6 January 2004 SELF- CHARACTERI ZI NG VI BRATI NG CONDU T PARAMETER SENSORS 5
Background of the Invention Field of the Invention This inveafinQay@e0sai ns
to process paraneter sensors and methods of operation therefor, and nore
particularly, to vibrating conduit paraneter sensors and net hods of
operation therefor. Statenent of the Problem 10 Coriolis effect nass

fl owreters are conmmonly used to neasure nmass flow and other information
for materials flow ng through a conduit l.oJ. J fl owmmeters are
di scl osed in U SSLFﬁ@ﬂARANB%‘U%lNGld@BWé“%fcoﬂ%ﬁg%%F%§&gﬁﬁ291, 025 of
January 1, 1985, and RE31, 450 of February 11, 1982, all to J. E. Smth et
at These flowneters typically include one or nore conduits having a
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20 mas and Ftlffne s characteristics of the conduits and the

characﬁé’ﬂeé'? QUL  mterial flowing within the conduits. A typical

component of a Coriolis fiogfRblentdfthe PFbblgnOr excitation system The
drive systemoperates to apply a periodic physical force to the conduit
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resonance in one of its natural modes as a material flows through the conduit. The

vibration modes of the vibrating, material-filled system are effected by the combined

20 mass and stiffness characteristics of the conduits and the characteristics of the

matenal flowing within the conduits.
A typical component of a Coriolis flowmeter is the drive or excitation system.
The drive system operates to apply a periodic physical force to the conduit that
causes the conduit to oscillate. The drive system typically includes at ieast one "
25 actuator mounted to the conduil(s) of the flowmeter. The actuator typically comprnises
one of many well known electromechanical devices, such as a voice coil device having
a magnet mounted to a first conduit and a wire coil mounted to a second conduit, in
an opposing relationship to the magnet. A drve circuit continuously applies a periodic,
e.9., a sinusoidal or square wave, drive signal to the actuator coil. The periodic drive
30 signal causes the actuator to drive the two conduits in an opposing periodic pattern
that 1s thereafter maintained.
When there is effectively “zero” fiow through a driven flowmeter conduit, points
along the conduit tend to oscillate with approximately the same phase or a “zero-flow”

phase with respect to the driver, depending on the mode of the driven vibration. As



1 6 January 2004 material begins to flow froman inlet of the flowreter,

t hr ough thg conduit and out of an outlet of the flowreter, C@g&ﬂhﬁgx%grces
arising fromthe material flowtend to induce phase shifts betwee
spatially separate points along the conduit. Generally, as material flows
t hrough the conduit, the phase on the inlet side of the conduit lags the 5
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bt Vegdsitddnodal response. One technique is derivation of force projection coefficients

that produce a drive signal for an actuator that preferentially excites a desired
vibrational mode. A second technique is to generate drive signals for a number of
actuators to preferentially excite one or more desired modes of a Coriolis flowmeter
conduit.

25 The above-referenced techniques typically use a predetermined modal filter to
generate force projection' coefficients. The predetermined modal filter is typicalily
generated offline using classic experimental modal analysis techniques or finite
element modeling. The force projection coefficients may then be determined from the
modal filter using trial and error, inverse modal transformation or other techniques.

30 Unfortunately, the predetermined modal filter may not take into account
changes in sensor characteristics that may occur over time. In addition, conventional
techniques may not account for in situ effects arising from interactions between the

sensor and the material processing system in which it is operated. For example,




sensor and the material processing systemin which it is operated. For
exanple, 2 6 January 2004 additional nodes nmay be excited by gULHGE ui(j%)l4
coupling with the material processing systemor by vibration sources 1n
the material processing system such as punps. Summary of ‘the Invention In
| ight of the foregoing, it is an object of the present invention to provide
self 5 characterizing vibrating conduit type paraneter sensors and nethods
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parameter, from the received motion signals. According to a modified reciprocal

20 modal vector (MRMV) aspect of the present invention, a modal fitter parameter is

estimated by exciting the conduit over a range of frequencies, generating a frequency
response function (FRF) matrix over the range of frequencies, and generating an
estimate of the modal filter parameter from the FRF matrix. The estimate of the modal
filter parameter may be generated during an initialization or calibration procedure.

25 According to an adaptive modal filtering aspect, an error of an estimated modal -
response of a modal filter with respect to a reference modal response is determined,
and the error is used to generate a new estimate of a modal filter parameter for the
modal filter. Modal filter parameters and force projection parameters can thus be
adaptively updated while the sensor is in operation.

30 in particuiar, according to the present invention, a self-characterizing sensor for
measurnng a process parameter for a material processing system includes a conduit
configured to contain material from the material processing system and a plurality of
motion transducers operative to produce a plurality of motion signals representing

motion at a plurality of locations on the conduit. A modal parameter estimator is

3



configured to contain material fromthe material processing system and a
plurality of notion transducers operative to produce a pl ura%I tr}cﬁ d6gt|on
signals representing notion at a plurality of |ocations on t g 8

nodal paraneter estimator is 3 6 January 2004 configured to receive the
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20 According to an adaptive modal fiitering aspect of the present invention, an

excitation applied to a sensor conduit is determined and applied to a reference modal
system to generate a reference modal response. A modal fifter is applied to the
plurality of motion signals representing motion in response to the excitation to
generate an estimated modal response according to an estimate of the modal filter
25 parameter. A new estimate of the modal filter parameter is generated based on an
error of the estimated modal response with respect to the reference modal response.
New estimates of the modal parameter may be iteratively generated until an error of
the estimated modal response with respect to the reference modal response meets
a predetermined criterion. Improved parameter sensors and operating methods
30 therefor may thereby be provided.

Brief Description of the Drawings

FIG. 1 illustrates an embodiment of a parameter sensor according to the

present invention.



30 therefor may thereby be provided. Brief Description of the Drawings FI G
1 illustrates an enbodi ment of a paraneter sensor according t 8 Jidigry Ripgsent
invention. 4 6 January 2004 FIG_ 2 illustrates an enbodi ment of a rpdal
paranmeter estimtor ‘according to the present invention. FIG 3 jllustrates
operations for estimting a nodal paraneter according to an aspect of the
pr esent inventg_.@n. f FIG 4 illustrates an enbodi nrent of a paraneter sensor
according to the i esEHes pRaRbPdMmentrta rBogalinasamates estmatriacdomeny toof  a
par amet enhs gnessntaseett@dnng to the present invention enploying a nodified
reci procal nodal vector (MRW) estimation technique. 10 FIG 6 illustrates
operations forflesBillatiates apetadans fiod esimatargparetoetal peeertats Ngocok@ing ¥RW

. aspect ofsHRE B I nvention. FIG 7 illustrates an enbodi ment ™ accordi ng
to the pr erjent itﬁ\%?rﬂ{%ls%ﬂ '@ﬁfl’tlﬂﬂ'ng an adaptive nodal filtering technique.

FI Gs.58 and 9 FIGI dsilluatretegpgh arhBOSGinedt ¥k idﬁéﬂn@%rasémgﬁlac&#d‘irﬁ{ P anet er
15 accordi ng to adaatlve nodal filtering aspects of the present T nvention.
Det ai | edPEeSY 'HEPSRY0f Enbodi nent's The present invention now wll, -
descri bed nor g ukl;y | L1h sreference to the acconpanyin

drawi ngs, in which _’e%%gécllgﬁgaﬁi tse‘?ré a{qiﬁgnf r?\feanpls@r{ﬁ%treé Segﬁ%mgcer}ﬁwgetos%q | ed

i n_the aP®SEN Invepher emmieyingat mokidicdmeeiproe maal RecRrIARAD ddlimddighany

di 'f’“fie’rerﬁ:J F‘ﬂkg)@ and shoul d not be construed as limted to the enbodi nents
set fortﬁ erein; rather, these enbodi nents are provided so that this

di sdDosur e wi FIG. lgilluéthaes 26th i L le: nvey the scope
of the inven ith@)nvt!Out hose%g%irl I edsc_f%?%?hgnggltg %%Altﬁg{épéé%évr\rﬂ?eﬂaggeﬁoir 89
nunber s t?é‘l‘b'ﬁ" [ASRecPidiiemresemtriovetont . The fol | owi ng di scussion refers
to Coriolis fggwmre | ' €ssS... 2 aranmeter of a materi al
processi ng system ﬁﬁﬁ%ﬂ?%@@n? ﬁ@%?%‘!’@? ?‘? g’ee%’f:"??fﬂt'@@”t'PBte”ﬁ"%@ri al

e.g., a3nadaptive|medialditeningugthriquébrating conduit configured to contain a
rating conduit as part of the materi al

mat eri al  whi agses, t.hrough the vib cond
processi ng sﬂ? g‘mg %%?e'"gﬁ&ﬁeeﬂp?@“fjﬂ% far estinplinggomesrhfider paaewsder t hat

theld according to adaptive modal filtering aspects of the present invention.

Detailed Description of Embodiments
The present invention now wilj Eg described more fully hereinafter with
reference to the accompanyihg drawings, in which embodiments of the invention are
shown. Those skilled in the art will appreciate that the invention may be embodied in
20 many difteren! forms and sthIEj not be construed as limited to the embodiments set
forth herein; rather, these embodiments are provided so that this disclosure will ba
thorough and complete, and will fuily convey the scope of the invention to those skilled
in the art. In the drawings, like numbers refer to like elements throughout.
The foliowing discussion refers to Coriolis flowmeters in which a process
25 parameter of a material processing system, typically mass flow rate, is estimated
for a material, e.g., a fluid, flowing through a vibrating conduit configured to contain
& material which passes through the vibrating conduit as part of the material
processing system. Those skilfgld ip the art, ill aﬁpreciate, however, that the
- present invelf\ttig? IS also applicab!éf-to vibragg conduit process parameter sensors
.'_:"»_O g othertharflﬁ‘-une sensors. For example, present invention is applicable to
sampfiﬁg-type vibrating-tube densitometers which include a conduit configured to
contain a sample of a material extracted from a material processing system.
FIG. 1 illustrates an exempiary embodiment of a process parameter sensor 5

according to the present invention. The parameter sensor § includes a conduit

5
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present invention is also applicable to vibrating conduit process paraneter
sensors 30 other than in-line sensors. For exanple, present Bq&gptiﬁgmis '
applicable to sanpling-type vibrating-tube densitoneters which IR0l tid€ a
conduit configured to contain a sanple of a material extracted froma

material processing system FIG 1 illustrates an exenplary enbodi nent of a
process #38embBi BY. FRATONADI a83§&RbA 10inkRdE P8 nRA | .
par anmet er _sensor_5 includes a con uitn5 6 ﬁgnugfg Oﬂdgs@sde%wi-ﬁ%geme
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separ at ansgloaeisat@s, d05t e cpadiivé B POddce HMBN A alRplESTtinhFasonIdl. The
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t Lt nbly 10 th _the inlet fl 101. The materi al
Chen 1 1ugef e ine Rl 8 dmsPt k% iKinorc i 1 i direcied into the flow
tubes 1034 WRGHPneboriuil S98Bly s iddePEdiHRES midl3f &%@ﬁf@%ﬁ@ﬁ“ al

flows hack into the manifold 102 and exits nmeter ‘asse rough

t he out't E1algna3{lowing in the\pinaisemaieriabprocbesingtsystanyl éfiters then donduit 103A,
103B, i MRSy | rioli r t-hat rturb the conduit 03A,,."
To3p. 3-HnE oIS YRR 8 et 667, R et e figs Hbrcushdidor 104

i n1®ppowinifeld 102, edidrerisisatieitted b the fSPaBdsyFORE NI ANes léﬁ‘vwbgam W - W,
induciﬁ%% J'%L%C nly referred to as a first out of phase bendi ng node
in the Y8ARA% , ﬂ‘ﬁg thegnatefial fews hask into4heganitoigh 102 anghgxitsrtbeof nany
wel | kpevdt dded¥meRS1 | 1P t443t OR .1 | net unted to
the first condui Psl%gxgg%gsg%bgg%ggnﬁg 192 'c'glsltﬁé;rmHég ﬁ;%f@ggﬁﬂéo@gﬁﬁd flow -
t ube 19¥wiuita]0gA; 3PBB itrgiveurise tn Coridiscledcdsythat geitud the conduits 103A, -

103B.

