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MEASUREMENT METHODS AND APPARATUS USI NG MODE SELECTI VE FILTERING 5 The

present i QyERlds3sr el ates to sensors and rel ated nethods, piddiP6R6s

particularly, to mass fl ow neasurenent nethods and apparatus. Background of

t he I nvention Many sensor applications involve the detection of nechani cal

vi bration or MASS FiOMf MEASUREMENIMEEHODPSsANDOABPARATUSIUSING such

noti on detection include CorMODESELECTIVEVIFIETERINGNd vi brating tube

densitonmeters. These devices typically include a conduit o I
that is periodically driven, i.e., vibrated. Properties summmmmlﬂmmrow

_density and the |ike associ at ed Figlgiofthednxention cont ai ned in thg,gondui t or

vessel. may be i ; i i i t ers

posi ¢ 1ned on § e PR YRKHBA FEERS B oS arky I ARTRON Bl ARITEREE P, e

. Vi br at i ngpaRicalarigl tof inbke lowymeasurgmenat aldtiyods anchbppatatus. by t he comnbi ned

mass) stiffness and danpi ng gEar acteristi Es of the containing conduit or
vessel structure and the mat r f _ ' . Atypical Coriolis
mass flowreter M#ﬁ?'s‘éﬂ%ﬁr g@ﬂic‘éfioﬁgﬁﬁloﬁféﬁﬁé'de?eéti&ﬁtof@ﬁ@cl"?a%(?ai’v%@aWCt ed

inline in a pipelfne or er transport systemand convey naterial, e.g.,
fluids, sbtherinestioanExdreples lof sensors Hirataytidize suclEautionaisiectiominglude vi ewed as

havi _of | vibrational nmodes jncludi Dl {1
ponci . Eoriefomees Hoamsiers A WBTinechE dsSsiyRelits, dResf SElPeS prltdle
fl ow neasiH e cantit 5PSthePvedset MU befisdiexn] ARl el YRNERAC Propenies Of

its natural vibrational nodes as a material flows through the conduit) and
not i on of suthas omabsi flow,glensiiy anddhelikg essnciater avith @ matedal agntaings i thet i on

such bs acousalStussse) oy h FRHRB R Brpeda Siohels SOBIMART " peri o c
fashi on. ksas@licry positivAtd Snths Sohlanvriehiestruckire, 46 siwd Vibestional fdoBes Bat ent

Nos. 4,109,524 to Smith, 4,491,025 to Smith et al., and Re. 31,450 to
Smi t h15 Unthe vibrating pateriakfilactsisien asmesalinareiaftastad by theotamsbingd assewnet er s

may be co 1S | i Lk : i iy i

ot uot ur o ST TPy CRERMElHRS, e SPAANTRG bBTduTof WckPBttibre. e

by punps and the mtesslaontdited trreinat t ached to the flowreter, and notion

arising frompressure faqrces exgrted b%, t@e material flow ”ﬂ yg{}ou h the
inglyd $ plEE

f1 owneter conddi YPICRhEOERliSIRASS HOWTRLS B8 ONGIAL TRRerRANY for by
using Tl oyRRhELdGSINGNR o DB & otheMifahdpor2s (R ddnvely refietidid &l

=S
bal anced to re(}uce e%f ects attributable to external vibrafion, and %y usi ng
f r equedcy flomisasloridad amd the likegin thessystemss Eachtoenduifl esd b diewediad having at

conmponents of the notion signals .away. fromthe excitation f.requency.
Hovever, REERERAHE qurg{l"ngl ?{&Jfﬁd@ﬁﬁms%éﬁé‘am&?%rﬁ'ﬁ“ﬁﬂ ?@'%qﬁ@&{@'l cal
consi der afré@aﬁan@c&;pleamcﬁfésalln% tly'Piasiat 8bii6IRSmMag® ABW BagraRfehti nts, wei ght
limtations) size limtations and'the |like, and frequency domain filtering

may be i n@pplicationeazondeitis/extitedrataasenangetin gnecidls naduwrel vibatiopakmegss t he

excitation fr e , r : i r O Qs L i ts of
the i nvendsghranges tps Tol s cbiful B hbiEh SERR RreR S rRBrRdEY ° oo
sel ecphve phirlts aldnadha donduidl Exyitatfoniettysicallyi groaided herareactobionge.gntanon of
the conduit to generate a plurality of node selecti v? filtered notion,
signal s s ®artiomRchaRicalfauce cusk as/a VRiceIYPS 8V e that pesiueb s therandiiti al | y
represent .t i o j at i i ! ratelole Ry A

o ur ar 1y 1SR HERABTREoR, EetdinatclsThan fowfRics de RSCARAM US:

sel ect i ve HaténteMes] 47009,694 16 Siith) 4149 1,025 isSmiith@t ak s andrktee 31 #5fdnSmaitled
fromthe plurality of phase estinmates. The, |Lil’ Iiogj of phase gestinmates may
. be estimated udnigrtungdglysthe, agawragic %WPVE&?VC?% %é“%ﬁs Wﬁ%ﬁ? qd3%y of

mode g6l ecbte'éé’cﬁnoﬁ .o}'ﬁi?éd? Qg ?‘%Hi&%rﬁiieg RNdSas gﬁi@% ir§ PO b AR strutureNotion

i nventrion, al tran rmation is applied to the plurality of notion
. si gnal s t argingefremexirapeousfaregs, suchasdbraesganesatedityruneps and 20 nodal

coor di nat e domai n. de sel ective transfor i i nnl i t

oooral 1ty omirassrs MR aBERed ko el ARRRET IR FRtioR fRRiel fom isPetalfie

sel ecti ve fhicebixBHedlyith8 ntataAal flowihd trblgh titnheRinseertconalit! Mheidfieets obn, a
frequency of a node selective filtered notion signal of the plurality of

node sel edheseforees arecepmmontyredugedhfar hysusirg flawmeder dgsignsthat are i rst and
second reference signals are 25 generated based on the estinmated frequency.
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and second reference signals. In still other enbodi ments of the invention,
a plurality of tine difference estimates is generated fromthe plurality of
phase est{(yRhfgssand the mass flow 30 estinmate is generat gdtiusgmivhe
plurality of tinme difference estimates. The plurality of time difference
estimates nay be generated fromthe plurali tgl of phase estinates

) b

di vi di ng balenpedtaredugedifiasknalirikidablede extaspalyibrstians angRe HENOTEYEREY at e a

| it i i . AR l¢i R
P 1 85inalr fergt o GENERBBALEHES qebidhielt @ floh off cciifnentp i Y MORBRD
t 0 gener asignhlteaway frif 1H2/XxcEEBE-frEqlend30 HOBES, plechahical/filteiringi me

di ff tipmates. The npde f | timated f dal
Toti on' of GRAIOASERE A BOF AEHIEOIY BRAIATA FoUP SREREGH. SgriaFeahens: 1y of
mat erigl  Jigithfions MGlHting Bhstaffls Rieight qcrmféﬁﬁﬁsf 5iRBihlRLISRS bﬁa]{tﬁéiliﬁ@]gie

. frequency. According to other aspectS o e invention, mass flow of a
mat eri al  anddrefjuenoyl domainefjitdringisay beiineffe diye @t semovingginavastted xibratjonsd

notion signals [epresentin tiop of the conduit using one of the
plural i ty%B?“”??HE'? ”%?bﬁ&l%cgg"%n [}Pﬂ‘i"?{bcyr eference to generate a like
plurality of difference estinaggmm faRkiIAGéNntiGna sl ope paraneter of a

scaling function that relates The plfuraltty o ITference estimates to a
li ke pluralityAstordisigiccembodiménts ehthesinvenfiass erassilpwiet a sratefiakin@ condui t

at a konown 10 .nmass _fl ow, A f est | mat : 1 et romthe
esti rri({)]ed Cgpglb'g%p%f‘}'g}ﬂg?gpyamnggé ﬁgllegﬁ(&ﬁié{@saep FJ%\I/'&&\@ 'r?emlieq?%cl)%i ments of
t he i nventéprasefihgiatiBnof tharedrduit toryinedatac ploealiny of mbdesetdictive fiersace
differences is generated. The plurality of difference estimtes is

mul ti pl i edalipnesigrRals guch thatdbe grodengeleglysdiliesrs mation.signalgieierentially ne
| 15 . ' i £ difif e
ost) mat os eRreREhtinotion a8ictiktel Tatf e VRATonh Hiod o tfe dokat A ileiif/te
di f f er encehate edtinates isgeneeatet droen treer ploklity of Mbde seldcting filleredmpotion can

| be i ivel i d d i h | . using, f
exanpls, SNk ADRAS URHl SPUMPINA GaRErAiR (1o5h (15 DL B PRESESFAPRG (o

s _ : = BT E . . q
ot her asp%tgspl&fah{. alé%ﬁ%ﬁé&lﬁﬁﬁ?&%ﬁ@é&}ﬁﬁeﬁw:ﬁﬁjﬁ has& PErH fceCddtiveur €

to contain mat er’i noti1on transducers i s operatively
associ at edrom dhe iofiehecphudality ohmbdeseiative éilteedomotior signafsl. ural i ty of notion

ederves the pisamagmbedmsnts i GegRuioma et GisBirtiaanys Apaidftd,
plurality (R pihitBf %icﬁi&%'s‘i%ﬁéls 25 gasaratcs pliraly Wi dddal rédpomedeigielieri a ve

filtered nmotion signals such that the node selective filtered notion
si gnaRe prreddal ceprdinate damains dhmogstselactive deostaragtian ihappiaddpdbeonal nmode

phase st PlelY SRR REReGTgS B ophEt edBDRIY GmBalshliedtie Y
S !stgpfrla fésamgaaéﬂg?g%g l@@r@ls“ramtﬁéﬂumesdihmﬁe of trenintérstion, arfeéquencelof phase

1al 30 processing circuit may generate the plurality of
phase est imedeselgsiivayfilterpd Metiqnesignalif dhejplurglity O?m%eo??ie‘&fvetfﬁ@rﬁffur ality
of node s | Vs I i i I j i L
erbodi mend 1o HHnal SxfiralB | ladiotia st dHf R etehefiy bipnalenite
pl ur akbt y generated dastd ansttie astimatedp frequencyl. yTresploclity efiphaseestimatesrisiui t |

VI 0 {12/ UpeosieB e MedraigBLmos SerIva AP RAPoRos SERER LA~
receives tig sddénd!reteteRée g@bﬁgn signals and processes the plurality of

notion signals using one o e plurality of noti on'si@gn.al s as a timng
reference to gdnstithothex dmbadimieotsadfi the imfentionf @ phsaldy of timediferentie si gnal

. i | it ti mat I £ £ ' ' t hat
el at oo 1 SUEIAIFY s gey A T Be SRR E el PheveSnitedy fnd iy (BRI o "

ref er gace ghitiifate fGESerafR RERNhb MUrERY o fin® diffBferkersbtimates. Thé pawalityass

. flow, and generates a nass flow estimate fromthe estinmated sl ope paraneter

and t he krofwimerdiferencevestimatesimaabe peoerated figmcthedliralityssf riase estimates
d matrix iacl udi L uralj i d
Tt ply (N 8 8file drkhate Kbt B 210G RRAGRAL IcCagiiER o 310, MY

augrent ed pladality<ofttimel diffgremdeevalnes.s Aqperality efnaereflowAkferened timel y, t he
signal processing circuit may nulti ﬁ)l)/,tfr}g pl ur.# ity of difference

esti mat es Hiferencee may: bs aprliedio thedlyratityQl time difiererigeryalves,0Qenefatedher i ne
the sl ope paraneter. The signal processidg may also iteratively estimte
the scaling function. 15 According to other aspects of the invention, a
conput er program product for estimating nmass flow of a material in a
conduit includes a conputer-readabl e storage nedi um havi ng

conput er -r eadabl e program code enbodi ed in the conputer-readabl e storage
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20 selective filters a plurality of notion signals representing notion of
the conduit to generate a plurality of node selective filtered notion

signal s syghllbdkst he node selective filtered notion signakgRoghREENtially
represent notion associated with a vibrational node of the conduit, that

generates a plurality of phase estimates fromthe plurality of node
sel ect i vepliidiityeofdimendiffesencs gstiinatesadtetrade ffeaueagiemay heagslimaed feum

estimate fro he .plural it t] : 3 SS-f | i gating
comput er -+ kbR iatbafie BB FE ARG MfolRERale, DRy

esti mat esmyfdriaginrthBRndul P8y £86 Hedstinirdd fropmite estiphatet enpdeifratiencyof node
selective filtered notion signals. For exanple, the mass flow estimating

" conput er - r eadahteorgingde atheraspeats ofdle invention, Masy flew@f aomaterigieasel ecti ve
filtered potjqQn sign . | ; o3 '

ot S, O Ag) Beyyt BEpRRLe ld § RANTBERAHERIIE b e

based on mfhﬂole@t thrfméclﬁwlﬁtlrmga_t ﬂnyofgiect)lgwﬁq:qﬁmo%i@;%tsighagaéé ayimohg phasrz .

est1 nat es romthe ural i (6] e.s ective | ere noL1 O S al s an

the fi _rstr%@ﬂ@%&ﬁ@ﬂ@@ﬁ%?&%@@ﬁ@gg‘mfQ!Gf}eafe"CW%S"U_Q‘/ee( ang gatmg 8%&9?)39«3

Accor di ngpgc@n@t@.%f &gé&]gn'ggpﬁéﬁ)lnl gqlg?rém?,i.% rtrféé givl\ﬁfrfsmy lofBifefencER I Aestgadabl e

program co gener at ura of efence estimates fromthe
pl ur al i t ylikef plptaigeofrefénente difienencasre peasenting enotinsnsoffthe wosgvit aha &npwdm t he

I ity of ti di f f timates. Th fl i '
Conpulthr MesalaMe bsedcodbtecriy BBSIAT AT FEARARELDR (o e
plural i ty,offmL! 95y HPkitwn ;,.%ngpaw_ ate a nodal notion signal in a nodal

coordi nate domain, estinmate a node frequency fromthe nodal notion signal,
and gener at e tInessqme eaibodimentstdfiiee thvehtiorrareaegnentedgvatrixdneludisggharal i ty

of phase estimatges using the estinat eLfr :

conput or - PRIRIEBPE g B0Pd T RBoH R SeRPIAIBr . ThEHMEG et renge estmates ng
conput er RrAgkipheE|a ddatioRveispéiahe dabfidriedmatmt & deterrmmetthe stopedui t
fromthe estimted node frequency. According to yet other aspects of the

i nvenitd onparegrsiat. ein-otbatiembedimerns dhe ebualityaistfferance egtiratasus snultiigdl e

st or age i ' | ' =L r ogr am code
that - pr ocoLadBeydgrfeER, JFjhg st ERitaen R e RBAT gkl 0 T e
condui t Uphf¥netee The bb&liny parahidter edn aled iberitesaiivel} estimated tordetgrmiaéer ence
to generate a like plurality of differeni.tee eslﬁﬂi mat es, t&a'{a Sst{images a

sl ope par thesslepe garameles| ysing. fonexarapie: AieastMgapsSquate frMSa estigpagien

di fferencEm%%thgat es to alike plurality of reference differences
represent'ng notion of the conduit at a known mass flow, and that generates
a mas20 f | ow esAtomtding toath@aspexteof thednezhtivnope appacates icludes a henduibwn

flow. T fl i mat T b .
Comer at o GAMALERBIA cOntaM & PateRah AP iV of ol RS Gyt ds BPaiRNey ™
differ enC§§s@d?QealuﬁfH tPleYcdnkRit (r?lnur@ﬁérém&b Jﬁbﬁﬁ@é aptEraR§tofmstRsh Signals

pseudoi nverse of the augnented matrix to determ ne the slope paraneter.
Al t er nat i agresenting matien bf the eanduitath signabrproGessing siseribracepesghamluglityode

may nul ti he plurali 0 ' r ti ; inverse of
the refer 5&1%\9&'99 ﬁggrmlsf ?'3(5 ﬁm'f{?s%%&@g?@%ﬁ? ﬁ\Ze élggatllgf%ﬁﬁéog%r?%@é? g’rta The mass
flowgsti p@hér’é@e aPNAAliS of rRGERBE IR cVelilferat Gastipnngiynals sach tieatahé wedde
estimate the scaling function. It can be seen that an aspect of the

i nvent i onselective filgrad anetionceiapals srefgrentiadly serresent jrotien associated Witk Aucer s
operativel) ' d_ay i t i Ve .

