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general ly towbrilﬁsogﬁl d of sensors, and nore 5 specifi catinsoisgtt he use ok‘
fiber optic sensors tor determ ning spatial distance, speed and reiativp
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 iinGeAsspANY OPSTEM FokeoPREADDISTACDPeration and 10
mai nt enance, and provi des | ayhfiiGLeMEASUREMENDPVeES safety and
reliablltty. However, any technol ogy offered nust al so support a positive,
quantitative cost/benefit analysis. Fiber optic sensors have been used for
t he measur endHELROF EHEINUENTIONS| tj on 1b r decades, but, until the present
i nvention, their utility has not been 1 e dto self-rlifrraiirtg,
preci si on absol ut Ehe pEssHt f"éiﬂ“'ﬁ’é%ff?%%ﬁfa‘i%g’&%ﬁ’%&°ﬁf‘1’°§‘@h?\\%§h{ i onal
systenms usjing fi.pe I Cc se rs qQffer LAk LV fBaskr ement
capabi | i ty? tﬁ?@?‘pﬁfﬁh%ﬁhf ’f'sé’qcl%i%{r%%r ?Fcé%ﬁestep‘foﬁyggﬁeﬁﬁblgé %%aﬁ'a\bet weeh uses
because they ere, sensi.bive L. lfacReher Qmdddicibdace bei ng measured and
the di stances%%qaegé%a%"ﬁe genfscggr'ﬁaand the surftace Lei ng neasured. | ndeed,
sone of 20 those skilled in the art may believe that precision absolute
position

BACKGROUND OF THE INVENTION

In the commercial and defense industries, users are demanding
( technology Integration that incieases product life, simplifies operetion and
10 maintenance, and provides integration that improves safety and reliablilty.
However, any lechnology offered must also support a positive, quantitative
costbenefit analysis.

Fiber optic sensors have been used for lhe ineasurement of relative
position for decades, but, unlil the present invention, their utility has not been
15  exiended io self-culibrating, precision absolute. position measurement systame.
While conventional systems using fiber optic sensors offer only a relative
measurement capebility, they usually raquire repetitive calibration between uses
because they ere sensitive to the angle of the surface being measured and the
U distance between the sensor and the surface being measured. Indeed, some ot
20 those skiled in lhe art may believe that precision absolute position

| measurement syslems could not be accomplished with fiber optic sensors.
Most sensor prognostic systems require exorbltant amounts of

processing power for determining statistical- probabilites or require precise




. measurement systens could not be acconplished with fiber optic sensors.

Most sensor prognostic systens require exorbitant -ampunts o f processing
power, for determning statistical. probabilities or require precisel §JULUN0;
. 2004 1 9 JUL 2004 -2 neasurenents of physical properties for which current
sensor  technol ogy does not exist. For exanple, in prognostic neasurenents
of a.noveabl e shaft (such 5 as nmay be found in an aircraft engine or
simlar vehicle engine), the operational characteristics of the shaft nust
be known to ensure safe aircraft operatio%. Sone operati onal
characteristics required include nmonitori g‘bf shaft lateral displacenent,
shaft m salignment, shaft speed and torque, characteristics which are

difficult ormessussNents @ folsinal poppdias @rrwbwh qrrend senaet technsitngyidoas

t echnol ogy. These characteristics may be necessary to determine in such
appl i cat i onsn@isegist, Fogenangler in prognestio measardroentstefta omveable pbhaft (such
submari nes and earth noving equi pnent The need to neasure drive shaft

al i gnents hags fd BS%UI% |r§§ﬁ‘%urfci'éﬂ3englhé drl sl elitlefetdine), tHedbPerational
structures, a noveable shart (for exarrp e, one that is 15 rotating) can

move out of @J.grgg{q?@im e PG thich e R RO aPN Pk oBeraion.

~axis, thereb 'na amae struc ure Ine or system

oper at fonal | SPAF. pRErdihel 48 dé?-a% cipaupRa ik, Podfitohing 6L Rn ptere
e rdlaieaingnt. shalt missignment, Shal specd nd toroe, &h Characiesfics *°

which are difficutt or impossible to capture with current non-contact sensor

10 technology. These characteristics may be necessary to determine in such
applications as turbogenerators, power generation stations, ships, submarines -

and earth moving equipment. |

The need to measure drive shaft alignment has existed for some time.

in flexible or fairly rigid structureg, a moveable shaft (for example, one that is

15  rofating) 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

‘example, aircraft safety depends in part on determining the drive's operational

characlenstics as forque s transmitted 1o any engine component. Further, the

shaft's attitude and bending characteristice needs to be non-invasively

20 measured, as well as the shaft's rotational speed z_md torque. Movemant,

either from the shaft attitude or the bending, needs to be measured to less
than 0.254 mm and the RPM and the torque further needs to be mopitored.

Two known previous technical approaches fo measuring and

monitoring the shaft have been unsuccessful. For example, Lucent




20 measured, as well as the shaft's rotational speed and torque. Myvenent,
either fromthe shaft attitude or the bending, needs to be neasured to |ess
- than 0.254 mm and the RPM and the torque further needs to be nonltongMLsz
. Two known previous technical approaches to neasuring and nonitoring the
shaft -have been unsuccessful. For exanple, Lucent 1 9 JUL 2004 2a-
Technologi es attenpted to use an . eddy- cur £nt sensor, however,

measur.enent s based on 19 J UL 2004 3- y current sensing did not

provi de the a r.ac envir nneq tolerance robu ness reqU|red for
this or simil a lpgias o ﬁar sl%halRe atqrfanﬁggéi'%"%? esTHFLon &S Hat .
requi red a magnetic sl ug enbedded in the torque couplers. However, this

met hod si i | armpaguameMtmbase®e8f ul . DE- A-4 403 401 is an angul ar position
measuring device for the neasurenent of a rotational angle of a shaft.

That is, the apparatus continuously measures an angular position fromO to
350 degrees in shaft 10 rotation. The device does not neasure absol ute

di stance and rel ative angul ar displacenent or planar angles of a surface
position on a rotating object relative to a neasuring device or optical
sensor assenbly as in the present' invention. Thus, there is a need for a
non- obtrusi ve systemthat optically neasures