20 The conduits 103A, 103B are typically driven by the actuator 104 in opposite
directions about their respective bending axes W-W and W'-W’, inducing what is
commonly referred to as a first out of phase bending mode in the conduit assembly
10. The actuator 104 may comprise any one of many well known devices, such as
linear actuator including a magnet mounted to the first conduit 103A and an opposing

25  coil mounted to the second flow tube 103B. An alterating current induced by a drive
signal provided by the driver 20 via the drive lead 110 passes through the coil,
generating mechanical force that vibrates the conduits 103A, 103B. Although the
parameter sensor 5 illustrated in FIG. % is shown as including an integral actuatbr 104,
those skilled in the art will appreciate that vibration of the conduits 103A, 103B

30  according to the present invention may be achieved by other techniques, 'suéh as by
an excitation generated external to the conduit assembly 10 and conveyed to the

conduit assembly 10 via a fluid or a mechanical coupling.




signal provided by the driver 20 via the drive lead 110 passes through the
coil, generating nechanical force that vibrates the condui tssq;%y IH3B.
AIthough the paraneter sensor 5 illustrated in FIG | is shown as

i ncluding an integral actuator 104, those skilled in the art wll
appreciate that vibration of the conduits 103A, 103B 30 according to the
present invention nay be achieved by other techniques, such as by an

excitation geﬁ@hé‘f‘@ﬁob&t)érmtet sendte scondigithe @gﬁa&ﬁ@tbysé@s&%mg\/gy@g to
coupling Huary

t he congdyi y a fluid or a mechani cal
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1 may bbadfsrns bphlysicalt eesmorak mp@leﬁ} megdalynksanst
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st andar QMalonIs FRhRY:i on i s given by: 5 x=Q r], (1) wherex is a

vect & of physical responses, c is an eigenvector natrix and rj is a
vector of nodal responses. The physical response vectors can be thought of
as the input, 10 i.e. the feedback‘Eﬂ%%als G)the nodal filter cp. Solving

Equation (1) for 17, the nodal responses = ('"rx (2) 15 where ,t is a
ular, the
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referrirapponséd:G 1, the paranmeter sensor 5 also includes a nodal
paranmeter estimator 30 and a process paraneter estinmator 40. The nodal
paranmeter estimator 30 is responsive to first and second notion signals
received fromthe first and second nption transducers 105, 105" on the
transducer |eads 111. The notion %rgﬂ:\ as re@esent nmotion of the conduits

103A 1038 in a physical domain, e.g., 25 signals representing
nt,t vel ocity or accel eration as a material flows through the

| a
ﬁ%u &hi$ 9 geperdfimed inverie ofab atfehe matst mﬁaquara%riafﬁb‘rﬁ&ﬁg Siat, rﬂtffe h
rame er, sucC

;gcg ' \éoﬁaﬂalrﬁ@{nraﬁgrrcﬁ" 91':1"%« Be 18ed %ngat?gt%n?g) e*‘?ﬁé g%e?xvggtora mglt)nxals slguare and
non-singular when the modal vectors are linearly independent and the number of
locations on the sensor conduit for which motion information is provided equals the
number of modes considered.

20 Still referring to FIG. 1, the parameter sensor 5 also includes a modal
parameter estimator 30 and a process parameter estimator 40. The modal parameter
estimator 30 is responsive to first and second motion signals received from the first
and second motion transducers 1 05, 105° on the transducer leads 111. The motion
signals represent motion of the conduits 103A, 103B in a physical domain, e.g.,

25  signals representing displacement, velocity or acceleration as a material flows through
the conduit assembly 10. The modal parameter eslimator 30 processes the received
motion signals to generate an estimate of a modal parameter, such as a modal filter
parameter or a force projection parameter that relates behavior of the conduit in the
Spatial domain to behavior of at least one independent single degree of freedom

30 (SDOF) system in a modal domain. The process parameler estimator 40 is also
configured to receive the motion signals, and is responsive to the estimated modal
parameter 35 to estimate a process parameter, e.g., mass flow rate, totalized mass
flow, density or the like, associated with a material flowing through the conduit

assembly 10. ‘



paranmeter or a force projection paraneter that rel ates behavior of the
conduit in the spatial domain to behavior of at |east one ingeg o4
singl e degree of freedom 30 (SDOF) systemin a nodal domain. The process
paranmeter estimator 40 is also configured to receive the notion signals,
and is responsive to the estimated nodal paraneter 35 to estimate a
process para e g ... mss flowrate, totalized s flow, density or
the 1ike, asggc%:'%'{"é rz%e% ﬁ”f"r‘?ﬂﬂ%?iya?mﬁ’%w% qm%ﬂﬁ’ﬁﬁafﬂ@a%?{uﬁ“maé@senbl y
10. 7 630ansanyst2dd. fleGnodal |Jaiaineddesstanaer 3w liddiydehodiniget 39f tdhe
nodal paraneter estimator 30. Aséillustrated, t he nodal paraneter
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sanpling the tion,signals 25 and produci ng sanples 33 therefromwhich are
conver t%d“?lg]ggﬁﬁ'l Totion  igngls\ 28 @0e BrRdyging, dadpieod3t iHetalin avhiel aier t er
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maybe perr}vgr med lﬁagﬂgﬁﬁer Io?é)fg?r%ﬁiﬂédshu%@#t%gﬁﬁgésg@%éggﬁ(Wi#'the art,
and neddetaded bperdlionsisbibe illustidted rsaatpder 3 aad |A/De3emay beipsforsiddbyesl in the
artwiIAu ans, 31 illustrated in FIG 2 may
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understood that. in general, the receiving means 31 illustrat In FIG 2
may be 31jilyst@trcinFdGu2imay be émplemented isa nuartienf eays, including asiditvoat war e

conbi nart SRR Ahtyahds eRBACh Sy ithPREGARS R BRTER TkET HEl#835erny be
enbodi eddersteod tapuinegendr@l, thedreceRiny AleaPEOSESRtratdd fT PRONEIBAY Bk,
digital_sj na{ processor (DSP) or the |ike. For exanple, the computer 50
may i nm'aﬁea g using REFIIhePRene Rardware. fiTRware af sefhyate sunninghpasaedidns, such
asts DSPg@ﬁerhhﬁUfiU@é%Q@ﬁch%@hi’ré d‘gvic%%dpﬁr Etgllngnrl}%i?'oﬁ?;{ﬁgregp | nstrunments, Inc.

Configured with apgropriate prodram code, e. ware and/or firmnare
and data st Bedians pbthegnada|psrameter estioaterarediylre Gobsedied iraa campatedtom

tricall b bl d- onl
CEEpraRp S Hid o8, i Btantiele” Wil sRpaf itcamsorpsFa e Ml 56 1 or
gener atfiongxamplesthettintpuidr 50 miayTRclalie higiddiheBDSPBLEL fof MBdraycbratt al

signal values 37. 25 Portigns of the process paraneter estimator 40 may
al so b“eorf‘ﬁﬁtlagﬂ'é%tsé@hb@ﬁ andSP of the TMS320C4X family of DSPs sold by Texas

20  Instruments, Inc. Configured with appropriate program code, e.g., software and/or
firmware and data stored, for example, in a storage medium 60 such as a random
access memory (RAM), electrically erasable programmable read-only memory
(EEPROM), magnetic disk or the fike, the computer 50 provides means 36 for
generating an estimate 35 of a modal! filter parameter from the digital signal values 37.

25 Portions of the process parameter estimator 40 may alsc be implemented by the
computer 50 and associated program code. For exampie, program code capable of
linear algebraic computations for implementing a modal filter, as well as code for
generaling digital signals for driving the actuator 104, may be executed in the
computer 50.

30 As described above, the process parameter estimator 40 of FIG. 1 is
configured to receive motion signals from motion transducers and is operative to
estimate a process parameter associated with a material flowing through conduits

*13A, 103B according to an estimated modal parameter 35. FIG. 3 illustrates an




conput er 50 and associ ated program code. For exanple, program code capabl e
of linear algebraic conputations for inplementing a nodal fik aaﬁ)d&el I
as code for generating digital signals for driving the act uator

be executed in the conputer 50. 30 As described above, the process
paranmeter estimator 40 of FIG 1 is configured to receive notion signals
fromnotion transducers and is operative to estimate a process paraneter
associ atestbedirend agoedingl tof thewpregenhriougiticcondwHich tHD Peceb@3Baeedi ng
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suppl i e, ti r 30. .10 The one or . _nore drive
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vi br at | mnthe modatpadanidter 6stirdatior 38603, to provide inproved neasurenents.

Process parapeter estinmating means 46 generate an estimate 45 of a process
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estimate of a podal paraneter, e.g., a nodal paraneter or
response 47.

FIG. 4 illustrates operations 400 for characterizing a parameter sensor
20  according to an aspect of the present invention. A conduit, such as the conduits
103A, 103B of FIG. 1, is excited (Block 410). For example, a periodic excitation may

be applied to the conduit(s) by one or more actuators such as the actuator 104 of FIG.

