁeﬁﬁ'@n BRIhes h& Atk -Sapdtid ﬁ@lﬁeqﬁlecw hahapertigoncpbpaidrd plane f r st
face is parallel to and coaxial with the cylindrical nagnet. Prefer{i\rbly,
the pole 15 pi epemtaasfax patem i the ngithdinak®aes thearentagn' S3pei FREPIEA 105 ace

and the second face and -SOnnIRldn9side phiie bWl & ofthiffgitudinal space.

10 In one embodiment of the invention, the magnet is a cylindrical

magnet and the longitudinal space is adjacent to and extends along the length of the
cylindrical magnet. In this form of the invention, the first face of each flux-shaping
pole piece is cylindrical, and the pole piece is oriented so that the cylindrical first
face is parallel to and coaxial with the cylindrical magnet. Preferably, the pole
15 piece has a frusto-conical face between the cylindrical face and the second face and
confronting the longitudinal space.
. In one use of the invention, one of the first and secoﬁd elements is
a valve actuator and valve stem housing and the other of the first and second
elements is a stationary housing so that the displacement sensor SCnses linear
20 displacement between the valve stem and the stationary housing.

Another form of the invention is a flux-shaping pole piece for a pole
of a magnet of a magnetic displacement sensor for sensing relative displacement
between first and second elements, wherein the magnet forms a longitudinal space
substantially parallel to a length of the magnet. The pole piece comprises a

25  magnetic material having an attachment surface for attachment to the pole of the
magnet. The pole piece is configured so that when the pole piece is attached to the

poles of the magnet, each of the pole pieces sculpt fringing magnetic flux in the



In one use of the invention, one of the first and second elenents is a

val ve actuator and val ve stem housing and the other of the first and second
el enent s WO oav4eisat i onary housi ng so that the di spl acenent memnssuv/4senses

| inear 20 displacenent between the valve stem and the stationary housi ng.
Anot her formof the invention is a flux-shaping pole piece for a pole of a
magnet of a magnetic di splacenent sensor for sensing rel ative displacenent
between first and second el enents, wherein the nmagnet fornms a | ongitudi nal
space substantially parallel to a length of the nagnet. The pol e piece
conprises a 25 magnetic material having an attachnment surface for
attachnent to the pole of the nagnet. The pole piece is configured so that
when the pole piece is attached to the pdes of the magnet, each of the
pol e pieces scul pt fringing magnetic flux in the WD 01/46651 PCT/ USO0/ 41970
4 1 ongi t udi nal |gpaesinabspdeatso neymetgnetié flux dyesisi nythe dongudingh §pacs iEnss
space varies substantially linearly alo he.axi s of the |ongitudinal
space. In a prsﬂ@taréxallvémp@rbfalwﬁ%leéﬁﬁd&ﬂ%% nZRAnAESPAYfyent i on, the nmagnet

is a cylindrical magnet ﬁ?\éﬁgﬂ?&ﬁg{%%ﬂ%g%wmﬂ{@f@é R¢entAsS tife MeHeaION

shape in 5 a plane of p rn-across the longitudinal space,

the pol e pi ece;has,imdfyhli REreERdvitPaLaaoNndanE bolg pidve hhomgentagomstiaps pace
and coaxial to the axis of the nagnet when the pol e piece i attaﬁhed to

t he magnet 5pol e pldreadfemmpry fluk pettéthiagross Maplongitpsnd spicsc e RALE Btfes 1gs 2
frusto-conical face.confronting.th ongi t.udi nal s . th
cylindrical fag¥inggiFal e&P{‘%@%}F@ﬁge i‘lﬂ %‘gglall Wcﬁaggﬁgﬁéﬁé%ﬁ%:%\l o THE
DRAWNGS FIG 1 | fid ViBcdisaaSedtoRORRERS piis Thefueabin] the dhsor
with flux s'ha%far%egvgﬁgﬁg#?%esﬁa%cgr ding -to onetg‘érrbﬁgdi ment of the present
i nvention. shaping pole piece includes a frusto-conical face confronting the longitudinal space
between the cylindrical face and the attachment surface.
10 o
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a perspective view of a magnetic displacement sensor with

flux shaping pole pieces according to one embodiment of the present invention.

FIG. 2 is an enlarged perspective view, with portions removed for

15 sake of clarity, of the magnetié displacement sensor shown in FIG. 1.

FIG. 3 is a perspective view of a 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.
20 FIG. 5 is an exploded view of the magnet block assembly shown in

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

clarity, of the magnets of the magnet block assembly of FIGS. 3-5 illustrating a

magnetic field sensor between the magnets.

25 FIG. 7 is a diagram illustrating the magnet block assembly shown

in FIGS. 3-5 and the associated flux pattern.



FIG 2 is an enlarged perspective view, with portions renoved for 15 sake

of clarit% of the magnetic displacenent sensor showmn in FIG 1. FIG 3 is
a perspect PY¥4E85Lw of a magnet bl ock assenbly and a nmagndiGUSI4IY0sensor

assenbly of the magnetic displacenent sensor taken generally in the
direction of arrow3 in FIG 2. FIG 4 is a top view of the assenblies
shown in FIG 3. 20 FIG 5 is an exploded view of the magnet bl ock assenbly
shown in FIGS. 3 and 4. FIG 6 is perspective view, with portions not
shown for sake of clarity, of the magnets of the magnet bl ock assenbly of
FIGS. 3-5 illustrating a mnmagnetic field sensor between the magnets. 25
FIG 7 is a diagramillustrating the magne{ bl ock assenbly shown in FIGS
3-5 and the associated flux pattern. WO 01/46651 PCTI USOCQO 41970 5 FIG 8

IS a perspective view, paﬁg'%riifc‘ecF%e WA ﬁggég?%l?ﬁ}éicg{}gé %r&s__sggtg&grofgl ock

assenbly according to a pretre odi nent t invention,

i |lustrating appgrRetbisck hab@dbEea&Rfdihg tbea Préfefted @nitbdimagnef theapmserd| v.
FIG 9 is a diagramillustrating the nmagnet assenbly shown in FIG 5 8 and
t he associ at ed ifivantiopailuetratingENArieED fokbemIsPTNOR20Pn 13-fhe prREgERpgSEIbLY.