15 novenent of a large drive shaft or torque coupler in the confined space
of an engine such as, for exanple, an aircraft. The sensor system nust not
interfere with airflowinto the engine, and nust accommopdate variio®igUL 2004
environnmental .conditions (such as, for exanple, high vibration, shock-and
hi gh tenperature conditions). Preferably, the sensor nust al so be placed
between 3.18 mmand 20 12. 7 nmfroma surface of the face of the drive
shaft or coupler assenbly due to space constraints. The sensor system nust

al so be capabl e of capturing _absolute neasurenent of the shaff{'s novenent
wi t hout cal REEytGuTeNtMsRsNgdid nok @rewde the gt LIOBICAMRIHabICIEFRNGR NS or

system shoul d be capable of determ ning novenent of 0.254 nmor less in
t he appl i cabreobastnebs refaireéd f@Sthivasesianmppliceiiots. r Etbest haves agemptedut e
(RPM . The system should al so 19JUL2004 3a preferably neasure rotation -of

the shafg ah despirecohbsept W0 rdfthitett aveidgratic Sluyi enibegided haheotorquke

shaft in order to calculate torque. The system should also be able to

Teasiire apegbubRiR HapoRer IREREARBISFAIMy bbRdUNRER B! e 5 1 Of due

coupl er kno t e slrrace nmay varyiyn onl'y 1'n axi al” di stance away
abiTity to non ol bEsA AR ADTH ansurR cPREVERe IR bd SSFRR Y ahe®
har thas. ARRRSUTSEANtaBh hyiPIaREE bRFUPeot 1 el cnt PPhugn(ign SPRBFASI UL
2004 continuously measures an angular position from 0 to 360 degrees in shaft
10 rotation. The device does not measure absolute distance and relative angular |
displacement or planaf angles of a surface position on a rotating objaé:t
relative to a measuring device or optical sensor assembly as in the present
invention.
Thus, thers is a need for a non-obtrusive system that opticaily measures
15 mow.;.ment of a large drive shaft or torque coupler in the confined space of an
engine such as, for example, an aircraft. The sensor system must not interfere
with ai::flow info the engine, ahd must accommodate various environmental
.conditions (such as, for example, high vibration, shock ahd high temperature
conditions). Preferably, the sensor must also be placed between 3.18 mm and
20 12.7 mm 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
aba;olute measurement of the shaft's movement without calibration. Moreover,
the meaéuremént data obtained by the sensor system should be capable of

determining movement of 0.254 mm or less in the application as the shaft

25 rotates up to 9000 revolutions per minute (ﬁPM). The system should also



PCT/ USM 3445U wu 111150085 - 4 A self calibrating, precision absolute
position measuring system such-as disclosed in the present Invention,

al so supported by the defense community. The Secretaries of the A[% Ngbvy
and Ain Force have all directed, by policy, that new procurenents yL b
i ncorporate diagnostic and prognostic system5 health management prior to
fundi ng approval. This has been enphasi zed 17& new devel opnent prograns
including the Co usatier for the Arny, the Advanced Anmphibious Attack

Vehicle for th andth J Oi Strike righter (isr) for the joint
services. - mﬁ@%bﬁﬁqa.ﬁyﬁ%rg QB tBPsﬁ'laﬁsQ}rg,fealerﬁéh%ﬂ CaREM asbeeilessn
the need and the technol ogy available to neet that need. 10 BRI EF SUMVARY
OF THE | NVENTI ®Xetingot e rgaresple shnftiy ootertd ealcolatatirque.i Thersyetsiadhbald
facilitate an understanding of sone of the innovative features unique to
the present ialsehs able tameasureabsohite dieshdedrdrm e%ch@ehsd?ﬁ?é's@'rfa&@ orﬁhe
full appreciation of -~ the various aspects of the invention can only be

ai ned by takitogyde r , r n
g y o] Q:oﬁ ler ighowlihg IRGE ithe GalhES rrn?ﬂr goﬁon‘& W:@ﬁ@ Sistance

abstract as a whol e. e present invention co

preci sion, optd enen ch optically
neasures the t %%ﬁ%&nﬁgﬁ%oﬁ%ﬁ%ﬁgﬂ}%s t'é’ﬁ W]‘hprﬁ%‘i"@\gl'ﬁ'?@),
t he bendi ng of the tor plied to the object and
the object's ol Etgt ED rﬁ)gf%&gl’%t? y . TGEHr Bre’g’é $n\?‘%9?{qrﬁﬁm n¥ergHes rglative

I i f [
pruratt t¥ ° 9\%\'1&113%{] i\lgh-resolution shatft displacement, and twisting in the moving shaft

has never been accomplished before the present invention:




pl aced around and adj acent to the object which transmt optic signals via
fiber optic bundles to a target marker nmeans on a surface of the obj &g 2004
and recei vewolgspt i ¢ si gnal s when the target narker PREHHE 4% sensed.
The wool/ JUL 1004 50085 received optic signals are then processed by
non-linear estimation techniques knowr to those of skill in the art to
obtain the desired informati on. The present invention is intended for

vehi cul ar engi ne8 s¢k galiprating, areslsfopabdoiita positomeeasidng sgstem] duchasy aircraft),
but can be applied to other applications, such 5 as, for exanples, in

t anks, powerdisfased Bithe presetinyartian. is sksp pirpartel pioie deferseanmgwnid ot her
applications_requiring noveabl e machi nery. The novel features of the
present i nvele aires PeorEyadpar kA boree hpysal digeled gy golin t he art upon
exam nation of the follow ng detailed description of the invention or can

be | earned B{PtpTet PICHOFRNELBUSt JRemarfte | YRRt oM PPUDRBLFEEeR 10

under st oad, however, that. .the_detailed description of the invention and

t he speﬁt heé@ﬁ’r?ﬁrée%e%er"]iegréoﬁ? %&"?Wﬂﬁ" m?’%disﬁgt !l?ar?gbeerére " ’F‘??'Z@Hb"&di nents of
the prese”tneWBéGQBﬂgﬂ%g ?Jfg?arﬂ iﬂéfﬂd%’rf‘gdlh% %F#a%i%&&%ﬁ@k.!n%fh&‘AEJQ&%S@ only because

various changes an I cation; "W e spirit and scope of the
i nventi on Widhphite ABCINARRAEBE tht MahRQS SndDthe SKih dtrike Tridhlk® (JBF fof r OM t he
detail ed description of the 15 invention and clains that follow { BRIEF

DESCRI PTI ON tké joltiseRiResS FAdve=vas antipive \oresgnf digtlogse, thate whiscd gbp ke ref erence
numerals refer to
between the need and the techniclogy available to meet that nesd.

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 appreciotion of
the various aspacts of the invantion can only be galned by taking the entire

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

The present invention comprises a non-invasive precision, optical
distance and angle measuremenl system which opfically measures the
position of a moveable object (such as a shaft in an engine), the bending of

i the moveable object, the torque applied to the object and the object's
20 rotationat velocity. The present invention includes a plurslity of oplic sensors

placed around and adjacent to the objcet which transmit optic signats via fiber

oplic bundles 1o a target marker means on a surface of the object and

recelves the optlc signals when the target marker means are sensed. The



identical or runctionally -simlar elenents throughout the separate views
and which are incorporated in and formpart of the specification, ﬁ%?&ﬁf?