1. Motion signals representing a physical response to the excitation are received
(Block 420). An estimate of a modal parameter, e.g., a modal fiiter parameter or a

25 force projection parameter, is generated from the received motion signals {Block 430).
For example, a modal filter parameter may be estimated using one of the MRMV or

AMF techniques described in detail below, and a force projector may be determined

from the estimated modal filter parameters.
Modified Reciprocal Modal Vector Estimation

30 According to an aspect of the present invention, a modified reciprocal modal

vector (MRMV) estimation technique uses a frequency response function (FRF) of a

vibrating conduit parameter sensor to generate an estimate of a modal filter

parameter. This technique may be employed in situ, for example, as part of an




25 force projection paranmeter, is generated fromthe received notion

signals (Block 430). For exanple, a nodal filter paraneter '
estimated using one of the MRW or AM techniques descri bedn?%jatglg{yazl 04
bel ow, and a force projector nay be determned fromthe estinmted nodal
filter paraneters. Mdified Reciprocal Mdal Vector Estimation 30 According

to an aspegct;.qf ' ntion, a nodifi reci procal nodal vector
( MRW) eis}tﬁﬁ%%tg{'%rtr'l%?ec s%isfg’lpjréhéjgéga%ew88%%0&?%%\4&‘9%53@??%3(Pmb%f a
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sensor. JhemiB\Mdcecsing@igntmay al so be used, for exanple, to
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t he Sconidtfrestita generatp myrecipadcal onedat vegtoetod thamoeletdi imteeosdf ThoFe@speadi ng -
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Di screte Mdal Filters for Structural Dynam cs "Applications, by Stuart J. .
Shel | eﬁ"’%ﬁ@ﬂ?ﬂaé'a yigldsnan gstimate of serrespending reptien iy aampdaésiemain of t he

Uni ver dndiyding theChitleB i interes® 9 General information regarding MRMV techniques for
20  structural analysis are described at pp. 70-87 of a dissertation entitled “Investigation
of Discrete Modal Filters for Structural Dynamics Appilications,” by Stuart J. Shelley,
submitted to the Division of Graduate Studies and Research of the University of
Cincinnati, 1991,
For purposes of illustration, eigenvectors for a CMF300 model dual u-shaped
25  conduit Coriolis mass flowmeter (manufactured by Micro Motion, inc. of Boulder,
Colorado) were estimated using finite element analysis. Finite element modeling
techniques are well known to those skilled in the art and do not form part of the
present invention. The exemplary finite element mode!l was built using SDRC I-DEAS
and analyzed by MSC/NASTRAN, a finite element code available from MacNeai-
30  Schwendier. Those skilled in the finite element modeling art recognize that other finite
element modeling tools and techniques could alternatively be used. See “A Finite
Element for the Vibration Analysis of a Fluid-Conveying Timeshenko Beam.”. (AIAA
Paper 93-1552), for more information on finite element modeling of Coriolis
flowmeters.
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For purposes of illustration, eigenvectors for a CM300 nodel dual u-shaped
25 conduit Coriolis mass flowreter (manufactured by Mcro Mt k9h,aa040f
Boul der, Col orado) were estimated using finite elenent analysis. Finite
el enent nodeling techniques are well known to those skilled in the art and
do not formpart of the present invention. The exenplary finite el ement
nodel was built using SDRC | -DEAS and anal yzed by MSC/ NASTRAN, a finite

el ement code Ehaidahifiedf eigenivactblealfor3theSchmelatdde ICFMBOB esssksbl Ivattei thetrhe
finite el enen delinpg.art recognize that other finite elenent nodelin
ool s anBObeEhif BUES GRUPH BPIes ALVRH § HAG0HS. ois/AMBHE S 2 EFSfent
for the Wbl atbRBsAinhatupd féqﬁbmgﬂ?%}ﬂdﬂ% 1? LARSOGRKS HRFARICylateh! AA

Paper 93-1552), for nore informati i nite efenent nodeling of Conchs

f | owret dostheltbre® deawest o684 The identified eigenvectors for the sinmulated
CFNBgO sensor were then reduced to three desired nodes including a drive
node,” a tw st node and a bend node. Correspondi ng natural frequency w and
danping S val ues were then cal cul ated ;fofthe three desired nodes: 5 a-
73.47 184.53 466.49 and 0.05 0.05 {0.05 10 Three transducer |ocations
were used, including a transducer %dsilé#8Aed near the center of the
u-shaped conduit structure and | eft amdsrdpght transducers placed
symmetrically about the center transducer.” According to the MRW techni que,
an FRF amtiri x for a structure preferably is 15 evaluated at frequencies
near resonant peaks of the structure, as signal to noise ratios at these
frequencies typically are higher than at non-resonant frequencies. Mre
preferably, frequency response val ue o%s determ ned at estimated resonant

¢ =005/
0.05

10
Three transducer locations were used, including a transducer positioned near the
center of the u-shaped conduit structure and left and right transducers placed
symmetrically about the center transducer.
According to the MRMV technique, an FRF matrix for a structure preferably is
15 evalualed at frequencies near resonant peaks of the structure, as signal to noise ratios
at these frequencies typically are higher than at non-resonant frequencies. More
preferably, frequency response values are determined at estimated resonant
frequencies and at half power points for modes of interest, as well as at a maximum
frequency of the range of frequencies of interest. For the simulated CFM300 sensor,
20 the FRF H evaluated at the resulting ten frequencies (including a maximum frequency
of 500 Hz) is:

11




frequencies and at half power points for nodes of interest, as well as at a

maxi mum frequency of the range of frequencies of interest. Jaﬁuta&zow
si mul ated CFMBOO sensor, 20 the FRF H evaluated at the resultin

frequenci es (including a maxi mum frequency of 500 Hz) is: 11 6 January
2004 114. 4+4229i 262.1 + 524.6i 114. 4+228. 71 572. 3+0. 211. 3x10'
I 77.1 +

+4. 9x10- ' i 572. 3+0. 2i 3114445239, 228 81268, @+-595g4 9i 1144 @pagag

153. 913x10-' +0. §1- 775%31}56 5i 319 385 _385. 6 616-0 3i . .
H=77. 2- 154. 6i 3x10' -0 7. 2+15 <Ky ﬁﬁ%"%rl 9312 %*@ £13.61 - 34.3 -
0.3130.3 - 0.21-134. 3+061228.8:6. 9 + 13546524.92. 3i - | B +21B2:8i

- 1. 7x10- "' - 3. 4x10] 3i 1.6X10{53-9;0. 41- | . 8¥10y -¢+3)§| As she \m,ﬁ&?

FRF matri x H

has real and imagi nary rts. These rea I mag |nar§ par form

i ndependent segt s| of etﬁ?p TOds and, tRéeore6fhe FRE8#A0IX H can be 5
restructured as p 3 By .20[5qmtiri X i ncl3wdigrg tohg real _v;alau,e§4§t cked on the
I mginary values. in .on to dete ti.on of a I X, the MRW
t echni que i ncl udes |d§%’?|H cation of é\lin 3?3‘ e.g., %e{Rr i on of

aracteri zing

frequency and danpi ng-¥o¥-@3ch node 03‘03ﬁﬂ€vest Iﬂ3a35460fz c
entified in a

sensor according to theg pjggent |nvent6 en,,3; pole 106rgayljb§ |
nunber of ways. |A poI e esti mat e, my en erat ed for pe f sensor

using, for exanple-"®7 AR e'mantl%g‘él —dt4ian ag}g&étﬁa%/éo-ﬁb el generated

by experinental analysis of a popul ation of sensors. Alternatively, a pole
estimate for a particular sensor may be generated by exciting the sensor

at a pastshownathel FRAWeAAY H ha® Asdl AntiOinfein @y RRRY! Thebé PoIARGYMaGRHRANSE, and
applyi ngrtg ?oermomdaep\égéclar?ttgetg fofv.c\.'/%qlulailons and, therefore, the FRF matrix H can be
5 restructured as a 3 by 20 matrix including the real values stacked on the imaginary
values.

In addition to determination of an FRF matrix, the MRMV technigue includes
identification of a pole, e.g., determination of frequency and damping for each mode
of interest. In a self-characterizing sensor according to the present invention, a pole

10 may be identified in a number of ways. A pole estimate may be generated for a type
of sensor using, for example, a finite element model or an aggregate model generated
by experimental analysis of a population of sensors. Alternatively, a pole estimate for
a particular sensor may be generated by exciting the sensor at a particular frequency,
measuring corresponding frequency response, and applying one of a variety of well-

15 known curve fitting techniques to generate a pole estimate.

According to the MRMV technique, an identified pole A, is used to generate an
SDOF vector representing a kth mode of interest, evaluated at the frequencies used
in the FRF matrix:

20 SDOF, (A, 0)=| —— +— 1 _liw,
LW—Ay T-@W+4,

where

=4 -0,)+iw, J1-£°
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15 known curve fitting techniques to generate a pole estimate. According to

the MRW technique, an identified pole Ak is used to generate %hua
vector representing a kth node of interest, evaluated at the ?requenm es

used in the FRF matrix: 20 SDOFK(Af,w)= -i +r -i. 1-(L) - Ak (j)+At
where 1.r = -( w)+r.cup i-fit 12 6 January 2004 Wth know edge of the FRF

matrix H and ¢ DOF vect fo node of interest, a reciprocal nodal
vector for thgpﬁb@é‘)‘ﬁlﬁdgﬁt t@@t'g%i"‘%@"dé& 2nfitRe SOOR vesdet fasa Arode Re FRF

matrix, ihbeeSDAreeReb&H! rﬁ@@blt\)éﬁtdr%r mé)F@édéTBFiﬂter‘é%?HHy %G@E%r%r‘ibv%”ﬂwde of

Interest are related by: 5 SDOFk, ere Ht
i s a gerR@HfYIzedhe A& @atrbg tﬁeh%DQIﬁ:Vemw ade%he Femprtolcrel mibrtal e {OFVBO0

sensor | dified reciprocal nodal vectors for the bend
(Pb) an3ﬁ§§§gfﬁﬂ$E$P%§%§%ﬁ%ﬂg?ng the poles identified by finite el enent
anal $sis) are: 15 Tb _ and 0.4856 1.109 0.4856 L 2.5933 "1', =0 -
2.5933 As mi ght be expected, the outputs of the symretrically-placed right
and left 20 transducers of the dfnH| &t&FIOEFMB00 sensor are given equal

wei ght iol’rl each of the

¥, =H' -SDOF,,

10 where H'is a generalized inverse of the FRF matrix .
For the simulated CFM300 sensor described above, the modified reciprocal
modal vectors for the bend (W) and twist (¥} modes (using the poles identified by

finite element analysis) are:

0.4856
15 ¥, =| 1.109 |,
0.4856
and
2.5933
¥ ={ 0
—2.5933

As might be expected, the outputs of the symmetrically-placed nght and left

20 Vtransducers of the simulated CFM300 sensor are given equal weight in each of the
vectors, while the bend mode vector gives greater weight to the output of the center
transducer than does the twist mode vector. The modified reciprocal modal vectors
may be combined to form a modal filter matrix approximates the behavior of the
eigenvector matrix ¢ described above.

