WD 01/ 50085 PCT/ US00/ 34450 METHOD AND SYSTEM FOR OPTI CAL DI STANCE AND
ANGLE MEASUREMENT FI ELD OF THE | NVENTI ON The present invention rel ates
generally to the field of sensors, and nore 5 specificall use of
fi ber optWe 0¥&¥8drs for deternmining spatial distance, spé%ﬂ“%ﬁﬁﬁggPative
angul ar di spl acenent of a noveabl e object. BACKGROUND OF THE | NVENTI ON I n
the comercial and defense industries, users are demandi ng technol ogy
integration that increases product life, sinplifies operation and 10

nai nt enance, and pMETHED ANDSYSTEM RORIOPTICAN EASTANGE and reliability.

However, any technol ogy of ixNBSANGEE REXSSHRERENT POSitive, quantitative
cost/benefit analysis. Fiber optic sensors have been used for the

measurenent of relative position for decades, but, until the present

i nventi onFIEIBIOF THE INVERTFSONOt been 15 extended to self-calibrating,

preci sion_absolute, position neasurenent systens. Wil e conventional

systens using fi I; I | a t
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capability, they usu y require rep I've calibration ween uses
becau they.are sengiti .the angle of the surface being peasured and
t he st%%céﬁgx?@y Wgoeﬁ{% Hégsogﬁ?c?f Ofﬁﬁ%qpéo&hra SHRTRY ﬁ%aaid an¢tideed,
some of 20 thpse skilled in the art ma el i eve that precision absolute
posi tion SFP\%%‘&’S%’F%Féﬂ?vesw@%d'§E}§P%f“ﬁ8¥°‘§%n@(‘!§éﬁlﬁlqhﬂféd with fiber optic
sensors. Most sensor prognostic systens require exorbitant anounts of
processi ng power for determning statistical probabilities or require

preci se
BACKGROUND OF THE INVENTION

In the commercial and defense industries, users are demanding
technology integration that increases product life, simplifies operation and
10 maintenance, and provides integration that improves safety and reliability.
However, any technology offered must aiso support a positive, quantitative
cost/benefit analysis.
Fiber optic sensors have been used for the measurement of relative
position for decades, but, until the present invention, their utility has not been
15  extended to self-calibrating, precision absolute, position measurement systems.
While conventional systems using fiber optic sensors offer only a relative
measurement capability, they usually require repetitive calibration between uses
because they are sensitive to the angle of the surface being measured and the
distance between the sensor and the surface being measured. Indeed, some of
20 those skiled in the art may believe that precision absolute position
measurement systems could not be accomplished with fiber optic sensors.
Most sensor prognostic systems require exorbitant amounts of

processing power for determining statistical probabilities or require precise



WO 01/50085 PCT/ US00/ 34450 2 neasurenents of physical properties for which
current sensor technol ogy does not exist. For exanple, in prognostic
measurenents of a noveabl e shaft (such as may be found i i ft
engi ne orWePHPI%: vehicle engine), the operational charagFggygwégéaof t he
shaft nust be known to ensure safe aircraft operation. 5 Sone operational
characteristics required include nonitdri-ng of shaft lateral displacenent,
shaft m salignnent, shaft speed and torque, all characteristics which are

di ffi cul t nasurements Wiphysicappiopestied foh whidh elirertoseredn tetinofRySies
technol ogy. These characteristics nmay be necessary to determné in such

licati | . .
appl i cati H8§?-)g§taw %Qgﬁﬁﬂ’éﬂﬁ Fﬂ'régndgﬁwqﬁegﬁné_r kOBf %trﬁtg\}éaﬂ)?e sHA géch\pe shaft

subnari nes eart novi ng” equl pnent . € need to neasure

al i gnnment _h | fo tiNE - f.]_exi bl r fairly riagid

atr ot ur o8 Tt B0t i, R e b PrlieB NP fhoied). o gbrRPRan move
out of alignment, .beng bey ng its Etress rPOi nts or ve.off a set axis,

t her eby r ERI[BEISHHES © t'@%r?g@ dMuEt Becknawn &g gingure satg, areraft ergralign.exanyl e,
aircraft safety depends in part on determ ning the drive's operational

char ad er Hetriec oparatiopat geaiasterisiigs reevieed tlraplxagﬁy re@itaiiegc ofnsbat naterdur t her |
the shaft's attitude and bendi ng characteristics needs to be non-invasively
nmeasur ed, diaplasehiendsshafe nibaligringentposhaft apeledsamd domud, Blirchazactbbistsent |
either fromthe shaft attitude or the bending, needs to be neasured to | ess
20 than OwBikthi BRhesffiult @r ,imbdssibles Yo asptirBewRPMarsht t ieh-tortade sbagdrher

needs to be nonitored. Two known previous technical approaches to
measuri ngiRRACKRYI t Thb8E characteristics may be necessary to determine in such
applications as turbogenerators, power generation stations, ships, submarines
10  and earth moving equipment.

The need to measure drive shaft alignment has existed for some time.
in flexible or fairly rigid structures, a moveable shaft (for example, one that is
rotating) can move out of alignment, bend beyond its stress points or move off
a set axis, thereby resulting in a damaged structure, engine or system. For

15 example, aircraft safety depends in part on determining the drive’s operational
characteristics as torque is transmitted to any engine component. Further,
the shaft’s attitude and bending characteristics needs to be non-invasively
measured, as well as the shaft's rotational speed and torque. Movement,
either from the shaft attitude or the bending, needs to be measured to less

20 than 0.01 inches (i.e., 10 mils) and the RPM and the torque further needs to
be monitored.

Two known previous technical approaches to measuring and monitoring

the shaft have been unsuccessful. For example, Lucent Technologies

attempted to use an eddy-current sensor, however, measurements based on



t he shaft have been unsuccessful. For exanple, Lucent Technol ogi es
attenpted to use an eddy-current sensor, however, neasurenents based on WO

01/ 50085 PG shag®/ 34450 3 eddy-current sensing did not pregvi/ggoiido
accuracy, environnmental tolerance, or robustness required for this or

simlar applications. O hers have attgnpted a design concept that required
a magnetic slug enbedded in the torque couplers. However, this nethod
simlarly proved unsuccessful. 5 Thus, there is a need for a non-obtrusive
syst em t ddy-epireohsensing dislinetspromigiectheraccofacy, eavigenrdentaktadgranhce,oer t or que
coupler in the confined space of an engine such as, for exanple, an

ai r cr af t roblstnessnsguirey Soe thisnes tsimiar appleatiens Qihels havd lattehipiéd at he

engi ne, and nust acconmobdate various environnmental conditions (such as,

for exangksignhioabept thbffdRired ENR@EnaHR sy EnbEIHRSRY RAltHE %r_ﬁge%‘ugiérg.ons) -

Preferably, "the sensor nust al so be placéd between 150 mls an 500 mls

froma sWO(A%Q/I%H3&i-stra%gggﬁngg%rléé}gygér]iuﬁgLI(fs&%guLor coupl er assenbly due to

space constra S SO be capabl e of capturing
absol ut e msasurﬁ]ems t of the @I?aft's enment V\gh%l{lt PR(;ﬂixlilll‘)ration. Mor eover ,
the measur ementUsdE OB ANAEY 192 PRB-COINSHE YpEe MARICaNLECASHES e of 15
determ ni ng novenent of 10 m|s or less in the aﬁpl ication as the shaft
rotates MAyenEdEH@ leeda Hiive shaft s rtordueueapleRrnythe renfingd space Wb @Nd al so
preferably neasure rotation of the shaft at greater than 9000 RPM as wel |

as tw st enginefsuchtes, haneanhpe sarabirciaft. of e sensoreyktanh atest not querferehe syst em
should al so be able to neasure absolute di stance from each sensor to a

surface @itht Sigidwristeethe0 eaigive! eihdk iist Rgcbimboddie Vtoliacenvi@nnyatyl not only
in axial distance away from
conditions (such as, for example, high vibration, shock and high temperature
10 conditions). Preferably, the sensor must also be placed between 150 mils and
500 mils from a surface of the face of the drive shaft or coupler assembly due to
space constraints. The sensor system must also be capable of capturing
absolute measurement of the shaft’'s movement without calibration. Moreover,
the measurement data obtained by the sensor system should be capable of
15  determining movement of 10 mils or less in the application as the shaft rotates
up to 9000 revolutions per minute (RPM). The system should also preferably
measure rotation of the shaft at greater than 9000 RPM as well as twisting of
the moveable shaft in order to calculate torque. The system should also be able
to measure absolute distance from each sensor to a surface on the torque
20  coupler knowing that the surface may vary not only in axial distance away from
the sensors but also in complex angles relative to the sensors. The ability to
non-obtrusively measure absolute movement versus relative movement, high-

resolution shaft displacement, and twisting in the moving shaft has never been

accomplished before the present invention.