EMBODI MENTS FIG 1 is a pective view of a magnetic di.spl ensor
with flux shaping pole pﬁlgtgés?bﬁa%%%%tén%h?ﬁﬂ??iaf%@b%}goﬁlineg n%IGgf t he
present 10 inv%r];]f:'_jqﬂ FRONEL J5efl] SPI acenent sensor conprises a novabl e
magnet assserrbly 0 ?g}{ég%@lan grﬂeaaffglr' detail in FIGS. 2-5) and a nagnetic

field sensor assenbly 20. Magnetic field sensor assenbly 20 is nounted to

a stationary DETAILED DESCRIPTION QF THE PREFERRED EMBODIMENTS

FIG. 1 is a perspective view of a magnetic displacement sensor with
flux shaping pole pieces in accordance with a first embodiment of the present
10 invention. The magnetic displacement sensor comprises a movable 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
15 of valve stem 106 in the direction of arrow 38. Stem connector 102 is connected
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.
20 As shown particularly in FIGS. 2-5, magnet assembly 10 comprises
a housing 50 supporting permanent bar magnets 52 and 54 in cavities 64 and 66.
As shown particularly in FIG. 5, magnets 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
25 other magnet, such as magnet 54, is oriented opposite to magnet 52 with its north
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 confronting surfaces 57 are parallel

to each other and to longitudinal line 81 in the longitudinal space between the



i nstrunment housing 30 and a stationary actuator yoke 32 by nounting arm 34.
As shown in FIG 2, magnet assenbly 10 is arranged for |inear or

reci procaVob¥e@atnt 15 of valve stem 106 in the direction RET/E8006MH788. St em
connector 102 is connected between actuator stem and 104 and val ve stem
106. Actuator stem 104 transmts |inear novenent of a valve actuator, such
as a pressure-responsi ve di aphragm (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 val ve under control. 20 As shown particularly in

FI GS. 2-5, magnet assenbly 10 conprises a housing 50 supporting pernmanent
bar magnets 52 and 54 in cavities 64 and 66. As shown particularly in FIG
5, magnets 52 and 54 are arranged so that “one of the nagnets, such as

magnetic 52, has its north pole 56 orientated towards the top of _haousing
50 and its soumegpeiie ABhGISRESAEY L rg‘{ﬂ?étffom?]%’m%?’gnﬁ Bf RG20"The 25

ot her magnet, such as ' | i e daSiIVBRBRIorRd Mtd h its
north pole 62 TRy r%g%gemtgé%%assé}%%?%g%g% €|p§t?§é1£outh };I)ol eﬁ%(r) at the top
of housing 50. hHeUSIr i d e P hb R Srd R 8dRirste P3wanshurde. Magieas S2and Sdntd ng

surfaces 57 are parallel to each other and to | ongitudi nal Iin(g 1 in the

| ongi t udi nal speferabiytAdeion ¥ eghls. 0t MiBldB1appeTiaystheumagests §2 ARG ARELE 2
Al t hough magnets 52 and 54 gﬁ)}/ be el ectromagnets or permanent nagnets, a
per manent AagnePnstaEt FHaAgNEus BYX fAEShse it can be easily incorporated into

the sensor and does not r&fulidyh parfERAIFNR FIOVS! o PAKIEDindpoepicd20and 54
are preferably Alnico V magnets. It will be appreciated that nmagnets 52

and 54 are a Bppaisd antachmgipelss S6f 581605 and 62 of Amgattodh apddti cRAIAPISES n
FIG 5, a flux shaping pole piece 70 js appended {o eac f | %—Sroﬁg’d 58,
60, and 62 of mOgHYDS comPasrd of 20y ptaRlespagngac m?f?“ﬁfaﬂf %m&gggo%f any
suitable npagnetsée%l.nﬁét?a%?{he p%ﬁ'@&e@e% ﬂ%eﬁ&lﬂé ﬁﬂ%&@ force exhibited about
10  magnets 52 and 54 holds pole pieces 70 in contact with the magnet poles, and
epoxies, adhesives, or similar substances are not required. Alternatively, an
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
15 iﬁtegral 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
20  performance. Typically, magnets display fringing flux at the poles, resulting in
non-linear 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
25  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 2ach other. The narrow surface 71



steel . Because the pole pieces are nmagnetic, the magnetic force exhibited
about 10 na%nets 52 and 54 hol ds pole pieces 70 in contact with the magnet
pol es, antPlEp¥Rl es, adhesives, or sinilar substances are BSI{USO¥GIN? ed.
Alternatively, an adhesive nay be enployed to attach pole pieces 70 to the
respective magnetic pole. In an alternative enbodi nent of the present

i nvention, flux shaping pole pieces 70 are not separate conponents from
magnets 52 and 54, but are an 15 integral part of the nagnets thensel ves.
Thus, magnets 52 and 54 'can be cast with pole pieces 70 integrated as part
of the magnets. In such an enbodi nent, each nagnet (with pole pieces) is

t he singular conponent that is placed in vities 64 and 66 of housing 50.
Pol e pieces 70 provide optiml nagnetic di'spl acenent sensor 20

per formance. Typically, nets display . fringing flux at th

resulting in Hgﬂlelﬂeﬂ gpn ‘%ﬁ? a\Péﬁo?i{)‘liaB%Ehaf Wagﬁgﬁ%&wgérﬁﬁ’ g%sgﬂ %ﬁﬁglr%neous
magneti c di spl S 1C B iRCES in/PIG Ssuthah 'in ttie
magneti c fl ux @gﬁgfaovll—nd {e% @Fﬁggg%ﬁg’ga?ﬁ%l Ux densilqt y. B?Jscul ting the
fringi ng flux, dpetttorphleagshe Ergthefimazgeets i afd Tk Mearsrasnanady,ovenayhe :

| ength of the magnets, thereby dramatically increasi ng@ 25 t useful range
of the magnet secupriimentaingefermiiacd tha the BARIAZONSBIIRS Pf PR R hRHTEER arl y

in FIGS. 5_and..7, pol i eces 70 e wliewedotn the
pl ane of tAfe pPP?ﬁirpﬁrfs CBSY?&%@Mﬁ@QE%%%EP@%"%m rs %;‘[?‘ paral | el
surfaces nor makedsgr ePsiAL d¥he pebifol PolcoMesddTDaCKaséd oW\ BeGipaahian distance