25 FIG. 5 illustrates an embodiment of a self-characterizing parameter sensor 5
that is operative to utilize an MRMV technique to estimate a modal parameter of the
sensor. A modal parameter estimator 30 includes frequency response determining
means 510 for generating a plurality of frequency responses for a plurality of iocations

on a conduit 103 over a range of frequencies. Excitation determining means 560
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vectors, while the bend node vector gives greater weight to the output. of

the center transducer than does the tw st node vector. The ng%ﬁ%&;jzom
reci procal nodal vectors nmay be conbined to forma nodal filter trix

approxi mat es the behavi or of the eigenvector matrix c¢ described above. 25
FIG 5 illustrates an enbodi nent of a self-characterizing paraneter sensor

5 that deseramiee ahiokRith Lk nj que.to. esti mate a nodal
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an exci 8aseroblyapp) bedbtaingéde TeESS Wkilied @3t el i n esponse
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| ocat i omayde bEs; i I e,obt ai ned- Those skilled in the -
art wll gppreci arﬁg?%hoﬁv}gzg)r?sagﬁ%‘%’d ?@eln % dWE; FAPTERY) oy die Ralraler td.er i ned
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deri ved fronwe 8r i5éﬁ command for the actuator 104, rendering
excitation derarmPAPHE" AeReratingenLRF Imalkx 525 st lespshve o thenfespenay V.
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pl ur al édfux‘?if’:sj Bﬁqhéo%%wg 6% the conduit 103. SDOF vector generating
means §30 generate a e QR Fowerioigpnesating meanst 53Qugenesdaancy and
dampi n§OOF eectar 585 résresanfity Bat ndiy i denti fied by pole
i dentifyjng means 540F_§*@Ihem?)§0|%Uﬁé&%ﬁ@%ghﬁégﬁgﬁw%ﬁ fH’a%?OBgOfr%B‘g'&nsi ve to
t he fraé‘GS%er%l%mn&e@bvmm idgnﬁfﬁhgsnéalﬁ,&borhé?ol%ﬁdéﬁﬁfﬁn Pieafdci ng a
pol e esdp TR&E bleNr e BHSH@ R hoeng of a variety of wel|-known po?e
i ggt i fi ?%i on t echinl quss A ISIHPREY 'eIRRise deteenining waans SH, feol e
[ t | $XAMRIenprdsICiNgAd poly edtitedrbl F\si@ U3 t q WA sing an
of f-1 |l§§%ﬁf§gﬁg % such as finite él errer?for%foo e*?érl{gé,wgg gi’%%i"‘%%%q%bove.
Means or dg PIUER @sApsedbedrabavar Altemativaly tHel paie idgmaitydmpineanar
r esporiiovieay aeniify 4-BbloGHth nexas | s 520 and 20 the S vect or
Sp a [e é % ) H A
gene:T?ﬁtli ng rreanst_?SS , ene_r)g??ﬁlg?gn EQ?’P@%@ ngyte ﬁl’?fﬁﬂ%ﬁ”‘f’fi‘ pg dpite
par a ld TT BrrekRg. wf]nnex: Ao MbArisesSAIOF g¥RGiathg Sbestiap G ol | | ed T
t he anph : that the exc i on determ ni ng nmeans : e
fr equenocii/mrf 'e‘%@@%rsa@?%@ gf%‘?ﬁpﬁas%géﬁéh%%&': Taixganerating menns 5§0rspans 540,
20 the SDOF vector generating means 530, generating an estimate 35 of a modal filter
parameter from the FRF matrix 525 and the SDOF vector 535,
| Those skilled in the art wili appreciate that the excitation determining means
560, the frequency response determining means 510, the pole identifying means 540,
the SDOF vector generating means 530, the FRF matrix generating means 520, and

25 the modal parameter estimate generating means 550 illustrated in FIG. 5 may be

implemented, for example, in computer or other data processing device such as the
computer 50 illustrated in FIG. 2. It will be understood that, in general, the means
illustrated in FIG. 5 may be implemented using special purpose hardware, software

or firmware running on special or general purpose computing hardware, or
30 combinations thereof.

FIG. 6 illustrates operations 600 for estimating a modal filter parameter using
an MRMV technique according to the present invention. A conduit is excited over a

range of frequencies (Block 610). Motion signals representing a physical response to
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t he SDOF vector generating neans 530, the FRF matrix generating neans 520,
and 25 the nodal paraneter estinate generating neans 550 illugt Erﬁ;[a?dzd(ﬂ
FIG 5 may be inplenented, for exanple, in conputer or other (Ja -
processi ng device such as the conputer 50 illustrated in FIG 2. It wll
be understood that, in general, the neans illustrated in FIG 5 may be

I npl ement ed usi ng speci al purpose hardware, software or firmwvare running
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_representing a ghysical response to 14 6 January t t a
pl ur al i t Y33fIx [SJpaR DeRerajad fiven dunduralihacidraqeenty eskpoBses (B1620840)A A pole
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Pocars ond! e oS8 R FREPAASE b3nE sd 1 S uestor & Genpralec Beratsorns
not i on s{Bjoek 660)BlAackstiale oA nfddal fil'f@tﬂairé?n%t%r %%eggl%ﬁrf%ﬁﬂﬂef ERE ﬁxi S

pluralit f frequency resg;):nses (Bl ock 640 of the cond
i dent i fi @00 g sPOFeRestor 4RPCkB7EDOF vector is generated therefrom (Bl ock

660). An esti : al, filter paraneter i epnerated fromthe FRF
matri x and t@%Dgg”\eeedgﬁgr “?%I %E:tk Wé@(ﬁpprq‘ﬂﬁéee tgﬂ?ltﬂﬁdﬁ'ﬁﬁ“?w dEEPRge
appr eci dneasiremertte desetibedCiboes10aF de PEASHIATEA S n@ﬁﬁféri&e@aggovpoﬁay be
perf1 rrreed 1@ nunber of ways. For 10 exanple, a sine sweep nay be
per f &r med AP BRE SR mali ke parfemrgd isavhiehthenconduitys ekeitedosespientiallyof
subst antwit & ¥efied ef 8DbsaPtiafY| k hak W efdhst ency response
measur enents bei ng per_?or r#eg’ggtsh%aé@kbgﬁ%@{)%ﬁ%grﬁ%egvﬁgﬁaﬂ RFY&%P&HS%I Y,
the cofMRASUEEPNIS being tpedfasmeld at machdbaitdtion dréqidren. arimaivenp!teal i ty
of peri @dh&,, e Vi fregyencies . in a range of frequencies, with
fr equenggh{?%%poﬁsgal%&?rteggfsimtﬁ%e B %%que’f?@?f'%? NG, 8 Pluradity, ahgeriedic
f r equencomponsntsthavind ieguesciiedh a @ngEas treh0ERERE WiRASHOS
tec{?i qi,hes. Thosel z)ki_l led. in the art \%I |1 alaso lap'preci a%le ﬁ%@é}hgs%ol e
i dent i f "EACPEMYMNE Do pafferRed ousT theyaraa el fresuaricres, using:testinigyes sbeh
frequengy F4 SR TERHIGTRNE 0 Odeindy i be, per f.or med
responsive to the frequency Besﬁgz(r?%@%ﬁn%%e?ur ?rfr’gglg %‘F’I(I)égdeég‘iﬁ% adggsglﬁ iagsé’d
above. 2RPTA@AL thabthemeple identificatiorypracesy (@ilouk 650) anaypcaiir oiindpisdedidd t er
aspect @f ﬁg@e?{cgsr E{Doég ention SLflccessi vg estimates of a nodal filter
paraneter are iterattv %@%ﬂ%frﬁf@(ﬁ' &gocgss (Block 630), or may be performed
responsive to the frequency response measurement process as described above.
20 Adaptive Modal Filtering
According to an adaptive modal filter aspect of the present invention,
successive estimates of a modal filter parameter are iteratively generated as a
Parameter sensor is operated in situ. An initial estimate ¥, of a modal filter vector (e,

an initial estimate of modal filter coefficients) is formed. The initial estimate may be
25  avector of zeros or other values that preferably are not so far from the desired result
as to lead to convergence problems. This initial modal filter vector is applied to actual

motion values x, derived from motion signals received from transducers on a conduit
assembly, producing an initial estimate 17, of a modal response for the sensor. An

error may be defined as a difference between the estimated modal response 75, and

30  a“true” modal response n, for a time k:

€ =1 1, - (3)

15




parameter sensor is operated in situ. An initial estimate ,t of a nodal
filter vector (i.e., an initial estimate of nodal filter coegfﬁlﬁjaﬁn%@ i's
formed. The initial estimte may be 25 a vector of zeros or other val ues
that preferably are not so far fromthe desired result as to lead to
convergence problens. This initial nodal filter vector is applied to actual
notion val ues x, derived fromnotion signals received fromtransducers on a
conduit assenbly, producing an initial estimate rj, of a nodal response
for the sensdhe §PrceFpPed hepysasktogapiifethedbe el file eingpake thecestinaied

[ d ' ' dal [r f [
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provide _information for adjusting a noda i par anet er. rence
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or a npdlgeRbratdl ﬁér%sl 4n 8ho# nﬁ)l Sdse\ %ﬁ%}rt{ﬁg%& ﬁgml $ lﬁgfés@r %anrr‘?gge PF U?é_/rseff g}+m() 4;3

for a refgrence nodal system

frr ~i the systeml. Awoetiaudds tiine SDOR BEaIR AidNEstal rfGeRes #fodal ByEerald on (4)
ca Dbe converted to a discrete formsuitable for inplenmentation in a

di altalg'%%?rﬁxrter: r J,,, r = A7r + Btk , (5 20 wheref is an excitation

applied to the conduit, e.g., a force or sone neasure of force, such as
actuator current. Equation (5) can be applied over a series of tine steps

to minimze the error elnly |subcessl viely |ggnér dting nodified estinmates
of the nodal filter vec rfMFAé@Iu L on v % bt ai néd) using a | east mean
squared (LMS) technique. ari ous L t nilqués may be used, such as
normal i zed LMS techni ques or ot her

where 1’ is the reference modal response.

15 Equation (4) can be converted to a discrete form suitable for implementation

n n
=A
U

20 wheref is an excitation applied to the condutit, e.g., a force or some measure of force,

in a digital computer:

such as actuator current. Equation (5) can be applied over a series of time steps to
minimize the eror e, by successively generating modified estimates ¥, of the modal

filter vector. A solution may be obtained using a least mean squared (LMS) technique.
Various LMS techniques may be used, such as normalized LMS techniques or other

25 adaptive techniques such as lattice filters, Kalman filters or adaptive least squares
methods.