OP=r L el T o B 64 R RS B DR Sy
appar at us of phasd estirratestftom theiplarality obfodetsetective dilteted metioe signais)@ndot i on

. of the structure; and an apparatus that generates a plurality_of nod
sel ect | ve OENErAEeLA MAss é@mﬁf?'@gﬁ& p%ﬁﬁ%@f?%ﬁé%@éﬁf“ﬁ&q' oﬂ"%?@ﬁ'ﬁfs such
that she PRl il | {IQRAI SMPHas e Bheites LsMp! &/ phady esent
. ot | o%@as ocl ggggeﬁm@ﬁﬁé%é%%@%oﬁlﬂ m)dlgy of the StrUCEUre. 5 .p '
' reference derived from one of the plurality of mode selective filtered motion signals.
According to still other embodiments of the invention, an apparatus includes
a conduit and a plurality of motion transducers, operatively associated with the

conduit, that generate a plurality of motion signals representing motion of the
3



Preferably the apparatus further conprising an apparatus for generating a
plurality of phase estimates fromthe plurality of node selective filtered
nmotion 5 §if@Rakersy Preferably the apparatus further conpri s$ichg@sRpParatus
for generating a nmass flow estimate fromthe plurality of phase esti nates.
Preferably the apparatus further conprising an apparatus for generating a .
pl ur al i t ycoiduil. v sitinfal prasessingsaiichireceivrs 3@@1%&&@ @ etion signals anstle

selective {il ' ki 1 AN ' a
correl at  Biycresetie MpBN fimSheR S Bing Bad R M bHEI b ABRGARA T
appar at usas artirdigheefdrenditoigeriarhitisa ke plumaitg of Hivfer@icer estiysatesn fMhemigriz
generated correl ation neasure. Preferably the apparatus for generating a

" plural i t yPeCeghiageireyit esimatesca sipreRayamete sl saalisg fenctigatbabialatgs thie

Pho pitr 2P B R e naiR A o DS o e R BRI 1 Ve

appar at usrdppesentihg raetien bf the déarlduitrat mokromwrpmiase sloan) aag genatates kanasppl yi ng
a nodal transformation to the gflﬁarsg)ldt of notiop signals to generate a
I

pl ur al i t yflew estimate fregpthesestian Hamsder a : EM@&PeCH: an 20
appar at usgj L g AY f ' I ity of
nodal resg%ﬁéga@?la%%ﬁg C’? 8%3’%&?%?%1%% ﬂ@?f]%r@?irﬁggggg@ gg?i%@!‘lﬂyl tered
nmot i on si ghreferenpe diftarabtes, tamd mpp multiply theplugdity obdiffetereepgatinzates Py f

phase,  estimates conpriges_an apparatus for estimati a freqguency of a node
Sel ectdvePPeyqanRISa ! fsadomRRfed Palridofetemiing e, PO paralelt 1 ve
filtered ppbirfativelydfi éi?gné’irbréé@?d”ugj Hﬁcmﬂf’mﬁ?rml_ﬂﬁﬂ?rtﬁé Pﬂﬂalﬂ?%ﬂﬂﬁe‘r‘érﬁ:é I rst
and second reference signal's based on the estinmafed frequency; and an
appar at usestimatgsriar apsagdaineensewf dhe rafencphimedifferenagsde determingéhe
plurality of node selective filtered.notion signal.s and,th | I nd
Cecond r epBPeARe TRl e Fonsla BEFSH i el sk HPATe 8 ESgins Ind Slpihe

pl uralityfgictishase estimtes from30 the plurality of node selective
filtered notion signals and the first and second reference signals
conpri%es an afgeerdingtoretheraseeqss pf Hig iavertien, adaseryteerograBrREadudioon

si gnal byegﬁrﬁgﬁﬁé }nvaessc%ﬁfopg n].ié'{Srigxl'iﬁsatco‘?\'&git?ﬁ&&?@s5%ﬁ{p‘°u'fl§r?re?HQB@ s to
generate respectYve real and inaginary conponeni signal's of € node

sel ect i vesforhge nediumthavingscgnplteracatiable prgmamt cctlef enbediedimtheng an
arctangent of a quotient 6 WO 112/l 1ifi~)3-4 Pg/LI 8%2/ 039&5 of the
real and FRRgMERIIoadabissi¥RgedNedidm: bhe corapHisteadabie Program ¢9¢4 ed noti on

si gnal t°ir%ﬁﬂf‘ers%gsé‘ﬂmae%‘ﬁn?a‘%ﬁwh%tn‘?putgf-ff‘éa%ﬁﬁfé' ?ﬁp@;}hﬁg?z@?éﬁ@étﬁlﬁ??é’” her

conprising an apparatus tor gefierating a plura erence
est i nB es sélective fikerplauplarality obmotiba sgraeds iepeesenting rrotidreofdbkcondeit éppar at us

furth | Si : t . ti , fl imate f

the. pl ur aBPRS1a8t BTG Tpas selelys liied Mo shtar e dhaibarRR for
gener at i ngecild/ikdretYnéliort sigRak! fréRir&mily eebiedBhEMotioR AssbGatelduwith bt y of
phase estimates conprises an apparatus for dividing the plurality of phase

est i mat es Vibyationabmoder ef¢hesondut, thahaerarstes aplurality ofpbase estima@sdigmer ence

11 or enc LTl el MPBHRHAMETIPHa FHUGH i, 0B atodrerols 4 hipes
conpr psesflow extinft@ ot fiey plardlity bhghasddéstingates y Tok masofidw@stingtiagence ti nme

differences to the plurality of tinme difference values to generate the
pl ur al i t ycemputeraeadiablerragan sedemaysgenerate the plurality of phaSe estimates

using a phase reference derived from one of the plurality of mode selective filtered
motion signals. For example, the mass flow estimating computer-readable program
code may estimate a frequency of a mode selective filtered motion signal of the

30 plurality of mode selective filtered motion signals, generate quadrature first and
second reference signals based on the estimated frequency, and generate the
plurality of phase estimates from the plurality of mode selective filtered motion
signals and the first and second reference signals.



15 Preferably the apparatus for node selective filtering conprises an
apparatus for applying a nodal transformation to the plurality of notion

signal s tq@pengéale a nodal notion signal in a nodal coor gichalsgr/geeai n, and
an apparatus for estimating the node frequency fromthe nodal notion

signal. Preferably the apparatus further conprising an apparatus for
estimating 20 Aeeeiding rothex empadiments Heedpasruflow estimating CERPURIt ed node

frequency f t J q Fd S . I or
cot it nip e Bt DReTRARE e CHENRPLr AERIreRc BRiARRR fTne 0] o
time diffehealitg of phasebstimatesaan gerdrates the madsfican estimatefranfthe plurabity
representing notjion of the structure ugder a, known (g_grturbat' n.

: ) . 25
" Pref er abl Pf ime differepse ¢stimatasei hhe massdion pHUpatEY saMpeETeadable PRGN, v
t he appar ' | Rﬂ.{.,fg{@ ' i for
. genera’?i ngbg(?\n{a gwnﬁ\%ggﬁ&n%@gf‘@si nclu ?ﬁg ”f‘ﬁg%?'ﬁ?gf ﬂb;s@g]&qé%?éé{r%ence time
di f f er encgenemtel aanodgipacticrusighal inrrunbdpl gaandinateedpnamakestipatef a node
di fference estimajes a pseudoi nverse of the augmented. mairix to
det e m ne TEAReREY ki BE oA et Sang” e oapseafe R PLEAUBH e | ng a
par amet er JFRIFBhESBStirh R s FoPR ti plurSIRbf YIeAse EstirhaRE iudthd the e36matéW mode
function. Preferably the apparatus for iteratively estimating a paraneter

conpr i ses freqeentyepTld campLigrrgadablesognanaaode mayduthesnckeideasityn
proceduyre. 7 WO (12/(](~303~ PCT/,US02/.039CS Pref erabl.y .fh s for
Bat i mi1 s imptid rRbEidr PraPAN GETE AR AR gy T NetirigE (B REhaL
plural ity f@m A éRitnsted Mode fréqi@s@Nt i ng notion of the structure under the
known perturbation to generate the plurality of reference tine differences.

5 Preferably tASCREH &t aihen appestsPf the iIRvantionosomMputgrseagable RFegfaMer and
further c IS . an. ' ipte from

t he sl ope%ggégﬁ%e er'gd;'r?ggp ﬁ@ﬁfé@ﬁgﬁa&‘gggﬁﬁ%%@P@?Q@f@g?m&gg@g atus for
esti mat i n@stimating eopputeratadablemrogsss cade thataradessed @ plardlity gl motion t he
plurality of time difference es‘%i mates, by a 10 S,fﬁdm nvFrs(§ of . t he

pl ur allPt y SigNaisFepresftingmetion ¢ @P&?@QE'W&"@&'@P i the Riwality) 3 ROty anet er .

Pref er abl y;4-he Q@é%ﬁh&rreﬁﬁe%dﬁosﬁ{é;&g ;{j WE:E»ILP&TLI& gf tziffgi/é?\tc%re%ﬁﬁ{at@értﬁéﬁt er

and further® conprising”an appar at or determnin stem status from
t he i nt er espimapsy asiperparamekraifer staling tfivectiopthatitelate s the pludditysef ecti ve

filteri I ded b . th | dt f ti
i gnal o T clarEnGs erineiey 87 BB of larkars clisihaesiePiPsattng fodion i ¢
the structyigs caiilivdie! RAdWS AdsTRRARdURal GEntSle’ dHalsE Hod SNl RE It US

conprises an apparatus for determning a status of a notion transducer from
t he i B0er depesiimatadesiepe pa@nretet and e known apassrflavisThemassiflovonpri si ng an

eor Tt e S0 meting ciRie - BR3bi uflorey {BUE b aorthrbRlad RUUReH R e ' 07
appar at us irﬁcﬂLﬁdiﬁ? thepluraiily of fefemneaaiifferbneed bng multisle tisepleeality of differerioed

notion signal of the plurality of node selective filtered notion signals;
and an ap@stiEates bya RseHdeiaveiss of the puementad matrix to determine the slope

parameter. Alternatively, the mass flow estimating computer-readable program
25 code may multiply the plurality of difference estimates by a pseudoinverse of the
reference time differences to determine the slope parameter. The mass flow
estimating computer-readable program code may also iteratively estimate the
scaling function.
It can be seen that an aspect of the invention is an apparatus comprising a
30 plurality of motion transducers operatively associated with a structure and operative
to produce a plurality of motion signals representing motion of the structure; an
apparatus that filters the plurality of motion signals representing motion of the
structure; and an apparatus that generates a plurality of mode selective filtered



25 estimate froma second node selective filtered notion signal of the
plurality of node selective filtered notion signals and the esti nated

frequencywoReRl@sabl y the apparatus for generating a differengeymstd mate
conprises an apparatus for generating quadrature first and second reference

signal s based on the estimted frequency; and an apparatus for generating a
di f f er enceotiotisigitads SacH thehthenmode selasttive dikews motiow signilst retadentiallyon

For qener AT ptarerenE e e MR BoRE RPN A SR o ecr v
filtered noti oprefebiy tr@rﬁbﬂé’ﬂ@tuﬁlfuﬁheracminﬁmr@@dnra@bﬁfaﬂﬂ@ﬁnrsgeg\leaétmgcwrrpr i ses
an apparatus for generating a phase estimate fromthe second 8 ~~1'

" 02/ 06(93 pluratity of plsasy egirasesdwa e plralieof mosiérS@dﬁqﬁlﬂeuleﬁ@. HAHEPN and the
first %Jﬁét%nd reference signals; and an apparatus for generating a tine
. differencd ifmate fromthe phase estimate. Preferably the apparatus for

generatl ng a ppesteratiy tHeedppdrasifutiverseoropiising andppacdtas fongererating ad
notion signal and the first and secongﬁreference signal s conprises an

appar at us nfass Wﬁtm@tierf@)mﬂée BRIty ohBRase;esReeSe filtered notion signal

by the first a Jaight) Wf‘q‘éd | and

i magi nary Corrpgnenf qg}%ﬁsﬁrﬁp%ﬁgﬁgecon p':'rﬁ?ig%s tc?t?ﬁ‘tve fi tg\f%aﬁgﬁ%ltlon

si gnal ; aptdjrallty@ppmeadnﬂerehoe estimiates betgyean the@dtaawmf nuideasejectiviediitered t he
t he se

r eal nd 10 |na i nary onent . signal s of d node se ect
r1telQa motionaraiand  gordeuislf fenpiiod SesTaate Meesi o8 B¥en ¢ hat
an additi Bﬂﬁ%llt?%ff’ﬁ &ﬁeﬁeﬂ%a'é&ﬁﬁ%ﬁ%e%gb?rﬁaﬁﬁérﬂﬁﬁ fof doRphiting'd situs of a

appar at us od conprisin esti mati ng novenent of
struct ur entdss favepetef systdem fsseﬂnetbe |geeerate0 eoiraptianpheasalrét y of not i on

[ ls 15 t tl th t t t h t ti
2 Dlarality of PRRRE e spraas ot AEnd Rl P Gy PRt te o ot on

associ at e@omprr@eéaﬁ'atypé?ét%%r dendeatitlg ﬂw'é%lﬁﬂa'h%ﬂﬂf%se%sﬂﬁﬁt@é)hy nglee net hod

further conprising t step of generating a plurality of phase estimates
from 1he phasarefegerwre dmued Jeine e wé the plugality ofoderselediivalfieregomption er abl y
the nmet ho ther conprising the step of generating a nass flow estimate
fromthe gl%‘tég i ty of phase estimates. Preferably the nmethod further

conpri si ng t he peéfepsblptheigmsaratusfor modeusekdtive filtering m:emdurifséeaarmaeesttm mat es
fromthe plurality of node selective filtered g?tlon Si

gener at i nforarlyiR@ pampdal tm@tpﬂdﬁﬂ'ﬂ%él%‘wﬂy m%t'oﬂfs'ggqaiﬁt%QW%?We 25
cot e oSy DRSO e S Pl FBSRU SRR e o P
genera0i n@ppaﬁtus foridpplyidg plmasde selbchine teansfonpamczrem thbeplm‘aény adfmapaier at i ng
the pluralit phaeestlma ng, a 30 has erived from
one 6f 't neesAanRaITaAIBIC AERRAINE VRN of ERE SoIRstYR G Rg mpEn Sighals
Preferably the apparatus for generating a plurality of phase estimates
comprises an apparatus for estimating a frequency of a mode selective filtered
motion signal of the plurality of mode selective filtered motion signals; an apparatus
25 for generating quadrature first and second reference signals based on the
estimated frequency; and an apparatus for generating the plurality of phase
estimates from the plurality of mode selective filtered motion signals and the first
and second reference signals.
Preferably the apparatus for generating the plurality of phase estimates from
30 the plurality of mode selective filtered motion signals and the first and second
reference signals comprises an apparatus for multiplying a mode selective filtered
motion signal by respective ones of the first and second reference signals to
generate respective real and imaginary component signals of the mode selective

filtered motion signal; and an apparatus for estimating an arctangent of a quotient
6