the sensors but also in conplex angles relative to the sensors. The ability
to non-obtrusively neasure absol ute novenent versus relative novenent,

hi gh- resphyikifpgs shaft displacement, and twisting in the mpvin@oshadt has
never been acconplished before the present invention. WO 01/50085

PCT/ USO0/ 34450 4 A self-calibrating, precision absolute position nmeasuring
system such as disclosed in the present invention, is also supported by

t he defense comunity. The Secretaries of the Arny, Navy and Air Force
have al |l di reAtS@éf,—cacbérqj@L plecisiomabselute positen meastgngregstermsochasat e

di agnosti c and prognostic system5 health managenent prior to funding

appr oval disdlbsed iratheberesertiphasiiare ds aiso suppoded dlytharferieagnamenityicl udi ng
the Crusader for the Arny, the Advanced Anphibious Attack Vehicle for the
Mar i nes, TROGchetades oF tR TArksy, NNt SHd AdSFFdrck Havet QI?dlré’étE&e,t @\z@rfl)'lit S-

However, until the present di'sclosure, there was a gap e need

and the ' I : at,. : R EF SUWVARY OF THE
ENT: GEE R %?%%gﬁgé@%méﬁlﬁﬁé%é% rﬁb%ﬁ‘{%gg%lﬁq%"lsﬁ(‘gqﬂo B D56Me i |1 ¢ at e
an nder stI ndi ng of s?rre. of _the.innovative _hgatur es unique to the present
i nverti oftd n@ainggﬁmeni AR dR durding ePRreal Hus diaspheeghemrhagized in
appreciation of the various aspects of the invention can only be gai ned by
t aki ng tMRW develoement pspgrants '@Qﬁlﬂm,th@l%ﬁuﬁﬁﬁeﬁfloa\ﬂﬂﬁl@ﬁﬁy‘a’fﬁé Adancedt as a
whol e. The present invention conprises a non-invasive precision, optical

di st anceAmpditeni Attadka¥eahiclesiot they/Niadnesanchthepioirt Sthike Rigagarr(@SF) foe

position of a noveabl e object (such as a shaft in an engine), the bending
of the joint services. However, until the present disclosure, there was a gap

between the need and the technology available to meet that need.

10 BRIEF SUMMARY OF THE INVENTION

The following summary of the invention is provided to facilitate an
understanding of some of the innovative features unique to the present
invention, and is not intended to be a full description. A full appreciation of
the various aspects of the invention can only be gained by taking the entire

15 specification, claims, drawings, and abstract as a whole.

The present invention comprises a non-invasive precision, optical
distance and angle measurement system which optically measures the
position of a moveable object (such as a shaft in an engine), the bending of
the moveable object, the torque applied to the object and the object’s

20 rotational velocity. The present invention includes a plurality of optic sensors
placed around and adjacent to the object which transmit optic signals via fiber
optic bundles to a target marker means on a surface of the object and

receives the optic signals when the target marker means are sensed. The



t he noveabl e object, the torque applied to the object and the object's 20
rotational velocity. The present invention includes a plurality of optic
sensors vﬂﬁ@?ﬁg&@round and adj acent to the object which tpafrasod/34apiic
signals via fiber optic bundles to a target nmarker neans on a surface of
the object and receives the optic signals when the target marker neans are
sensed. The WO 01/50085 PCT/ US00/ 34450 - 5 received optic signals are then
processed by non-linear estimation techniques known to those of skill in
the art resendaoptia signaissaredben presaaseddry. naménear esfiomatiamieshniquesi s

i ntended for vehicular engines (such as are found in comrercial or

m | i tar ykmowertaf thasebof skiéininbéheapipl te dbitainotHee desped iicfiinatisn. sTek 5 as,

for exanples, in tanks, power generation equi pnent, shipboard power plants

and ot heprcaRpt iiGAEtRAS iy FAEhAeNToMEBRIIS ERGALECEY ch TRE JpovBLinfiept ur es of
the present invention will becone apparent t©0 those of skill 1n the art
0

upon exam |0 1 A i iptiaQ -t he inyention or
E%rﬂﬂ%éé&%: 8{) p‘é@?{% gfrér% %tdc%tnabé {%gpﬁ(g& (fé oﬂwtér #tpﬂéﬂ’%cﬁﬁ%d 56@410

underst ood, , however, that the detailed cbiaiscrigtj on ?f t_E)E i nyention and the

speci i cAexpPRMBlEss i taaks WipWer SREFEION §YLioMentn sBikbear fof the

present invention, are provided for illustration purposes only because

vari ous PleRtngeds oitd arbdirations iesNying mevaableemaphinety. and scope of the

invention will becone apparent to those of skill in the art fromthe

det ai | ed descThgtinavel déatures of 3hé nresemtomventiore lvall iecbhat apphitentv. toBRI EF

DESCRI PTI ON OF THE DRAW NGS The acconpanying figures, in which |ike

r ef er encgpoBy RIS tied aft dpdn examination of the following detailed description of

can be | éarne y 'he presen nvent i-on.

the invention or can be learned by practice of the present invention. It should be
10 understood, however, that the detailed description of the invention and the
specific examples presented, while indicating certain embodiments of the
present invention, are provided for illustration purposes only because various
changes and modifications within the spirit and scope of the invention will
become apparent to those of skill in the art from the detailed description of the

15 invention and claims that follow.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying figures, in which like reference numerals refer to
identical or functionally-similar elements throughout the separate views and
which are incorporated in and form part of the specification, further illustrate the

20 present invention and, together with the detailed description of the invention,

serve to explain the principles of the present invention.



i dentical or functionall y-simlar elenents throughout the separate views
and which are incorporated in and formpart of the specification, further

ilTustrate the,Z0 present invention and, together wth thec4aisbhady
description o e invention, serve to explain the principles of the

present invention. WO 01/50085 PCT/US00/ 34450 6 Figure 1 is a side

perspective view of one enbodi nent —of0 the present invention attached to a
nmounting structure which partially surrounds a noveable shaft attached to
a torque coupfFigure Fiigua side geespleictivad vigw bf oat rexhiesditiaat rofthensesentr ve from
a commercially 5 available fiber optic concentric ring-type sensor; Figure

3 is a tiRuesioH alirheanala oahtif] stictufeRRRASRMMIy3FNFPEsY indveamg i ber
optic sensor. This shows the sensitivity of the Sensor to distance and

angl e vag.af i n-linear characteristics of the sensor to
AR AEREeR1] ORI S

t hese vari IS an end view of a torque coupler with
attached nul tifaceted ar get rkers, which, when the coupler ves, pass
in front of s%'HEE?rE %@Qé‘ﬁﬁ 'I%n&ﬂést%edpﬁw%é@ g‘i’rdﬁaﬁ[r%mf%tco ere@llyng:
Figure 4b illustrates the nultifaceted target nmarkers as shown in Figure
4a; $5 mEvRilpkledines optipcepgeniiiagpartyrRs sem®rsi gnal processi ng functions
required to derive the coupler attitude information fromvoltages sensed
by t he sensorFigaesaithh yhieeatisansiasd plataf dee rempokee qf ass@scerdit ringnsor
assenbly means; Figure 6 is a systemdiagramillustrating a preferred
sensor efigdrn@itiy sensor. This shows the sensitivity of the sensor to distance and
angle variations and shows the non-linear characteristics of the sensor to
these variations.
10 Figure 4a is an end view of a torque coupler with attached multifaceted
target markers, which, when the coupler moves, pass in front of sensor
assembly means to provide signals for processing;
Figure 4b illustrates the multifaceted target markers as shown in Figure
43a;
15 Figure 5 is a block diagram of the signal processing functions required to
derive the coupler attitude information from voltages sensed by the sensor
assembly means as each target marker passes each sensor assembly means;
Figure 6 is a system diagram illustrating a preferred sensor estimator
shown in Figure 5.