PCT/ US00/ 41970 7 of the pentagon fornms a narrow face that is significantly

wi der across t between meagyets 52 ard pasthetength of demrgnplgpend Be CRAsE&SEFIAA| ong
o> N o paf e ThES E b St DA el
pent agon shapep%fce Bgﬁtﬁg@& gges 70 optim zes
| 10 It is important to the present invention that face 71 of the respective
pentagon pole pieces 70 be parallel to surface 57 of the respective bar magnet 52
and 54. If a face 53 of a pole of magnet is not perpendicular to the surface 57 of the
respective magnet, it may be necessary to insert a magnetic shim or other spacer (or
even an adhesive) between face 53 of the magnet and face 35 of the respective pole
15 piece 70 to be certain that face 71 is parallel to surface 57 of the magnet. Hence,
if the pole face 53 is micked or otherwise damaged to provide 2 face not
perpendicular to the length of the magnet, rgpa.ir by shims may render the magnet

usable.

As illustrated particularly in FIGS. 3 and 4, magnetic field sensor

20  assembly 20 includes a ceramic cylinder 82 which extends between magnets 52 and
54 in housing 50. Cylinder 82 contains a magnetic field sensor 80, suqh 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 85, keyed to precisely position sensor 80 within cylinder 82 to within 0.002

25 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



5 linear performance over the full length of the nmagnets of the magnetic

di spl acenent sensor. The size of the pentagon pole pieces 70 is based on
the separ%Pi%%6%! st ance between nmagnets 52 and 54, the | HgtHSYH1T e
magnets, and the cross-section area of the nmagnets. Thus, different magnet
sizes and spacing require different pole piece pentagon size. 10 It is

i nportant to the present invention that face 71 of the respective pentagon
pol e pieces 70 be parallel to surface 57 of the respective bar magnet 52
and 54. If a face 53 of a pole of nagnet is not perpendicular to the
surface 57 of the respective magnet, it may be necessary to insert a
magnetic shimor other spacer (or even angadhesive) between face 53 of the
magnet and face 55 of the respective pole 15 piece 70 to be certain that

face 7115 par gl elod ) SHAGAREARE o0l 34180 IRORG ad 96 arionk P00 iCE

53 i s nicked or érw’se damaged to provi ace not - perpendicular to
the I ength of t4we nmagnet, repair by shins may render the magnet wusable. As
illustrated particularly in FIGS, 3 and 4, magnetic field senso

or 2
assenbly 20 includes a cefashevein Flkyadr h@zingilof eaanenrseBwdis aﬁégﬁéts 52

and 54 in housi 0, | i.nde cont ains , ic fi ,
such as a Hall tog)??%a 9&58‘8%,0%?3&@%?% 93@8%“%&% tﬂcac??er?gggﬁgtg u%gg%%ﬁtﬁglo
bet ween magnet 52 @thd fob inYRUSREIS0. fA&iHoSARS BfacB J0Ss BBkHced told fien
cylinder 82 by ‘an acetal plastic ~bushing 85, "keyed to precisely position
sensor 80 wi t hidonayttontied thacduplasi 4 thieaded acBabstemcHeEso acplverriemn 184 ofrugs
into instrunment housing 30 (FIGS. ermts

for the wiring ‘f%}’e-eﬁé‘%‘i% BRSRE asyqn }%E fiﬁz)%i_ﬁadg‘?mgl‘l%teflﬁ?/@ﬁ:ﬁg_vﬁfs‘%grﬁ/&tﬁ%%ﬁogggo
2T\ 0h S Stk 5 BETSRE U obsbch el B ol
to WO 01/ 46651 2addrdSed prdsdinvéntion. As valve stem 106 moves in the direction of arrow
10 38, stem comnector 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
15  within 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 perspectﬁe view of magnetic field sensor 80
located between magnets 52 and 54 appended with flux shaping pole pieces 70, and
20  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 line 81 in a direction along the width of surfaces 57, and line 83
intersects line 81 at midpoint 112 centered berween the pole pieces and centered
25  between the edges of magnets 53 and 54 along thc;, 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 A

is zero and calibrating the sensor.



housi ng 30, and nmounting arm 34 nounts housing 30 to stationary actuator
yoke 32. As shown in FIG 2, housing 50 of nagnet assenbly 10 is attached
to brackeWO4$851 pin bolts 92, washers 94 and nuts 96) fastEHENOMH$Bugh
respective 5 slots 98 and 100 in housing 50. Additionally, bracket 90 is
connected to a stem connector 102 that couples a threaded actuator stem 104
to a valve stem 106 of a valve. Hence, magnet assenbly 10 is rigidly
nounted to the val ve stenfactuator assenbly of the valve whose position is
bei ng nonitored by the displacenent sensor of the present invention. As
val ve stem 106 noves in the direction of arrow 10 38, stem connector 102
and bracket 90 nove nmagnet assenbly 10 rel@ative to magnetic field sensor
assenbly 20. Magnetic field sensor 80 (FIG 6) renmmins stationary because

it is coupled to stationagypndqbidhfinal MR §2hedweed the iniddmeR! thelfusddagitpo.
Moverment of magnet assenbly I0 in the direction of arrow 38 causes a

rel ative di spl daeeeses uniformbnfrometheramidpbim sfahblasseznbdy tavggmdtthe pples! P 8ensor