According to an exemplary technique, a squared error &°; is minimized. For a

kth time sample, and estimate V, of a gradient of the error ¢% is calculated, and the
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25 adaptive techniques such as lattice filters, Kalman filters or adaptive
| east squares methods. According to an exenplary technique, 8 Jaqi4af 86ba
error e24 is mnimzed. For a kth tinme sanple, and estinate or of "a
gradient of the error elk is calculated, and the 16 6 January 2004
estimated nodal filter vector T, is adjusted such that a step down the
gradient Vis taken to reduce the error e~k.. The estimate 9F of the

gr adi ent eslgNgedenodsy) filtecvectornd, i5 adjdsfed suc’hethaaarsteprdcﬂerlﬂr(e]grard’ter(t&) iF k1
S5 At each iteration, IF, is adjusted by subtracting a snall rrultlple of the
gr adi enttakpp4¢ reduce theer@pettxtTtte gstimate Vpef thalgiaslictn iegiephibye gai n whi ch
generally determ nes the speed and stability of convergence. For a

mul ti-input case, the response of a nobde can be viewed as a arising from
multiple input forces. The effect of each of these |nput forces may be
described by an unknown vectaér of, er ell ﬁ for ce appropriation
coefficients {1}. A 15 referaemce rhacsiel t’dr case is given by: 1r r r
=A ~r J +B{I}T{.jt}. (8) where {fk} i s a vector of applied forces. The
refePence system is driven vvlth a 20 nodal force including a sumof the

i nput fg“ces %J{“} ghted by the force appropriation coefficients (1). A
cor r espSH &Y e QF‘er%e'srﬁS’d-bﬂte%BbﬁHpﬁa@@%§w myibipker efitbe gsgdignt:vi ng N,
reference nodels: ~}77r7 r1 p to 1,77 'f rl Ar+ Bf rli (9) a TMx' =
A~4rN, 1 k.i

Fpou =W +2pue, %, , (7)

16 where u is an adaptive gain which generally determines the speed and stability of
convergence.
For a multi-input case, the response of a mode can be viewed as a arising from
multiple input forces. The effect of each of these input forces may be described by
an unknown vector of generally complex force appropriation coefficients {fy. A
15 reference model for such a case is given by:

n n’ r
=A B!
{ﬂ'}.,. {ﬁ,}Jr Iy (£}, (8)

where {f;} is a vector of applied forces. The reference system is driven with a
20  modal force including a sum of the input forces {fi} weighted by the force
appropriation coefficients (/}. A corresponding reference modal coordinate may be

generated by driving N, reference models:

17




k 17 6 January 2004 by N, unweighted forces and using the force
appropriation vector {1) to forma weighted average of the Ng Jiﬁ‘ag

nodal coordinates: >? r -{1} 5 rN { (210) 71k (I )r (17k 1r! he
"total" scal ar nodal coordinate response ?fk is derived fromthe I nner
product of the nodal participation vector {I} and the vector of parti al
scal ar nodal coordinates (irk ) associated with the individual input
forces. A nmulti-input nodal filter error is then given by: r ek - nk " 1k

{1} T( 7 Lloyr N} unwwightdockdrebs ddid isigy the threepa@ilopiaoh Wdcest i abdgrhosh the
nodal filter vector (VI and the force 15 appropriation or nodal .

parti ci BEIGNR0 fuetase qf the M retargnes mywiaheredinalepe avoi ded i s the zero
error solution in which both the nodal filter vector (yr} and and force
appropriation vector {1} are zero. This may be acconplished by nornmali zi ng
one of the coefficients to a predet rri ed nunber, such as unity. For
exanple, if 1r is nornalized t0o unj y quati on (11) becones: 20 18 6

={1)
Jangary 2004 er = T7 77 T r2 Mq,=t (0)

N,
I3

= {1V ("}

The “total” scalar modal coordinate response 1, is derived from the inner product of
the modal participation vector {I} and the vector of partial scalar modal coordinates
{rf”; } associated with the individual input forces.

10 A multi-input modal filter error is then given by:

€, = Thr "ﬁt
= {1 {7, - {w ) {x,) (11)

{16

In this form, the problem solution yields both the modal filter vector { y} and the force
15  appropriation or modal participation vector {I}. A trivial solution to be avoided is the
zero error sofution in which both the modal filter vector {w} and and force
appropnation vector {I} are zero. This may be accomplished by normalizing one of
the coefficients to a predetermined number, such as unity. For example, if /; is
normalized to unity, Equation (11) becomes:
20
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k 77 17 k + n- X rN, 1IN 77 k (12) This approach has a potential drawback
that if the 11 coefficient is close to zero, the problem may
ill-conditioned and inaccurate results can be achi eved. An 6?§?$%%2004
solution invol ves inposing a normconstraint on the solution vector where,
5 for instance, the normof the solution vector is constrained to unity.
This approach avoids the ill-conditioning problem but can be nore
sensitive to noise in the measuréd [datal FIG 7 illustrates an enbodi nent
of a paranmeter sensor 5 that utliliiz $-an adaptive nodal filtering

techni que according to the pre %nt iinvention. An excitation 10 is applied
to a conduit 103 by one or fmoreé ‘agt Bidris 104, and transducers 105 pr oduce
notion signals in response thereii Anmgdal paraneter estimtor 30 includes

excitation determ ning neans 7 detierm nin the excitation applied to
the conduit 103. The deterninediexcftdtion is @pplied to means 720 for
generating a reference nodal resp 7125 I.e., the response of a
ref erence nodal system Means 730 for 1 gg erating an estimte of the
sensor nodal response, e.g., aﬁﬁe t| te®d mgdal filter, are responsive to
the tranducer 104, producing an ©st]i mit d:ngddal response 735 according to
an estimate 745 of a nodal fitter r tgr (supplied thereto. Means 750
are provided for determning an ernot/76% 6f the estimated nodal response
735 with respect to the reference nodal response 725. Means 740 are
provi ded for_generatin 20 an estimate 745 of the nodal filter paraneter
according t om'ﬁépém&@h%’%@ pateotial drRwbbaekithan if e/, aooe Higidrit isaq:ipset:i &fre, t hat

th 710, . th f
Goner arh reBlbed theh B Rt RAN e, S irliSulals fRuts, AR, o g arengn7a0,
the er raternise esofdtitinnigvowes impsding antorni eoRBedht & tHEEoIURSA @B%?w@?é ' nat e

gen atln ans 740 |Ilc§ hrated in FIG 7 may be inplenented, 25 f
exatpl d a&?ﬁpuﬁ%f’oﬁp 8 So4HIon Yradekisstanslratadcly unibh Tus ﬁﬁ@rO@thut er

50 19 GudrBuRs W-cBHtidninSiobring thut '&aﬁ 'b@ mére ddnsitivk to RBisUNH BB bhat . in

generald the means illustrated in
ata

FIG. 7 illustrates an embodiment of a parameter sensor § that utilizes an
adaptive modal filtering technique according to the present invention. An excitation
10 is applied to a conduit 103 by one or more actuators 104, and transducers 105
produce motion signals in response thereto. A modal parameter estimator 30 includes
excitation determining means 710 for determining the excitation applied to the conduit
103. The determined excitation is applied to means 720 for generating a reference
modal response 725, i.e., the response of a reference modal system. Means 730 for
15 generating an estimate of the sensor modal response, e.g., an estimated modal filter,
are responsive to the tranducer 104, producing an estimated modal response 735
according to an estimate 745 of a modal filtter parameter supplied thereto. Means 750
are provided for determining an error 755 of the estimated modal response 735 with
respect to the reference modal response 725. Means 740 are provided for generating
20  an estimate 745 of the modal filter parameter according to the error 755.
Those skilled in the art will appreciate that the excitation determining means
710, the reference modal response generating means 720, the modal response
estimate generating means 730, the error determining means 750, and the modal filter
parameter estimate generating means 740 illustrated in FIG. 7 may be implemented,

25 for example, in computer or other data processing device such as the computer 50
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7 may be inplenented using special purpose hardware, software or firmare
running on special or general purpose conputing hardware, Oréﬁé}?ﬁ? |ons ’
thereof .- FIG 8 illustrates operations 800 using adaptive noda ter| ng
to generate an 5 estimate of a nodal filter parameter. An excitation
applied to a sensor conduit is determned (Block 810), and the determ ned

exci {atiigiahsa R ed | Qifod GA85ER6A AROR oot BB hEaRENEL AL BT ERLer ence

modal response (Bl ock 820). IS app on signal s
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wthr es ect t ref erence nodal response (Bl ock 840 the error
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sone f QemBidisdE e r r re the
operations of Blo ] @8%0§g§6héa$§tﬁpﬁgggt ggﬁétﬁnﬁﬁﬁﬁlﬁ (r:}‘? {9 n%g(gﬁc?dag
FI G 95y$tbusttorw1esatarmtdﬂenenaep1mﬁal ofspionge PBIRSR B20). A endd A Miltet 8 Applidd CU| ar
operations 900 for generating an estimate of a nodal fitter paraneter in

whi ch &f SARtANSIaPIR, (RRIEPERMATO @y taseenae of fber spHRoN candi tohtha melt,ecbf
Equat i @ﬂcu(a@nbn&b@\éﬁerﬁ@ d&‘éétirﬁéted‘?ﬁédﬂ&?p&{sé é%:o?ﬁﬁ&lto fahtés‘flhaqg

gener at edaijI ock citation applied to e”sensor con
tite kmost @ﬁ@rnaramtemﬂi@w 830) Aaew estiedterafrthe noiia filter pafamsier \&al ue

hot 1 onSefE AR baced BRIA] BABY bPRC Raimat f8raliasapreavatr BRoRblp 18 ock
920), wmfemhie rmocml mepes:kse sBKBek @40'?1n¢ﬂtl'fe|3ér96fkfa9|§% m@élda ﬁe&étbhﬁﬁeb@d nodal

response val ue tj generated therefrom (Bl ock error of the
esti met gﬁn%dgloqkegﬁg)ns%gw if Hhe errers pe some foime thelfe@tf eacgram@'alhaneaponses

5 goreareettne R Sl bne BifaRoRE Y PR IR ple Bl vl N

Edﬁatltbec(nterrombe\met If the error fails to neet a predetermined criterion,

has q:gag @ q ; reater than a gredeterm ned threshold val ue, the
estl mation P Jeustea %pﬂ}ﬁt & BRPEIKS 9% Rysseniniventiens I RArtaar, unt i |

the Uperipis00TLNGEnEhiiAGEh BBt Bta mbbiakil pREMIGAHIWAEH disiithe B! 0CKS

or conbi nations of blocks Tn the flowhart | tratrons o 4 6 and
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20  the sensor conduit for a time k is determined (Biock 91 0}, and a reference modal
response value n,” is generated therefrom (Block 915). Motion signals representing
motion of the sensor conduit in the physical domain are received (Block 920}, a motion
value x is determined (Block 925), and an estimated moda! response value 1 is
generated therefrom (Block 930). An error of the estimated modal response with

25  respect to the reference modal responses is then determined (Block 935), and a new
estimale of the modal parameter is generated based on the error (Block 940) using,
for example, using Equation (7) above. If the error fails to meet a predetermined
criterion, e.g., has a magnitude greater than a predetermined threshold value, the
estimation process is repeated (Blocks 945-950 and Blocks 910-940) until the