20 Figure 7 is a system diagram illustrating a preferred torsion coupler

plane estimator shown in Figure 5.



shown in Figure 5. 20 Figure 7 is a systemdiagramillustrating a preferred
torsion coupler plane estimtor shown in Figure 5. WO 01/ 50085

PCT/ US00/ 344?3 7 DETAI LED DESCRI PTI ON OF THE | NVENTI ON TherRkesfaio

i nventi o 44’ 085r eci sion, non-invasive optical distance and angle

measur enent system which, by a plurality of sensor assenbly neans,
transmts optical signals to predefined surface areas on a noveabl e torque
5 coupler or like structure, nmeasures the reflectance of the opti cal

si gnal s RETAIbEDDESGRIPTHONCRE Sliktk INVENVION nmeans whi ch accounts for the

sensor and target nodels, and processes the desired information rel ating

to the shaft'phe prsscHtiipnsttiophiaraapicdidion | Gon-irRekRier oftital distaigse and, the
present invention includes a plurality of optic 10 sensor assenbly neans

11 - 11 I [ - | 0 a
t 'sG8km W H',E;W'é Qratiby UEEEN& l ﬁ‘rﬁ‘ég :
t or que C%L%%Zﬁg 1&\%}1%:% Sgngages %n suré'orun s a ervera{ﬁgg sﬁa t n; at | east
one stepped target. narker. neans n attaghed preferably to, , a surface 35 of
the ¢ or qERNSSBEPeHCaoiahals) op e e Bt Ecrire " 2 TRl 408 he shat
S; control electronics 41 communicating with each optic sensor 15 assenbly
mean§ 1ICaPeroic WimrsiHetne.omeapuesthe religctanga Lt the RSS! aignalodfdar e neans
51 | oaded and stored in control electronics 41. As seen in Figure 1, each
sensor amsentigppahprotessingnsoftware mdans wbich apeaumts igr e sensereand of
conventional design which is proxinmately adjacent to a torque coupler 31
at t achedatgetambtgRalzing sloatssss timdesteddnformasientrelating to the shaft's
operational characteristics.
Referring to Figure 1, the present invention includes a plurality of optic
10  sensor assembly means 114 - 11, placed on at least one mounting structure
21 adjacent to a torque coupler 31 which engages and surrounds a moveable
shaft S; at least one stepped target marker means 33, attached preferably to
a surface 35 of the torque coupler 31 or alternatively directly to a surface of
the shaft S; control electronics 41 communicating with each optic sensor
15 assembly means 11, via communications bus 43; and signal processing
software means 51 loaded and stored in control electronics 41.
As seen in Figure 1, each sensor assembly means 11, is attached to a
mounting structure 21 of conventional design which is proximately adjacent to
a torque coupler 31 attached to a moveable shaft S. Each sensor assembly
20 means 11, is preferably placed equidistantly on mounting structure 21 and
thus, circumferentially around the moveable shaft S. In the preferred
embodiment, three sensor assembly means 114, 11,, 11, are placed evenly

around shaft S as seen in Figure 1, however, those of skill in the are will

realize that as little as two sensor assembly means could be used to



20 neans 11 n is preferably placed equidistantly on nounting structure 21
and thus, circunferentially around the noveable shaft S. In the preferred
enbodi ment, three sensor assenbly neans 111, 112, 11 n are enly
around sh¥P01/8088 seen in Figure 1, however, those of ski IT&/ﬂ&f‘oﬂ%ggre will
realize that as little as two sensor assenbly neans could be used to WD
01/ 50085 PCT/ US00/ 34450 - 8 acconphH 8kh—the results dictated by the present
i nvention. Each sensor assenbly neans 111-11 n is preferably di sposed

bet ween @cddmplich Ghé Fexunes dickardd by ot Rresiht! #t@niigse I skhsonoveabl e
torque coupler 31. Each sensor assenbly neans 111 -11 n 1s also preferably

a conventji f ti | CarddAQ- r i as
mul 01 pr e Praopygbehs Bkl lads IERER dierdsBd SetRBeR IR and S igens, .
fiber-optic sensop which transm.ts tical signals to the surface 35 of

t he torqﬁ}ﬁ’ac\foﬁ Weﬁ‘%iyﬁ%‘? dace éep(,gtge %?Y@i%'ggpbq’rﬁ SOHPIgM - t'%fdfbt mar ker
means 33n forned on or attached to surface 35, and which transmts

vol t ages SR ASSERRIigneans Adf t1nds @ismprefarally eneonventiooal figeredpsist r oni cs
41 for processing by the signal processing software neans 51. However,

t hosé of cemkééritri¢ nngHgpasensdi, whigahag enultigie filtehn eptis dupdics perdahshe, used
(such as, for exanple and without limtation, other coherent |ight sensors,

non- coheardtmdregipeciatipris.a fibseostsseior iR tansidoRRAMsHARROGLS,
mul ti pl e wavel ength sensors or other fiber optic sensors) and remain within

15 the sgid sbrffe 85i0% thdYGRLEUWdupht $a i&ﬁrr&?éiv%%bﬁéallrgﬁé’r%s 3 a

rotationally passes each sensor assenbly neans each sensor

55 DL Yighddt mablernfeliNs! 340 SHed BA%0f BiSchla 6 %utddtP s BRI AR °1 ! €0t &1
transmits voltages corresponding to shaft information to the control
10  electronics 41 for processing by the signal processing software means 51.
However, those of skill in the art will realize that other sensors could be used
(such as, for example and without limitation, other coherent light sensors,
non-coherent light sensors, incandescent sensors, wide band sensors,
multiple wavelength sensors or other fiber optic sensors) and remain within
15 the spirit of this invention. As each target marker means 33, rotationally
passes each sensor assembly means 114 -11,, each sensor assembly 11, -
11, continuously, and thus in real-time, measures reflected light from the
moveable surface 35 based on the intensity of the reflected transmitted
optical signal when the transmitted signal reflects off of any of the target
20  marker means 33,. Thus, in the preferred embodiment, three precise
distances to the measured surface 35 can be obtained so that the attitude of
the measured surface 35 (and thus, the coordinate plane of the coupler) can

be estimated relative to a fixed reference coordinate system, thereby allowing

direct measurements of the shaft's S coordinate angular displacement and



noveabl e surface 35 based on the intensity of the reflected transmtted
optical signal when the transmtted signal reflects off of any of the

t ar get ngﬂ/%‘ags means 33n. Thus, in the preferred enbodi peRlusob/Bi4€E
precise stances to the neasured surface 35 can be obtained so that the
attitude of the neasured surface 35 (and thus, the coordinate plane of the
coupler) can be estimated relativeto a fixed reference coordi nate system
thereby allowing direct nmeasurenents of the shaft's S coordi nate angul ar
di spl acedistancan oD eGth58&8nr PASSaUdNg/ 3e4abe 11, Oralatsieate @achosemsarh sensor
assenbly nmeans 11, relative to each sensor assenbly neans 11 n. Typi cal
concent r 4&sdrhifig rhées 1aptic sensors (such as the type preferred in the

present invention) utilize a central bundle of illumnator transmt fibers
5 surrounded ; A Cor ehsts il bes [ dto a
phot oni ¢ det e?Y%'??F?%&gé;}tt@%mbrr@%rg;gpt@he cc?frq%:gﬁf(ﬁ %Qrﬂiq%yéegﬁgéggﬂgadi stance

relative to a reflective surface proyides def ect ed response gurve

Char act o Bei preSeRf yenfof] e B ELp I, SH Gt TR herSns whi ch
enpl o comercially avail abl e sensaors that exhibit this type of response
curve® utsUTeendesl by @ eprcentieding &f tseise fibars whisherarg erirded ttRe@peak of
this response curve as illustrated in Figure 2, the |inear range of a