i | lustrate {Jg,/fRsPr esent invention and, together witHK-t'K&"detail ed 004
description of the invention, serve to explain the pnnciples of the
present invr:nlion 1 9 JUL 2004 -&-3Frgure 1 is a side perspective view of
one enbodi nent of the present invention attached to a nounting structure

whi ch parti ?AJ@MG@U%’E‘&W dre evi@edTesseddiyalon-lipear getimaion EchV8¥RSque coupler, 5
Figure 2 graphically illustrates the response curve froma commercially
avai | abl e f i asin @piticseasnsxiininrthe arti tgettgipdhe dagisd; infrimatipe 318 a

t hree-di nensi onal plot of the response of a concentric ring .fiber optic
sensor. Thi gra%bmm\:éﬁtbnsieriﬁémdf-’difgiyV@TlC'-tHie"-‘fEQémdF“CPoasd?rgtf& ™nd angle

vari ations and shows the non-1|i near characteris%ics Ef,‘.thes gnsor to 10

t hese vari atbmnercidtionmitan girgraf)abit AR b6 PERPES e SERRIET RGuprer with
attached nultifaceted tar %et mar ker s i ch

in front Sof asefescxamgieseliPPREINE" P87 mn.%,ip%ﬁﬂ sf’nige?a(f@lbglvﬁf noves, pass

oVl Sl gna or processi ng,

Figure 4b illustrates the. myltifacet ShachRédser s as shown in Figure 15
4a; Figure $aé ad‘dlﬂtﬁifl?pﬁﬁ'c_%g?nasrﬁ%wrﬁpﬁgm}g?%ng'facprorgessi ng functions required
to derive the cou lagvrel b b bd! A e N QLFR ErvERtich ! WiMby&neagmarene tsed by t he

sensor  assenbly NS as each target marker passes each sensor assenbly
Teans, Ihose of skill in the art upon examination of the following detailed description of
the invention or can be learmed by practice of the present invention. It should be
( 10 understood, however, fhat the detsiled 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 modificetions within the spirit and scope of the invention will

become apparent to thosa 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 ke reference numerals refer to
identical or functionally-similar elcments 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.




"Figure 6 is a systemdiagramillustrating a preferred sensor estimator 20
shown in Figure 5. WO oirsoass rC T/USWi45u 19 JUL 2004 - 7- DETAILS
DESCRI PTI ON OF THE | NVENTI ON The present invention Is a precision, UL 2004
-inn-invasive optical distance and angle neasurenent system which, A&‘é
plurality of sensor assenbly neans, transmts optical signals to
predefined surface areas on a noveabl e tor gue 5 coupler or like structure,
nmeasures the reflectance of the optical signals and by a signal processing

sof tware nmeans whi ch accounts .for the sensar a t ar get ,.nodel s,,, and

pi ucesse the desi ré@qﬁ?\f‘lofsnﬁt?r@% Heé’ﬁ%?quS YiEW eogﬁﬂ&%d'”@&iroitq‘ﬁn%rlese”t
characteristics. Referring to Figure 1. the present invention includes a

plurality of imyendtion atachasiera awaeipoystivedire which partially sureuegsshmaveabig
one nmounting structure 21 adjacent to-a torque coupler 31 which engages

and sur r oundshaftatieechisdeto sstoafjve 8oupler;l east one stepped target narker neans
33n attached preferably to a surface 35 of the torque coupler 31 or

alternatigely dir eP@'u}b t0gphiddlipGRudtfates RBe 185 dned cBtfiGh & RFhmeRtiady 41

comuni cating with &ach optic sensor 15 assenbly neans 11" via

tored i n comvPnDls Ther il SoRBh R IREEREIn3E | o1 Cach sensor assembly

e e P 88 o PHE B ShHER B 5 st i B5Bko e 0y

moveabl e Shaff%be?'opEuacCQer?segréofrhﬁsgﬁg\gls%he sensitivity of the sensor to distance and
angle variations and shows the non-linear characteristics of the sensor to

_ these variations.

Figure 4a is an end view of a tori:[ue coupler with attached muh'rface_ted
target markérs, 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 shpwn in Figure
4a;

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 8 is a system diagram illustrating a preferred sensor estimator

shown in Figure 5.




20 neans 11" is preferably placed equidistantly on nounting structure 21
and thus, circurrnferentially anmun the noveable shaft S. In the

preferred egppdi@eril, three sensor assenbly neans IFEF/USPEs 17" arld JUL 2084
pl aced evenly “around shaft S as seen in Figure 1, however, those of skill
in the are will realize that as | ttll-e as two sensor assenbly nmeans coul d

be used to 19 JUL 2004 g~ acconplish the results dictated by the present

i nventi on. Eﬁgﬁﬁ@%ﬂﬁscmﬁemﬂTﬂEmr\mgN- 11r, is preferably di sposed
between 3.8 and 10.16 mmaway fromthe surface face 35 of the noveable
torque coupl er 3the Faetnt hvemiteds 2 assisidn| yomipvasiye bptical distanceand so preferabl y
a cenventional fiber optic concentric ring-type sensor. which has multiple
fiber optic dogrtthessupmnens eyssam whichnley mW@"h’ﬁ’éé?'ﬁ%aﬁey‘Piyi geadst | ber - opti c
sensor which transmts optical signals to the surface 315 of the torque
coupl er 31, twnismits peigal sigraln s PREFINER GHAITE F¢nPha riPGRTe AdP¥&r neans

33,, ' formed on or attached to surfage 35, and L ch. 1ts vol t ages
cor r esporfdi rapupler aMie: SUMARGy MEET U &8 535871?%? %E?%gg?%%€§§@4l for
processing by the signal procgessing sof I & BRan WeMRd . those of
skill in theYaf $19fph ProFessyd 78 rﬁtrg%ﬁnﬁeéh@e%sors gccr)g'ﬂedségg used (such as,

for exanple and, w thout Jlimtatien, thd @hthe SBABOr S,
non- coher ent*®"9%f Eﬁf'glg'e?lnsdlo':r"%%c%%dde%gﬁ{nfﬁﬁggﬁgg vdvide band sensors,
mul tiple Wavcgjeg’{g},g hGS@RSRES or other fiber optic sensors) and remain
within the spirit of this invention. As each target marker neans 33A
rotational ly pasgefer@aQd FRRs 0rthe pesentiriventvpanmiudes # plurality of eplieh sensor
assenbly 11 It -11n continuously, and .

{ 10 sensor assembly mcans 11¢ - 11, placed on at least one mounting structure

21 adjacent to a torque couplar 31 which engages and surraunds a moveable
shaft S; at least one stepped target marker means 33, attached preferably to
. @ surface 35 of the torque coupler 31 or ajternatively directly o a surface of
tha shaft S; conbol electronics 41 communicating with each oplic sensor
15 assembly means 11, vie communications bue 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 &
mounting structure 21 of conventionat design which is proximately ediacent to
a torque coupler 31 attached fo a moveable shaft 8. Each sensor assembly
‘: 20 means 11, is preferably placed equidistantly on mounting structure 21 and
thus, circumierentially amund the moveable shaft S. In the preferred
embodiment, three sensor assembly means 11y, 11z, 11, are placed evenly
around shaft S as soen 1n Figure 1, however, those of skill in the are will

realize thet as litle as two sensor assembly means could be used to



“ thus in real-time neasures rejected~iighF fromthe noveabl e surface 35
based on the intensity of the reflected transmtted optical signal when the
20 transmitted signal reflects off of any of the target marker maanileigg