80 15 - within magnetic field sensor assenbly 2% Tjt?ﬁs t he neﬁi c flux
density t hr oughinaigyrediug denghydsesiyobetaeey apPlcecs @egﬂfsﬁgtggré’ﬁ Sote

actuator 104 and v =] G iL1 i bgw of
magnetic field oggﬂs%er}?%%&?%g%eggg chlee?n m%rgsn&%gg@%{tg%@e ger%g&{gzaq g%%oléﬂnﬁgléb% th

flux shaping pQlagh RiRCEThd Chidgdigt. Bendd, Che Tluk ldetisty wiries aldng livegdiefiiom &1 ux
lines 110 between magnets 52 and 54. Preferably, magnets 52 and 54 are of

equal magnet i c rBaXENGL in,ons girettion Herwrengineisst ofqoln BeedFEREEr STBIPAFAI | el
(0, sur aces, o7 b (PARGLn a8 SI Sios 15 Ry LR g b B L1 2
at mdpoint 112 centelathbeliNeaRot §FisRRIAtRIkaRay Bad ceehlagnasd 52 and 64 veen
t he edges of magnets 53 and 54 along the width of surfaces 57 (FIGS. 5 and
7). At point 1llie 8he tmyaeticmignaxasendiy secipsocatesdn iy dirgctions)f armpve 38 ensor
'S 10 (FIG. 2) parallel to line 81, sensor 80 crosses the flux pattern between the slide-by

magnets and produces a voltage proportional té the relative position of magnetic

field sensor 80 in relation to magnet assembly 10. By scuipting the fringing flux,

pole pieces 70 linearize the flux measurements over the length of the magnets.

Thus, pole pieces 70 dramatically increase the useful range and accuracy of the

15 voltage readings produced by magnetic field sensor 80.

One difficulty with the magnet assembly of the embodiment of
FIGS. 3-7 arises where the displacement sensor is used in environments where
relative rotation of the parts.might occur about an axis parallel to line 81. More
particularly, if magnet assembly 10 moves in a direction parallel to line 83 (FIG.

20 5), which is tangent to an arc of rotation about an axis parallel to line 81, the
magnet assembly may move out of operative association to sensor 80 such that
sensor 80 is no longer in the linearly variable flux density pattern of the magnet
assembly. The magnet assembly of FIGS. 8 and 9 overcomes this difficulty by
providing an arrangement that is insensitive to relative rotation of the elements.

25 FIG. 8 illustrates a single bar magnet 120, preferably having a
cylindrical shape, having 2 north pole 122 and a south pole 124. Magnet 120 is

preferably a permanent magnet constructed of Alnico V magnetic material that

serves as a constant magnetic flux source for this embodiment of the magnetic



calibrated by placing sensor 80 at the mdpoint 112 where nagnetic field
strength 1is zero and calibrating the sensor. WO 01/46651 PCTI USOQ 41970 9
Al ong | onyOtowdéastl | i ne 81 between the nagnets, the flux derBUs/41970Cr eases
uniformy fromthe mdpoint of the assenbly toward the poles, to a
maxi mum "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 5 each side of the m dpoint. Hence, the flux density
varies along line 81 froma maximumin one direction between one set of
pol e faces, through zero at mdpoint 112, to a maxinmumin the opposite
direction between the other set of pole fagces. |In use, nmagnetic field
sensor 80 is oriented m dway between magnets 52 and 54 on |line 81 so that
as the magnet assenbly reciprocates in the direction of arrqm138,10:#£|6

2) parallel todisplasement sspsesoMagnetd2Bdseppered within anpnrargnehe hRrens |

slide-by nagnets .and _produces a vol e | £ 0 -rehagi
position of na@’a’é‘f}f _&S pfel gr Ys?ﬁéw&%%?nﬂﬁ‘éf@ﬁ tgir-l%tg%knﬁ%gn%?&éééel%%lﬂfylo. By
scul pting the f:éﬁwﬂﬁiéihﬂrﬂ:%%%wo-pﬁ’é@e%r R12285-8Bel¥ Rodsinparid #eethBEbY hotv-magnetic
measurenents over the length of the magnets. Thus, pole pieces 70
dramatical |y i niogei2®anhB0usether suitabipefastederaddke boysing 1 26hangs 528 and hfe

readi ngs produced by _nagnetic field sens 80. One diff.iculty. with the
magnet assénbl 9 §thef F?éte@%@&YPﬁﬁ?nWCtegl‘%lu%mWi??@ﬁhgi e £ ol

di spl acerment SEAIEL 158 TGy Lt BALHEADTRALS AW BpSosifehdl b Sol@IIOmal the

parts m ght oc€ur about an axis par More particularly, if
magnet assenbl gackinoludesa fate P34lirtaegéd ancapdifoat rell abuboprosite 88 fdt¢ faceL3Y) |
which is tangent to an _arc of rotation about an axis parallel to |i ne 81,

the rmmgnet as9EmsEyetia) (). dinie pigcesgar and Jét F4uehara FomPOses oS8 SUHPIg0

such that * sensor 8 bt QRS GToidl bBR ole ke Baelibty stitiahy ¥

10  cylindrical in shape having opposite parallel circular surfaces 136 and 140 and a
cylindrical surface 142 arranged to confront a longitudinal space containing the
sensor 150. A frusto-conical surface 144 forms a transition between surfaces 136
and 142 and also confronts the longitudinal space.

In a preferred embodiment of the invention, magnet 120 has a

15 diameter of about 0.375 inches and a lengthr of about 2.5 inches. The diameter of
circular faces 136 on pole pieces 132 and 134 is about 0.375 inches and cylindrical
surface 142 has a diameter of about 0.8125 inches and a length along axi§ 146 of
about 0.125 inches. Frusto-conical surface 144 is arranged at an angle of about 20°
to surface 136. Magnetic field sensor 150 is mounted to the valve housing or other

20  stationary object as previously described and is arranged to move along axis 152
parallel to axis 146 and passing through the sensor. For a sensor arrangement as
described, axis 152 is 0.625 inches from axis 146.