t ypi cal ' platonisr détgictdri binvasjvelyc maing the lsenagntiboing $60son bdistdomever, use
of the operational characteristics of the linear portion of this curve
sever el yrdlativiet Stot e egfRsctiVe osafat@ngeovifies he dtased asssor¥ey ¢@mass, and

further, provides no neans for absolute 15 calibration of the sensor. The
present inygRidrdtlc sirlil&otthasiius®aiRuaM Figte NORpplications which employ
commercially available sensors that exhibit this type of response curve utilize
10  only the linear portions near either side of the peak of this response curve as
illustrated in Figure 2, the linear range of a typical commercial fiber optic
sensor being about 100 mils. However, use of the operational characteristics
of the linear portion of this curve severely limits the operational range of the
sensor assembly means, and further, provides no means for absolute
15  calibration of the sensor. The present invention, in contrast, employs the non-
linear operational characteristics of this curve for data processing by the
signal processing software means 51.
Referring to Figure 3, Figure 3 iliustrates a three —dimensional plot of
the response of a concentric ring fiber optic sensor of the type preferred in the
20 present invention. As shown, this type of sensor is highly sensitive to angle
variations, and thus, the effects of small angle changes on the characteristic
response of such a sensor must be modeled in order to achieve the level of

precision desired. The characteristic response is also a function of the

reflecting surface material. Thus, when using these types of sensors, it is



| i near operational characteristics of this curve for data processing by the
signal processing software neans 51. Referring to Figure 3, Figure 3

i1l ust ra%@éoﬁs&)gg ee -dinmensional plot of the response of pgra%kae8HAEsi C ring
fiber optic sensor of the type preferred in the 20 present invention. As

shown, this type of sensor is highly sensitive to angle variations, and
thus, the effects of small angle chahﬁ%s*on the characteristic response of
such a sensor nust be nodeled in order to achieve the |evel of precision
desi r ed. piéferretidnaica ¢hrest-dimees poas eesponskyor endp)rod teiach sehsbhérstibef | ect i ng
surface material. Thus, when using these types of sensors, it is WO

01/ 50085c£’;§m/réé§%%3:%aeledlOTﬁrseé@rﬁ bRdaédtthpiishedr & e%ﬁrﬁBFéS'Wnﬂlbcfn Sponse

(or map) of each sensor first be captured and nodel ed. This can

acconpl i § Q?ﬁj ?Jn%rorexi%mé € au¥mBIeRC Hitth e&%ﬁllglo?\e'ﬁ?f?fre ﬁn n%dc‘)l ﬁgtﬁg hi gh

preci si on ure and capturing the onse of eac om'a known
target materi e automated 5 characterizati systemvaries the

di st ance %ﬁ?&ntsﬂ %&6rster%ﬁgﬁgﬂma?‘ndi@é’vrbgarg?héngt@ﬁ@bra% &\ alaf“g%m?t@dt he
characterization target facet. The resulti ng mapped information can then
be stir eBh@aciaiizatiog syptem yadssithe didenen P8 ﬁﬁéﬁ‘é’oﬂﬁhmn%%glﬁﬁl@nt

cal cul ations. At |east one nultifaceted target marker neans 33n is attached

to a 10theesensosdestivé e éheshafaatengstion tatgddfacetnvEm remdtingretdppas, and are
spatially well distributed on surface 35 to allow the determ nation of the

pl ane oinfemidtiecaibthenthe btorad tnithe sighhbpvckbsing coffRiare enataies Nigrat i on of
the angle of the shaft S. Preferably, each target marker neans 33n is
spaced agasdeqldBt calculations. |
At least one multifaceted target marker means 33, is attached to a
10  measured surface 35 of coupler 31 by conventional methods, and are
spatially well distributed on surface 35 to allow the determination of the plane
of surface 35, which in turn, allows the geometric determination of the angle
of the shaft S. Preferably, each target marker means 33, is spaced apart 120
degrees from each other on surface 35. Each target marker means 33, is
15  optically reflective, being able to reflect optical signals transmitted by each
sensor 11,. In the preferred embodiment, each target marker means 33, is of
a predetermined height to an arbitrary center point C, is manufactured from a
highly reflective compatible material (such as, for example, nickel-plated
aluminum) and includes five faceted faces 371 — 37,. as seen in Figure 4a.
20 Using simulations which model the sensor assembly means’ 11,
performance, it was determined that five facets would optimally allow the
recursive sensor estimators (as seen in Figure 6) to converge to a solution

rapidly. The first three facets 374 _ 373 produce fixed, precise changes in

displacement. The fourth facet 37, produces a fixed, precise angle change in



degrees from each other on surface 35. Each target marker neans 33n is 15
optically reflective, being able to reflect optical signals transmtted by

each SeRSQL1/Aphsd)- N the preferred enbodi nent, each targgictiedosaissoeans
33n is of "a predeterm ned height to an arbitrary center point C, 1is

manuf actured froma highly reflecti vq conpati ble material (such as, for
exanpl e, nickel -plated al um num and lincl udes five faceted faces 37, -
37n. as seen in Figure 4a. 20 Using sinulations which nodel the sensor
assenbl ytheeaxs' ofirbtatiompef the wenper 31 ke tth dacetndd produces eefikedet s woul d
optimally allow the recursive sensor estimators (as seen in Figure 6) to

conver geptezise anglet tleange apthd 3ixis Peepéndistilat o eiee freletiba ¢f the-codipferpr oduce
fixed, precise changes in displacenent. The fourth facet 374 produces a

fixed, psecisgogddreskinananeaH YA %prﬁgaégaﬁg/ R0/ réfidefe 'ma?t%riafshe axis

of rotation of the coupler 31. The tifth cet 375 produces a T1xed,

preci se C i i i t I ion of the

coupl er ggl%%ﬁ%@%q@fteg iﬁ)Fﬁweﬁﬁﬂe?%rggéfgﬁ{%dﬁﬁgg{)%ﬁtggitgfgeet%%ﬁ(e Pefl ective
materj als_ . could be substituted for _the preferred enbodi nent of the target
mar ket nBLHE §retent HEVERUAL ARUG an q"or<qTRRln NSkl BUTHRUR I SaMIRsE kel
alum num stainless steel, titaniumand first surface or second surface

gl ass mi gleet. shtanipwn and Ifirst periace aki sepand: Rerfage ralassamairmons, yedpdillof t he
present invention. By tracking the |ocation of each facet 37n on surface
35 i n spexgeaiandithinntbe spidbapdrthe stopeasft the predenbiivention nes traeklingol t ages
(which are proportional to the 10 distance to the surface and the surface's
angl es) @Rdogafi®s ef eBEh FACtBMSEH sufS5P96 %€ shate andafhé Maicethptirgbance and

angles (stored in control electronics
can be made between measured voltages (which are proportional to the

10 distance to the surface and the surface’s angles) and a model of the sensor
response for an estimated distance and angles (stored in control electronics
41) in order to calculate the coupler's 31 estimated absolute distance from
each sensor 11, and also the angle of each target marker means 33, relative
to each sensor 11,.

15 The information corresponding to the captured signal reflectance from
each sensor assembly means 11, is then communicated via communications
bus 43 (such as, for example, a fiber optic data bus or bundle) by the control
electronics 41 to the signal processing software means 51. The signal
processing software means 51, in turn, is programmed by conventional

20 means to determine whether the moveable shaft S is moving in any plane to
within 10 mils over 450 mils and 0.1 degree over 2.5 degrees.

Simultaneously, the signal processing software means 51 monitors the

rotational speed of shaft S at up to 9000 RPM.