- Thus, in the preferred enbodi nent, three precise distances to the L%W
surface 35 can be obtained so .that the attitude of the neasured surface
35 (and thus, the coordinate plane of _LI*Be_QoupI er) can be estimted
relative to a fixed reference coordinate system thereby allow ng direct
nmeasurenents of the 25 shaft's, S coordi ngte angul ar ditscgal acg%[%lnt and 19
JUL 2004 - 9-acapwdisbethie desaberdis rb¥a 58 BIapeRt JRYERNCN. o ERGN, $ENSOLAch
sensor assenbly neans 11,,. Typical concentric ring fiber optic sensors
(such as thessepmiphtdaty ¢t -13,ii9 préferghly saposedbmtveen)3.&1 iminzand 18eh6r al
bundl e of illum nator transmt fibers surrounded by a concentric ring of

sense fi ber $,uighy 3cn (R BueRickJade 35N eI modedise torquel evgsler 8y Bachng
the concentric ring sensor a distance relative to a reflective surface

7l Vst ad od “ERBI SHpRTHRP RERE, L1 1SR aRY Biotefebly S rntbAal s optic

illustra pplicatl 0 comercially
fhe |1 near BONCFBING Megis Presorc RIS Rs AluiBaRRsT SpRFEURdIS REefentil o
opti o SensnchEone SBRBIRGRRY.8 A irerr Rl Rcr SUE VaRaT iR gl To
characteristics .of the linear portion of this curve -severely ljmts the -
oper at i onal thasydace 3t ef the torque coupler 31, which receives optical s!éna’sr?rom a
target marker means 33, formed on or attached to surface 35, and which
10 tranémits voltages corresponding to shaft information to the cantrol electronics
41 for processing by the signal processing software means §1. Howev-er,
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
15 sensors or olhe-r ﬁber optic sensors) and remain within the spirit of this

invention. As each target marker means 33, rotationally passes each sensor

assembly means 114 -11,, each sensor assembly 114 -11, continuously, and

this in Teal-time, measures refiected light fiom the moveable surface 35
based on the _intensity of thé reflected transmitted optical signal when the
20 transmitted signat reflects off of any of the-target marker means 33,. Thus, in
.the preferred embodiment, three precise distances to the measured surface
35 cah be obtained so that the attitude of the measured surface 35 (and thus,
the coordinate plane 01; the coupler) can be estimated relative to a fixed
reference coordinate system, thereby allowing direct measurements of the

25 shaft's S coordinate angular displacement and



15 sensor assenbly nmeans, and further, provides no neans for absolute
calibration of the sensor. The present invention, in contrast, enploys the

non- |inear operational characteristics of this curve for data procqgsmlgmm
by the signal processing software nmeans 51. Referring to Figure 3, Figure
3 illustrates a three -dinensional plot of 20 the response of a concentric

ring fiber optic sensor of the type pret&@+ed in the present invention. As
shown, this type of sensor is highly sensitive to angle wvariations, and

thus, the efieside ForsMBhh %&'sﬁrgé}ﬁer ty H? £ar tﬁfe F&Oe%chr §SRRGFe of

such a sensor nust be nodeled in |eve t he recrsion
desired. The chagacteri st response is al so a function of t he 25
reflecting gﬁﬁ?'@!’ Lf Thus, when using these types of sensors, it is
19 J UL 2004 wo 115 48i crnrs raa5q.. 10-- preferred that athree
-di mensi onal r espYREE (GINCRA §5° WFQ Eﬁ W@ﬁsﬁﬁ“spfsr §udheas ihg type prafetred
model ed. This can be acconplished, for exa by plauitr0O each sensor in
an aut orfat el theypresentiipventian)utilize meentrab unlﬂlﬁgtlft Huminatep tnamemit fieach
sensor froma known target nmaterial as the automated 5 characterization

system var i ssrrotsdeld sbyre ecomegntrite rihgoop Isehegofittd rsandicts apé coilifled s &
relative to the characterization target facet. The resulting mapped

}g‘; or rSTEL 'sggu'gﬁ‘?’“zﬂ?’?ﬁ@%?fé ﬁg%‘swélytrhévﬁabgﬂfé cBhOSRAE ity S8ALNRLeIRRME: 51
relative to a reflective surface provides a detected response curve
i characteristic similar to that iflustrated in Figure 2. Applications which employ
10 commercially available sensors that exhibit this type nf_ response curve utiize
only the linear portions near either side of the peak of this response curve as
ilustrated in Figure 2, the linear range of a typical commercial fiber optic
sensor being about 2.54 mm. However, use of the operational ‘characteristice
of the linear porlion of this curve severely limits the operational range of the
15 sensor assembly means, -and further, provides no means for absolute

calibration of the sensor. The present invention, in contrast, employs the non-

linear operational characteristics of this curve for data processing by the
H |

s"fgnaT processing soﬁwa:re. means 51.
Referring to Figure 3, Figure 3 illustrates a three —dimensional plot of
20 the response of a concentric ring fiber optic sensor of the type preferred in the
| present invention. As shown, this type of senéor 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

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




At least one nmultifaceted target marker neans 33,, is attached to a 10
neasured surface 35 of coupler 31 by conventional nethods, and are 19 JUL 20
spatially well distribufd on surface, 35 to alTow t hgqrfg§eE4#ss nat| On of
the plane ofosuekace 35, which in turn, allows the geonetric determ nation
of the angle of the shaft S. Preferably, each target marker neans 33" is
spaced apart 120 degrees from each & ner on surface 35. Each target marker
means 33" is 15 Optically reflective, being able, to, reflect tical signals
transmtted pbgferwtﬂhal%éﬁ%%rd‘fl'fﬂi'!mﬁahmf’ﬁﬁ‘sﬁt‘%f%ﬁph 2P s%?ﬁofrg'ﬁ“?eoeach t ar get

mar ker nmeans 33" is of e predeterm ned heigh LLGhd Ty center
point C is mwmamv@a?'e'$r§WF§a" e FFYTR'E %é%%&%ﬂ%'%’nﬁgﬂg T"E;I'd;a mat eri at

(such as, tor exanple, nickel-plated um ndy i AslHassnd i ve faceted
feces 37, - @%h ¥eUeel PR %‘—"i“’g'ﬁﬁ%‘} Jign ?69‘%Fﬁgm”§€nul al Fr‘fn@lf whi ch nodel t he
sensor assenbl y neans  [1ln f &R ookt MWRGrislefsethi aeshdtaat five facets
woul d opt i rrdF’F‘{P"ﬁ Iog\ﬁdf:%ée"sroggtopg%\%gser}ggr estimators (acs seen in Figure
6) to convergR {03 Sk Vhries i ditncs bnbend tvosithédunaleargiesef s 37, - 373
produce f ecﬁhgraﬁr g%i?usne évﬁ%nges" I n . displacenent The fourth facet 374
produces a ftbﬁégn:;upféi‘&ivé% Madnaroefaazgien tanget Sacdl. Uhe 129 0ig mappethe axi s of
rotation of e coupler 31. The fifth facet 375 produces a _fixed, precise

angl e changenichnidn caKitsenerspendinobe signal oracessingspiveBmedns Phi® coupl er  31.
Those of skill in the art will appreciate that many reflective materials
coul d 5 be ssilpsédient exlcftadions.he preferred enbodi nent of the target narker

means of the resent invention (such as,, for ex e i al um nu
St al nl ess St eelp At lcast one mulﬁfacete(d l.arge'l' marker means %gpks atta@h&:l(ﬁ‘-l a m

{

10 measured surface 35 of coupler 31 by conventional methods, and are
spatially well distributed on surface 35 to allow the dctermination 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, Euch target marker meana 332 is

15  optically reflective, being able to reflect oplical signals transmitted by each
sensor 11.. I the preferred embodiment, each target marker means 32, is of
& predetermined height to an arbitrary center point C, is manufactured.from a
highly reflective compatible material (such as, tor example, nickel-plated
aluminum) ard includes five faceted feces 374 — 37, 36 seen in Figure 4a.