Preferably the nmethod wherein said step of applying a node selective filter
conprises the steps of applying a nodal transformation to the plurality of

nmotion si grplsickRygenerate a plurality of nodal response sigRalsoiogs @ nodal
coordi nate 9 WO 02/0(i(93.1 PCT/US(12/039(i S domai n; and applying a node

sel ective transformation to the plurali t?/ of nodal response ?é(?nal s to
gener at e ehibepgeatand imaginanysganpanest sionalsiofithe mafdersripetiveiigrrd motion

Pr ef er abl Xigﬁgﬁo@%?%ﬁ%@ﬁ&e&?ﬁgeﬁep of generating a plurality of phase
es e

estimat es” conpri teps of estimating a frequency of a node sel ective
5 filtered notPrfermbynide agpdratesflurthexr camypridingrad @ppatatas forggeheratigeal not i on

' |'s; ratin d i f . Si | s based
The st nakEAINT pLlieAIgereaRE egURBISR TSTY (b BERLY & PRGSO FSURAER. oot i matcs

fromtdie plur abldrkeedly (HRASERAES thifRerl ddmishth BRIOARISHIO RS qerdfsling st

. and second reference sig Preterably the nmethod wherein said step of
gener at i npnaskdlopl estmhatefravh theh pkieality obtimerdiffaren€e estimbtespl ural ity of node

| ecti filt d tj ' I d the first d .s. f
i gnal 5 conpr | SEdewD tewap it Senarmiee 8 ralD e B R cE er eq ot i on
si gnal by o&fRRREITHOM 1 méﬁgybhshééé éﬁtirgges%ﬁm?@egefneé@mfsmtsEsmbgmga

generate respective rea | magi nary nponent signals o e node

sel ect i vethfe plusglisdofhphaserestinatas by amode fiequeney)teagengretena ghirality of ime
quotignt qf. the real and 15 imagi nary conponent signals of the node

sel ec vegﬁer?'e(f'ee\@e}%st'i on signal to generate a phase estimate. Preferably

the method f ur PheferabiyTig appiiatRdosgencralingarpialiyng tim@tilerdridey of time
difference estimates fromthe plurality of phase estimates. Preferably the

net hod f uestireatesdramithe plyrality of phase estaates duither comprisestamapparatst iorat e

wherei i sBpAVRida Pufaigl oEPefe- 107 FABRMCE e Bt Rendes Y 3hd Bbaliy o fife 00
fromthe gifler@hdd yaloés fhgsseratd theaslemlitosfime differdrceséstimates di vi di ng t he

plurality of phase estinates ba@a node frequency to generate a plurality of
ti me W ffer encErefaraphy theapparafusfapmpdereleptive difetipe Femprises an appprajys

generatin i firdd I i I 14y of
phase. est FIRPRIGG el o refenfehbii 697 BluRaly BPAERORSRREAT® didide,
zer o- f | owmoefat mtioa sigmat inlafredal roesdinatetdomaih Larad an pppératusitordistimatiogce

al ues to generate the pluralit f tipe difference estinmates. Pref bl
;/heumet ho W@ifF’P"é@PH?Q{‘J’QbHﬁ%Baﬁ@'f‘lﬁ{r&h@bﬁa lurality l)f time 3(r)e i

di fference est F’S?fg?a;elylf( E%@ﬁ%ﬁﬁls%ﬁheﬁd’orﬁbrmh@% dpplar At 86 Sstlifittinges

correcting the _ ase estimates using a plurality of Zero flow
phase2@al dessitypiahatesial in thieecomduli forither estimated inedectseaienayde sel ecti ve

e ing compesgsdy e 68 aletRhY SSnBudhdah ApRRaLer P ARG 405,
coor di nat pagisien of akealfy fundbon #itIrblatesthe pliiehtyldiAimd ddReénce estimates
to a plurality of reference time differences representing motion of the structure
under a known perturbation.
25 Preferably the apparatus wherein the perturbation is mass flow.

Preferably the apparatus for estimating a parameter comprises an apparatus
for generating an augmented matrix including the plurality of reference time
differences; and an apparatus for multiplying the plurality of time difference
estimates by a pseudoinverse of the augmented matrix to determine the parameter.

30 Preferably the apparatus for estimating a parameter comprises the step of
iteratively estimating the scaling function.

Preferably the apparatus for iteratively estimating a parameter comprises the

step of applying a Least Mean Square (LMS) estimation procedure.



wherein the method further conprises the step of estimting the node
frequency fromthe nodal notion signal. Preferably the nmethod further
conpri si ng,d §egdsgp of estimating density of material in thg,e@pgwet from
the estimated node frequency, 5 Preferably the method further conprising
the step of estimating a paranmeter of a scaling function that relates the
plurality of tPiefesbly thecapraralis fonesimating amanaraeterys preceded byibe time

di fferenc r | | £t r

pert ar bat PORCAY SREPIpEPtk Rl b e stE S B ofttes 11 ow
10 Pr ef er ghbigturdandet theknoher serturbatich & gonarbtecthiel plavalitybfaefere seetine
_conprises the steps of generating an augnented nmatrix including the

pl ural i tydifereasas: ence time differences; and multiplying the piurality of
time differenc | i bk X to
determine the paaradg R poty R BEHING FURRG RuRtioh R e SRR SR 4

est i mat i ndurtheraooanisang a apparatus &8 geheratingpa ofass tflenaestineadty frest thaslopg t he
scal ing functi oi"lq. Pre{\fe ablé t he {ret hod wherein said step of iteratively
esti mat i nQ3IRBEr 884 the kNQWB MRS oW ving a Least Mean Square (LMB)
estimation pro A Vg}% ' | : timating
a paraneter i s@ﬁ%@c}%g{ eﬁé%ﬂ?%@ﬁ%‘?ﬁ%ﬁ@@gséi %bﬂaﬁfﬁ&?raﬁrﬁenﬁs ﬁzt I on

si gnal s r @éppesdus fargn@0plymgi the pidiratityeofdimeidifierenagretimatés bikmown

perturhation to generate the plurality of. reference tine, differences.
b et o051 PoPHASRETRES! Wi PUFARY HE Fftiehid b Hfefatises b BRI B S7P% s
sl ope par metepnd further conprising the step of generating a nmass flow

estimate fromthe slope paraneter and the known mass flow. 25 Preferably
t he met hod whePsefgratly thepajangteeet theecaling funstiopds painteteest paw@meteses t he

pscudor nvargdOted Shrhelfd A ipefetPl d detthi LS B te P n BRI ¥l or i ne

the sl opeimafcopeparamdleef erably the method wherein the parameter of the
scal i ng function is an 30 inter ce'pt paraneter and further conprising the
step 89 det er niffefegakly Hisepparatus ies mMadenseleetiverfitering it Pregedad byran

Pr ef er abl | | i £ ' S

pr eceded %‘&’b? Eaetﬂgf‘ggg%efwf@g@.@@ﬁ%ﬁ%’ E]tef%p)(ft@];na%@s Z’?hﬁ%#)imoéﬁ“t&idé@tlsd?’?r om a

pl ur al i ty t@hsdoters mperativetiuassceiatee withithie Isyrusise,carat whensin baitlapparatust ure |
and wherein said 11 W? U2/ | | G@P3~ PCT/ USU2/ U39CGh, step of determ ni ?g a
syst em st £PECIEBRPINGR 8YSIRD SlAlIS CAMBRiREs 3R APPRYALHSIOR Afleryining Asitalys o

transducer, ﬁqbﬁ&‘uErﬁﬁsdlhﬂ%‘?rfr%?rﬁ’;hé;ﬂ%%rgteﬁara Rberably the method further

conprising estimating densit terral 1n the structure fromthe
esti n@0ed node Prefegaliyntiye appmabissiudbley comprising avdapparptus Sonestinhating eps  of
estimatin

CL T ot 8PS Bl ol St P B mFRE hied iRy on s anal o
di fference est iprsfefably @8 apsSatRifuibee combrising\dh dppdratedorn®étiraatirg gnal  of
the plurality of npode selective filtered notion signals and
frequency of a first mode selective filtered motion signal of the plurality of mode
selective filtered motion signals; and an apparatus for generating a difference
25 estimate from a second mode selective filtered motion signal of the plurality of
mode selective filtered motion signals and the estimated frequency.
Preferably the apparatus for generating a difference estimate comprises an
apparatus for generating quadrature first and second reference signals based on
the estimated frequency; and an apparatus for g'enerating a difference estimate
30 from the second mode selective filtered motion signal and the first and second
reference signals.
Preferably the apparatus for generating a difference estimate from the
second mode selective filtered motion signal and the first and second reference

signals comprises an apparatus for generating a phase estimate from the second
8



the estimated frequency. 10 Preferably the nmethod wherein said step of
generating a difference estinmate conpri ses the steps of generating

quadr at ur @.d dskezand second reference signals based on thggHid)smies
frequency; and generating a difference estimate fromthe second node
selective filtered notion signal and the first and second reference

signal s. 1Bder edlectivel fytetrefbm@gpﬁ@@nﬂh@nélthe %ﬁt@ngtseegoaqi r@{@fﬁﬂC@t&lwla

di fferenc i on signal
and the T EreerLap el odfuREig 8 e el o e o e

gener ati ngsimpt@ise estinmate fromthe second node sel ectl ve f| | tered notion
signal and the first and second reference signals; and generating a tine

" di fference est Prefeealily s aprarpiussier ggnenpting a Wsﬁr%ﬂ*'é?%%lfr@"l e Sr%JPHGd
wher ei g ?l#ébeféélg dlﬂfe f?f:érf'@c‘i AdtiBA s?gdr%g%tﬁﬁe tlef%tn@ chBHH tr&%r > e%

. sel ective ere I'on” signal rst and secon nce S|gnals
conpri ses cbhfprste@aa appanatus Ifqm mumglwﬂgetrmmnddrmotm seleetive filkeréd matioad

Bt atel T R U i
sel ect Veorﬁggmawr%%rﬁwlqeﬁf'%‘ri%r@s 8f @reedecoRl InSdd ké‘i@&fl\}wﬂlg’l‘eﬁhﬁt%ﬂ GGgHalof a

quoti ent and i nmagl nary conponent signals o e second nnde
sel ect i ve ahdlarcsapphratusi fonestingating am agﬁaegmt@famqmueatsef thetreatlar®l d ossary
of Ter Mode. Sel ective Fi node s tes in

ohys: 407 - BagnaBn oS Redfisdiis ph s ehend rae Saecive flerdf ElStoR a0 oo

of the si gapbrdle @5 phasWestiiaate. A node pass f| | ter consists of a nodal
filter, a"selection matrix) and a matri x to convert the nodal information

back into the ﬂm;:mtaease@ra)ttmtan(askumayaarseot@fﬁh%mwgdaorslsaqameﬂmd0fx) [err] ,

ot DPBBEANTd aedearifis HEmetdEamartsibe Ihe bl A3 Rt Mg et "
desired medgridrdaens fs&ﬁﬁombde %eldvbdgfiltamid &pluraityef thdtontdignalesi r ed

physi cal | ocations; domain to physical domain transformation 5

Vi br afl b onaepresaating\melipg vé the sipesture; @nddhe stepcefgenerpinga slumalify Oﬁmet 0
define ho t

torms. an SEIB0yS LiwiEh thudt sonaRBBREEIRY Horkh dShEiied MRBIRRIbAEE, o\ e
(sorretl rresncmbé bitletstiictlyeam cal nmatri x). Phase esti mat e The difference (in
radi ans or deg si nusai dal naI Si nu oi dal

el con e FaeRhay e TRt Br e CAMPTS O SO deparHindia PRPAYS! and
Frequency prul abudiafdon o KRy O rhde SdgERle fﬂferé@m&t.b gl Cko

signals ¢ e nearly exactly represented as sinusoid a common
frequfcy and &Tnef@mzptblyﬁh&jmeﬂnrcd fuinthee cooprisimghthe Bhep af gérlaramngaa inmagstfiove

bet ween plc of f ls is rtion o flow 15 Correlation neasure:

Correl ati (?F? t%?ﬂg‘aﬁﬁr%“r@}'&ﬁﬁ\ﬁ?ﬁﬁ gfnai?? -out put quantity (e.g. notion,

energy, delta tPrefétrébli/ thé niefhed ﬂﬁthb@c@mdngmtthglé@éﬁéé qe(n@rﬁln é’bﬁﬁ‘aht?nef ay,
e

flow, etc). Can be used to confirmthat the assuned relations (e.g. nass

flowis pobgoe dlﬁﬂmnw@$IW%&omemm@mfmms@ecwltﬁfe@mqimnat ed

val ues hol 20 can
oty ¢ nac Qe Eng b iAo CBERRGM riSs Ry Bohhhe QuRARLorhe SrRbie 22

pi ckopf f @istimages;Bmadr correl ation can al so be due to additional ener gy
being put into a systemthat wasn't present during the initial setup or

cal i brat i Sieterrypingxastatus of tap massi flowpales system frﬂﬁ‘rthg gengeated CQFVPE’BO”

condi tion, g\é J; the only energy input being the driver, may give errors in
f1 ow measUreneEnt” when subjected to 25 noisy flows caused by air injection,

since there is Fheﬁeratblgmlné metidd widrain gail stepef gpndnaangca ploralityt ofvphabe
correl ati on nmeasure, such as the standa%d error of

e
identify ﬁ%élm%‘?ﬁec%@?ef'%?ﬁ thestem ghgeperaiipashe plugaidy 8% Pr'é@?eoﬁsnr%@t@ﬁéﬁﬁé n
coor dzpat §ra%a refEPerdePdeiVRStdRlone of the plurality of mode selective filtered motion

signals.
Preferably the method wherein said step of applying a mode selective filter
comprises the steps of applying a modal transformation to the plurality of motion

signals to generate a plurality of modal response signals in a modal coordinate
9



donmain to nodal domain, defined as x = ~r~, where r~ is the nodal
coordi nate. 30 The nodal coordinate is one of those mat hemati cal i deas that

can be thQuaBle@hky as defining sonething, and then seeing pErigsod/segs usef ul
definition. Can al so be thought of as something as sinple as going from

defining a circle in the x-y plane to using polar coordinates, which
requi r es ddraainband arplying 3 masieyseleqivg diangforgationdo dize puraliy of modal

PCT/ US02/ 9 | ' J . . Th
transt or Eepdie SONE B SEhEIRENEE LY ot nolRefo e ¥ibrfinolish Y@inkis, 708
Quadrature fi r%f@édl&ﬁémhwmrewneam steplof geAerdtimgcapllirality of phakenodul at e
. Sinusoi dal signals. nodul ation_is. a nmethod to est%)mate th(ﬁ 5 anplitude

and phaseessimaing cemprises the giape of estimating,afeAueacy Rbamodgselaeiven filter
rovi ges : : | | Sa $il I i e frequenc