41) in order to calculate the coupler's 31 estimated absolute distance from
each sensor 11 n and al so the angle of each target marker neans 33n

rel ative d@ls%ﬁt%h sensor 11 n. 15 The information correspeagiusgeiqass he
captured signal reflectance from each sensor assenbly nmeans 11 n is then
comuni cat ed via comruni cations bus_ 43 (such as, for exanple, a fiber
optic data bus or bundle) by the contfal electronics 41 to the si gnal
processing software neans 51. The signal processing software neans 51, in
turn, is prodnaingepraisred enehadigeat ogcbhem@ae@rttdn\cmrti@nmaadllwatamérinthe
noveabl e shaft Sis noving in any plane to wthin 10 mls over 450 mls
and 0.1 Figgreee5,otlee Righablquoeessing Ssoftamnaneshy , 51 hiackidg8ala pagressi ng
software nmeans 51 nonitors the rotational speed of shaft S at up to 9000

RPM -~ VIO j@dh#RQgienPad URPM Idintatod 51! Ma thIGrat e ofrdchof HAGHATBRT 681 the

present invention, as illustrated in Figure’5, the signal processing

ol ur a1 G eeRoaing REEHA SeRebr R aRmut iRBhhe 137 rafed A LBl S cemni  °

maang 11 n gerrjr{pl oyed, .arég orsion 5 coupler plane estimtor 65. In

oper 3t i FIPUPE{IHANG FSBMAXRIND| y means 11 n generates a continuous si gnal
obtained fromreflections fromthe rimof the coupler 31 as the coupler 31
rotates. In tlRe qResAten.eceGboBRMEt assembly pmeanst 1hvegrnasates tae space
(or, regions) between each target marker nmeans 33n on the rimof 10 coupler
31 are togniticably sizvak eidained tfrom oefledidnecromehewatreraf dhe cbhpler Haad

the coupler 31 rotates. In the preferred embodiment of the present invention,
the space (or, regions) between each target marker means 33, on the rim of
10  coupler 31 are typically darkened with non-reflective material. Thus, each
target marker means 33, as it rotationally passes each sensor, has a much
higher return (or, reflected) signal. A small stripe of reflective material (not
shown) is optionally placed on the rim of the coupler at a predetermined
location to provide a fiducial mark on the rim of the coupler. The stripe
15 provides a reference point for determining the rotational angle of the coupler.
When the stripe is sensed by each sensor assembly means 11,, it is an
indication that the next target market means 33, sensed by the sensor
assembly means 11, will be target marker means 334. This will be followed by
target marker means 33;, 333 up to 33,. The target identification and RPM
20 estimator 61 computationally locates the fiducial marker, locates each target
marker means, locates each facet of each target marker means, obtains the
sensor response of each facet 37, of each target marker means 33, to
transmit this data to the sensor estimators 63,, and by using the sampling rate

of each sensor assembly means 11,, determines the rotational velocity of the



target marker means 33n, as it rotationally passes each sensor, has a nuch
hi gher return (or, reflected) signal. A small stripe of reflective materi al

(not Sh%)OCI{%@OS@p“ onal ly placed on the rimof the coupl epcBtis@/34450
pr edet er m ne | ocation to provide a fiducial mark on the rimof the

coupler. The stripe 15 provides a ref ﬁg ence point for determning the
rotational angle of the coupler. When the stripe is sensed by each sensor
assenbly neans 11 n, it is an indication that the next target market means
33n sensahafyby He s¥pgvationsoreBPyndivarie thermassapetyd tharfigerciatanarker neans
331. This will be followed by target marker neans 332, 333 up to 33n. The
target i denéadh cadtiom and RPM 20 estimator 61 conputationally | ocates the
fiducial marker, |ocates each target marker means, |ocates each facet of

each target meRdsRFringHdW t@mighfésst, ReichSEasYr EaRRaT BRI c6reRtdaest 37, of
each target marker neans 33n to transmt this data to the sensor

esti mat or i e sa i - n nbl y
moans 11 o qunsPhiassEmith, Mbart 1 SRERI AR, 3 ofthpRRARAH pRheRESS
PCT/ US00/ 34450 13 shaft the informati on correspondjing to th assage
of thd fiddEraceaPEdWO BHR@%@%}QA% SHmates @@ﬁ?ﬁﬁ%ﬁ)@&e*?@m gh% each
sensor estimator 63n correlates to each sensor assenbly nmeans 11 n
enpl oyed fivedacelsnp(n adi o Rhleaghgfiibe dawet madkegimeeai 83andn @dditiont frogonal
angl e esti mates based on voltages fromthe five facets 37, - 375 of each of
t he t ar gerdemadcammesdate gamatidns iadbé toivergll gain afrtde opéice andwadadteonies i at i ons
in the overall gain of the optics and electronics enployed in the present
i nvent i ormpioy&d irethepicgenpaivantber an attehsstiod phiatestet s also utilized in
each sensor estimator 63,. Models of the characteristic responses of each
10 sensor used (e.g., how they respond to predefined target marker means 33,)
are necessary in order to recursively estimate these parameters and are
stored within signal processing software means 51. Such models are derived
by known methods of off-line characterization of each sensor assembly
means 11, employed.
15 As illustrated in Figure 6, each sensor estimator 63, compares the
voltage response from each sensor assembly means 11, obtained in
response to reflected light from each facet 37, to an estimated voltage
measurement (being previously derived from models of the sensor and
target), and multiplies the difference by a gain matrix. The gain matrix (being
20  previously derived) should minimally account for the noise, target and sensor
characteristics. The result is applied to the previous estimate of the state and
a new estimate is produced. This new estimate of distance, angle, and

attenuation is applied to the non-linear sensor model and subsequently, the

target model to generate the next measurement estimate.



each sensor estimator 63n. Mddels of the characteristic responses of each
10 sensor used (e.g., how they respond to predefined target narker neans

33n) are ry in order to recursively estimte thesg-Ra/saBI8sS and
are sto?ve(gg\/ﬁ%?%an signal processing software neans 51. Such nodels are

derived by known nmethods of off-line characterization of each sensor
assenbly neans 11 n enployed. 15 #As idi+ustrated in Figure 6, each sensor
estimator 63n conpares the voltage response from each sensor assenbly

means 11 n obTarsied conpler géaunestimataredd exkdesdhtédpredisgeotisentdesi ae@t 37n to
an estimated voltage neasurenment (being previously derived from nodel s of

the sensgle g&¥hortaytigitdrs 88 dandlusbRlthése Hﬁ?ar%écsft%rd“égéﬁmlﬁlé tﬁe%{lﬂjd@at rix.

The gain matrix (being 20 previously derived) sho mnimally account for

t he nois ta S r [ |ied to the
previ ous&:ats E&Fﬁleﬁ‘?%h@ a\t/t'ae%g% anté\%m'a(\%He eﬁi‘?gtor%@fﬁdﬁ%ﬁ%fﬁ‘. S new
esti mat e, of n a , attepuatio Iledt t he non-1|i near
sensor nisyE) g%ﬁ'@ats%fsg@qﬁ%?ﬁqrfsqworﬁef@%ﬁ ﬁ@&%‘ﬁ "96 lfé‘ofehéh%text
measur enent estimate. WO 01/50085 PCT/ US00/ 34450 14 Tor sion coupl er plane
est i rhat othess araceyeta methpde de ascamplisihdhis metbad, boweven dhe resursivet ors 63"
and uses these distances to determne the attitude of the coupler's 31

pl ane vi Hamaneestmsatoe iKprederred biecatse itvdliools readsigsifbathe cougler plahe t hat of
the sensor estinmators. Those skilled in the art will note that 5 there are

sever al m@@@dﬁmﬁ@mgg@éna@uthls net hod, however, the recursive Kanan
estimator is preferred because it allows readl ngs for t he coupl er pl ane
In the preferred embodiment, the signal processing software means is
programmed to obtain the desired information in MatLab and Mathmatica by
10 methods known to those of skill in the art. These software programming
languages were used for prototype expediency, but those of skill in the art will
appreciate that other methods may be used (such as, for example, by
hardware means such as preprogrammed ASICS or by embedding the
software in microcontrollers). Because each target marker means 33, is
15  coupled to the moveable coupler, the present non-invasive optical distance
and angle measurement system allows collection of measurements multiple
times per revolution in order to calculate the precise attitude, speed and
torque of the moveable shaft S. As will now be appreciated by those of skill in
the art, obtaining multiple measurements is especially useful in those
20 applications where the measured surface or plane is not truly flat, and
multiple measurements may help in mapping the uneven surface to an
idealized coupler surface.