20 Using simulalions which model the scnsor assembly means' 11
perfm‘ménce, it was delermined that five facets would optimally allow the
recursive scneor estimators (as eeen in Figure 8) lv converge to a solution
rapidly. 1he first three facets 37, _ 37, produce fived, precise changes in

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




titaniumand first surface or second surface glass mrrors), yet stil
remain wthin the spirit and the scope of the present invention.1§y UL 2004
tracking the |I|ocation of each facet 37n on surface 35 in space an Hln%,

. conparison can 10 be nmade between neasured vol tages (which are proportiona
to the distance to the surface and the surface's angles) and a nodel of

t he sensor response for an estinateg“qHsggnce and angles (stored in
control electronics 41) in order to calculate the coupler's 31 estimated

absol ute dj stance from each sensor 6 11t, _and so the_angle. of each, target
mar ker nmedhe axds ofdolatiqn of dhe fayplerss erﬁlﬂ' ﬁ%,f?‘?’el'rﬁgﬁ ipg?&‘crﬁét F‘o&?‘ed,
corresponding to the captured .signal reflectance from each sensor assenbly
means 11" precisbeangienchemgeirethey aiscperpendicatardosthebutatiors of thelicospler
for-eiarnpie , a n\W optic aaiff robundier5y-the- control electronics 41

to the sigpgl TRHEE @$ SkildnIRE AvewR) ApptaGiabelthal hears} ETRICtZE nMtesiakstogd
software neans 51, in tum, is programmed by conventional neans to

det er nigne wgﬁﬁytﬂ%&gﬁg@3&@;@@3@83&%@%&% targef MbrkeARfdand oftheh! N

0. 254 im.over 2.5 degiees. Sinultaneously,

t he signal_processing softwar Nni&.pLS : t atd: d of
e e LR W teB ORI, s R Beholl hE B iR Sfdifeat sBerd o
D tae B et et B oo Surthos” s imid B 80 Bhi RSS! "9

within fhe spirit and the scope of the present invention. By tracking the
location of each facet 37, on surface 35 in space and time, a comparison can
10 l;e made between measufed voltages (which are proportional to the distance
to the surface and the surface’s angles) and a model of the sensor response
for an estimated distance and angles (storéd in control electronics 41) in order
to caiculate the coupler's 31 estimated absolute distance from each sensor
11, and also the angle of each target marker means 33, relative to each

15 sensor 11,
The information corresponding to the captured signal refiectance from

each sensor assembly means 11, is then communicated via communications

BUS 43 (S UCH asTor examplea-fiber opiic data bUs or bundie) by the controf
electronics 41 to the signal processing software means 51. Thé signal
20 processing software meaﬁs 51, in tum, is programmed by conventional
means to determine whether the moveable shaft S is moving in any plane to
within 0.254 mm over 11.43 mm 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.




i dentification and RPM estimator 61, a plurality of sensor estimators 63" 5
correspondi ng to each sensor assenbly neans 11n enpl oyed, and a torsjon

coupl er plane esti mator 65, where: di = distance fromsensor 1 to 19 JUL 2004
__surface-position d2 = distance fromsensor 2 to surface position d3 =
di stance from sensor 3 to surface p05|t|on 10 A = Atenuation V, = Voltage

Measured from Sensor 1 Signal V2 Vol t age Measured from Sensor 2Si gnal
V3 = Vol tage I\/Easured From Sensor 3 Signd —T11= Target Data for Sensor
I/ Target 1 15 T21 = Target Data for Sensor 2/ Target 2 Tai = Target Data

for Sensor 3/Tgy gﬁt ré‘emad embadhheﬁt)ofamd ﬁﬂebénDM)annbnpbanﬂusimadlme to
sensor (i) coord system = sensor 1 along track angle 12 = sensor |

Kk
T ack andrguriss oy i Ef‘do%% I, ok A RNE indfimesol dargdt O 0°°
2ng$§ t?déﬁﬁ hf?ftg!@}tl@% Bt ?‘mn&&nﬁatofc&lplaefnluraﬁ)r)gof L8REoA WtifnatBrs gHuUP! er

5 corresponding 1o each sensor assembly means 11, employed, and a torsion

coupler plane estimator 65, where:

dy = distance from sensor 1 to surface -position
d» = distance from sensor 2 to surface position
d, = distance from sensor 3 to surface position
10 A = Afenuation
V; = Voltage Measured from Sensor 1 Signal
V2 = Voltage Measured from Sensor 2Signal
V, = Voltage Measured from Sensor 3 Signal
T4 = Target Data for Sensor 1/Target 1
15 T = Target Data for Sensor 2/Target 2
Tai = Target Data for Sensor 3/Target 3
ij - tip (j=1) and tilt (j=2) of plane relative to sensor (i) coord system
11 = sensor 1 slong track angle .
12 = sensor 1 cross track angle
20 24 = sensor 2 along track angle
22 = sensor 2 cross track angle
31 = sensor 3 along track angle
32 = sensor 3 cross track angle
D = shaft displacement
25 = goupler slong track angle
0 = coupler crogs track angle.

In operation, each sensor assemb!y means 11, generates a continuous .
signal obtained from reflac;tions from the rim of the coupler 31 as the coupler
30 31 rotates. In the preferred embodiment of thé present invention, the space
(or, regions) between each target marker means 33, on the rim of coupler 31

are typically darkened with non-reflactive material. Thus, each target marker
means 33,, as it rotationally passes gach sensor, has a much higher return
(or, reflected) signal. A small stripe of refiective material (not shown) is
35 optionally placed 6n the rim of the coupler at a predetermined location to

provide a fiducial mark on the rim of the coupler. The stripe provides a



I n operation, each sensor assenbly neans 17" generates a .continuous .
signal obtained fromreflections fromthe rimof the coupler 31 as the
coupler 30 31 rotates. In the preferred enbodi nent of the present 19 JUL 2004
. invention, the space (or, regions) between each target marker neans 33" on
the rimof coupler 31 are typically darkened with non-reflective material.
Thus, each target marker neans.33n,_g§1'£_LotationaIIy passes each sensor,
has a much higher return (or, reflected) signal. A snmall stripe of
reflective terial of shown). is 35 optiongll | aced on the rimof the
coupl er at ’é}ﬁeﬁ?%%tp _ rﬂiftﬁgge?qyﬁmn(gnt%@or ﬁ'%ﬁ@é‘%ﬁ PF@I?CF%‘FPIBHBWM“SH tLFFe rim
of the coupler. The stripe provides a 1 J UL 2004 - 12a reference point

f or. det er mstrigay is hensed by @ach sangbreassembhly meaps crl,, Wiersn ndication teat s
sensed by each sensor assenbly nmeans 11 n, it is an indication that the

next targetherpekttargetnmardst meansaiB yerised b eosensredYeyntifpaneand 16 Wi | |
be target marker neans 331. This will be followed by target nmarker neans:

332. 333 ump P)?‘?l??cet-rrhﬁrl%éi‘rrﬂ@éﬁs 'BS?.”rﬁiEivﬁﬂfHe%nmd%Dy'\faﬁéti MaHr r%apgr

conput at i ona ates the fiducial marker, locates’each target mar
eaponse. of Jeaciis derOaomor TR FREE i CRItBoRT 28R, M Al BTl ¢
cach SensPRAIBHTGNIaFRES e il Rprder nIpoRe SOt IR ADBIRES!  t he
B 2OOZrlneans, 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

16 data to the sensor estimators 63, and by using the sampling rate of each

sensor assembly means 11, determines the rotational velocity of the



--13 shaft by the information corresponding to the passage of the fiducial
mar ker on each rotation Referring nowto Figure 6, each sensor est,li nfmoi
63" correlates to 5 each sensor assenbly neans 11, enployed, and g JUL 2004
conputationally generates a distance and two orthogonal angle estinates

based on voltages fromthe five facets 37, - 375 of each of the target
mar ker means 33n, where: Ti = target data,V = neasured sensor voltage n 10
X = current paraneter estimate n Z = rea rement estimte = measur enent
i nnovation K, = forward gain C. = sensor nodel 15 1, = plant nodel T~ = Z

t ransf or m debhgft tyntredififoiroation cooedpendiog dantbafassagei eft thenidygiak marker
overall gain of the optics and el ectronics enployed in the present

i nvention, apnadciivotafies 20 paranmeter is also utilized in each sensor
estimator 63,,. Mdels of the characteristic responses of each sensor used

(e.g., howthey reighthd howPtEdSELALE, |EHAF befBAk B5LMBRISEE? cbiretites to
necessary in order to recursively

5 each sensor assembly means 11, empioyed, and computationally generates a

distande and two orthogonal angle estimates based on voltages from the five

facets 37, - 375 of each of the target marker means 33,, where:

Ti = target data
V = measured sensor voltage

N
10 X = current parameter estimate

N
Z = measuremsnt estimate

= measurement innovation
Ks = forward gain
C, = sensor model
15 ls = plant model
Z' = Z transform delay.

in addition, in ordér accommodate variations in the overall gain of the
optics and electronics employed in the present invention, an attenuation
20 parameter is also utilized in each sensor estimator 63,. Models of the
characteristic responses of each sensor used {e.g., how they respond to
predefined target mari(er means 33,) are necessary in order {o recursively
estimate these parameters and are stored within signal processing software
means 51. Such modeis are deﬁvéd by known methods of off-line

25  characterization of each sensor assembly means 11, employed.
As i!!ustfated in Figure 8, each sensor estimator 6§n compares the
voltage response from each sensor assembly means 11, obtained in

response to reflected light from each facet 37, to an estimated voltage



estimate these paraneters and are stored within signal processing software
means 51. Such nodels are derived by known nethods of off-line 25
characterization of each sensor assenbly means 11, enployed. As ill%gblk 2)pd
in Figure 6, each sensor estimator 63n conpares the voltage response from
each sensor assenbly neans 11" obtained in response to reflected |ight
frrom each facet 37r, to an esti mated—vdPBage 1 9 J UL 2004 -- 13a -
measur enent (being previously derived fromnodels of the sensor and
target), dneasumament dbeirige ptatibaskynderivéy ﬁogakﬁomggrbgihghgegggglJﬁﬂrix
(being previously derived) should mninmally account for the noise, target

and sensota@ethamd hiuliiphes the differéRaiby aigf'aiﬁﬁﬂéiri‘ig \ eﬁsﬁﬁsmﬁgﬁ}‘g@%i%t e of

estimate of the state and a new estinmdate 1s produced.

distance,ﬁﬂﬂﬁ : s i o i t he. .non-|1inear, sensor
nodel and subsbggﬁtg?‘{/?&)t Ee ?a@@éﬁ‘amgg#&ﬁ% ftagﬁé? Qelse, farged and sarseenent
esti ny\ e.cb 9‘%UL §004 ge, 01&50085, ?CT! USOn344-' 1V 14- Torsion coupl er
pl ane ®st TTRIRGPNEHCT o108 refPlkds gpalied to thespraviaus estimatene! thenstate and
estimators 63" and uses these distances to determ ne the attitude of the
coupl er' sa30ey gsimata I8 peeducadse Resrenew sestinater ofidistance, Singié,2and
formto that of the sensor estimators. Those skilled in the art will note
t hat attenuation is applied to the non-linear sensor model and subsequently, the

target model to generate the next measurement estimate.



5 there are several nmethods to acconplish this nethod, however, the
recursive Kaman estinmator is prefer red because it all ows readings f Or JULrag04

coupler plane to be continuously generated to the pr&®E¥¥&#Enbodi nent,
t he signal PPOYEPEEi ng software neans is programmed to obtain the desired

information in MatlLab and Mathmatica,by 10 nethods known to those of skill

in the art. These software progranm ng | anguages were used for prototype

expedi ency, but _those of .ski L di s PhkasWhick pratiRBragtirabe frbfmat ot her
met hods may be UJSEEPT YRR glsa{"é' ?étnn >0

or exanple, by hardware neans such as

pr epr ogr ammed AS C%sg,qla@)g QThRd diaginkhedistafdet tadatedminarhe =i rot | er s)..
Because eac "'"t'”ﬁpﬁ%'t mar ker means 33, is 15 coupled to the noveabl e coupl er,

the present OPRQ‘JO[]M?% YEpigRd ¥is al edirsivaKaman asinatorgyhichis #8wilee (fent  syst em
allows collection of reasurenments. nultiple tines per_revolution in order

to cal cul at g Lhe REESI1RE saisot bsttheatarspBaasehiied inothg 38 W netfefbveabl e shaft
S. As wll now be appreciated by those of skill in the art, obtaining

mul tipl e gMeggdd QRESHVEral Sotsgei atopplisbdis methadiryeeerole B Tt i ons wher e

t he neasured surface or plane is not truly flat fthdeco I,QB,LIFE measur enent s
may hel p i n KaRpipi esgmbloeis preiv e begrrsrdbelioys sRInaf el S LGPE Ul er surf ace.
Furt her, the signal processig% software neans 51 is programmed to wused the

| nf or mat i on té bexentingoysdf9BEBEd optical signals to automatically 1 9 JUL

2004 Vo QL; 500° %Sm._e prljerred embodiment, the signal processing software means is

programmed to obtain the desired information in MatlLab and Mathmatica by

10 methods known to those of ckill in the art.  These software programming

languages were used for prototype expediency, but those of skill in the art wiil

appreciate that other methods may be used (such as, for example, by

hardware means such as prepragrammed ASICS or by embedding the

software in microconisollers). Because each target marker rneans 33, is

15 coupicd to the moveable eoupler, the present non-invasive optical distance

and angle measurement system allows collaction of measurements multiple

times per revolution in order to calculate the precise attitude, speed and

torque of the moveable shaft S. As wiil now be appreciated by those of skill in

the art, obtaining multiple measurements is especislly useful in those

20 applications where the measured surface or plane is not‘truly fiat, and

multiple measurements may help in mapping the uneven surface to an
idealized coupler surface. .