Beti it o (188ed AARATRNASE i Greily bfiRoBl tERickive Mol Rotcr SBhaly T eauency
f r equencygeratirgpggeadrature fiest ndasecond réfeceride sighals baskd atethe eistimated f

dr at , 90 d i n _ph ) | t it |t .. 10
deal | ng. ricsrsansi: g oenaryia Sepurdiust st ediEsetion MEPURIRGPY of
const ant Smoée%@%&iﬁ%gig%%tagmguoﬁgggga&'m et dny éeconddefsteh@SigRalscOl umMms

to a given natrix o) an unknown matrix with a known const ant
to use the fulPreférablythemethod whepeiolsaithstep.of geagditing theqiunality affpheses, or

ith i it. ent th . L Wt the,int t
o ar kD) o SETaSs e P TRLOLTOds SE1eRh e TG BUARRI T ithalandine e Gob and
I nter CeptarRﬁéé&@We?erEﬁé@%igﬁBlSYco?n%ﬂ%ie;s tbeis%pﬁs Sahaltplying a nedieesaiattatel on of

aline. mis the slope paraneter, he intercept paranmeter.
Pseudoi nviitesed piotionesigna) iyrrespedtiveranes althe firsd end slecond refefrnceomals {Q ¢ t ed

to exactly t I.n ' inknown 20
noi s)é co %?%EGD%EP%‘V@Q%?%&E“@X%%%‘Q@ rﬁ%ﬁ%&@%ﬁ @e@garﬂﬁ%iég@ggwmt e of
the |ine. fikdgb@ endtRnYsigedlSand esihatimpan bictangeritud aa@eotient of the reaband i f e
noi se, giving a better, |ess noi s%/ estimate of the slope and intercept

9

par arfét erimaginsywempanent sigaalstaf Aheymode salegtivedillgredanpfiopsignattan th a | ot
of noise |s tQ. u -squares technique. A |east- squares technique
m nim zesbémeerggeu%ﬁgssé%gﬁ'hlagefances of all 25 the data points fromthe
fitted line. APgpgeatiy theansthodsurineradonsrisimd thesstep ddiigeneratingtaopluredityeaent a

| east -squares fittin rocess. I ng the augnent ed trix in the
pseudoi nvinediffergpee géﬁ'ﬁaﬁ%ﬂ%m pg’ﬁ@'ty H? Bgﬁ%"p?s‘ﬂa? ters in one

cal cul ati on. A#semfbyr@gtrﬂah%tfwemmﬁﬁﬁrg&wﬁeprbg@bﬁ@ra@unb%a%@ﬂoﬂest

fit line to have a n ero 1 ntercept paraneter It doésn't have to
pass 20hr oastimatedr@o tioe plyirality dfitime\differenc2 estimasss. 1 PCT/ US02/ 03915 Bri ef

oL P Pl B R ek SR R S SRS
di agr am cgjffefsticeaddtimnatbs Hoh fhel flgrafitySdfpHagBlestinRed LoMmpRseSnrROsteflof uct ure.
dividing the plurality of phase estimates by a mode frequency to generate a plurality
of time difference values.
25 Preferably the method wherein said step of generating a plurality of time
difference estimates from the plurality of phase estimates further comprises the
step of applying a plurality of zero-flow reference time differences to the pluraiity of
time difference values to generate the plurality of time difference estimates.
Preferably the method wherein said step of generating a plurality of time
30 difference estimates from the plurality of phase estimates comprises correcting the
plurality of phase estimates using a plurality of zero flow phase values.
Preferably the method wherein said step of mode selective filtering
comprises the step of applying a modal transformation to the plurality of motion

signals to generate a modal motion signal in a modal coordinate domain, and
10



FIG 3 is a schematic diagramillustrating a mass flow estimating appar at us
according to enbodinents of the invention. FIG 4 is a schematic diagram

i 11 ustrat {ygRnaessgnal processing circuit according to ot herrRi¥eaeiopEnts of
the invention. 10 FIG 5 is a schematic diagramillustrating a nass flow

estimating apparatus according to other enbodinents of the invention. FIG
6 is a schbeteinthelmaghethfurihensemprisag thinstepp estimating the BYadedtequentiss 1 ow

and densi ar.di hadi nents of the invention. FIG 7 is a
schematic*répba@%a{h%%ﬂ%éﬁ?@%ﬁgl an apparatus for generating phase 15
esti mat es accopeifgeatiptrenietiorEinttheptoimpasing ke biepof dstihatidigidensitgohenat i ¢
diagramillustrating an apparatus for generating phase estinmates accordi ng

. - 2y .
to ot her gwatedaliethecenduitfeorndibe gestivatedmededrqagieackchemati ¢ di agr am

illustgating a | ki€ 4 '
“nocording 1o ohbAR A HE mRRRRRREE Lo Rrsig g bl Y A b P Beter
i || ustr at ohg seakngfunatisn tiaat reletesnthiei pigralissf tinhe difleceruoedéstignates éorbodi ment s
f the i tion., FIG 11 i fl hart illustrati t f
st mat | nBUALY o IRTEASEIIES AT e EPTesaoUas FHED GriRE SECFHSHERS? i cs.
12 and 13, ab@nRYEHMtEndi agrams illustrating mass flow estination 25

operations according to the invention. FIG 14 is a flowhart illustrating
oper ati ons for Preferatily thed settsad whereiythe pertyrbationissmabs$ flgwvect or accordi ng

t di f | ion., FIG _15.is.a fl h
Tl ustfating. operaratingie Betshubattim Sapisee oL it zaturahg < o
enbodi ”Emc;é,f—rgﬂrriséé‘ﬁqé S06p8lof @Bnel?a?iln@a@ addiénted rhativGhaading the! plurality 69

operati ons estimating mass flow according to other enbodi nents of the
i nvent i on referencetime differencas raadtmulllplymgrtaeirﬁgabqar@fém@ﬂ@fefweg%qﬁm%t@ﬁ ng

difference esti S c I_n | fthe.l Lon 15 WO
02/ 11 6693?)5{ %%@FS%%%I %gﬂrﬁgﬁ?@?&étﬂ? g‘é\/@ﬁ{a%rrﬁ% ‘hl? aﬁgﬁe‘%' oper ati ons
for estimati ngpPigfesably @ve Artissdiwherdin saithndp seastimafing bparaveteri on. FIG 19
is a flowhart illustrating operations for estimating density according to

enbodil frencomprisenthe ateprfiiterativelyestisnatingthegegling funcliop7 are” wavef or m
diagrans ill uer{

Cn T o | e B R LR P TSR R ek
oper at i onghé efepafrEpplinga Laast Measit Squise A0NS) estieatiah ipnecddore.syst em changes
according to erﬁ?gf%irgglgttﬁe Omfettggdewihg\r/eeir? tsiaicc)jns'tep of estimating a parameter is

preceded by the step of processing a plurality of motion signals representing

20 motion of the structure under the known perturbation to generate the plurality of
reference time differences.

Preferably the method wherein the parameter of the scaling function is a
slope parameter and further comprising the step of generating a mass flow estimate
from the slope parameter and the known mass flow.

25 'Preferably the method wherein said step of estimating a slope parameter
comprises the step of multiplying the plurality of time difference estimates by a
pseudoinverse of the plurality of reference time differences to determine the slope
parameter.

Preferably the method wherein the parameter of the scaling function is an

30 intercept parameter and further comprising the step of determining a system status
from the intercept parameter.

Preferably the method wherein said step of mode seiective filtering is
preceded by the step of receiving the plurality of motion signals from a plurality of

motion transducers operatively associated with the structure , and wherein said
11



10 Detail ed Description of Enbodi nents The present invention now wll be

described nore fully hereinafter with reference to the acconpanyi ng

draw ngs, wighhéeslh preferred enbodi nents of the inventionpahrRsshipidhs This

i nvention may, however, be enbodied in many different forns and shoul d not

be construed as |imted to the enbodi nents set forth herein; 15 rather,

t hese enbsiéprfdeterarivingraosystrsd séafus KaMPrises the siepsy dederminingisestelsrfiyh and

conpl et e, i the invention to those skilled
B e ot 2 st RaraBfad

in the ar ers r enents throughout. As will be

appreci at ed bypgsierably thei kthod fuliBeracdmptiisieg pstinating devisity o megridién
~enbodi ed as systens (apparat us?) nmet hods, or conputer program products. 20
The enbodtheesituctye fram the estinatedpede frequUBBREri bed herein relate to

Cori ol d _ AN . e .
howevel S thar PROSERICHR motRaeors Tl obRE of Slurtbling BRRIERREY Bra |
det er m nafitst maoefe saidtive filtered miotion signiat bf thef plomtiheol matle selactive filkeredand

Corol 1o RN SIS And Srreraing A eREESSprle Sha o Eode selefhvST ©
the art,, fi&é}%dnﬁa%&néighalvmﬁé RrARY of PRI & et AHOHSIGHHIS 8hd et hod

and/ or conputer program product. ACcordingly, the present invention may be
i mpl emrent dw éstinhatedvieaqaieocy.i n a conbi nati on of hardware and sof tware

compid @ pr ogr BB e R herel SBisHih PPoaisatnd 8 Bt Plee Sihls
havi ng COEBMbﬂéeé*&@ét%p@bP@éﬁ%ﬁ‘eaﬁﬁgiﬁf.lﬁﬂm&eﬁﬁisi and BEcarRPieidrendd Sighald abl e

conput er readabl e medi um na i zed, including sem conductor menory
devi ces (baged orAn estiorted frEpRONKsandganenating iakdifferenge @stimate frooshrOws,

T/ Lot TS woah i s BBl stal SAEH G SR staend tfeifeeof e

present igjpalg.on may be witten in an object oriented progranm ng

| anguage, such as Java or C++, and/or in a procedural progranmng .
Ianguhges, suctPreferablythameethpd wherein said siep of separadingridlifeseneg estewtBut er
or data p i Vi ; 1,610, r.Qller o 1 ssor, or
Gigita STofepRobEdhid sEHEfaded nbE RN (e frMIPRAnaTac 77,
exarrlpl el, géfemﬂgeis@mld@bﬁ!mse@m&?stegsdégéner;atihg@tpm@wb y imﬁbérqmmserial or
paral l el data busses within an el ectronic, circui oard, chassis or

assenbl y, SSFo%MefW%tWSR'ﬂtG’@d ROHAR 3'%‘@*@{%%&%&%%‘1 ﬁ@?%‘?ﬂesfg[ﬁmeas a

| ocal areg; g(elrﬁ W : ithat DM the' 10 The

pr esent i%@%[s:{\%hﬁi S ggstén%gﬁ'eg(gﬁ%v?/ﬂ%é;éﬁhbg er enctgetpoHa:‘g’ltag‘:'rv\s/crt:)i éart?'

i | lus2@ations Snefecablptiumeticabwhereirnéaidetépdtgengptingauhaseyastioratg and

t t . di t di, t t.he | ti ot
W1 be uNBB! LEGHoPRIOR SHoBISH Resra FRO R THEA AN TR S 3 Foi%and) or
bl ock di agsfpghcedighNEBIpHsES e SepbloPeiiitidIfing i8e SbedRdAHOdel ddisiveat i ons
and/ or bl ock diagrans, can be 15 gg)l enent ed” by conputer program code

(i nst r uct fitersd. motiess signahpy, ther firgt ang aecstieliengnce signals/tojaenaratea pr ocessor

ot oar amma B8 A B HoRtany, S bR HenHORRS G I el mRle SERE e oy ¢ e
i nstrast i gingredihblidn exMaltahd\dstintdiifg Rincaretmgenodf & haotientofitee real andher
programmabl e data processi ng apparatus, create neans np emer\tl ng

0 I
t he funct iAGINgpeeeMPaREntSignAls pf Wf‘ddﬂ‘éﬂ%ﬁms%\tﬁji'g%é méﬁqn ganalde
bl ocks. T@gﬁg #gwgﬁés@é&%gf@ products al so nay be enbodied in a
a aB €'s ne

conmputerr rage fum (e.g., magnetic disk or sem conductor
nmenory, code magnetic nenory or theGlossarytdfdlerass) di rect a conputer or

_other programmabl e 25 data_processi ng aragtus to function in a particular
manner, such t Made %@'eéﬂYﬁ) Gititer: %Waﬁﬁ?é twﬁzhter APerates M&t@wﬁrﬂé!;ﬁ}%@%
menor rodu e {daal it | I ' means whi ch

.1 npl erxrglr[])t t h@ﬁsﬁdr?é? F)E)ﬁr?q égoeglé?%@ﬂy{dﬁgirﬁ%ﬁﬁ%ﬁ?rtp eéﬁgtﬁgrm%}sggg%l di agram

bl ock or bl oprlosessihg cbaimp &t reode pass filterceansistapf alreedal dilten @ostlectinno a
conputer or other 3 rogr ammabl e ta | appar.ai us t e a
series of op@fdth 3H§|5P@1a B‘?‘%@“B@"S@? %‘fﬁ&ﬁﬁ‘l‘%}ﬁ) 9 “moeﬁ'eoéwéfcﬁir

progr anmabl eqaRaRY @sHally Qsiﬁg]%l%dé ShapBUhatixi ! Geymhedubs@eTsy. such that
the code that executes ‘'on the conputer or other progranmbl e apparatus

provi des steps for inplementing the functions specified in the flowhart
and/ or bl ock diagram bl ock or bl ocks. 12




17 WO 02/d (~93~ Modal Behavior of a Vibrating Conduit PCT/ 11502/ 03915
Behavi or of a vibrating structure such as a Coriolis mass fl owreter conduit
may be deggy iRRghsyn terns of one or nore natural nodes hayiRg @sanes at ed
natural frequencies of vibration. The nodes and the associ ated natural

frequencies may be 5 mathematically descri bed by ei genvectors and

associ ated eig sieGtignhmatrxg Sirganad matibe with onesdnéhe I9CAEPt | ve magni t ude

but not abso it : nal with respect to the nass .and
c!q"}hegs pgﬁg@gttgqﬁe ?L%gler&{i HB%%@

stiffness of are. inearly independent set of vectors may be

used as a trangfcdedidpematixiMoua heatex et ucabtot thatdedrad physicahlecations;
structure's notion. | articular, the response of the structure to 10 an

. n.p . .
exci tati on dARIBEIQrERINd] dhyeigahdomaky trsiematiosn of scal ed nodes, the

scaling 1 epr esgibiigndifo0MA Unfite! Mpafty 874 BrlBRiRe WhidHCarBE Lisgd o the

. Structure. Depending on? € excltation, sone nodes nmay contribute nore than
ot hers. Somedefirdeisowrthe Steuctocewillirebpend goave)doforee. aynatbematicaliterrasier gy at
masur enent s BEGVEROLS! iR RLBHARLaTPER ALRAYoD P! HeCREilE GRBERMSRh as
phase differegfed thBHaSE h$attigken at the drive frequency. Conventi onal

Coriolis mass flowreters typically use structural and tenporal filtering to
reduce the eff &hasedlstimatesThedifferensedin radianscondagiaes)shetweeatwd filtering

t echni ques incl ude usin chani cal. , features suc race i,gned to
20 deégupl e ?'H“?ﬁ‘lg@' '%’ng'o ySnyspidal sl%‘ﬁLF‘ﬂ'@;%ﬁdé«gg,ﬁ’pg’(??ﬁé?tg?%g%%gﬁti oned
such that theyragidletsSAMPIitlide, PHAReCHAd F?ec}lm‘%?,i Wwhithaldfmeare vane@ dftagsducer s
positioned such that they are |l ess sensitive fo undesirabl e nodes.