Further, the signal processing software means 51 is programmed to

used the information from the reflected optical signals to automatically



to be continuously generated. In the preferred enbodi nent, the signal
processing software neans is programmed to obtain the desired information
in Mat La%@gﬂ hrrati ca by 10 nmethods known to those of mindooisiushhe art.
These sof T programmi ng | anguages were used for prototype expediency,
but those of skill in the art WI|| Mrem ate that other nethods may be
used (such as, for exanple, hard € neans such as preprogramed ASICS
or by enbeddi ng the softvvare in mcrocontrollers). Because each target

mar ker ndetesmBsn shaftl Shamgiersticso ddspiteptheabbeditionp! & the Iserouedgt
non-invasi ve optical distance and angle neasurenent system all ows

col I ecti gAviednrieas byam@Rlisednddtinition 6 ARDIREdiSMYCEMENDOF SHAfOSERI t O
calculate the precise attitude, speed and torque of the m)veabl e shaft S.

As wil | Qﬁ@mgﬁ cﬂ%@é@éh@h?%fbélhéfhc’éf S%@k éthmétq]gsmztgétrar

app ﬁ-ll ons where

mul tiple asurenents 1Is espe0| al I'n
th d f t t
my hol pEapEt ngt £he BEen e dragl oYalnd i audREy B B e i f ace,

Further, the signal roce sing software peans 51 is programred to wused the
i nf orrat iNGHEPEREN Phe Z%Q SHCNC S §irgAyalitys oh%tddibfattﬁﬂmelr?t% 01/ 50085
PCT/ US00/ 34450 15 determ ne shaft characteristics, despite the conditions
of the sunexpeaetgbstrelionmtiesiudingydurimarticles) the réfirctiveryualityabkieut e

di spl acenent of shaft S and angul ar displacenent of shaft S by |ight

r et ur nedtdrgets ishefatay ged light keurcee anensSiBn andosperationalechahaetegisaos ent  of

the reflected light intensity is |
and the angle of incidence on the target. Thus, in the preferred embodiment
of the present invention, the signal processing software means 51 further
10 includes signal processing means for providing an adaptive gain to
accommodate variations in the optical path, sense electronics or fiber bundle
variations.

Other variations and modifications of the present invention will be
apparent to those of ordinary skill in the art, and it is the intent of the
appended claims that such variations and modifications be covered. The
particular values and configurations discussed above can be varied, are cited
to illustrate particular embodiments of the present invention and are not
intended to limit the scope of the invention. It is contemplated that the use of
the present invention can involve components having different characteristics

as long as the principle, the presentation of a non-invasive precision, optical

distance and angle measurement system, is followed.



5 influenced by many factors such as air quality, humdity, tenperature,
unexpect ed obstructions (including dust particles), the reflective quality
of the L85 96L00ss surface, the light source's intensity angpsoabianal
characteristics, and the angle of incidence on the target. Thus, in the
preferred embodi ment  of the present %nventlon t he signal processing
software neans 51 further 10 incluﬂé§ si gnal processing neans for providing
an adaptive gain to acconmpdate variations in the optical path, sense

el ectronics or fiber bundle vari aELAMIS Ot her variations and nodifications
of the present invention will be apparent to those of ordinary skill in

t he art, Wirad is tlairmetihe i ntent of the appended clainms that such variations
and nodifications be covered. The particular values and configurations

di scussed aboye capnbgptiRl defand andidiifle rh@addrbidnt 3y stePakdr 5lé|h%'ft
enbodi ments of the present invention and are not intended to limt the

T hven ° ég@n PnVO nétthless %IaVI ngyﬁg?lp g % n?cn)éﬁ?e ?tt.aft EES%@I’ esent

i nventi oncan onbonen aracteris as | ong
as the pr| nmtgk?g#%tt% rese ion of a non-invasive precision, optical

di st ancel%hE t hfy%)fs & GARERINGwed. WO 01/ 50085

PCTI USOO' 34450 - 16 CLAI M5 What is clainmed is: 1. An optical distance
and @ngl e neasur enBnfnaipdingnsiraetute shed to agspeafiop ph the enginge,thehe shaft
assenbly including a novable shaft coupled to a rotatable torque coupler,
t he systgnuctorepsirsourding the movable shaft and adjacent to the torque coupler;

a piurality of optic sensor assembly means disposed upon the
mounting structure and proximate to a surface portion of the torque coupler;
at least one target marker means coupled to the surface portion;
10 control electronics, each optic sensor assembly means in
communication with the control electronics by a communications bus; and
signal processing software means loaded and stored in the
control electronics; each optic sensor assembly means transmitting optical
signals to the surface portion, receiving a reflected optical signal from each
15  target marker means as each target marker means passes each optic sensor
assembly and transmitting information corresponding to characteristics of the
shaft to the control electronics for processing by the signal processing

software means.

2. The optical distance and angle measurement system of Claim 1
wherein each sensor assembly means is proximately located between 0.15

and 0.4 inches away from the surface portion.



5 a nmounting structure fixed to a portion of the engine, the structure
surroundi ng the novabl e shaft and adjacent to the torque coupler; a

pluralityyghsRk:c sensor assenbly neans di sposed upon t hepc1mOsudl344Eg
structure ancf proxi mate to a surface portion of the torque coupler; at

| east one target marker neans coupled.{o the surface portion; 10 control
el ectronics, each optic sensor asse—ﬁb} “means in communication with the

control electronics by a_comunications bus; and signal processing software
means | oaded and stldreeepPliGal dianee ahfAngls maasyreent sxtemodftClainehsor

assenbly means transmtting optical signals to the surface portion,
r ecei vi ngvheereief |essihe dsegysior c assainghal meaosn eacdisfidsddar get thear steuctoeans as
each target nmarker neans passes each optic sensor assenbly and

transm t ego@istahoy ik adjaeent ssmsurdistenibly fleanact eri stics of the shaft to
the control electronics for processing by the signal processing software

nmeans. 2. The optical distance and angl e neasurenent systemof Claiml
wherein each sensor assenbly neans is proximately | ocated between 0.15 and
0.4 inches awgy fr the.surface portion, WD 01/50085 PCT/US0Q/ 34450 - 17
3. The opticafl di sﬁm c%gté dé\sﬁ ﬁ‘%@ﬁﬁg&nﬁ&r@ﬁasgﬁ?g% %*S?%-ﬁna(?ncgé'm erein
each sensor assenhly neans is djsposed on the structure equidistantly from
adj acent WERRIPr 3L ERDFY ABIRIBLIVAMMEPRE ig R sersorgseleaisdelramathengraup

measur enent systemof Claim 3 wherein each sensor assenbly neans is a
sensor sebesistg fefom fiker gertigp concentric ring-type sensor, an incandescent

sensor, a coherent light sensor, a noncoherent light sensor or a multiple

wavelength sensor.

5. The optical distance and angle measurement system of Claim 4
wherein three sensor assembly means are disposed upon the mounting

structure.

6. The optical distance and angle measurement system of Claim 5
wherein each target marker means is spatially well distributed upon the

surface portion.

7. The optical distance and angle measurement system of Claim 6
wherein each target marker means further includes a plurality of faceted

faces.