30 predetermined criterion is met.

it will be understood that blocks or combinations of blocks in the flowchart
llustrations of FIGs. 4, 6 and 8-9 can be implemented using computer readable
program code, e.g., program instructions and/or data operated on in a computer or

20



data processor such as the conmputer 50 illustrated in FIG 2. As used
hereih, conputer readable program code may include but is nog J%]r{uth??ﬁmto
such things as operating systemcomands (e.g., object code), hig evel

| anguage instructions, and the like, as well as data which rmay be read,
accessed or otherwise utilized in 5 conjunction with such program

I nstructions. The program code may be | oaded onto a conputer or simlar
dat a prodasipreresappareh @ eclcadipnder batilysitated mvtA&G. 1D, As wiseddprecessor,
a mcroc r er i gl | ghal.. prLoc ar, . , the |ike. The
conbi nat ?grtr?pg#értrﬁgd%?lgd?f gﬁf%rgdédo%n@\aycig%‘é? Zbr“tr'rgé;agga'Bn\?tiregeloasnucgp%ér}gft 83 that
i S oper abpematihg sistphreceninaads ya gt idfe@rcolif), higiclevemangyrasi ihsiecctionsaatd ock
or bl ockgj oh, the flowhart il]Justrations. Simlarly, the program code nmay
be | oadetPolif® 25 Mlpat R1BrvaistamBY e I8t aBeRISEE LA WEE HHEZedbgr am
code sandeGONREHAR wilh QYK BrdBRaRSInERcRSId orm ng the function or functions :

specified i'n a flomchart block or blocks. The program code may al so be
stored i n a cbpragramaxdiebinay dedraded oottt agomphtaurtsimiaradlatagnetdssirdj sk or

tape, a I I, rogra | e nenory device such as,.an _ . .

el oot r1 Ay BedBabe PubpSMRIRE Y ciaRPporarY: § TEERRAPISHE dalal | i e.
The st orgighdir o@eessc xS PRYr dhé ke, a TRANPdHhBInales asfsthedpidafart @sRgangedi um
to function such that the program code stored in the storage nedi um forns

an arti GONPYHET MAUPVIdR 8N rparaiusgthat ¢y oasTatygetoniEpiemest 3 iusckag i ng
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Accor di spbyifie8livakowehabithfodi emeldaks. i1 1 ustrati ons support apparatus 25
operative toﬂ_pélgrfor m t he specified functions, conbinations of nmeans for

perforning t PEQRAITT $Qe Mg AlsoP Stogeshipl heempHrier-edadabigetotage mediuor m t he
spegd fi fl r r lLed in a
pefs ! | St YOSt Do lsk 6P Sl B fo! A9rGPRR RS IR SRAHLPY |

conput er-rea e”st orage i"am e spe i ons.
It willsathsesae aedlacallyardsatiatprogmnyeabieabad-eaymmbivack (EEPROM), botehar t
ocks, in

30 illugtrations, and conbi nations. of bl ock the fl owchart ) :

11 ust r o hS Sred Bloor i ol Ak a6y <pREP e ferreLs R THARE Medifar e or
firmwar & rxetior sich DAt the GRRLARICOBEBERE i BEPstbRIge PEdMTRINMBtdroAgiciher eof .
For exanple, functions of the blocks of the flowchart illustrations may be

i npl enefh B¥RYaEHe KiIyding iRsRgSITe Cotecmenns dgf 4hBlementiag; the( famctipn or
Pr oy anfiRliend 3b&ciftéd AY aGlowd B BbcR BF Bidks PUFRPSRGIEH &ite may also be
loaded onto a computer to cause a series of operational steps to be performed,
thereby impiementing a process such that the program code, in conjunction with the
computer, provides steps for implementing the functions specified in a flowchart block
or blocks. Accordingly, blocks of the flowchart illustrations support apparatus
25  operative to perform the specified functions, combinations of means for performing the
specified functions, combinations of steps that perform the specified functions and
computer readable program code means embodied in a computer-readable storage
medium for performing the specified functions.
It will also be understood that, in general, each block of the flowchart
30 illustrations, and combinations of blocks in the flowchart illustrations, can be
implemented by special purpose hardware, software or firmware executing on a
general purpose computer, or combinations thereof. For example, functions of the
biocks of the flowchart illustrations may be implemented by an application specific

integrated circuit (ASIC), programmable gale array or similar special purpose device,
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21 6 January 2004 or by programinstructions and data | oaded on and
executed by a mcroprocessor, mcrocontroller, DSP or other gy nyary 200
gener al - purpose conputing device. As described herein, a vibrating c éwt
paranmeter sensor, e.g., a Coriolis flowreter, vibrating tube densitoneter
or the like, includes a nodal paraneter 5 estimator that is operative to

estimte nodal par aneter of the sen nsive to notion signals

pr oducec?rg))y Qrﬁgrasr@%sdwc 'OP?é‘ﬁ@d‘Eﬁ:@rlg’aaﬁd l‘?ﬁ‘d%i%jﬁé?‘é%@el?y Ar{)ICHRPr Og%*?ﬁoﬁat ed
by a nUﬁﬁlemcﬁﬁtrb%}hDGW@ﬁothE@@eﬂé?d’Wﬁpo@e B@ﬁ*\?httﬁ ldeRfcePar anet er may be
estimated by a nodified reciprocal’' nodal vec estimation

t echni que or AgrPessabpdihaseirp BaliDF2iiNG: EPAGUIt GaRIMEIRT. Si?!(f-ﬁcést?lgmﬂe@ormildal
friver meiHERLCNRYnDuBECHeddid RGP B®ife f AIcREIY O P ARARAIE! o

for selectively excittng oné or nore node a sensor con
t echhi qessmaty thad isopkratiesl to astaddia & anadal pagsnetet bf thd Senscs cmrm‘vettbe

present jnvention ved asuremnents, nma achi eved by
using e Oq:éﬁtsgp%agc{upie?qgﬂ%aew %ﬁ@@fq o;l‘r‘E %/'@‘Eetﬁb may be
pr ef er egstirddted by*LhiiMbar SBEhAGUEEE FoRRRMPRY %%baamsé} daiahel@nia

Lurate
estimates 15 for that node, e.g., pole estimates, frequency resporﬁg
esti mat e%hraafedtmea moﬁéledﬂﬁylpr@@afdb@@afmtcarwﬂmw estimagien technigreedraare even
mor e acgag

the pr ese pp |ca{t hﬁ U?ESAH' o@?%ﬁ&%ﬁ@ﬁ@%ﬁgﬁf ﬁ%‘”f%%ﬁhgﬂ °

spekd i geﬂenaieaaf@r@grpiojiq@tﬁ)n paveyneateeforseibctiZlyl éxoRrirtEORE of nidid eS| pti ve
sense o % and not for_purposes of limtation, It is _expected that persons

ski | | edihsqNre’ 8?'?dl!fhr:rh§ﬁ8 teEhriauek Bay hemedifies in additional ways withili@ ment s
that ar t he r under
N P e L e e e R e S S
A sel f -a3higvadt by ysing extimatedf onodalaliiteri agdafmc@cps:se@mramntmeians do

mat er i .S conduit configured to
Cont ai (proisPtely Sk & i b e SEP S Gl s o B mePe B85aIR F R E ot i on
t r dBsduoethat opdeae igv.epdio estindites; feequeneflrédponsl dalintes Hr@NAk Jike, may
repres&)gtltg notion. at a Bl urall of locations on said conduit; a nodal

par ame EFa1F I Y4 %ﬁ%&ot nesatsi g¥ent MOTRI afcratey Medahparametsr gnal s

and  estimates.
The drawings and specification of the present application disclose
embodiments of the invention. Although specific terms are employed, they are used
20 in a generic and descriptive sense only and not for purposes of limitation. It is
expected that persons skilled in the art can and will make, use or sell alternative
embodiments that are within the scope of the following claims either literally or under
the Doctrine of Equivalents.
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operative to generate an estimated nodal paraneter fromthe received
plurality of notion signals, wherein the estinmated nodal par @Pﬁ#lﬁ ﬁ(ﬁhat es
a behavior of said conduit to a behavior of a single degree o €edo

( SDOF) system and a process paraneter estimtor configured to receive the
pluralit &Hqg Mp@ responsi ve to said nodal paraneter estimator
and opera |v O eStimate a process paraneter for the material processing
systemfromthe recel ved plurality of notion signals according to the

est | mat ed itk ?.Em seréo??&ﬁ%ea@ﬁﬁﬁ%‘ BehdeQs :éﬁér%ﬂar Mh%rrﬁlat%rlﬁla' d
nodal pap{éggggﬁé §t LR cg?n rFs g: Teans ¥ or "generating an es I mate of a
sens

nodal metér or “according to claim2, wherein said

means f‘Hc&%ﬂf?E@r‘idgﬁﬁéoat c%ﬁ ki t‘éanffr tHERARGridi'drd rda Slﬂg 2&?@1“ conpr i ses:

neans, I‘ESpOI’lSIVE to urality O notion t I’lS uc or determning a

pl ural | Y g Fﬂl%r&q%ﬂ |¥ tF‘é:T"E 9&??511% PhivkN R QerHLR:L:' EypIQFallép%?tl‘nef(}ﬁ]n% 'élsa
0

range of, {;Fe artQ oPbELiRhL bX 8 h stgn

r esponsi R rreans eterm ning a p ura ity of f requency

s
responses 4l paliREbLipgatan gﬁfF Y o Pdeeit “H% Ifél n?&f ANE ﬁé| f4@m t he
det er m ng ré?le &‘ﬁe’ﬁé(rrﬂféF %@%é@& rT:]ocfaq3 e : ; % : n@
claim 3, nlé[s F rﬂ tePFP f'érs'é’?ef'lgwcg)r(& L&d UIF?@ uit
re@t{?ﬁ
act ua

in respyiiReyib Pofaa ﬁ Ié!ﬁeéﬂeg Iver operative to
apply a drirve si sensor according to claim 4:

wher el n g r&egé'ﬁ(a?éméi&?’ és"l’ih%tcﬁ%dr}ﬁu Blreda’ioe rQéb%é’J‘tuHé’ bt XSﬂ fotidA! Q\%ﬁé'-ié‘d“' t

with a Gg Ei% t&%fuhoﬂﬁg PpatdnieteOdsf ﬁa r‘éﬁ%@ttb Bstfni 9 UE Nsr¥cesind
wher ein g fﬁg&b&.gﬂﬁ c{i‘#.'t eV ived P& br h%?uBR@?g%ﬁF
conpris su @g ra requency” response “val ues
at said ex0|t tlon requency rsail plurallty of locations. 23 6 January

2004 6. A sensor according to claim4: wherein said driver and actuator are

t t lit
oper ati ‘ée 0 Aeéérisfo? aE@er \g&%‘g{iﬁrﬁé"rﬁmrﬁ% f?\?zg‘ahrgaés“&?aﬁ Fﬂlljrrﬁ% 8p oé‘mgﬂgéérsa 'ty

of peri gl er%g
peri odi ¢ conponent s a respectlv requency associ at ed therevmth and
wherein said frequenC|es of said periodic conponents are distributed over

sai d range ofa E&RAHSAG&Rg 13 BAINBE WAL &lid nﬁeaae%?rfgén&%@réﬂ BLUNGtE of a
plural i toyed '}err‘ﬁgl-é?ﬁlﬁé(r 5&2&QQ§es conpri ses neans

means, responsive to the plurality of motion transducers, for determining a plurality of
frequency responses for the plurality of locations over a range of frequencies from the
plurality of motion signails; and

means, responsive to said means for determining a plurality of frequency responses, for
generating an estimate of a modal filter parameter from the determined plurality of frequency
responses.