Structural fsigoaratrapyttisedfi Rickeffsignalecar bg neprly expelly represanied 4§ ener gy of

undesired no Jut L tyrl G ' '

conatr ai nt o 18so il BfirpofiiegHelity HRSRE AL a0d PRaGEH Gaoh, The .,

si gnal s basegiffereridel’s phaggibetween pidof signatioisgiropptivaaktbdlow. For exanple, a
typical Coriolis mass flowneter_ nmay include frequency donmin filters

desi gil8d to refareelatiaymeasyre: Sasidiansisanmeagyre ofihgyy Muehal ap QUWPYte| at ed

W th undesir e f b nodes
may cont 1 bug N Ce a-RUPY erBly agER BROFR rRRRAl of R BUERG P8 0TS
.desi red nodeforfieamesgy, flong weelc yCanrbe uséd ko eosfirgethat Hid gssureed relatiashive at
di stingui shing the cgnt ribution of multiple es at_a ivgn f[equency, t he
cont ri but i on(&$- MAGRHPWdY PRRAIUORA! t%“r%@%lﬁ eep 9d #R9/Fe a

si gni fi cant f j 40 DT latiof¥
02711 @ 283 1 B el od BBl Py A g o B O G Bbpr cotslatiol o

danpi 89 and cam onplydhatrthe assusedueiationshipawdopaerdhalds trae, @ dualto 8r nor nal

nodes of vibrati ol e i n_each npde ch  poj . e d eaches
o mum di £ £ BREHE Bl oot Serfaon B alssrse aff I podliah] iy Pl b

non- negl i gi bingo dayyBiehg tiHtdvasnEsresénlduringwhe thiffaltseauiebheslibgatidrmsFer
general | y conpl ex response to excitation, i.e., points of the structure
general | y doexampls arforiatie sersar thativerksdinerin @ laigpnditien, withéheenly Snesgy t he

conduit struct A i i

magi nary. colpungaPEtop rEE dbmn Bt HEIRYHARAEER kit sEBlecRito
Cori ol2ss f or aeRyiflonerdaedelbytdicinidatiohngincatiere @ nowrsignificaritiadditiohat he
sensor conduit 10 mathepatically copmpl ex. Even if co lesﬁé not.i on of a

condui t st r uepergy duertorbe dlove r AlseFrelation meRsUB AN 3% ragrd eripr Al the

("normal " or _a&d . des, as the real and
i magi nary pa??@hgg' ?%@an%ﬁgf%qh%%@%%@n? hgg%%/%?éh@lependent by definition.
To represent cdviptaxransfororationonpkeangecial Gangdioetef syisteroafromplydieal 15 used in

.conbining the constituent real normal nodes, Particul ar, real nornal. des
may be cl oseﬂ9"@6ﬂ°e’l"8§€bd‘9ﬁ‘?wifjﬁﬁ“¢ @i%ﬁ@%&’l’?ﬁ%éﬁ!swmﬂﬁﬂ%&@g&mde

whi | e hei n tgnificantly less correl ate e .real, co t e
Compl 80 mode AN ERbrYna S oB8 s iqteialentacafigeRG nARRSE Rp LBt b
cl osely corr gk defifling sométAmgCant thérs sésing St sssosafal ¢sfinicrh Caeamsetissi al in
t he sensor conduit) and thus 20 can provide infornmation for generating an

accurat e est thaucht gf ag spaethieg @s sivpEERIRIRY o detiRinga diclgn the x-y
plane to using polar coordinates, which requires that both x and y vary, to using

13



A conceptual nodel of one type of Coriolis nmass fl oweter sensor 100 is
provided in FIG 1. Mtion transducers 105A, 105B, 105C, 105D (e.g.,
velocity Magrs) are positioned to detect relative mplcipaeohsofs rst and
second curved 25 conduits 103A) 103B of the sensor 100 that are vibrated by
a an actuator 106 as a material 108 flows through the conduits 103A, 103B,
the notion tpaaschocdinates0sand $hMere 06, AltDoprargduThadramsfarmationgaal s 109.
A "straight tube" riolis flowreter sensor 200 illustrated in FIG 2
i ncl udes a d?ﬁ%ﬁ??rgoﬂﬁée%ﬁ'mqlﬁ'ﬁﬁé%e ESSC&H%'PQM%'&‘E ﬁiéﬁt@m_' al 208 froma pipeline
207 connect ed mahrbgu%mgggnagec&ﬁd féfermes skthal®A stdhbhidway kousi ng 204

n

surroundi ng the conduit an actuator 206 1s operative to excite the

" conduit 203.devbodudatet siausaidaiesignat s Renzasiktiords @, metheo toestmatestheoci ty

al ong £he cAANE0SE3Y PSS AL ErS AR ANGE S TROMRNCL SoEhs NS B | O
pr oduce motim@rg&n@éﬁh%%qﬁwc?%%nmawom@mak&fs difiealS OFeth th@03 in 19

WO 02/ OG303-4 PCT/ US02/ 039(15 response to a plurality of forces F that may
i ncl ude, f orfrequansy estimate thactwiddledunctipargangratpsitwe siusgidtsod thecameor i ol i s
forces arisipg [dap §98ehiad N oFBhaSE Rlth 2afn ARESME BefifiiGest exerted by

the materi al er extraneous Torces such as forces I nparted by

the pipel i neqtfatarsl IPdegreesdtmphas@dubyallyurtzsomeonipasplitude. 5 and ot her
equi pnent (not shomn% connected to the pipeline 207 and conveﬁed to the
conduil® 203 vi Scalirg funstigesMaliplyinga signal ByAstanstality ofca Ve@OEatePREaMtfose
illustrated } nd : LV from
the si gnal s STABARY et abmRnlingRiRaR e BilinatoBe Ty ROUFAAEH WA | L 00,
with the strmatrix dJseliohcambinbanmiknownlatixowith a khodn Pdtant doluse thédy

nmoti on transdycers 105A, 105B, 105C, 105D) 205A) 205B, 205C) 205D of .FI GS.
1 and 2. Forf%ﬁﬂanﬁmwnpﬁ@‘%&qb!ﬁms'wg@&ﬁ@ ¢o %aﬁ?ﬂeédofa WA EROHBt i on
si gnal val ueg Aﬁgméﬁtin%,the sibp& baPAmate SRPORBENIEP&IpR hatamétef R4 stiftidapd  modal
matrix ~, that 15, an eigenvector matrix relating the physical notion

vect ol5t 0 a leadasquanes ourvedidting tachniguer esenting notion in a plurality of 15

natural (S nmod may then be identified such that; x==r.~ (1) The nodal
matri x ~ cgﬁg_ Qeia@(éﬁmefrf‘ _Rj"é’?w&?%{' Eﬁ%lléorn of méé"mlsqi@@ran_ﬁ%tpcexanpl e, trial
and error or dppyintatidresi e jifk!em igade Q@g@?ﬂ?a#@t&?ﬁ%tmﬁtér&ﬂﬂgjéréﬁleﬁrﬁt es

Pat ent Application Serial Nunmber 081890, 785, filed July 11, 1997, assigned

to the 20 assi giseadoinverse qfitbe angmented matnixsMathamatieadlhpo g ean e fiteter ence

herein in its enti.r : I (o] i di ment s
o the prescit LR santECPioRlevsl e YtE vais gRE T A M Lot o
produ@e nodengist esiripodiehi. | Fittingch libé toavery Pnpdiatstdivds anheisiyrestinitie vtk t 0
generate phase estinmates) which are in turn used to gene[g%e a mass fl ow

estimate. Exiéfpl dsipgdnamaseisl datrpoints ¢a) avereae Subliedeal bie naike, INdee At

invention w (o] i f | Gl #ﬂ? ,.H'E@,q, I ' &1 firai ght
t ube” sensoréétéét]twsggot e gfé‘%ggrc}f%laoag;) &I?I?‘glﬁ{f.m ggés |I$'e FW?%?E%
wi | | appr eci atstraighblies erdugih atanyhsoiptsesitna lotrof ewiseoa td sseladeastpsgjuaredl e t o

d- conduj t  struct 30 such as that used in th 100
11 ust rated fegRRES. f least suprentecRighr riniiizes 0h suB el e Aistpnces atell es

used bg nas Str{?' PHEBORIS frofPike i) SA pBEUdAIRversk s arl Rffkferitkétahagrd,n t he
art wll further appreciate that the g&esent invention is also applicable
to the char asagts inpleoendh leastianuares titting preegssofUsing the adgroentedgvatrixo

in the pseudoinverse finds both the slope and intercept parameters in one

calculation. Augmenting the matrix for the pseudoinverse allows the best fit line

to have a non-zero intercept parameter, i.e. it doesn't have to pass through the

30 origin.
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WO 112/ (16@&33-t PCT/US02/t139GS FIG 3 illustrates a nmass flow estinmating
appar atus 300 according to enbodi nents of the present invention. The

appar at us hiludes a material containing conduit 203 g shpki vely
associ at eg%prr@(dl({)bg“transducers 205A, 205B, 205C, 205D of a Ftﬁg%wrg}e/t er sensor
200, along with a signal processing circuit 301 5 that is operative to
generate a mass flow esti mBriefiDescriptionofdhe brawid®® produced by the

notion transdu s, 205A,, 2 205C ke n e in FIGS. 2

and 3 to denot Eﬁ‘% ?(és %8%%'85% glagfarpé%gm%by ganﬁg@%icﬁFe\%dgéggrﬂlog’ti on of

whi ch W | kep&dr rickgpeat ed here in light of the description of FIG 2. The

~signal processing circuit 301 includes a node selective filter 310 that is
10 confi gured FiGr2isca sehematigdisigrmyogaapivialy slughiating.a stiaiohitule flow

sel ectivel or nore conponents of the notion signals 305 to

, produc as%Pg&iﬁf@;ﬂﬁSf node sel ective filtered notion signals 315. The nobde

selective filt@G33® 4schembtd diagyarfialiusteting aomass flowalstintaing cipparatas i on of
t he sensor 200 as described in United States Patent Application Serial No.
091 116, 41@ccerdingtormbodimentmoithetiReentiofic| osure 15 of which is incor porated
by reference h P jpad 0l at | ; i ; I L Lmuit 301 al so
i ncl udes a phagtﬁaéé&s]'t'gl ér:g%: ﬁoé:‘rng%ki{aﬁg%mi@JE?@ZIB%%@Q&&E@?%&%@E&L@; ective
filtered asotomingiogthesedbbdiamehtepétta invention.generate a plurality of phase
esti es 325 refrom, The, signal processing cirguit 301 further .includes
o 0T T ow osFies &4 Sebematic o POrn D Frden Souiesdmatodammetai8o0 and
pr oduces dr}? } inentidie plurality of phase estinates
325. FIG %gglgrl I| s@rﬂbgi%@ﬁbg%r{gfgfgé Irrr]p etlriri]ﬁt ation of a node selective
filter 410, ph&$@. &« asahematie diagramritissirating\aneanparatusforigstinpating masg t o

enbodi nment.s of e present .inyvention. A.plurality of notion signals 405a,
e.qg., anaﬁ'B&?ﬂﬁ%%@@yfarcﬁm g’c?woafm%'?tﬁgﬁnﬁ)ﬂvéﬂnqr}a_nsducer s operatively
associ ated wi tiF@, ‘F‘i’sﬂﬁ'Ebherﬁéti@&fé@rrar?ﬁlltﬁﬁﬁa@ih%&rrWﬁ!u@'fﬂﬂgé’r@'ﬁﬁﬂ\ phése

sanpl ed and digitized by an A/D Converter 4 producing a plurality of

di gi t 46 mestimates aeeordingdsembpeémentsiafdhe inventidnsi gnal s 405b are processed

el ecti ve 1111 erGuea reenpank a2 st ShtaRst Puridtaha BREG o
420 gener gsafmatesPhctording Yo etheticghibdlimehtssf thetinveitien. 425 fromthe plurality
of node 30 selective filtered digital notion signals 415. A digital nass

f1 ow esti mat or FAG09 i 8 gchematic diagram illysirating an@Rparatustiar geterafRgimge
plurality i Qi N - M 1e node sel ective
filter 41@?&%%&%@3%%%%@@6@%%&5%ﬁ?%@rcr)gss Ivgbvﬁ@s'ti mat or 430 may be
i npl ep@nt ed as AGMOisea flowakdad illistrating aperatidaes doreesiineatingymassifidw pr ocessor
450, for exanm,e, a cBnBj nat i OF of, a %tl WO 02/0(i1 (93-4 PCT/ US02/ 039G5
conput er @cgldingtagm 8 'H?ﬁ“rt%_P the inye {¥brocessor, digital signal processor
(DSP), or ot helrigofPw & MweR ARMtralAg BPeAtidAS féH Sdlintdthigiagssmevum (e. g. ,
sem conductor nenory magnetic storage andl or optical storage). FIG 5

i |1 ustr at @scardingtongthar embadingnteof & inventiony appar at us 500 5 according to

ol oont oIRGB SRR ARy G RBE ABel e °
t r ansgdgcergpefstivhs at@oRiing Rpfhe iR0OMIoN. a strai ght-tube sensor 200 such as

that described with reference to FIG 2, further detailed description of
whi ch will not F¥e. 14jeaflewchartillugtratiog oppeatigas deor ifaratively estimating a mass gnal

Cont 1 gur qopb G odtraeaBd i EnBodMEAD B! B8 rESely hiSMON Joncor 200 and

operative to s¢l6ctbvehflomebart dligtratingoperationp doegérerafing phaswéstimatesgnal s
505 to produce_ a plurality of node selective filtered notion signals 515.
The node @sceedingto empedimentsof theripvemian. operative to produce at |east one
nodal tion siggRaha% ' : (S sents

.hoti o:r%agf t he chﬁleJ?t?Sl éalgwlcﬁagll%ﬁ&ﬁ@%ﬁgﬁloﬁgggﬁéﬂﬁﬁ@hﬁ Fé%g{)ﬁone nat ur al
( SDOF) nodecofdindto othedemboddlentsod tmeiwentidrecti ve filter 510 is preferably
derived from a%dqz.ch?‘rac eri_fah_i gn of tEage sgnsor 20t0 aa.f@escri bed in the
af or ement i oned FURT ¢ 4 3fiqpeRasliushating oppralions oraenelpling, diflgesnces  410)
filed Jul slifatdd88cordPg T @rtciiAbnty GRS Shvaatioh! cui t 501 further incl udes
a phase estinmator 520 tﬁat is responsive to the node selective filter 510
and operative to generate a plurality of phase estinmates 525 fromthe
plurality of node selective filtered nottbon signals 515. The signal
processing circuit 501 also includes a nmass flow estimator 530 that is
responsive to the phase estimator 520 and produces a nass flow estimte 535

25 fromthe plurality of phase estimates 525 using at |east one nobde
frequency estimate 545 generated by a node frequency estimtor 540. The



estimator 540 produces the at |east one node frequency estimate 545
responsive to the at |east one nodal notion signal 517. The signal

processi nggddifeizy 501 further includes a density estimat @craR@ybhfat 1S
responsive to the at | east one node 30 frequency estinmate 545 to generate a
density estimate 555. FIG 6 illustrates an apparatus 600 operative to
estimate rrass FiGvi &isch fitenshiarlyilliistoating qevatidrist for estimatingmasisdloal s 605,
according t nmbodi nen of  t |nven .ion. The apparatus 600 includes a
node sel e%‘fCEQF '“Qrt‘f’tee'rb%ﬁ'@emé cgﬁﬁ%én §§ It or 620, a mass flow esti mat or
630, a node fr RO Pating deFSiBraccordin