It is important to the present invention that cylindrical surface 142
is parallel to and coaxial with axis 146 and surface 148 of magnet 120. This

25 relationship is accomplished by the circular face 136 on the pole pieée confronting
the circular polé face 138 of the magnet and the coaxial relationship of surfaces 136
and 142. As a result of this condition, the magnetic field flux is symmetrically
configured about the axis 146 of the magnet. As shown in FIG. 9, the length of



assenbly. The nmagnet assenbly of FIGS. 8 and 9 overcones this difficulty by
provi ding an arrangenent that is insensitive to relative rotation of the

el ements.WRD1R6651 8 illustrates a single bar magnet 120, prpef/es@big7ohavi ng
a cylindrical shape, having a north pole 122 and a south pole 124. Magnet
120 is preferably a permanent nmagnet constructed of Al nico V magnetic
material that serves as a constant nagnetic flux source for this

enbodi ment of the magnetic WO 01/ 46651 PCT/ US00/ 41970 10 di spl acenent
sensor. Magnet 120 is supported within a non-nmagnetic housing 126 which is
preferably constructed of alum num or ceram c. Housing 126 may

conveniently be a two-piece or clamshell jhousing held together by
non-magnetic rings 128 and 130 or other suitable fastener. Like housing

126, rings 128111%@9?{1% th 2 u%E!‘c% afoﬁg %@ﬁn@‘é}ﬁdt{ﬁe CORBIIMELES 8F num

or ceram c. Fl ux api ng po pi ece 134 are thr eadagl y fastened

t o opposite engigfat 14Dasd figstd-2oniadurfeecivd sealpydedriaghgemngi@te e pattgad t o
confront and abut opposite end pole faces 138 of magnet 120 (FIG 9). Pole
pi eces 132 andun@wglmdme%trr@a@@h&%@dh@&than@@MM@ vaﬁ&@h@w}a a#@geqm%

such as GlOlOO ed S ref era en rj cal
in shape havi nb B%S‘ Ie é) %‘éﬁ’gﬁaep} IIg?g% és gdsce%’? aeﬁaolr é
cylindricak Sum@a@aswala%magﬁl@aﬂyoaw@g&feqsﬁq@ofwl S4B gakorS rmaealse the
containing the sensor 150. A frusto-conical surface 144 forns a transition

bet ween surf acesgd8® flardislvdfand abdgotheopénphstys of Hbe Ima@et,uﬂlﬁnwm@lpéce In
20" 8Ll emhod pent. oL Lfe LINerLLon. Jmghel, 120 09s.%yite, GUELss o
L LiceS A edeienalid p bbb e
al ong axi s l46mofemaiafisefisot250 alageasc 156.ust o- coni cal surface 144 is
arranged % an angle of %’%guéungensny increases uniformly along longitudinal line 152
parallel to the magnet from the midpoint 158 of the assembly toward the poles, to
a maximum flux density directly opposite pole faces 142. Because poles 122 and
124 are oppositely oriented, the flux directions through sensor 150 are in opposite
directions at the regions along line 152 on each side of the midpoint 158. Hence,
15 the flux density varies along line 152 from a maximum in one direction adjacent
apole face 142 adjacent one pole 122, through zero at midpoint 158, to a maximum
in the opposite direction adjacent the pole face 142 adjacent thg other pole 124.
At midpoint 158 centered between the pole pieces, the magnetic flux density is at
a null (zero). The sensor is calibrated by placing sensor 150 at the midpoint 158
20  where magnetic field strength is zero and calibrating the sensor.
In use, magnetic field sensor 150 reciprocates along line 152 and
crosses the linearly-varying flux pattern of magnet 120 to produce a voltage
proportional to the relative position of magnetic field sensor 150 in relation to
magnet assembly 120. By sculpting the fringing flux, pole pieces 132 and 134
25  linearize the flux over the length of the magnet. Thus, pole pieces 132 and 134

dramatically increase the useful range and accuracy of the voltage readings

produced by magnetic field sensor 150.



to surface 136. Magnetic field sensor 150 is nounted to the val ve housing
or other 20 stationary object as previously described and is arranged to
nove al oYjORXHe5152 parallel to axis 146 and passi ng thr ra@usoedigensor
For a sensor arrangenent as described, axis 152 is 0.625 inches from axis
146. It is inportant to the present invention that cylindrical surface 142
is parallel to and coaxial with axis 146 and surface 148 of magnet 120.
This 25 relationship is acconplished by the circular face 136 on the pole
pi ece confronting the circular pole face 138 of the magnet and the coaxi al
rel ati onship of surfaces 136 and 142. As a result of this condition, the
magnetic field flux is symmetrically confpgured about the axis 146 of the
magnet. As shown in FIG 9, the length of WD 01/46651 PCTI USOQO 41970 11
magnet 120 in a direction il i fd ([We®

cylindrical surface 142 %l#l rt%%r-%%éonﬁ?%a gg%rB ag%aldf%%glﬁl?]t fgre??ei ngi ng
magnetic flux paptefemed ¢rmbadimeisowok@iaskéidéd mpsatt iiZlGresapriathat tteangegnet i ¢
flux varies linearly along axis 152 parallel to axis.146. Therefore,
magneti c di spl aehsiradsdn sgm amigietdfegkou dsparing fgenide spirit pad seapejad he
linearly along.the.length of travel of the sensor. Because the magnetic
flux is unifor AABBEE the peri phery of the magnet, the sensor is
insensitive to relative rotation of the elenents about axis 146. Hence, the
sensor is insensitive to rotation of nagnet 120 about its axis 146 that
woul d cause rel ative novenent of sensor 150 along arc 156. 10 The fl ux
density increases uniformy along longitudinal line 152 parallel to the
magnet fromthe m dpoint 158 of the assenbly toward the poles, to a
maxi mum fl ux density directly opposite pole faces 142. Because poles 122
and 124 are oppositely oriented, the flux directions through sensor 150
are in opposite directions at the regions along |ine 152 on each side of
the m dpoint 158. Hence,