4 A sensor according to claim 3, further comprising:

an actuator operative to excite said cenduit in response to a drive signal applied thereto; and

a driver operative to apply a drive signai to said actuator.

5. A sensor according to claim 4;

wherein said driver and said actuator are operative to excite said conduit with a coherent
periodic excitation having an excitation frequency; and

wherein said means for determining a plurality of frequency responses comprises means for

determining a plurality of frequency response values at said excitation frequency for said
plurality of locations.
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determning a plurality of frequency response val ues over the range of
frequencies. 7. A sensor according to claim3, wherein said ngagpsfPio004
generating an estimate of a nodal filter parameter conprises: mearns,
responsive to said neans for generating a plurality of frequency responses,
for generating a frequency response function (FRF) matrix fromthe
plurality of frequency responses; neans, responsive to said neans for

gener atigng an Eéﬁ%of@édbl‘&fn foQiaitndentifying a pole corresponding to a node
of the sensor; neans, gpons| ve to said neans for identifying a pole, for

gener at 'vﬁ\%rélﬁ‘ Boﬁmye?cérﬁf abl A} ol SpbAa ié ek tep%ﬁ ccﬁ{&ﬂlt ’Wﬁﬁ n ERARAS! Ve

to sai d r&tﬂd}l i%rl: gﬁt rl H é | I f
generat iy E&re o trrys g;fﬁ‘?% TN 58 b hsreqftﬁ@ %@ o 'E”’
at

par amet rre E'sarcae ntd8 H?§t rgr r nd&S ARG 8-

A sensor ccor ng to erern sal rrean ner

esti mat ‘%rrféf- ffbﬂdi Q%‘imﬁélt%ﬂi?é LRASY ég%ﬂﬁéf @5{9 E?H@aﬁéﬂg an

exci tat 'd%r?% fr?an,a' ﬂﬁ ! 4SS v BlS! e o i, fetepeibd O

determ ni ng rre or gener er ence nodal response tot

determ ped e één%r 88cordif 'ﬁ?clafn‘?%p@ﬂéﬂe\f?séla’g%l%hg %é rRkdting 44 OB a
response romt e plurality

transdug,e(;d%m a&‘?r‘fkﬁ‘é?cgﬂ is@d) est ed no

of notion S|gna s accor g to an estimte of t he nodal f||ter par anet er;

and n‘eanrse BB ny td galﬁlar‘n arﬁ@f’d? JnQFa ﬁlﬁ'éli?}g oft frre 6'?%@' for
respons% ﬁﬁ& F , for
gener at i n%?e 0 m)da Iter par arreter 8 on an rror

of the e |na éd m)dal response W|th respect to the reference nodal

5P st BSSRA. (SSH0 ot Gl ¥ e e O BRSS!
par anet er rsg{mt 1"§q‘§arﬁ$"§'ré§°étléﬁ eé%SFS]DG: systemto an excitation of said
condui t ,apd %Hﬁéﬂlﬁre t6 Q4 d-lpééd%?ror @Qntﬁﬁﬁ%%t&ie %‘f‘g’e%ra\ﬁﬁg tgﬁ éﬁ)@l’: \EctSPréin

condui t tﬁé’lldéﬁﬁgg R:bRd@ I've signa ed thereto, driver
responsive to said means for generating an estimate of a force projection

par anet %rea%é e aweryo 2004, RRSUARg ) PR M id s S48Vl ¢
act uat of Nt chétafy 50! BERe RGGRSEL Rer SarbhEied £ BET (b eC
st ot Qe o s L el o A e

8. A sensor according to claim 2, wherein said means for generating an estimate of a
modal filter parameter comprises:

means for determining an excitation applied to said conduit,

means, responsive to said excitation determining means, for generating a reference modal
response to the determined excitation;

means, responsive to said plurality of motion transducers, for generating an estimated modal
response from the plurality of motion signals according to an estimate of the modai filter
parameter; and

means, responsive to said means for generating a reference modal response and to said
means for generating an estimated modal response, for generating a new estimate of the

modal filter parameter based on an error of the estimated modal response with respect to
the reference modal response.

9. A sensor according to claim 1, wherein said modal parameter estimator comprises means
for generating an estimate of a force projection parameter relating a force in an SDOF
system to an excitation of said conduit, and further comprising:

an actuator operative to excite said conduit in response to a drive signal applied thereto; and

a driver responsive to said means for generating an estimate of a force projection parameter

24




10. ‘A sensor according to claim 1, wherein said process paraneter estimator
conprises nmeans for estinmating mass flow 11. An apparatus f
characterizing a vibrating conduit parameter sensor includi nggé{arcu(?%%?%
and-.a plurality of notion transducers operatrve to produce notion signals

representl, ans
respons&g%&ﬂ%‘tﬁf&? %ﬁ ﬁﬁi?t%% %ﬂggﬁ%ﬁé% 5‘8@%‘ 'fcﬁgc mimand
plurality o r?o S, sal d means for
receiving, for generating an est| rrat ed nodal paraneter using a nodal

ar anet gfy es | I erein
"o A A ECHTE VAU ittty SRR DA
behavi or eg ree of freedom (SDOF) system and nmeans responsive
to said rreans for generatr ng, for providing an estimted process paraneter

using a Qrgg iHafBP&FJ éﬂii Ok JR 8 drhAbtel | 8?4!'?% 9 ohdlit

Sl o i e e
sai d rreanqstmﬁor es ﬁaﬂ?ltﬁéap tcll’al ara@et er conprises rreans for generating
aim 130 sﬁaﬁgéﬁe.at? e A oyD B AR randhiioafS" (BRBELANY 3 AGSRGHOLR, .,

par amet er conprlses neans responsi ve to said nmeans for recei ving, for

det erm njOghea n@hét% fFr%QHE%V é?ﬁﬁf L raf aFP.' Hﬁﬂté tedl l% al
|ocat | Ol a%o% DAL B eE oy Abbdrsiatls
g})ulrglnrts}ﬁ W% Yeat genera'r ng an es?rrrate 0 ﬂg

filter rre er h"e e 2 $i d p(i' urality of frequency responses 14.
An apparn?éalﬁ oC'n‘?éamsl% %Fa% 18! Boé G5NES Al

et I T G et@r x T z&ﬁ% 5‘“ s OE..tﬁg'g
frequency respons'g R]r t)%ﬁ g'ﬁa ea%$ %Q%Qﬁ'r%%e r%d g‘?eér;'%%q(::sjtency

responses; neans, responsrve to sai d nmeans for generating an FRF ITB.tI’IX

for idenbifyixpg L§ a r SRS 91 ! RhéreliP dr13Cror HiiRktin
responsiple i a'??rfg Qfogrg 6! i’fr%a@gstﬁnﬁegga:’fo%r s e

vect or I‘OITI ?

13. An apparatus according to claim 12, wherein said means for generating an estimate of a
modal filter parameter comprises:

means, responsive to said means for receiving, for determining a plurality of frequency
responses for the plurality of locations over a range of frequencies from the received plurality
of motion signals; and

means, responsive to said means for determining a plurality of frequency responses, for
generating an estimate of a modal filter parameter from the determined plurality of frequency
responses.

14. An apparatus according to claim 13, wherein said means for generating an estimate
of a modal filter parameter comprises:

means, responsive to said means for generating a plurality of frequency responses, for
generating a frequency response function (FRF) matrix from the plurality of frequency
responses;

means, responsive to said means for generating an FRF matrix, for identifying a pole
corresponding to a mode of the sensor;

means, responsive to said means for identifying a pole, for generating an SDOF vector from
the identified pole; and
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6 January 2004 nmeans, responsive to said neans for generating an FRF mat ri x
and to said neans for generating an SDOF vector, for generatgr} B a0

estimate of a nodal filter parameter fromthe estimted FRE maft xy é t he
esti mat ed SDOF vect or 15. An apparat us accor ding to claim 12, wherei n sar d

means fq,cI ”‘?é 30 St Hg% n F'd ter
means f Ié %[RSIF @é‘ctSrX% jﬂb%ﬂn a[li ga@@?gcﬁ ’amgﬁefrné& 2t i on,

nodal s ma rg(sap{a for ermn
for generatr ng a re erence m)da resp onse 0 the determ ned excitation;

nmeans, responsive to the pI urality of notion transducers, for generating an

n et ndoa o iich ekl R L R MR

means for gener atr g a ref er ggs nodal response and to said neans for
gener at i Stk erating a new estimate of
the noda r%’r“?terér@rﬁ'a ter é{é’ggpo@a? (sa“'f'r'rgor'q&[)t the estinated nodal

responseg reréneernr&r%? stdrf) nldMps. feEb&HRRCE sTRAALALRPY ?m.nﬂng ﬁ%ﬁgp ?t us
Y et
gg(r:rgrrdls nér%t'né { r%eneratrér ng %% gstmarar%ﬁeer or? e%%'-'Itrcel B?OJ ect I on pogr arrerr;serer

relati N8 gg nsr\/eatet uraﬁr\@%ferﬂp oR tmsgﬂ(&r e?gtrn i n'%ge# 7e dA'?o
in situ, "4 ﬁgr?%rur{g%
contain" a om fa eria oCess

notion trans uCers operatively assocr ated with the condurt the rret hod

conpri si h 5 L Iurallt
o HEE TN g}ga‘f‘%@w@ﬁ%@@“* ] E% rrezp;h %ﬁ
at dal

not i on

condui t é@er lﬁp&g Ee excl atlohrtrea"a's}?I generat °?‘§§Wé‘§ 3?’Prate[
refer n ons

par anet er vm par aneter estimator for the sensor fromthe

plurality of recel ved notion signals, wherein the estinmated m)dal par arreter

;ng;g;p é%giaay ratf 4 é;gidﬁ frgua.ré t% %P&envga% lar %r%% h .
) s oo %rswe
ngcfﬁzréw p'ﬁ%‘(?less néySté 88H§kg‘f§11§rﬁ8f t?]g%el ved plurality of not .t 3;

signal s accor d| ng to the estimted nodal paraneter. 18. A rret hod accordi ng

to claigyl?, AAReLR| Mefhts ShcBhzide D SEAL: Mk MhES HhiRieS P&
par aet Hs e P ol o R S Mg oo e o

par anmet gksociated with the conduit, the method comprising the steps of:
exciting the conduit;

receiving a plurality of motion signals from the plurality of motion transducers, the plurality of
motion signals representing motion at a plurality of locations on the conduit in response to
the excitation; and

generating an estimated modal parameter with a modal parameter estimator for the sensor
from the plurality of received motion signals, wherein the estimated modal parameter relates
a behavior of the conduit to a behavior of a single degree of freedom (SDOF) system; and

providing a process parameter estimate with a process parameter estimator, responsive to

the modal parameter estimator for the material processing system from the received plurality
of motion signals according to the estimated modal parameter.