- PCT/ US02/ 039(3;%??%}/39@8% natlglﬁﬁgéég@rﬁlb%aﬂn%dsefo‘s/ggectl v% (or%rm)de pgss )
filter 61 émbbdidentaoftheédhventionsf ormati on 612 that transforns a plurality

Teprodent moti 1S 0 AU A By ek b Rlo M e iR BB RO BBl e i ¢
ref erenceeﬁ@ct%ﬂ@fetteﬁw &Harbge@%cbfduﬁdl@ Sspicty eneetinatidnni ted States Pat ent

Application Seria nmber 091 116,410, filed July 16, 1998. The node
sel ective filtEIGS128-30ae flawrhars illstialing eperations formemioringmysiesm 614 t hat

of the ot BNEFAmPEntalfg o) STRibi L gRR o fiiq MegbBIRNSEr IR C 1

that are fniveheisigd such t hat corrponents of the original notion si gnal s 615
that 10 are associated with one or nore desi red nodes are preferentially
passetP i n relatronto conllgtailedDe "

RREIPUON OH EMBOMINGINS yndesired nat ural

Sates patent Agppresfihefioh BRI LR @bﬁ%‘%’?qr‘@ﬁﬁ?e'"%‘% w508 “The

\Arrﬁdalh ot 'refferericgnaltlse éd:&rapmypragslingw?gs tin whigh pmﬂert réd emb@rdmyS erillgﬁtqfrtﬂmzI or 640,
i ch generates one or _mode requency esti . .
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notion signals 613, node selective filtered notion signals 615 and phase
estimates 30 633 may include vectors of digital signal values that are
produced @l Bak&ytation intervals and upon which conput at ipgigsas/eseper f or med
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time difference estimates 633 according to enmbodinents of the present
i nvention. A vector of phase estimates 625 (which may be normalized) is

di vi ded by, @h/Reds, et ed nmode frequency 645, preferably onecqiusiPifes
frequenci es associated with 20 a drive node. The resulting vector of tine

differences 915 is then corrected by subtracting a correspondi ng vector of
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to enbodi nents of the present invention. A pseudoinverse Wof an augnented
matrix Z including a vector of reference tinme differences YB associ at ed

w th a 15k eWiesspss flow F~ augnented by a col um of oneq)ckr;USqQ;,@gm ned
(Block 1010). The determ nation of the augrrent ed matrix Z and the

pseudoi nverse nmatrix W | nterm ttent basi

be done e.
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rel atj be us a =Ye ~Xe. FIG 11 il lus te erations 1100 for
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over a tine pew cmlhcbptuall mﬂ:debofaorie tyiperefCorirdis rasafloemeterseasor (@ isck

Gor ol i 6 providga g aslan Eanedusis's SObADLERTIES R8T o g-aveReRbn Char
i ndi cate {haty l?:f‘éf?féﬂerﬁgs'lt%eﬂft?td'é?edt%lﬁﬂ ag{ot@ﬁ (g_rfﬁélte; Aéc?ga ded to

generate nmass Tl ow estl nates articu trates
t hat BHsscoOhduitsetd3AEIOSS ofehe rsehetnt tREthat ane vibrated\byl a;anfactualtcm‘e(m asa
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degree of agreenment with experinmental mass flow rate measurenents for the
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iterative
30 202. Within a housing 204 surrounding the conduit 203, an actuator 206 is

operative to excite the conduit 203. Motion transducers 205A, 205B, 205C, 205D
(e.g., velocity transducers, accelerometers or other motion-sensing devices) are
positioned along the conduit 203. The motion transducers 205A, 205B, 205C,

205D produce motion signals 209 representing motion of the conduit 203 in
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techni que may be used to solve for the vector c¢c in place of the
pseudoi nverse techni ques descri bed above. An error equation 5 L{k) = X ~(k)

- Zce{k - LWyoo2fodesgnd an associated cost function J - 2 L2P6§)U53903§@4ﬁ be
defined. A gradient nethod can be used to find a solution that reduces the

cost function J to a desired |ev Wi th t di ent ven by: a~ - -LZ .
{9) a~ 15'SAPOQRALP asFt"é" ityrRf oqggs V@ﬁ"@d\dﬂ&’ﬁg F&d?’é’ﬁ BAESOE® i ni mum

val ue of fhe,g0st, iﬁ@g&tUﬁfbr?Ofs%oﬁoiféﬁr LhrisiAg ﬁ‘?}’(‘(; ﬁr%tﬂdWﬁ& ntefifleosect or

c(k) is produced sing t lowng re atlon =c(k-1)-y ~c
=c(k-1) +ybZess(Jﬂe)ﬁormeemertécebythetmater(akQGl& ampothes extranéeus fosedst syphaatuced by
t he prece adatlv rate for the process.
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ne 1 of §onaiong?i 0. e fibolEr by Trotiop!thirisaBEQR! 105, AREVIBICTISS, 26525 13e
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satisfied fgr i i and may
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accor di ng mi&tichnRRUIBYH moahl ﬁmbﬁorméét@ﬁfn rePece%@hnﬁ@ mdti@n\/lhlacﬂﬂumllw ing
vector c is iteratively determ ned al on he |lines described above. A

vect ot5 Xe natural (FDQF ) modeacmay thembe wntlﬁegeuehélwd (Bl ock 1410). An
initial scaling vector estimate c( IS genera (BI ock 1420). The initial
15 value c(k) may be, for exanpl’% o or a f estimate of a scal i ng

vector ¢ angg&@%é{r&%%ﬁﬁfbév Qﬁiﬁleﬁ]ﬁ}s‘ﬂr\fg antﬁg‘?oer’%"‘f?«%’éﬂrﬂ?h Ia%ter C:{]é‘te

does not c rasti cal ween neasur enen ol ce

may i ncr egs4l dnhleerﬁdﬁﬁdnvérsé@ébmkgmoﬂhybé used g3 dedopibel yn Beited®tatdsval ue
for the scaling vector ¢ should be close to the new value to, be determ ned.

An associ ﬁaé@nte%nmlpatwﬁeaau\lw@sr 9818P0XB5a filedalitled i Y, assigned tQ the
equat | 8”5 a%ZQnQQ%f i Pf]eg.lec a%?&%é%n ahy .ﬁ%bﬁgiﬁ%ig% g;g Iféfe'r&éfeerﬁehhﬁ s

prede erm ned val ue, ng an accepta racy o e scaling
vect or estenltlaitye c(k) an estimate of nmass flow may be generated (Bl ocks

1450, 145 dlp tor of time difference estinates Xe generated
(Bl ock 14FXemplary, assa %Hﬁ'teéﬁ estimate of the scaling vector c(k) is

gener at ed usi N@ycchRiinG¥AERbBdintents 0¥ fHd SrasEALihvehtict) saldclve toHal fikdhrRr ks

1460, 1470), and new error and cost function values are conputed (Bl ocks
1430, 1440echriquascarskigddde Aradudesmade seigotive fifetas motion signalsgabaredhenot her

e B ToRIS et Pl SN ERE T o M TRk B gl ki et
conput at i asiniaky. BRefplEH @atbodiments according to this aspect of the present
invention will now be described, in particular, embodiments using “straight tube”
sensors such as the sensor 200 of FIG. 2. Those skilled in the art will appreciate,
however, that the present invention is also applicable to curved-conduit structures,
30 such as that used in the sensor 100 illustrated in FIG. 1, as well as to other
material-containing structures used in mass flowmeters, densitometers and the like.
Those skilled in the art will further appreciate that the present invention is also

applicable to the characterization of motion in a variety of other structures.
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30 varied. It will also be appreciated that there are many different
Iterative techniques that can be used to solve equation {3) beyond the LMS

and NLMS WBM@JQS descri bed above. FIGS. 15-19 are fl owglahilsezn396s
il lustrations of exenplary operations according to various errbocfi ments of

the present invention. Those skilled in the art will 31 WO (12/(1(@e3.1
PCT/ US02/ 039G ElGiritidistrated atmass flow esimating@ppasatus 309eadcoeding i t

il lustrations nay be.i.npl y ' ' ' e
sty ues i BRDOHEDeE LR BEERE RYRNRT T ABHS By, 00 IS maldieRe
appar at uscoftaffingtsondiet 208 andbpeRAiveNy absbciated inGtion transdacerat2®5an 26HBar at us
_(system gaeratlve to performthe illustrated operations. The 5 _c%gﬁuter
a

i nst ruct i 888CnagoRI0E 8 flownastsr senser 200nplangrwithea i1k PRRGSSE NS HsHI
conput.er ' I o t.eg | nory, a
. magnet|§c gfagﬁsa&g&@ gg%'td‘ogé?%rgfei ?keg t@:ﬂ ecg:ltgl}\]g | re@trﬁgm?:ﬁog th fgrﬂﬁgr ot her data
processi npraifead alyithe ooteer transducbes 205A12058, @056 208D drike numbersparevi di ng
means for performng the illustrated Q(i_ﬁerat i on‘?‘Ii The CO{%@t Sétgile dabl e

r

progr am cH8ed ikIGS s ane 3o depete ikecYRPANeYH Y s S§1S9s €4 pr ocessi ng
t t | .
appar a Usfj%,g’c@@f‘of}/@-ﬁﬁ}gR/ﬂﬁ‘i& Hégreg@a% ﬁéﬂa"l? ggﬁpémHé‘%fesb dH&IHI8d 2pr ocess

Accor di ng support apparat us stens), conputer program

product s and n¥Fhbaitmadl progessihgraircoiy 30hencpdesainode séleative filterB10Hbakisn.

According to. enbqdi nents of the present, jnvention.illustrated by FIlG 15,

15 opg¢ at P%@Lﬁg fefieivfe r'BPE'?rgS'QHQGédé?'? P%@t'é@%%é?%tchﬁeqw_%ﬁs RB%i on of

a struct upenidielcBApomRAR sTeheFidtivn dighdls B0BYo produbedd bluraltl ofidden si gnal s

representing notion of the structure to generate a corre;&ondl ng gll urality
@

of node seklective filtgriettraotian signale315i g modeisetpctive filtex ahp iscnrefasablili ques

oi'ural i ty SRRV 08 & SRl o aclreAub B Eedety 2B s sfeschBegFVARST) of
node sel egithtes FatbhteAmslication Sarigl 19620971 (Blaokiild820)y 16,M9I9es Y éisslosaes 1 ow
estimation operations 1600 according to enbodi nents of the present

i nvent$ onof whight is dnesdperated by referengefiaieinl initp entirgty iThe gRA Rracessing

ARty ; ) oY g
oEor oy BTl 3BthePreed iebe Mo R AT UL e by EiE T oo oc @
pl ural ity sefectii@fiterdd rastiomsigaslsi3 Starehogerativatedeferate &ipturplityrodphaye of
Gener ate. Ssiietes §4eselomt S NecHigRA Prossma sirareld Birirenicl s a.dass
baliied . : o ! : .
Crventi on ToprEktaBEsad (i SRABEALTE 10 e bhate ERRABITERD BrdlprbiGd #5Cn

r epr eg@nt inmapsnfldw estirnbitea33d fromtthe elarabityrof phaselestimates 825t ered to produce a
30 plurality of selective filtered notion.signals (Bl ock 1710
frequency of aFﬂglr)gﬁl"ﬁﬁa&Ss%P E’fﬁmmt@“f WQ'_@F@&? i%r? g\°&_ﬁ?aﬁe?‘?°§“’8£'f‘%m¢ed
using, fog h‘ééé‘@%ﬁﬁuatdé@%)a&ﬁpﬁia‘é@ {lg%zjfd!irﬁétbﬁ §30 BEcARIMNPI @nBodiRteptd bE@eabove

with reference to FI (Bl ock )). Adifference estimate, e.g.) a phase
di f f er enc @resaritinveatiandAoplueality ofemation sigaalsedQha, iengyt analog quiRits fiéNer mi ned

from a secopd, mRig el Bal v Ea L bEeth a2 ks Q. 0RLAGNS 3 BERLEPRIH39CS

notion si dﬁ ' ON operations descri

wi th psf emgsteAakeorithimingvessBl, @ ¥arhpRd)anddiGitizé8 byl druaID sbeeerfgpedl i ons 1800
for generating a nass flow estimate accordi nglgt Q. yet other enhodi ne of

the presemrodysirg airkyralitx of digital majioprsigRals 4A58. Pﬁrﬁég'ﬁalr’@‘btfoé‘é‘é%@ﬁé%’st i on
f dyj : . it i f | mat es,

or “examitle PiGsBEABTI A0 EF SERLRVE iRt B folphoilicd o AIERRRRIA iede T O°,

1810) . A skehyptiveditareet digital shatidngighdle 415urAtigital pliiask éstematoc42@sti mates to

Fibw et Idbnoees AdGBbe staliz pess caiiates AesrpRoNeeI R E Te&0Gener at ed
30 selective filtered digital motion signals 415. A digital mass flow estimator 430

produces a digital mass flow estimate 435 from the plurality of digital phase

estimates 425. As shown, the mode selective filter 410, the phase estimator 420

and the mass flow estimator 430 may be implemented as computer readable

program code executed by a data processor 450, for example, a combination of a
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10 fromthe estimted sl ope paraneter and the known mass flow (Bl ock 1830).
These operations nmay be inplenented using, for exanple, the operations
descri bedyappygedth reference to FIGS. 10 and 11. In exemphaliy/aRpsi ty
estimation operations 1900 according to other enbodi ments of the present
invention illustrated in FIG 19, a nodal transf_orrratlj'?zn 15 is aﬁ?&) ed to a
pl ur al i t yCOMPWES (&6, GirIPeontEPlesdBISIORTCPRNONHIA! SIONA PEPFESSOL a}'r‘ﬂrng
vessel to . ; i j e !

cor  espor ol Eh EaERyRb de2) 2 B Blialeet oBReck) Ral FEGSRIHAIOr | o
nmode of t henway seagridhicasttrat@ldhd/orAspticebsibraged. node frequency is then

determ ned fromthe at |east one dal notion signal (Bl ock 0), and a
“density of theFlt2flgirates W%%@pﬁg@s@éﬁsilgw 'E]%ﬁ‘f‘ﬂ pﬁ‘F%‘H?%ﬁ at | east

i : I jdoed ab
one male LeSAURAAY b GRbSUIRIRS bt theftesertGhventBfP The Aspdiargiadied above

. nitoring of spatial intercept or other
corr el at i mwlutessumaterial-coataining cpadei2@3 andopasativelit assasintad OVa3ion; t h

reference, to FI GS. a t he t he 25 1 ntercept r ter of the
scal i ng vEBISAUCETS gajg'ét E&%%'cli%ﬁ'oib%#ggfsa ?&%@ﬁgbﬁqe %q%gﬁfaﬁtsaﬁﬁfgﬁggbsef ul
for det echbgdibadshiBNT&iBRME80 FIGCH, RBthBPHERNed HaBsHtRAY of VAL Wil netedges in
mounting conditions and the |ike. Potential usefulness of the intercept

par anet er répeatéd imslighdof thengesdriptign apFEG.02. Alsimal PopcessmaEeitrutS01F GsS.