15 the flux density varies along line 152 froma maxi nrumin one direction
adj acent a pole face 142 adjacent one pole 122, through zero at m dpoi nt
158, to WVOAKHeEMM in the opposite direction adjacent the pmi/esaty0142
adj acent the other pole 124. At m dpoint 158 centered between the pole
pi eces, the magnetic flux density is at a null (zero). The sensor is

cal i brated by placing sensor 150 at the m dpoint 158 20 where magnetic
field strength is zero and calibrating the sensor. In use, nagnetic field
sensor 150 reciprocates along line 152 and crosses the linearly-varying
flux pattern of magnet 120 to produce a voltage proportional to the

rel ative position of nagnetic field senson 150 in relation to magnet
assenbly 120. By sculpting the fringing flax, pol e pieces 132 and 134 25

linearize the f|ux over the |ength of the magnet. Thus, pole pieces 132 and
134 dranaticaﬂM§Q¥ﬁE§5%£%Q§ﬂ%ﬁgsefuI range and accuracy of the voltage
readi ngs prodyced by magpetd j o Q1548001 RLThddeR0 41970
12 Al t hough thg'present i%\%ﬁ%%@%ﬁ%@%ﬁ%y(ﬁ%@%ﬁ%gg Wi #ﬁ ré?lgrence to

preferred enmbodirgemidsecowd Kements kbhpesingn the art will recognize that
changes may be nade in formand detail w thout dggarting:fron1the spirit

and scope of the inventisomagitwseobiygsnoREHUS ¢ﬁ£’)? merd, thaypagnes
betvoon {175t and Second ol creNERKARERRE Fea Rabese el R S BRhe
mounting to the first el ement,yt e ARIPEIe longitudinal space, the magnet assembly
including
at least one magnet having a north pole and a south pole
that supply fringing magnetic flux in the
longitudinal space, and
a flux-shaping pole piece on each of the north and south
poles, 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 the axis; and
a magnetic field sensor assembly having
a sensor housing for mounting to the secoﬁd element, and
a magnetic flux sensor mounted to the sensor housing on

the axis of the longitudinal space.

2. The displacement sensor of claim 1, wherein each of the flux-
shaping pole pieces is a metal pole piece appended to a respective pole of the at

least one magnet.

3. The displacement sensor of claim 2, wherein the pole pieces are
attached to the respective pole by a magnetic force exhibited by the at least one

magnet.



assenbly defining a | ongitudinal space having an axis along the |ength of
the | ongi tudi nal space, the magnet assenbly including at |east one nagnet
havi ng a wWortilégsol e and a south pole that supply fringi ngeamEgsmi4igrof | ux in
the Ilongitudinal space, and a fl ux-shaping pole piece on each of the north
and south poles, the flux-shaping pole pieces having configurations to
scul pt fringing magnetic flux in the |longitudinal space so that nagnetic
flux density in the |ongitudinal space varies substantially linearly

along the axis; and a magnetic field sensor assenbly having a sensor
housing for nounting to the second el ement, and a magnetic flux sensor
nmounted to the sensor housing on the axis of the |ongitudinal space. 2.
The di spl acenent sensor of claim1l, wher eil# each of the fl ux- shapi ng pol e

pieces is a netal pole piece appended to a resg&;tive pole of the at | east
one magnet. 3. %he di spl adBerdiPlasementy sesor phckHR Lviesrenreachoffde dlfeces

2t 1 east one iR PRREGH it Bkt MR AT e, " rhe i spi acement
sensor of claim1l, wherein each of the flux- shaping pole pieces is

integral to the at |east one nagnet. )
5. The displacement sensor of claim 1, wherein the at least one magnet

is a bar magnet having a length with the poles at opposite ends thereof, wherein the

longitudinal space is adjacent to and extends along the length of the bar magnet.

6. The displacement sensor of claim 1, wherein each of the flux-
‘ shaping pole pieces has a pentagon shape in a plane of a primary flux pattern in the
longitudinal space, the pentagon shape forming a first face confronting the

longitudinal space parallel to the axis of the longitudinal space.

7. The displacement sensor of claim 6, wherein each of the flux-
shaping pole pieces is a metal pole piece appended to a respective pole of the at

least one magnef.

8. The displacement sensor of claim 1, wherein each of the poles has
a pole face substantially perpendicular to the length of the at least one magnet, and
each of the flux-shaping pole pieces is a metal pole piece having a first face
confronting the longitudinal space and a second face appended to a respective pole
face, the second face being perpendicular to the first face, and the pole piece being
oriented on the respective pole so that the first face is parallel to the length of the

at least one magnet.

9. The displacement sensor of claim 8, including a third face

confronting the longitudinal space between the first and second faces.