Further, the signal pracessing software meane 51 is programmed io

ueed the Information from the reflected optical signals lo automatically



PCTI USUULj a4: PV determ ne shaft characteristics, despite the conditions of
the surrounding environment, by non-linear estimation of absolute 19 JUL 200¢
di spl acenent of shaft S and angul ar displacenent of BHAFYSPBy |ight
returned fro®P¥¥*target marker neans 33,,. For exanple, the gradient of
the rpfiected light intensity Is 5 ihjpfluenced by many | actate such as air
quality, humdity, tenperature, unexpected obstructions (including dust
particles). the reflectiye ouiabd tabspie traccoridibgebf sheseurfoypdindt he | i ght
sour ces i nt¥&HEY ghagt %%Aeérg%tlonal characteristics, and the angle of

i nci dence on the target . iTbuSstinatidns apsoaftedisgacesmbbefishefh® 2Néf t he present
i nvention, ‘E'Pﬂ?@%n’a processi ng software neans St further includes signal
processing feans Ji%[acgﬁ@m gi skeftae mdinht iretarngdifrant dealerashAlsi e vari ati ons
in the opti%gl path, sense electronics or fiber bundle var{yi ‘ations. O her
vari ations ang.Jmagi f ireatexamplenthat bedisne skfhe rfoeed et ISP ™Yp& apparent to
those of ordinary skill in the art, and it |s Bhe. | nttgnihe%ghe appended
cl ai ms t Bat \ausHRed iy atangnteciard SHeiiFi BhtaUaHE e PEET e  particul ar
val ues and configurations di scussed above ca Vaid &y heCi ted to

il lustrate pasdpbced abslea'?%tﬁi{ﬁ‘é'HF?gHthpﬁémlﬁf’)e%gﬁ?ﬂ%deﬁ%i%n and are not
intended to limt the scope of the .invent]an. hdiohs charkRmlcat ed that the
use of t he tamadsesrfaceh as tRY FOYER 5 'H@ST'@eAnco%ongnts havi ng different
characteristics as, 6 |ong.as 5 LG Phiis, ihke ple@senteatbbdimeot a

non- i nvasi vé“?;#ér‘c?'?l‘eoﬁfﬁﬁﬁg?ﬁc%gﬁ di stance and angl e measurenent system is

fol lowed. 1 o? Tﬁ]e }:Jréerﬁqgésrﬂi;r@: the signal processing software means 51 further
{

10 includes signal processing means for providing an =zdaptive gain to

accommodats vaunations in the optical path, sense electranics or fiber bundle

variations.

Other variations and modificatons of the present invention will be
apparent ltlJ those ot ordinary skill in the art, and it is the Intent of lhe
appended claims that such variations and modifications be covered. The
particular values and configurations discussed above can be varned, are cited
to ilusirate particular embodiments of the present invention and are not
intended to limit the scope of the invention. It is contemplaied that the use ot

the present invention can involve components having different characteristice

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

ditance and angle measurement system, is followed.




MAIMS 1. A system for neasuring an absolute optical distance and a planar
angle relative to an optical sensor assenbly (111, 112, 11n) for a shaft
assenbly (S), the shaft assenbly (S) including a novable shaft coupled to a
_rotatabl e torque coupler (31), the system conprising: a nmounting striugtiltaidé
(21) affixed adjacent to the shaft assenbly (S) at |east two optic sensor
assenbly neans (111, 112, 11n) dispeseft Wpon the nounting structure (21);
at- | east one target marker neans (33") conprising a plurality of faceted
faces coufleAIMS a surface portion (35) of the shaft assembly (S); control
el ectronics (41151), eachr optic sensor assenbly neans (111, 112, 11.) in
comuni cation with the control electronics (41/51) by a conmmunications bus

(43); and gignah gysteasSongnesdurivgy annmabsslule-ioptica) distanies sandl =5 tpdairealr | n
the control electronics (41/51); each optic sensor assenbly neans (111,

112, 11") 44 rzn;qnéﬁwgtooahi ggpcaﬂige o°fb@séﬁmiﬂnﬂecwgonn@gpd?al)sn

aft
receiving a ected opti signal from each target mar nmeans (33")

120711 ¢ 9o VSt BOAR PR ST b o AL oapRESoaR cRUPRIT LY ol i

of the shaft (S) to the «control electronics 3_41/5.1) for processing by the
si gnal . pr detatablegtorgue gauplenfdihdhe pystenms comprigingy " 2004

a mounting structure (21) affixed adjacent to the shaft assembly
(S)

at least two optic sensor assembly means (11, 112, 11a)
disposed upon the mounting structure (21);

at least' one target marker means (33,) comprising & plurality of
facéted faces co.upled to a surface portion (35) of the shgﬂ assembly (S);

control electronics {(41/51), each. optic sensor asseﬁbly means
(114, 112, 11,) in communication with the control electronics {(41/51) by a
communications bus (43); and

signal processing software means (Fig. 5) loaded and stored in
the control electronics (41iis1): each optié sensor assembly means (114, 113,
11,) transmitting optical ;signals to the surface portion (31), receiving a
reflected optical signal from each target marker means (33,) as each target
marker means (33,) passes each optic sensor assembly (114, 112, 11,) and
transmitting information corresponding to characteristics of the shaft (S) to the

control electronics {41/51) for processing by the signal processing software

means (Fig. 5).




-17- 2. The invention of Claim1 wherein each sensor assenbly neans (111,
112, 11") is proximately |ocated between 3.81 mmand 10. 16mm away fromthe
target marker (33n) coupled to the surface portion (35). 3. The invéstjlting
~of Caim2 wherein each sensor assenbly neans (111, 112, 11,;) is disposed
on the structure equidistantly froman adjacent sensor assenbly means
(111, 112, 11n). 4. The invention of C.aym3 wherein each sensor assenbly
means (111, 112, 11") is a sensor selected fromthe group consisting of a

fiber optic congentrig ring-& L, ! n ens a
coherent |ight Q%‘nsor ,Lmea{hg%'r‘\@%rﬁgﬂf ;ﬁg’ﬁfi1gﬁ$&$gh§§EH§§8§°{1ﬁ§?‘?’B?’y W%ngt h
sensor. 5. e inventian of Claim4 further conprising a plurality of
target ma_r(Egl’u ‘Ilr%hn‘g'@ 3§'W°§’§@{eg}o}?§?r%‘{ _ES“%PWNB@&‘I Hy %def?Qe@'Bﬂ‘ EXEBS |
The invention df G ai~'"mb5 wherein the S|3£al rocessing software means
(Fig. 5) fdrendheitatgeaidearker{3dgaoupichtd aoe pottiomtBbesti mator (A), a
sensor estimator (Bl, B2, B3) corresponding to each sensor assenbly neans

(111, 112, 11,,), and a surface portion plane estimator (C); the target
identification and RPM estimator (A) conputationally |ocating each target .

marker means (33§), CORBUAGSHIRIIRb méiﬁpzt\}:ﬁ&eﬁﬁéacﬁ asﬁéo:(ézs}egﬁggt mengach

target marker neans (33n) to obtain a reflective response an erm ni ng

the 1 9 july42004 'éﬁ")rB‘%t 8%??93& SF1RE! dtvucfire’ BEURIEIAARS FRIA AR hd;GBEH

sensor estimat'or
sensor assembly means (114, 113, 11,).