8. The optical distance and angle measurement system of Claim 7

wherein the signal processing software means further includes a target



consisting of a fiber optic concentric ring-type sensor, an incandescent
sensor, a coherent |ight sensor, a noncoherent |ight sensor or a nultiple
wavel engt,$¢asRE- 5. The optical distance and angl e nmeasusEreg§fosgysst em of
Claim4 mﬁereln t hree sensor assenbly neans are di sposed upon the nounting
structure. 6. The optical distance ang angl e neasurenent systemof Caimb5
wherein each target marker neans is spatially well distributed upon the
surface portion. 7. The optical distance and angle nmeasurenent system of

Cl ai m 6 Idghdifisaticrea@ndt aREM estiratoneans piwalityerofi nednsies estiphatoed ity of
faceted faces. 8. The optical distance and angl e neasurenent system of

G ai m 7 celrespomding o Sayhasensopcassehiidy seddvarandn@ansidritbisier beHeudes a
target WO 01/50085 PCT/ USOQ 34450 18 identification and RPM estimator, a

pl ural it gs@hal@Sthe aakddTalAificabn CARANEPN (RiRARY Sc%?ﬁé’u&gﬂ?rﬁ@[@' y

means, and a torsion coupler plane estimator; the target I'cat i on

d RPM b ' I ' : k :
comput at (5L R, ALt SRS FhaRer milans Srhb R BRGNS X AED SR TR0 " obtai n
areflective.res onse and detern ni ngg&he. rotational velocity of the
coupl er; e@%ﬂ?@@ﬁm YSTERAE &P © Gt 'STIPEl4 [SPPogeR @ngidetgrainiiatees to t he

coupler and at least two orthogonal angle estimates froma voltage
r esponsefdatieralhvelecity afe i@ rcaiiplenit®aeh seasebrestiorator computationally

generating distances to the coupler and at least two orthogonal angle
estimates from a voltage response of each optic sensor assembly; the torsion
coupler plane estimator computationally obtaining the distances to determine

the attitude of the coupler.

9. The optical distance and angle measurement system of Claim 8
wherein each target marker means further includes a first facet, a second
facet, a third facet, a fourth facet and a fifth facet, the reflected optical signal
from the first, second and third facets corresponding to an angular

5 displacement of the shaft, the reflected optical signal from the fourth facet
corresponding to an angular change in an axis of the coupler's movement and
the reflected optical signal from the fifth facet corresponding to an angular

change in the coupler’s axis perpendicular to the movement of the coupler.

10.  The optical distance and angle measurement system of Claim 9
wherein each target marker means is formed of a material selected from the
group consisting of nickel-plated aluminum, nickel, aluminum, stainless steel

or titanium.



coupl er plane estimator conputationally obtaining the distances to
determne the attitude of the coupler. 9. The optical distance and angle

neasur emegl, $¥ssgm of Caim8 wherein each target narker p@gpsoofddsoher
i ncl udes A f 17t facet, a second facet, a third facet, a fourth facet and

a fifth facet, the reflected optical ﬁi gnal fromthe first, second and
third facets corresponding to an an_gL}I ar 5 displacenent of the shaft, the
reflected optical signal fromthe fourth facet corresponding to an angul ar
change in an axis of the coupler's novenent and the reflected opti cal
signal fromthe fifth facet corresponding to an angular change in the
coupl er' s axi $1per pbadiptidahdistanteh andoaregienheadurehent aysten. ofl0lairhhe
optical distance and angl e neasurenent systemof Claim9 wherein each

target nppkeHerBRR8ach Sarget mstkef nibdfBligrbahe8 e hifefifI06BIEAR] BERAUP
consi sting of nickel-plated alum num nickel, alumnum stainless steel or

angt o MU ten oSS He el 31O giasel Muars 2F RePlh Sl bR ans -

formed of .a material selected from the group consisting of first surface
gl ass mi THFES or second surface glass mrrors. 12. A non-contact distance
and angl e neasurenent neans for a noveable shaft assenbly, the shaft
assenbly including a torque coupler, the systemconprising: a structure
surroundi ng and adj acent to the torque coupler;

12. A non-contact distance and angle measurement means for a

moveable shaft assembly, the shaft assembly including a torque coupler, the
system comprising:

a structure surrounding and adjacent to the torque coupler;

at least two fiber optical means for sensing disposed upon the
structure and proximate to the torque coupler;

at least one means for marking coupled to a surface of the

5 torque coupler;

means for electronically controlling in communication with each
fiber optical means for sensing by a bus; and

means for software signal processing loaded and stored in the
means for electronically controlling; each means for sensing transmitting

10 optical signals to the surface portion, receiving a reflected optical signal from

each means for marking as each means for marking passes each optic
sensor assembly and transmitting data correlating to characteristics of the
shaft to the means for electronically controlling for processing by the means
for software signal processing.

15



at least two fiber optical nmeans for sensing disposed upon the structure
and proximate to the torque coupler; at |east one neans for marking coupled

to a surf‘%g)eblg{msghe 5 torque coupler; neans for el ectronigati¥oczRnde ol i ng
in conmuni cation with each fiber optical neans for sensing by a bus; and

means for software signal processing |oaded and stored in the means for

el ectronically controlling; each neandfor sensi ng transmtting 10 optical
signals to the surface portion, receiving a reflected optical signal from
each means f or13rar kTing) cpdicehdistareznand anghamieasyreaest systeoh ofElaim sensor
assenbly and transmtting data correlating to characteristics of the shaft

to the nmemnghbpsin@laeetmeans b se [s0dibh8ged Bh the @aBSRIr8 B RIHisRARHIYEANS
for software signal processing. 15 01/ 50085 PCT/ US00/ 34450 20 13. The

opti cal q;oﬁﬁ%@ﬂgeggg} S5 |zrrﬁ€%qgs systemof Claim 12 wherein each

means for se g I's disposed o tructure equidistantly from adjacent
sensor assenbly neans. 14. The optical distance and angl e neasurenent
systemof Claim 13 wherein each nmeans for sensing is proximtely | ocated
between 0.15 and 0,4 inches away fromthe surface portion. 15. The optical
di stance and atfyl e MR SRiieAkAStalice: aRd @nate MmeasurameRt s¥steme 8¢ ICIAANS f or

sensing is a sensor selected fromthe group
13 wherein each means for sensing is proximately located between 0.15 and

0.4 inches away from the surface portion.

15.  The optical distance and angle measurement system of Ciaim
14 wherein each means for sensing is a sensor selected from the group
consisting of a fiber optic concentric ring-type sensor, an incandescent
sensor, a coherent light sensor, a noncoherent light sensor or a multiple

wavelength sensor.

16.  The optical distance and angle measurement system of Claim
15 wherein three means for sensing are equidistantly disposed upon the

mounting structure.

17.  The optical distance and angle measurement system of Claim
16 wherein each means for marking is equidistantly distributed upon the

surface portion.



consisting of a fiber optic concentric ring-type sensor, an incandescent
sensor, a coherent |ight sensor, a noncoherent |ight sensor or a nultiple
wavel engtf, 5068y - 16. The optical distance and angl e neasigTameobisyst em of
Claim 15 erein three neans for sensing are equidistantly di sposed upon
the nmounting structure. 17. The optigﬁl di stance and angl e neasurenent
systemof Claim 16 wherein each néans for marking is equidistantly

di stributed upon the surface portion. WO 01/50085 PCT/ US00/ 34450 - 21
18. The opti cal8.di sthenepticaldisiagice andengleroreassysnent eysteraiomClaim wher ei n
each nmeans for marking further includes a plurality of faceted faces. 19.
The opti cial wiies¢ianeacrantbaangfar marisng efether sysiuess of p@raith ofl faceled ei n t he
nmeans for software signal processing further includes a target
identifigggdpn and RPM estimator, a plurality of sensor estimators
correspondi ng to each neans for sensing, and a torsion coupler plane
estimator; the target identification and RPM estimator conputationally

| ocating each nmeans for nmarking, conputationally |ocating each facet of

Vel ocity of ¢ HE-{ oriisedRiirIdrangs i d aRals: MeaURITeR BERBUL &l Lol 1y
generating distances to the torque coupler and at |east two orthogonal
angl e  edlB whewdn theomeansdpt agltwaess pignakpisicession frehesincbidesemiarggt t he
torston identification and RPM estimator, a plurality of sensor estimators
corresponding to each means for sensing, and a torsion coupler plane
estimator; the target identification and RPM estimator computationally
locating each means for marking, computationally locating each facet of each
means for marking to obtain a response and determining the rotational
velocity of the torque coupler, each sensor estimator computationally
generating distances to the torque coupler and at least two orthogonal angle
estimates from a voltage response of each means for sensing; the torsion

coupler plane estimator computationally determining the attitude of the

coupler.