5. The di spl acenent sensor of claim1l, wherein the at |east one nmagnet is
a bar magnet having a length with the poles at opposite ends thereof,
wher ei n t"H@01/#4Aki t udi nal space is adjacent to and ext endPEAGHFHNRL | ength
of the bar magnet. 6. The di spl acenent sensor of claim1, wherein each of
the flux- shaping pole pieces has a pentagon shape in a plane of a primry
flux pattern in the |ongitudinal space, the pentagon shape formng a first
face confronting the |ongitudinal space parallel to the axis of the

| ongi tudi nal space. 7. The displacenent sensor of claim®6, wherein each of
the flux- shaping pole pieces is- a netal pole piece appended to a
respective pole of the at |east one magngk. 8. The displ acenent sensor of
claim1l1, wherein each of the poles has a“pole face substantially

di cul to the | h af th t | , h
Pl Uk shapi ng. poite pi ecos. TE SoRIEERRSTE o S0 AoV AT Tt Paca e '®
confronting t ha|.0pg bughdialay AL @t waSEEQles' ACGp3BREBAES itkrein the
C nai

respective pole ace, e second e bei ng perpe cular to the first
face, and the pehginpiiegepheiingdjacet enéaendsralonethe dangdref the bpomegad. t hat t he
first face is parallel to the length of the at |east one magnet. 9. The

di spl acenent sensor of claim8, including a third face confronting the

| ongi tudi nal space betwe the first an . S whiRiP W4688dnet is
PCT/ US00/ 41970 1115 10, ThED% éﬁ%&%ﬁ%tnfg%séﬁ(sbgpgo dParh 8. wher ei%n the at

| east one Wﬁgn%n&%ca@irpﬁapmé PR ¥R @ f @adteM@d-thapinigtpotenseqral eglirdrical.
opposi te ends, erein the |ongitudinal space is adjacent to extends-al ong
the length of the bar magnet. 11. The di spl acenment sensor of claim 10,

wh i b t i i i | i h d t . '
fl ﬁ;_e!sﬂapﬂ]grrg n?g p: Zcecyﬁ%na{s%ﬁg\?xpérgls_%ns?&eofacrhun b8 §hish dRESOhe FRED

shaping pole pieces is a metal pole piece appended to a respective pole of the bar -

magnet.

13. The displacement sensor of claim 10, wherein the bar magnet has
cylindrical shape and each of the poles has a circular pole face substantially
perpendicular to the length of the cylindrical magnet, each of the flux-shaping pole
pieces is a metal pole piece having a circular face appended to a respective circular
pole face, the first face of each flux-shaping pole piece is cylindrical and the
perpendicular to the circular face, the pole piece being oriented on the respective

pole so that the cylindrical first face is parallel to and coaxial with the cylindrical

magnet.

14. The flux-shaping pole piece of claim 13, including a frusto-conical
face confronting the longitudinal space between the cylindrical face and the circular
face.

15. The displacement sensor of claim 13, wherein each of the flux-

shaping pole pieces is a metal pole piece appended to a respective pole of the

cylindrical magnet.



12. The di spl acenent sensor of claim 10, wherein each of the flux- shaping
pole pieces is a netal pole piece appended to a respective pole of the bar
magnet . 180 M¥A%SHi spl acenent sensor of claim 10, wherein ﬂﬁgwﬁgwmﬁganet has
cylindrical shape and each of the poles has a circul ar pole face
substantially perpendicular to the length of the cylindrical magnet, each
of the flux-shaping pole pieces is a netal pole piece having a circular
face appended to a respective circular pole face, the first face of each
fl ux-shaping pole piece is cylindrical and the perpendicular to the
circular face, the pole piece being oriented on the respective pole so
that the cylindrical first face is parallegl, to and coaxial with the
cylindrical magnet. 14. The fl ux-shaping pole piece of claim 13, including

a frusto-conical face confrqQntjing the | ongitudi nal ace _bet
cylindrical fack-and the The 81§PL€FngI§c$§P§%g‘?fI g@%@%&%é’ﬁgrﬁf\@ﬁ%:ﬁ%f
claimis, wher elof@ehtnilnd S VallbacnRBSPIdOvA, Reil {R46iRg bfid diEhal oDl

pi ece appended 10 a respective pole o cylindrical nmagnet. WO 01/ 46651

PCT/ US00/ 41970 fikBankbsecditbelethemb Roanmmivhasenasingpiherkly te 8isplebhementrsensar of
the first and second elenents is a valve actuator and val.ve stem.housing
and the other ofens¢sdineps dlﬂlam@éemnéh@wﬂﬁséte%&g ¢ SHRTRREY YOYRBEi ng,
wher eby the di spl acenent sensor senses |inear displacenent between the
val ve stem and the stationary housing. 17. The di splacenment sensor of

claim1, wherei Wone of t1ge fiishBcerdBEt sch86:06KI8he MPRkGeinone ofahy Ersicandat or
and val ve stem housing-and the other of the first and second el emept sis a
stationary houssesgnd eteerents/istahalii splaserashyalsestewrhousing 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.

18. The displacement sensor of claim 1, wherein the magnet assembly
includes a magnet assembly housing and the at least one magnet is mounted to the

magnet assembly housing.

19. The displac‘ement sensor of claim 1, wherein the magnet assembly
includes a magnet assembly housing and the at least one magnet is a cylindrical
magnet mounted to the magnet assembly housing, the axis of the longitudinal space
along which the magnetic flux density varies substantially linearly is adjacent
substantially parallel to the length of the cylindrical magnet.

20. A flux-shaping pole piece for a pole of a magnet of a magnetic
displacement sensor for sensing relative displacement between first and second
elements, wherein the magnet is to be arranged to form a longitudinal space having
an axis substantially parallel to a length of the magnet, the pole piece comprising:
a magnetic material having an artachment surface arranged to attach

to the pole of the magnet, and a configuration so disposed

and arranged so that when a pole piece is attached to the

poles of the magnet each of the pole pieces sculpt fringing



senses |inear displacenent between the valve stemand the stationary
housing. 18. The di spl acenent sensor of claim1, wherein the magnet
assenbl y WPAH#8es a magnet assenbly housing and the at | E&IUNNE  {gnet is
nounted to the magnet assenbly housing. 19. The di spl acenent sensor of
claim1l1, wherein the magnet assenbly includes a nagnet assenbly housing
and the at | east one magnet is a cylindrical nagnet nounted to the magnet
assenbly housing, the axis of the |ongitudinal space along which the
magnetic flux density varies substantially linearly is adjacent
substantially parallel to the length of the cylindrical nmagnet. 20. A

fl ux-shaping pole piece for a pole of a magnet of a magnetic di spl acenent
sensor for sensing rel ative displacenent between first and second