20A- 2 graphjcally illustrates gj te Lk 6 ted. : fl ow
ot e ha R meck s Bafr Bt N EpAPETT el Y fihcibs BRa%

moti on tr 80§ GrEdiced byrfher suristReb und dpeestiveds seldutiveli passereforraotd cul ar
transducer being sinmul ated by zeroing out the correspondi ng el enents in the

vect ors ofompRBerisiafdhe mationstignals 95 10 BERFUSE HRILIABY P BIRGEREACIVRAS shown
P otuces Aty tAdua sBpdi a181id fofsp Kefetiive Pt STOR et pheralivai duce!

produces a nge in- conput ed mass ow rate, erroneously

i nt er pr et pebdcea leastomne mbdaigaotion sigaal 317 er, &t teastbeesignag thatn t he

i ntercept paraneter may be used, accordi ng, to, enjodj nen of th resent

i nvenl? onferrgsents gaetiorhofthgicongdyit 2 dn §in @ﬂé#?@?a'ﬁglﬁ%ge‘iié(@ﬁlleé&& €shown in
FI GS. 20A i G sy i< My be
recal cul apggﬁ%@ st(?f: l?]r?gé?ﬂgpé (e)gvﬁcgzltﬁ)fzrde%gﬁﬁgmg tot tglléff!'sluﬁl}e5(|16tlsrzansdug:er,
and t hen psafdrably dermasdafrernemadas shdraoterizatiomat the. sensos RovasidesHiilgd oA,

where such a gorrection,js.inplenme d.for .mass £lo std eginni ng at
appr oxi magéﬁ? 9‘%ﬁ@“§8 mynlt%n%&}sagéggﬂw% §8r'é\{c[ﬁ?'e Hg?ABp@?al cul ar,
for 10 thgyg*@Algggshown, an error of 0.5%is achieved with such a
correction I'n conparison to the 4%error occurring wthout such a

corre2®i on. AsThesignal precessinmcironitiad furthesincludes & phasecesiimalar 82@ that

| for failur . i i
{ai or es b F3PRBS S 16 In& e EIRGHs HreR's PO AP chergsvg o BRnelale ' AURMITDT O
change i nof pRasebstimass 535 Pemaieipiurality of eoueseiectivatfilched ynwtioal dignaleul d

not occur in response to a nere change in nass flow. her syste hanges)
such as cBdhgdde signanrecesping cisaUER0 LalsailRg! amsgﬁ%eg F@érﬁn@ﬁf"ﬁ%‘g by

changes | i {RGohgive rtggg% pgaéégngqrgém{ 520 %gtﬂrﬁ&lj@és a fidss fitt betrtisiel aes

changes in Interc ara or a protofype Corio mass flow meter
af t er 28amfionytHesplarklitylof phadecestimates 526 using atdeasttane mdde Treguencer cept

t i f i f ditf nt | ati t hat b
lacd o destEeta§as eRneripg ey aoeds degersy EHsTaREADs 106 THES JPadeRey
i nventi on, §iﬁl,ggc§-f‘52{0%pod%8§t %gb%t%eYﬁBHQVfreﬁuEﬁéy Ef@ﬁﬂ_at%%w}étp@ﬁsive

equati on (eg ve can be applie 0 give a vector” of tine differences
Xesr, whi d¢bthesatiehstene supdal motion signah51%e Ibearsighal peegassing citcuite0 1

di ff Xe . d d 25 d i~hed. ab t ' ’ :
e °( 1) Taaerinalie sl seipar a0 et Bepun s @A S8 pedEd < o
the nsgsufr@udAcy esfimated544 iagere&rfafeeé dBAsiteestimateesssXe to produce a
.correl ation neasure that can be used for various purposes. The conparison

can be done i nfFéenPiilusitates an apparekish6Q Aparative & estimatesmass Jaw an
density from a plurality of motion signals 605, according to embodiments of the

invention. The apparatus 600 includes a mode selective filter 610, a phase

estimator 620, a mass flow estimator 630, a mode frequency estimator 640 and a
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I n enbodi nents of the present invention, a coefficient of correlation r may
generated fromthe predicted vector of tine differences Xest and used to
detect 34dywo MNRdE/ O1193. 1 PCT/ 11502/ (139Cs system changepcrii@406f fici ent
of correlation r is a dinensionless scalar quantity between +1 and -1, and

uses a quantlt X, which is an average of the tinme difference e mates
- Xe: X =me ﬁ@g@)estumat%%o hgymode sele t'%@r’emﬂd%’a@ﬁ fﬁﬁhﬁi "Eﬂ’“

POi NLS, €pfhyg] erﬁstHﬂ%ﬁ’(?n 85 2 WRtithstdraess! Eﬁéht H@één sigHalS 665 ﬁ*téfa' on

coeff|C|ent r |ne as aratio o exp al ned variation over total
vari at i onpluealjty bhn@deuﬂahlsugnaJs 613 (hatPSpresedt mbtiot XPa plukality of natural
totalvarlatlong) 10 . FI G 23|IIustrate howgchacéf slation

% aHeR (hPnd 'ad

" coef fi ci efodggyapEdesriRgd abpvewith E‘%f?%‘ﬁ“ce (He Qucer failure.
Mass 14 owafey ﬁr%bhérﬁécfgpﬁé&r&é‘tefs'F‘a‘iénttA;SﬁucBﬁéh S‘én@fNQrﬂb@r @)5/191%C43fm$|léd§' ng

_vectors Xe of t1Me erence estimates generated from notion signals
produced Bulyt16al988cdihe r#Qd#SeleStjmﬁltpjeﬁﬂQ glspnmxdmdﬁda MpdecgalestiveXxQ of tinme

T oot 858 b b o 8 B0 s = Vs

si nul ati ng18 dakkoet 6f thtehﬂbdélrcm?ﬁ@incsrrodh@rngtrha@e seREtiRefikerdd nveworosignae of
tinme difference estinmates are again perturbed from45 to 60 seconds by

doub: i ng 6ié thaltareriltereshsuch/thaticompeoentatcd hawtiginahimolion sioaalrdiiteihat
Signafd. AErdadRlchiRI oL of el et BRMES R ey Bl pett AL DB Rc o1

20 1 bm m o tompohentstdseosiatdd witls dtrase undysidedi rsatmell nedesan@uchcr amsied
approximately 15 Ibmmn with the notion signal e?{bdougpp gq

st andar d fsfek@\ﬁﬂv@&r@mf@ﬁ@atlom @cﬂmaaé@bqqmwt%@. § Patent Apglieation Seyial
whet her s I4ixb I ar
neasurenewpapﬁur’es ‘%I 1|6 HI%Q@; ﬁ-ameg@?eémb '6@%@0 t hat % |cr| 'beci)nabove
with ref eﬁ@ﬂ@mbdeﬁ@uentxeesmpatopmanwhmh gériezatesranel artrnore modéef i ci ent r

may be usg_ to detect such systemchanges. As shown in FIG 24, which
il usﬂ?at CaHEReX eimalesiad®- correl ati on coefficient r over the same tinme

interval as Fi @he%ﬁodé BEleCaVd l'télfbﬂ‘?ﬁbtﬁﬂ\ &Q@?E'MB%& pas88y oﬁh@%@pﬁ&é@g?e' y

| arge change in value wth a (zeroe or noi sy notion signal
wo |12/ oe@emat@mmeratesra plurajfty of phasa estirgatgs ®2bd¢hetafione laingon

t hat det i ; ) f
cotimte SR ranes e X fRle timang K Br Rdtpn dbdhie BOB! KeFL1 0N,
FI G 25, Wyxﬁhmp@@ﬁéz@haédmd@tfantvm eférefae tb FIG .07 befowe ié pRase E@Kebenfzér the
time interval of FIGS. 23 and 24, the standard error of estimate sx

exhi b2@ 1mawbedetvechiferm org of mere 9&&@@@1&9@9@“%QlﬁerleSéaoumb%neEStém | | ybe

dth d
bt s (o ABMERNERA B84 L8chRk 5y e lehTla frofBhe ofBPE mdlle | A0 TuEeT
t he denonifipgiencyestimbtesd. 6)4@éms;rrawdcfmmtolnesorcn‘uortelmc the nodad inationi signats

measure can _be exploited to determ ne the source of a failure, such as the
i dentity & EPthQPtm%Qﬂ’HﬁQPQ"%éQFtTSatPFQﬁQducer The standard error of

estimte may be \é € &tinffibea? @rﬁéé%@st‘i"rﬁ&to@%@ﬂh@tf a

t
data set, i.e e can expect tﬁa 7/oo Otﬁe time) the error of
estin@6e finoludes & ttmeddlffémrmecestleﬁitmm&”ikam Ialsplaaal/mtagrator B34e Usingethet he
standard error estimate i.ct ed vect.or,, of tij differences
Il

Xesr. AccONGidgngre mpde f@gHéE?Y 9@”8?‘%3%5096@? eYethegpo aHeNPe time
differ em%sﬁﬁha?éﬁf&ﬂﬂﬁétnﬁr’éscﬁﬁé@h@é e‘é‘hﬁw‘étdr@ﬂegédététefsr@ﬂlﬁﬁblm%ﬁurﬁé” be

checked to see If they are within a predetern ned multil .) wWithi
t hree ti makifferefce hetlrsamscﬁﬁ&jfr@mtbe piralityof phasergstima % b% Imeay be

' ﬁfprs)e(?‘sjled cﬂf r%lqc% Ia(s)tlurlng or%%()' rﬂgﬁgﬁsl ' zerceﬁfow relfereﬁce time dlégren 3%31

30 i.e., values representing time differences under a zero mass flow condition which
may corrupt measurements at other mass flow rates, to generate time differences
633 that are corrected for such “zero offset.” As described below, an estimate of a
drive mode frequency may be generated by the mode frequency estimator 640, and

phase estimates may be divided by this estimated drive mode frequency to yield
23



25 which can be rearranged to give: -h'*sr.~~ ~ X~ -Xes< < +K*sx,,, (18) 30
To identify a failed transducer, for exanple, the criterion of equations
(17 ) andwly bRkszg@n be applied to each conponent of each QL eRyector
of time difference estinmates. An error (XB Xesr) of a particular tine

difference estimate XB associated with_a failed transducer wl| tg{agl cally
be many t UReerrested dimendilietenserastimatessTRa ungafrectedime differgncgastiglales i n

FIG 26, r h
per s ) 2/ TSBeR B Bl uting 1 gao. o refredte fifle BferaMBs i g tby: ¢,
t he st andaubtradtionr thefefesi) totjemetate théa_nwmtfpre(rtcbeesmmanm63$ whi ch are

~normalized for_convenience by subtra%é ng out nom nal ctor As shown,
the error assodn&tise dfferenceRlimaies éq%é‘e\@ﬁgbéfﬁgép %ﬁ@eﬁ: ndard error
of estgmage ﬁ%kﬂg%@f&é gtr@ﬁdg %'B spatiachte Igré’tbrb@@ KA BIcAbed ﬁh@é”@vl bbﬁ)w

,approxwrate to be seen on the plot of FIG S
al so possithe epatoal mjegretnr 6341emamdmt&rmjnem:§§opﬁe pwanmter ofor Saalml\de@tpr

t ransducer, once i d . ed. r_exa t matrix Z
my be.r ofutaandheL SRy IbF RetrRE AEnts B nStne ¥ RUPRER

tr ansducefefeforft@WiRS AR 57 B8réspondiiEtd é hﬁcswhwé&rfmd Phisishgry t i ng
the reformulated 10 augnented matrix Z. Mass flow rate may then be

est i mat ed parameler imay/they be msamo@ﬁwa@@mass\ﬂ@meﬁtmaﬁtemwrm thekagwe

esti es XB |¢1 whi ch the row associated with the failed transducer by the
new p udSMRPIYE matrix Wis zeroed out. FIG 27 illustrates such

correction of AsHESS shoWWirn BIG. &3he MRhsity éctirpaldr B60tmaealsodisaehé snarfe t he
pr esent inventi on, a fl oweter appar atus 15 my nmonitor an i nt? ce ti
{W \,&mr

par amet er freqyepey aﬁti'raate&feﬁr fo genarate an asfimate @rqe@;s'tbpf ther materie
correl at! o JIERRY LRy B8ldifhin G T guhaly'estmabr BYG AR PytIRABHHRYGE | on of
a | arge change h'% 95t '1! ed tr

rce a particular nsducer
may be i d%ﬂﬁiléntedh@wﬂusé&tdmﬁratwé densityeeétlmaterGSzﬁrchmra mdrerrmlewédnaiwer se

t d by th t t te diff
e ConBt od teee@@a&ﬂ%‘é@ﬁé@pé%g?h%ﬁ&%%5 rbedis biden Stefes Al mNoan e ror
of a ti ”Esdééjé %Buﬁ@rbirgfe@sln ngérﬁts*ewwmrgg7gaﬁa' %ars@feanseswﬁers

novi ng out s a range by a standa rror of estimte may be
used to deNloedi,Z% e&&mjAmna‘mblamet ahidsudaiMarch §5e19%)r ineotpovateddtyi on. FI G

o rbodi monteleEanGa aemiBaRe T PR oo R ey iR te pRe e ol el o
e.g.) a V%ﬁé%nt‘?ﬁvédtlﬁﬁ G’éﬁglt?r&ﬂﬁ%t6§mdﬁe?§eﬁ@ra&% @Fﬁﬁhgbﬁébaih@w@end:ﬁ

generated (Bl ock 2810). A correlation neasure, such as an intercept

par an@0er es@mﬁesm plateaf theesarventional iecaeney estimatesadiizedinthes det er mi ned
(Bl ock 282 %) Iemdst %’ﬂ? Is determ ned fromthe determ ned correlation
nmeasur e (§1 i E%'f P4 ‘G 29 illustrates exenpl ary operations 2900

according to otfhes. FrbmdsiEetexepiplaiestaictsestor .mmemémmg Yarast or of time

di fference esti mat es Xe |s enerated (Bl ock 2910) rela} I on asure,
such as arfompasnentpef lé/i'” bey appreciated thﬁﬁ'&%@?@d%’}é@ﬁw@ tgROdPr or of
estimate, C

nmeasur e ”edel'fasgeetsgfﬂey et e (':‘%’?t% g‘??‘g{n"fr 630 h?e{‘rﬂédé?rehﬁ%n&%étﬁh%’r edo

25 of FIG. 6, as well as the structures of FIGS. 7-9, may be implemented in a digital
domain, e.g., as executable modules, subroutines, objects and/or other types of
software and/or firmware running on a microprocessor, microcontroller, DSP or
other computing device. In such implementations, “signals,” such as the modal
motion signals 613, mode selective filtered motion signals 615 and phase estimates

30 633 may include vectors of digital signal values that are produced at calculation
intervals and upon which computations are performed to implement the functions
described. However, it will be appreciated that all or some of these signals may, in
general, be digital or analog, and that the operations performed thereon may be

performed by special-purpose digital hardware and/or analogous analog hardware.
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WO 02/ OG33-4 PCT/ US112/0 39(i5 transducer is identified (Blocks 2930,
2940). After identifying the failed transducer, appropriate elenents of the

augnent edg‘mfz%’d&)sz may be zeroed out, and the pseud0| nver seriiRhshveV My be
reconmputed for use in subsequent mass flow and ot her conputations (Bl ocks

2950, 2960, 2910 In this manner, input fromthe f7a| | ed 5 transducer may
be excl uded frbl JU'HB@@I%?V‘@%@H"Q’ 8l ehesegplmatan {0 according {9 ve action

my be ! agsRohpneds BFufe 8 GrRSEAR AIAARATERR B fasd LlrABIPDE indiide P! ary

oper at i ons accor £o e I ment s e present invention

il lustrat f@éqt!néhd?léﬁtm&ﬂormmmlt esiiraptespafrequdrary ofsa modetsetexndivé Blterdd 3010)
and) if a change in_the jntercept r ame edet er

eri %erl onmoﬁ'ﬂ@%ma@%&‘r%&%9'”1’1%4939%&9 ieqtlng 'ﬁﬁ[féfi% '%’(‘,tslgpéigfﬂfﬂer it uses

| ngeneraghg Maseq f I ﬁﬁ&uéﬁ&%tlﬁ%tgﬁtﬁ% é%%@ucé%%?équeﬁc\j%rstlﬁteﬁl/e ¢1‘|5chﬁnge