20.  The optical distance and angle measurement system of Claim
19 wherein each means for marking further includes a first facet, a second
facet, a third facet, a fourth facet and a fifth facet, the reflected optical signal
from the first, second and third facets corresponding to an angular
displacement of the shaft, the reflected optical signal from the fourth facet
corresponding to an angular change in an axis of the coupler’s rotation and

the reflected optical signal from the fifth facet corresponding to an angular



coupler plane estimator conputationally determ ning the attitude of the
coupler. 20. The optical distance and angl e neasurenent systemof Caim 19

wher ei n e‘?ﬁlal/g%?ps for marking further includes a first fagetysd@sagond
facet, a thir acet, a fourth facet and a fifth facet, the reflected

optical signal fromthe first, second and third facets corresponding to an
angul ar di spl acenent of the shaft,—t Bé-Tefl ected optical signal fromthe
fourth facet corresponding to an angul ar change in an axis of the

coupl er' shaogat inctheacoupléehe axef pexteadicytdrn wathes rgvemdnt whthbecdupiém f acet
correspondi ng to an angul ar WO 01/50085 PCTI USOQ 34450 - 22 change in the

coupl er’ shaXdrigut aRpliceHett dfothtshafOMBERINgUMr éﬁﬁ]g‘@lﬂphﬁrams fgnangul ar
di spl acenent of the shaft t he angul ar change in an axis of the coupl er'

movenent. g dhe ARG CHARIANEN G IEOURRCS iAXIife RELBRA Caler Lo the

novenment o e coup |ng t Fact ef Isorcs of . The

optical di stan e asur nt s m. of | n each
means. { oPSRERTRYE 20 RS ST q 4 Phaclanstcy el
consi sting of nickel-plated al um num nickel, aI um num st ai nI ess steel or
titani umshgft. The optical distance and angl e neasurenent systemof C aim
21 wherein each neans for marking is forned of a naterial selected fromthe
group consisting of first surface glass mrrors or second surface gl ass
mrrors. 23. A nethod for nmeasuring distance and angles for a shaft
21.  The optical distance and angle measurement system of Claim
20 wherein each means for marking is formed of a material selected from the
group consisting of nickel-plated aluminum, nickel, aluminum, stainless steel

or titanium.

22.  The optical distance and angle measurement system of Claim
21 wherein each means for marking is formed of a material selected from the

group consisting of first surface glass mirrors or second surface glass mirrors.

23. A method for measuring distance and angles for a shaft
assembly, the method comprising the steps of:
mounting a structure to the shaft assembly, the structure
surrounding the shaft assembly and disposed adjacent to the shaft assembly;
locating at least one optic sensor assembly means upon the
mounting structure;
coupling at least one target marker means to a surface portion

of the shaft assembly;



assenbly, the nethod conprising the steps of: nounting a structure to the
shaft assenbly, the structure surrounding the shaft assenbly and di sposed

adj acent 0}%}35’08§haft assenbly; |ocating a’F | east one optpEr/BeREso
assenbly ans upon the nounting structure; coupling at |east one target

mar ker neans to a surface portion of_the shaft assenbly; W 01/50085

PCT/ US00/ 34450 - 23 using control el ttronics to comunicate with each
optic sensor assenbly by a communications bus, each optic sensor assenbly
means transm tti ngsop cemrtrolslgetabsics o chmnsunmitateewittoettlooptic @easyr ng a
reflected optical signal fromeach target marker nmeans as each target

marker Ne@BSMBASHFSa EGGMIANEAOrReBES! cABRCOPY SBR3HS asIERBAhdshs
information corresponding to characteristics of the shaft and transmtting

the inf Oﬁﬂéﬂ%hﬁﬂﬂnpgﬁ@gl g@gtafsoﬂo thgls‘?ﬁléc;é#&'ﬁbn afé%ﬁﬂ)&@ﬁ‘ rBfle Gted MHticB[ Ocessi ng

sof t war e neans, store e contro ctronics, 'tO receive
the infornmation fromthe contr ol el ectroni cs, for, processing. 24. The

et hod of CRYEATTD SR JAGET THART SOTRIY 258 SBCRUR(ITHARKET TeaSRASSA% y

| ocat ed between 0.15 and 0.4 inches away fromthe surface portion. 25. The

met hod ofagh QPHC BENRAEASSPMENCMERRE g deNeRing infermafianscoregspanaing tanel |

di stributed upon the surface portion.
characteristics of the shaft and transmitting the information to the control

electronics; and
allowing signal processing software means, loaded and stored
in the control electronics, to receive the information from the control

electronics for processing.

24.  The method of claim 23 wherein each sensor assembly means is
proximately located between 0.15 and 0.4 inches away from the surface

portion.

25.  The method of claim 24 wherein each target marker means is

spatially well distributed upon the surface portion.

26. The method of claim 25 wherein the step of generating
information corresponding to characteristics of the shaft further includes the
steps of generating information corresponding to an angular displacement of
a shaft in the shaft assembly, generating information corresponding to an

angular change in an axis of the shaft assembly’s movement and generating



26. The nethod of claim 25 wherein the step of generating information
corresponding to characteristics of the shaft further includes the steps

of gener%#ggsdqgg ormation corresponding to an angul ar di Sga06dERLseT @
shaft in shatt assenbly, generating information corresponding to an

angul ar change in an axis of the shaft assenbly's novenent and generating
WO 01/ 50085 PCT/ US00/ 34450 24 i nfor Aéition correspondi ng to an angul ar
change in the shaft's axis perpendicular to the rotation of the shaft. 27.
A di st anotoraradioangicerespasdirgneiot aysapgulbor chasdgaf tin atheerdhaft’'s haxisng a
noveabl e shaft, conprising: a structure nounted to the shaft assenbly, the

st ruct urgerpeHéicaldrdb e rbtatish af theaskbtli sposed adj acent to the shaft; at
| east one Pi ber optic sensor nmeans coupled to the nounting structure, each

sensor neans di sposed on the structure equidistantly from adjacent sensor
means; at |east one reflective nmeans coupled to a surface portion of the

shaft; contraol,elegtronic neans i,n communi cation with each sensor neans by
a conmuni cat i ofis b s‘{'&é‘a% a&@r%weﬁ%%ﬁ%r?mgﬁiﬂ%{?ﬂh@ra%F?&Iés%%”b'ﬁ/he
surface portion, receiving at | east one reflected signal from each

ref | ect i NYINGB AnQVeRDI 8haft. (COMRIESINGie neans passes each sensor neans,
generating information corresponding to characteristics of the shaft and

transmtting the &nsbuetre omoustachdocdne r shafel assanobliy c stheastructure

surrounding the shaft and disposed adjacent to the shaft;

at least one fiber optic sensor means coupled to the mounting
structure, each sensor means disposed on the structure equidistantly from
adjacent sensor means;

at least one reflective means coupled to a surface portion of the
shaft;

control electronic means in communication with each sensor
means by a communications bus, each sensor means transmitting signals to
the surface portion, receiving at least one reflected signal from each reflective
means as each reflective means passes each sensor means, generating
information corresponding to characteristics of the shaft and transmitting the
information to the control electronics; and

software means, loaded and stored in the control electronics, to

receive the information from the control electronic means for processing.



sof tware neans, | oaded and stored in the control electronics, to receive
the information fromthe control electronic neans for processing. W
01/50085 BCT{ LIgQ0/ 34450 25 28. The system of clai m 25 wheicqiso6asBo sensor
means is proxinately |ocated between 0.15 and 0.4 inches away fromthe
surface portion and wherein each tar%et marker neans is spatially well

di stributed upon the surface porti_oﬁ. 29. The system of claim 26 wherein
the information corresponds to an angul ar di spl acenent of the shaft in the
shaft assenbly, to28n ambelsysterohafngaim Rawhexeis edcht bensdrafricass is

di spl acenent and to an angul ar change in the shaft's axis perpendicular to

the di sphraspiztely dbcdtbe isdtdieen 0.15 and 0.4 inches away from the surface

portion and wherein each target marker means is spatially well distributed

upon the surface portion.

29.  The system of claim 26 wherein the information corresponds to
an angular displacement of the shaft in the shaft assembly, to an angular
change in an axis of the shaft's displacement and to an angular change in the

shaft's axis perpendicular to the displacement of the shaft.