el enents, wherein the magnet i : Yok $1QhiRea o tipat ghdonetit filix space
having an axis substantially r%aéér’lg?{)gﬁ%ﬁg%%r%?ﬁ g? t he rragnegtm, _the pole
pi ece conprising: a magnetic nrheftyialthdievingline spice astessubsteuitalydieary anged
to attach to the pole of the magnet, and a configuration so disposed and
arranged so that when a pole pﬁl@lgethi‘:gX&tqfé%%@égjt“&gPﬂépaﬁ?ol es of the magnet
each of the pole pieces sculpt fringing WO 01/46651 PCTI USOQ' 41970 17
magnetic flux in the |ongitudinal space so that nmagnetic fl ux de;si_ty in

t he | ongitudi ngh space v 'Q§]J(S§ﬁ_ haRblabikye bff digat 20, wikeinghd Hex-akamndf t he
| ongi t udi nal sggbe. 21. T ee ux?éﬁggji nﬁ? pol e piece of claim20, wherein
the flux-shapi pgle pietsispimerel paie pienefarappetdingiee pole of thegpagfilng to a pol e
of 'the magnet. 22. The fl ux-shaping pole piece of claim?21l, wherein the
pole piece is designed to be held in contact with the nagnet pol.e by a

magnetic force 213?<hi bited 1. flux-shaping pole piece of claim 21, wherein the pole piece is

designed to be held in contact with the magnet pole by a magnetic force exhibited

by the magnet.

23. The flux-shaping pole piece of claim 20, having a pentagon shape
in a plane ofpﬁmary flux pattern across the longitudinal space arranged to form a
first face confronting the longitudinal space and parallel to the axis the longitudinal

space when the pole piece is attached to the magnet pole.

24. The flux-shaping pole piece of claim 23, including a second face

conﬁ'onting'ihe longitudinal space between the first face and the attachment
surface.

25. The flux-shaping pole piece of claim 23, wherein the first face 1s
arranged parallel to the length of the magnet when the pole piece is attached to the

magnet pole.

26. The flux-shaping pole piece of claim 25, wherein the attachment
surface is perpendicular to the first face, the artachment surface orienting the pole

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



by the magnet. 23. The flux-shaping pole piece of claim20, having a
pentagon _shape _in a plane of primary flux pattern across the Iongitudi nal
space ar %9181’2‘666?’0 forma first face confronting the Iongippaﬂ{sﬂg(l‘ g?)ace and
parallel to the axis the |ongitudinal space when the pole piece is
attached to the magnet pole. 24. The fl ux-shaping pole piece of claim23

i ncluding a second face confronting the |ongitudi nal space between the
first face and the attachnment surface. 25. The fl ux-shapi ng pol e piece of
claim 23, wherein the first face is arranged parallel to the length of the
magnet when the pole piece is attached to the magnet pole. 26. The

fl ux-shapi ng pole piece of claim?25, whergitn the attachnment surface is
perpendicular to the first face, the attachment surface orienting the pole
piece on the pple so tha RALE | 0 @hetedr thethdgaeds bbaf t he
magnet. WO 01/46651 PCT/ Egég%%#ﬁééggé%gﬁ?lﬁux-shapi ng p%?e. pi ece of

cl ai m 20, wher ghgndthevinpenetis,addpile pieeghetfirktdadersgnionting the langiudinal pol e
pi ece has first Tace confronting the |ongitudinal .space in a plane of
primary flux pstacemna pleroeforivmsy flongritersiantess 45 .m&ﬂéﬁp?%wfi%?@lepﬁfeece i's
attached to the ma%n t o& e.. 28. The II ux-shapi ng pol e pi ece of claim 28,
wherein the flB¥S zf&aﬁlse BNETFFRLEL!% a metal pole piece and the first
face is cylindrical, the pole piece having a circular face perpendicul ar
to the cylindrical first face for attachnent to a pole face of the.nagnet
to orient the pole pi eceThe flukahatihepalyipientrafsiaim28 wheryrhe ff‘%"@@ﬁﬂgal

¥Mr Lgt E)t] © mgne;élezp%'ece-rigea Inletlé)f pg eape!ecnega.&i) Ithee Bist fke A cﬁin%@bl%%he bafel Jetdhg a

having a circular face perpendicular to the cylindrical first face for attachment to
a pole face of the magnet to orient the pole piece so that the cylindrical first face

is coaxial with the magnet.

29. The flux-shaping pole piece of claim 28, including a frusto-
conical face confronting the longitudinal space between the cylindrical face and the
circular face.

30. In a displacement sensor for sensing relative displacement

between first and second elements in which a magnet assembly arranged to be
mounted to the first element to define a longitudinal space having an axis and a
magnetic field sensor is arranged to be mounted to the second element in the
longitudinal space so that relative movement between the first and second elements
causes the magnetic field sensor to move relative to the magnet assembly along the
axis, the magnet assembly including:
at least one magnet having a north pole and a south pole
that supply fringing magnetic flux in the
longitudinal space, and
means on the poles to sculpt fringing magnetic flux in the

longitudinal space so that magnetic flux density in



coni cal face confronting the |ongitudinal space between the cylindrical
face and the <circular face. 30. In a displacenent sensor for sensing

rel ati ve wiospleesenent between first and second el enents i PCos@1g70magnet
assenbly arranged to be nounted to the first elenent to define a

| ongi tudi nal space having an axis and a nmagnetic field sensor is arranged
to be nmounted to the second elenent in the |ongitudinal space so that

rel ati ve novenent between the first and second el enments causes the
magnetic field sensor to nove relative to the nmagnet assenbly along the
axi s, the magnet assenbly including: at | east one magnet having a north
pole and a south pole that supply fringizg magnetic flux in the

| ongi tudi nal space, and neans on the poles”to scul pt fringing magnetic fl ux

in the |longitudinal space so that pagnetic.flux density.i 01/ 46651
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al ong the axis. along the axis.