4, The invention of Claim 3 wherein each sensor assembly means

(114, 113, 11,;) 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.

5. The invention of Claim 4 further comprising a plurality of target

" marker means (33,) each comprising a plurality of faceted faces.

- ~Thé invention of Ciaim 5 wherein the signal processing software

means (Fig. 5) further includes a target identification and RPM estimator (A),
a sensor .estimator (B4, B2, Ba) corresponding to each sensor assembly
means (114, 112, 11,,), and a surface portion plane estimatar (C); the target
identification and RPM estimator (A) computationally locating each target
marker means (33,), computationally locating each facet (37,-37,) of each

target marker means (33,) to abtain a reflective response and determining the




conput ational 'y generating distances to the surface portion (35) and @YyyL
| east two orthogonal angle estimates froma voltage response of each optic
sensor assenbly (111, 112, 11"); the surface portion plane estimtor (O

~ conputationally obtaining the distances to determ ne the two di nensi onal

‘pl anar angl e of the surface portion (35). 7. The invention of Claim®6
wherein each target marker neans (339 1Bwther includes a first facet
(371), a second facet (372), a third facet (373), a fourth facet (374),

and. & 1111 pibagad (S68ly o her SINRE Bogicith SaRRlenialr (5, B! By

(371), second ( and third facetS (373) corresponding to ‘an ar
di spl acenent of .t.he t t efl ected optical..si fromthe
fourth fac%?m8§ﬁ5°ﬁ’p$ee§\?f£§@?%8r§%ﬁ%‘# @n@ﬁ%ﬁ%ﬁﬁ&o? gggin axis of the
coupler's (31) novenent and the reflected optical_ signal fromthe fifth
Focet (3} cort SRt RgskroprliodiAl N sRHGaIS (HE & JEBPEF Tt hghse of
perpendi cul ar to the novenent of the coupler (31). 8. A nethod for

measur i ng each| oplic dsensaicassembiy d1as. dig) ekly);r thantswrfacen porttiopt iptarseensor
assenbly nmeans (111, 112, 11n) for a shaft assenbly (S), the nethod
conpri si ngedtiratdrqgy of nmounting a structure (21) adjacent to the shaft

assenbly (S); 1 9 JUL 2004 19 locating at |east two optic sensor assenbly
nmeans (111, 112, 11") upon the nmounting structure (21);

computationally obtaining the distances to detérmine the two dimensional

{ planar angle of the surface portion (35).

7. The invention of Claim & wherein each target marker means
(33n) f_unher includes a 'ﬂrst facet (374}, a second facet (373z), a third facet
(373), a fourth facet (374}, and a fifth facet (37s). the reflected optical signal
from the first (37¢), second (37,), and third facets (37a) corresponding to an
an‘gular displacement of the shaft (S), the reflected optical signal from the
fourth facet (374) corresponding to an angular change in an axis of the
coupler's (31) movement!and the reflected optical signal from the fifth facet
"(3?§§T6ﬁéspoﬁﬁingm_fi.::n"é_né'angular change in the couplers axis perpendicular

to the movement of the coupler (31).

8. A method for measuring absolute distance and planar angles
relative to an optic sensor assembly means (114, 112, 11;) for a shaft
assembly (S), the method comprising the steps of:

mounting a structure (21) adjacent to the shaft assembly (S),



coupling at | east one target marker neans (33n) wherein the target marker
means conprises a plurality of faceted faces to a surface portion (3 % ﬂ[
the shaft assenbly (S); using control electronics (41151) to conmunic é 2004
. With each optic sensor assenbly neans (111i 112, 11 n), by a

comuni cations bus (43), each optic sensor assenbly nmeans (111, 112, 11 ")
transmtting optical signals to the surffigace portion (35), receiving a
reflected optical signal fromeach target marker nmeans (33") as each

target marker means (33,)..Ra : | I s

112i 11n), generati ng?qq#'agnéff%ﬁ??ﬂa ggﬁ%f?&”ﬁgpsﬂ%éem % &s o? t he
shaft (S) and transmtting the information to the control eI ectronl cs .
(41/51) ; aridinlupenithg rgpgntén\g pirueer (#l: sof tware neans (Fig. 5), loaded and
stored in the control electronics (41151), to receive the information from
the control el ectroni cscquplirgnat least gnetasgel merker meaes A3dwhereintha m 8
wherei n each sensor assenbly neans (111, 112, 11.) is proximately | ocated

bet ween 3. 81mtfarg%l'(ﬂnﬂﬂkei&mansmwpﬁﬁesampimmlityaquat:etmirfmes e ansurfaan)
coupled to the surface portion (35). locating at |east two optic sensor

assenbly neans (111, 112, Hi P tR ShaRdREeMBbIS{SCt ure (21); 1 9 J U
L 2006 -20 10. The net hod 8# cdwaalrﬁ?S V\/nerelaﬁ t he stl)gt)) | 6cating the at

| east two opt i c sensor.

- OLind SR bIdB AN ()5 1)t eomurdibate Wi adfSoptic
| ocating each
sensor assembly means (114, 112, 11,) by a communications bus (43), each
optic sensor assembly means (114, 112, 11,) transmitting optical signals to the
surface portion (35), receiving a reflected optical signal from each target
marker means (33,) as each target marker means (33,) passes each optic
sensor assembly means (114, 112, 11,), generating information corresponding
to characteristics of the shaft (S) and transmitting the information to the

control electronics (41/51); and

allowing signal processing software means (Fig. 5), loaded and
stored in the control elactronics (41/51), to receive the information from the

control electronics (41/51) for processing.

1
9. The rﬁethod of claim 8 wherein each sensor assembly means
(114, 112, 11,) is proximately located between 3.81mm and 10.16mm away
from the target marker means (33,) coupled to the surface portibn (35).
locating at least two optib sensor assembly means (11,4, 11,

11,) upon the mounting structure (21);



sensor equidistant to an adjacent optic sensor assenbly neans (111, 112, 1

1A) .
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10.  The method of claim 8 wherein the step of locating the at least

two optic sensor assembly means (114, 112, 11,) comprises tocatiné each

sensor equidistant to an adjacent optic sensor assembly means (114, 11,

115).