18. A method according to claim 17, wherein said step of generating an estimate of a
modal parameter comprises the step of generating an estimate of a modal filter parameter
relating motion of the conduit to motion of an SDOF system.

19. A method according to claim 18:
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relating notion of the conduit to notion of an SDOF system 19. A nethod
according to claim18: 26 6 January 2004 wherein said step of %Xrﬁlt'%ha}
conprises the step of exciting the conduit over a range of frequerPcl es,;
and ‘wherein said step of generating an estinmate of a nodal filter par arre]E er
conpris f I r or
the pl u%éggmﬁie%&‘ﬁ %xr?gﬁ \%mprﬁh&gygengﬂek’oc? é){cmngutg%\c?ﬁ g‘!‘sﬁpgﬁ% fﬁgngr eCei ved
plurality of mot'i on signals; and generating an estimte of a nodal filter
par anet r. o
Fesponseneréh <SG B et R o 51 ) e ghielr Foreh ek g rtens
exciting conprises the step of exciting the conduit with a coherent

peri odi Gefatfidi ﬂlrglﬂﬂ}’ bf¥e efwg ﬁspaﬁ(é‘e'stf@rtthg Bidr Iﬁfﬂfl'a&?{ on\é’{?ﬁ{ere{hgfrgrﬁ)et oSt ep

grgngfglfﬁggre&sentmgﬁnﬁlo i frn‘?&gh V\}nsi’ f'ie t he concrjﬁlt I S exci tegnat
[ a.

ool S et MR BS I Il W I e

pl urali ty 0 sponse val ues at the f| rst excitation frequency
for the plurality of locations fromthe first plurality of notion signals;
wher ei n ggai d sShefholfacsbingtdglalivrgher conprises the step of exciting the
conduit with a coherent periodic excitation haV| ng second excitation

fr equenGirerdif Aol E‘teﬁﬁdfqa &.ggs k‘upn?&se'tﬁé' E&QEW gﬁéergéh % Bhfedt!
condui t %\%hnlad'i%fﬁ% ?:rgn% | stgx%tlat ed a second exci tat | on frequency
and whergiereis dafl $ib n;f%céiﬂﬁ .E@s thePbidh 3dr! rb¥eitthg a{ AL Xm g
further seRERMbERIeMMG mdtidiPo cﬁ.ﬂt%mlentﬂ LonGSitl Ptég ?‘Jnfh 3ﬁ|r qe%Hency

responsere&@éry_.gs at t e secon eXC|tat|on ?re uency
| ocations fromthe second plurality of notion SI gnal s. 21. A met hod

accor di Rhetdin Shidi didpl 8 t:ié‘\’@l’%‘iEj%ﬁ u%llﬁ} ue bglgse%ogﬁ?'ﬁ L RES tﬁ@gteg P of
f

aﬁg'r)é: Rﬁe@ﬁnﬁﬁﬂéﬁ&i Pidrdii espX ﬁé% ale¥ af ggfa L ieduenc or
frequen(t:rf/e algle%g@:azﬁdégh revm th, Jhm gf@?ﬁ%ﬁgﬁ%requenm es of the periodic
cConNPoNeRhareih Sald §kb'&uéﬁﬂlnﬁvﬁﬁhép€orﬁm% Bk {EEBRIRIRT the conduit with a

coherent periodic excitation having second excitation frequency;

wherein said step of receiving further comprises the step of receiving a second plurality of
motion signals representing motion of the conduit while the conduit is excited at the second
excitation frequency; and

wherein said step of determining a plurality of frequency responses further comprises the
step of determining a second plurality of frequency response values at the second excitation
frequency for the plurality of locations from the second plurality of motion signals.

21. A method according to ciaim 19;

wherein said step of exciting comprises the step of applying an excitation comprising a
plurality of periodic components, wherein a respective one of the pericdic components has a
respective frequency associated therewith, and wherein the frequencies of the periodic
components are distributed over the range of frequencies:

wherein said step of receiving comprises the step of receiving a plurality of motion signals
representing motion of the conduit while the conduit is excited with the excitation comprising
a plurality of pericdic components:; and

wherein said step of determining a plurality of frequency responses comprises the step of

determining a plurality of frequency response values for the plurality of locations over the
range of frequencies.

22. A method according to claim 19, wherein said step of generating an estimate of a
modal filter parameter comprises the steps of:
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wherein said step of receiving conprises the step of receiving a plurality
of notion signals representing notion of the conduit while tpg,c9 idg 1S
excited with the excitation conprising a plurality of periodic components;
and wherein said step of determining a plurality of frequency responses
conprises the step of determning a plurality of frequency response val ues
for the plurality of locations over the range of frequencies. 22. A nethod

accordi bitifd & L oS Algr i i S a
modal fip f‘ﬁ;nsggr a%‘g‘?n‘?ﬂ% |r{s?sgsmtnﬁté§£?@?o@ g%%(gf)ﬂ@ Er%nggrr?%(?g?egg%ﬁecryati ng
a frequency response function (FRF) matrix fromthe plurality of frequency

responsqéénﬁ}ﬂ@gljéﬂgicggegpda?]rng tSanﬁ@q%Dd?'ﬁﬁ %jhesge a node of the sensor;

generating an 'S vect or m t he 1 den pol e; and generating an

esti mat geRbrafng'BA DA dcidr A MNETAGHrcd pkidy esti mted FRE matrix and the
23, A ‘

estimated S vector. met hod according to claim 18, wherein said

step of 3RBAiAG aRBshMaRSsd AdRalfite? paPRkaEr frohithe oBRhARRIHF ﬁ%&ﬂ%ér&?met he
st eps ofggtiflalc@TdBAOE Vet €xcitation applied to the conduit; applying the
determined excitation to a reference nodal systemto generate a reference

nodal response; applying a nodal filter to the plurality of notion signals
to genemate aNrRHddRBRIAPRai PSP | 5% he
modal  fiphdd ikt pardeén cé{%sggﬁg{rgfa?rﬁmﬁﬁv@%{s% rkgna e@e%ﬁn?ﬁatg gn%h‘%t@%f %t er
paraneter based on a diftrerence between the estimted nodal response and

the ref gepmminPaRexditafdCafied &th ifrod according to claim23, wherein
sai d det erm ning, s’?aild appl y?ng aﬁﬁog@’l}ld generating steps are repeatedly
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according to claim 17, conprising the steps of: generating a reference
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nodal response value fromthe estinate e nodal filter paraneter and

the ot igaRerdfing'8 new estimate of the modal filter parameter based on a difference between the
estimated modal response and the reference modal response.

24. A method according to claim 23, wherein said determining, said applying and said
generating steps are repeatedly performed until an error of the estimated modal response
with respect to the reference modal response meets a predetermined criterion.

25, A method according to ¢laim 17, comprising the steps of:

generating a reference modal response value;

generating an estimate of the modal filter parameter;

determining a motion value for a time instant;

generating an estimated modal response vaiue from the estimate of the modal filter
parameter and the motion value;

determining an error of the estimated modal response value with respect to the reference
modal response value; and

generating a new estimate of the modal filter parameter from the previous estimate of the
modal filter parameter, the motion value and the determined error.

26. A method according to claim 25, wherein said steps of generating a modal response
value, _d_etermining a motion value, generating an estimated modal response value,
determining an error, and generating a new estimate of the modal filter parameter are
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determning an error of the estimated nodal response value wth respect to
the reference nodal response value; and generating a new est o% t he
nodal filter parameter fromthe previous estimte of the anyary 4904
parameter, the notion value and the determ ned error. 26. A rret hod
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val ue, determning a error, % nerating a new éstimate of the nodal
filter paraneter are 28 6 January 2004 repeatedly performed until an error
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conpris e step o estimating a nodal paraneter fromthe determ ned
excitation and the plurality of notion signals. 28. A nethod according to
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17, wherein sai d step generating an estimate of a nodal paraneter
conprises the step of generatr ng an estimate of a force projection
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pgr aggt %&Jg p%ta g@éf)i}og:%foﬁir Célarhﬁggﬁt%?gﬁ s%%‘f;gdﬁp‘ XYEra%g atnaestr i E | e
exci ti NGaLMBlEr $SBrel 9 t6Rkeq aneéﬁb?'éqgte 573 rxﬁ%@?{]o Lt cipa 0 1o

generated estinate o e force transf
claim17, wherein sai d step of exciting |s preceded by the step of
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operative to preferentia
according to claim17, wherer n said step of generating an estinmate of a

nmodal pgﬁarretgeﬁeﬂ.,gdggédr@ 909¥rnth'f“ steps of: containing a material fromthe
mat eri al processing syst I N e ‘condui t; receiving a plurality of notion
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responsive to the estimte of the nodal paraneter.

wherern said step of exciting comprises the step of applying an excitation to conduit that is
operative to preferentialiy excite one of the estimated modes.

32. A method according to claim 17, wherein said step of generating an estimate of a
modal parameter is followed by the steps of:

containing a material from the material processing system in the conduit;

receiving a plurality of motion signals from the plurality of motion transducers; and
generating an estimate of a process parameter for the material processing system

responsive to the estimate of the modal parameter.

33. A method according to claim 32, wherein said step of generating a process
parameter comprises the step of estimating mass flow through the conduit.

34. A method according to claim 32, wherein said step of generating an estimate of a
process parameter is followed by the steps of:

generating a new estimate of the modal parameter;

containing a material from the material processing system in the conduit;
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33. A nethod according to claim 32, wherein said step of generating a
process paraneter conprises the step of estimating mass fl ow tJhrou)%OChhe
conduit. 34. A nethod according to claim 32, wherein said steB

generating an estimate of a process paraneter is followed by the steps of:
generating a new estimate of the nodal paraneter; containing a material
fromthe material processing systemin the conduit; 29 6 January 2004
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transducers; and generating rocess

to the nRWeRtih FReSiMb!Ra gBCRS pa%éflgrertegﬁonsﬁi% to the new estimate of the modal

parameter.
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