.criteria may bé used, suc riteri on nmaxi num déevi ati on of
i nt er cept wpmhasrapphed tooaqaadiatirei rafermmsgnamrmjetoajéQDahamﬂr@Tatehélrst

t t t det d t
Those. ski PROSeRad ieudarhe T Ci aBlerans HabebrZon 2eeh B g S n rmy be
| mpl ement getirafed TReJuePty @hh‘i‘ﬁat\/@fﬁn phasge hb@dr@tﬁ?@dﬁuﬂﬂﬁs@edﬁ%ﬁé)@rﬁbthéf ein.
For exanpl e, conputations described herein may be inplenented as seParate

conput at i She freauemyemnat@nﬁménay, fercexanenler berardigitliyimpiameniediadaptive hi eve

ipl eltent pefcfdtteh it i Saerdlit | SFORTREHEHEgUBRGY BatiBbte 1 o ARG s *those
skilled i Guéd}%ttﬂétref@rérhceaélgﬁaIQJENe%IbﬁVEO M@}ger@ré@mmudmamr@&ﬁéﬁence
i nvention may be enbodied within an apparatus such as Corjiolis nmass

f 1 ownet er $igpalsaR25e:7REE $1sig & Hwikdje Hungtiar, i ﬁéﬁaWrsﬁI@Ha'étﬁr}B?'aQQ&C”bﬁﬂe
present W@Hfté&’ 8 4]{5% ké:rﬁ’ @?g?%dgg@ INUrRb&PRS B4 %ﬁocé?\'?liléﬁ Wif-Afe OPer at e

I n associ ati on V\A ensor appar atus, such as in Pprocess

control apygitaSignal Processbr ﬁirs&grtws éppr BickeDfésion haVlb'ratmgptEelsmnt, filgdvent i on
may be embodied in an article of ngnuf ac{ﬁwe in the

o s Dase 28 1599 Beslanendn £ RBts o e i Seov BT And incgrRorAtsd
readabl e ﬁbﬂaﬁﬁﬁg r?ﬁ?éﬁﬂ@ |ﬁ‘i‘%'brﬁ|?et RRASEF Gt \MHSCL% abﬂr‘e%ﬁité’d ftht @tHgTUi t menory

devi ce, magneti bubbl e rre ry or the | uter program
code 30 nﬁgchlneqwsemttmhhg)gthard@ltpljam aoalogtsignal am093§mdes Riques tbrexecut ed

responsweto notion signals s lied fromnotion transdycers o tively
associ at e8e0rAENg pg\@ @?‘H dgqliﬁﬁe %%i%“ﬁ%ﬁt%‘ﬁis 5|Pay0{)ﬂél§e€g%ggnel%ﬁﬁ}

drawi ngs gReusRGFEStingatei 7, aﬁ&}&rmefqmerﬁ@@r&é@ﬁb@%@haﬂwzsﬁl7zsbeffezfrr ed
enbodi ments ‘of the invention and, although specific terns are enployed, 38

wo n22®-~0e3ampiETralber thapamrrerating therfeequengy estimalp Rd fromadnefescr i pt i ve
sense o0t RN bR PR T PR Ve s RS mabod 8Vent on
PCT/ US02/ @3dtld fsequaNEy\dstifddte, SuchAis\ire ¢rSnoile oftheanpde fieqaencygstinsatey:
645 produced by the mode frequency estimator 640 of FIG. 6.
The first and second phase reference signals 725a, 725b are applied to a
25  plurality of phase calculators 7304, 7302, . . . , 7304, respective ones of which
generate respective phase estimates 7354, 735,, . . ., 735, from respective ones of
the mode selective filtered motion signals 7014, 7012, . . ., 701,. Phase estimates
735,, . .., 735, are then normalized with respect to one of the phase estimates
phase estimates 7354 by a normalizer 740 to produce a plurality of normalized
30 phase estimates 745,, 745,, . . ., 745,. The normalized phase estimates 745,
745,, . .., 745, may then be used to estimate mass flow, as described above with
reference to FIG. 6.
Referring again to FIG. 6, the mode frequency estimator 640 may use

frequency estimation techniques similar to those described above with reference to
25



an apparatus ( 105 A-D) operative to produce a plurality of notion signals
(109) representing motion of a structure (100); 5 an apparatus (310) that

filters ty %(9 lydgahity of notion signals representing noti Q?"Tgfsoi/l?@()s
structure; oi an apparatus that generates a plurality of node selective

filtered rmtlon signals (315) such that the node selective filtered notion
si gnal s pF$.ef.chei exarppleefhedsegieneytdeaser naawaoap@uemqh fitefing taehiAYeS node

of the Stﬁ%%&eﬁflgifq éfor;m\%nﬁgﬁ&f EBH(?% l%ft?tgs@féi% I"CE{?&K S%F?pr?g 'b)@9 an

appar at us neratin from

the pl ;Jr abgﬂf33%®40r@ﬂitle]§eﬂ43lﬁtﬁ?a‘te D/Qltél@/gda/rﬁybcesswlfgm%sa/sjfﬁorﬂ Pigin®ffs
_apparatus o aim?2 urther conprij SI appar at us 330 for,.generatin
a mass fl Qﬂ/ae\éfp atingcCondish may he Ysed I Fﬁ"tf’fﬁ a%ﬁ&@é GRENRLE té'% The )

appar at us _ SEUTRS paratus (632) for geher ating
.a pl u?éal | _ 3&%'%@51%“5&%?@%&% est |drtr§rergsygr§%§?223) between the plurality of
nmode sel ect i veEkémbtrg dompliting opegatains;fordemadulatipgaanade gelsalive titered
generat i n a correl gt I.on mezﬂzsur of ti gEC8dl fference

Lrom(&he $I gfural i tgg;
esti mat es! Oé'ﬁ’ﬂ signaj 404+ ¥sing theshithegized aiadiatiedg % YaANE °9F"%) rass
flowneter %a%@sf n%ﬁr% t7D5a 9BPBY é‘r‘eQﬂuﬁFHté@ﬁrﬁFlG)rB MERE Hidle dedtiveTitered

appar at us o wherei n the apparat us enerating a pI urality of
phase est mmmeslgrm‘(ﬁ0|15ts$e@ar%tpkyanaltlpb€q BY@PCh @f etuig refeeensieur al i ty

of ph e est f h

ol ur aftc y SEnalfora d26B sSathing erdanar oLy gipenbatbighaisRoshiBosa, s of
Caiml, whesstdhgent éaléﬂaﬁfrm@&héﬁrcompﬂﬁe%ﬂu afdtangeritiof tiss texgapdnpri ses: 40
WO 02/113d ~)3a PCT/U S02/ 0391 a an apparatus (612) for applyi ng7a nodal

t][ansl‘jolr nﬁnaginachrhEO@TﬂlrS@Qnal%/B%bl Sada Qﬂf@ﬁ%iﬁsﬂ phassoesinaate B9l urality
of modal respo i qn
(614 or PRI SPa YAt By opianieft ahis e, BpnaRe fflerlbs 5t U5

nodal respefse a%;t];qmloﬁu foahe enetangenttdatcutator aﬂd)tsudhfthabntm -5e em:rhpuaerhhsl t er ed

notion signals The apparatus of Claim 2, wherein said apparatus for
gener 49 n@fH‘%lgﬁdﬁlﬁoﬁ%gg%é&a%‘w%@es conprises: 10 an apparatus (710)

for est t f
| mat i ngg?G ége se :ﬁ ef rﬂpﬁt eredﬁﬁﬁﬂt\qgtruéthf’@fo‘? ePBHtIRG cOrdetdd Of

the plurality on si an apparatus (720)
for gener m”meﬂ@uffqmd:eaésmmatés 638 aEDdrdﬂ'@tmI’Eiﬂbe(ﬂlmmef Ehegnasentbamlam t he

Phase. est AMEQaT PrRiAserRSRERtEE D28 IMPEhaRan e SoumREd je dedRe B ot on”
signal s andiitfaged ok fRSiehB; 828, prRFSEBRSheSoOMBIS frequencies associated with
20 adrive mode. The resulting vector of time differences 915 is then corrected by
| subtracting a corresponding vector of zero-flow reference time differences 631,
producing a vector of corrected time difference estimates 633. A similar correction
could alternatively be achieved by subtracting a vector of phase values associated
with zero flow from the phase estimates 7354, 735,,...,735, described above.
25 Spatial Integration of Time Difference Estimates
According to other aspects of the present invention, time differences
estimates, such as the corrected time difference estimates described above, may
be processed using a “spatial integration” procedure to produce a mass flow
estimate. According to various embodiments of the present invention described
30 below, numerous techniques may be used to determine a slope parameter that
relates time difference estimates associated with an unknown mass flow to
reference time differences associated with a known mass flow, including closed-
form pseudoinverse techniques and iterative techniques. This slope parameter

may be used to generate an estimate of the unknown mass flow.
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8. The apparatus of Claim?7, wherein said apparatus for generating the
plurality of phase estimates fromthe plurality of node selective filtered

moti on 2045 lggand the first and second reference signglg, xgamioses: an
appar at usw(%%‘%@ )fg’or mul ti plying a node selective filtered rmt[fsgn si gnal by

respective ones of the first and second reference signals to generat
respective reafs grscrinasynibe piarsmsatiened Ml’@tﬁgﬁéaf@ﬁ%aﬂ@n&éﬂém@g?% '@E

filtered gphionosiaaalio 4h ARy 48, 100RIAIS0K F1G) ihEifrbhEB Lhkgs on

ar ct angen a quottent of real and I magi hary conponent signals of the
nmode sel ekhdwre nfasistfiomel, matyi benidentified, and ayeurdmana maphfow easttherate. 9. The

_apparatus ,of claim2, f her .conpri.si ng..an_apparat 632) for 30

gener at i nge%fﬁear"mfmﬁ éﬂth{sl fﬁéeraf‘?? b?@r@g‘?@&gﬂﬁf:@gﬁp&ﬁ ﬁ%l plurality of
phase gst téméat'ow thaths RPPAbAbLSstthatel dina SiffefdHdeR SN, fBPBRUNRhHENanN
, apparatus (630) %or generating a mass flow estimate fromthe plurality of
time diff erasadlowesan basealed by a seate faoton & (hgginafteorferred 2 e8a1'sPPe1. The
apparatus _of d ai,m9 erein i r at i lurality of
rhe di f1eREREeEL pratbce e e B ek IR S HefL® Corpr i 2
an appar afeerhintOthefukngivi rlasofiéwethel kholn igsoflowlfise nastiplsatestiey a 5
node frequency to generate a plurality of tinme difference val ues

, s, 12. The
appar at us slopemasameter a. wHe eferesse dimegiferance vestorgbrandithenine dfiieienss ty of
time gifferen skl ngt fir Jurality of phase estimtes further
conpr esgﬁﬁné%p\gerciéﬁe '?‘%§5e0'§‘oatrlg§8§l ying a plurality of zero-flow

reference tine 10 differences to the plurality of tinme difference values to
generate the plurality of timeydifjerepce esti m@)es. 13. The apparatus of
Claim11l, wherein said apparatu$s for° node selective filtering conprises: 15
an apparatus (612) for applying a nodal transfornmation to the plurality of
nmotion si @e@r@ng@gg%qs@ﬂaﬂ&ﬁgwsﬁfa| motion signal in a nodal coordinate
domai 8 and an apparatus (640) for estimating the node frequency fromthe
nodal notion signal. 20 14. The apparatus of C aim 13) further conprising
an apparatus (650) for estimating depsi{h of material in the conduit from

the estimated node frequencyx 15 YThgr Rp Feus of3)daim9, further
conprising an apparatus for 25 estf rTFti hg a paraneter of a scaling function
that relates the plurality of ti d erence estimates to a plurality of
reference tine differences repr notion of the struct L{{ﬁﬁeunder a

senti
known per titepatheaugmentedyratri %ﬁgfrlﬂgggﬁ’ EC @g,th%. FERS . .
pert uﬁﬁat 'dﬁféréﬁg{?éﬁcg?rf WWith%oc&JmnT&%n%QP@q%fgg_én 03) b3 ind sbivedMaeltRd N sai d

apparatus tor e iny a pafameter conpris
scaling vector ¢ by premultiplying the time difference estimate vector X, by the

pseudo inverse W of the augmented matrix Z:

25 c=2"X,=WX,, (4)

where the matrix inverse operator (') is used to denote a pseudo inverse. Solving
for the vector ¢ and then multiplying F; by the slope parameter a of the vector ¢ can
30 vyield an estimate of mass flow.

FIGS. 10 and 11 are flowchart illustrations of exemplary operations for
generating a mass flow estimate from a plurality of time difference estimates
according to various embodiments of the present invention. Those skilled in the art
wilt understand that the operations of these flowchart illustrations may be can be

35 implemented using computer instructions. These instructions may be executed on
a computer or other data processing apparatus, such as the data processor 450 of
27



an apparatus for generating an augnented matrix including the plurality of
reference tine differences; and 42 WO 02/ U1693. 1 PCT/ USU2/ U39CS an

appar at uswiPg ks i pl ying the plurality of tine differencegaidsmdsgs by a
pseudoi nverse of the augnmented matrix to determ ne the paranmeter. 18. The

apparatus _of Caim 15, wherein said apparatus for estimti nﬁ a 5 paraneter
conpr i sesFlGet 40 Sfpase antanpparatys|(system) preratiyedp oedernithy iugheiedon. 19. The

appar at us | I ' r | j iy@ating a
ot anot or OBeraSbis cTAG poEAS AP IGraRAAY Bisioe Rojad &5 Gl rfaldse
esti mat i opragramenbdeson 4 @odfputdireadaiplermediamg for@xanplé San integrated cieduit

P baeast nEEIa o APt B Re oF e s Rich oatae o oRe
t t ' (H i IiyinBf
structgir ed?@ﬂ@%g?#ﬁrg gﬁ@g@ﬂ%@”@éﬁdr thelifudiFi&d 6b8ratt|Bﬁs,PthH:§L ?l,rd)\hdm@ _

. reference e apparatus of Cam whefein the
par anmet er mefansHer perfdriming theniustoated operationse Thwr corppater satiablg program

conprisin n a ratus (630), for generating a mass flow. estimate fromthe
Sl ope. par Coidk BRYAIRS bRexeRiRH dma sOmRs oo ths dRRBrosEiNg AP hle G o1
wher ein sghGs@hRadHdiatus 8 pbribfh ae&mﬁatbmﬁp@nsémwpme@@mbom@y,i ses an
apparatus for nultiplying the plurality of tinme difrerence estimtes by a

pseudoi nvEIGS. 9 andd 1Hupparti appasatup ésystemes commuteli Program esadycts aeder m ne

par amd or "OHEIE pariBr e ine APsFRRETh el HBbR 2 et o1 and fur t her

conpri sing an EERaIG{llustrates operations™ 00D far gEAtreiting teahuss flowrastinmate froer cept
parameter. 30 24. The apparatus of Caim 2 wherei n an apparatus for node

sel ect i veanectas X time giflecancecesignalas alangrthe aboverdesstibed fings aerordingr al i ty

of notion,sj r.alj 3 i \ i y
associ at e&g Wﬁhh%ﬂtgﬂ ﬁlﬁoﬁg'!réé,%fa'hgeﬁﬁ%ﬁéﬁgggﬁé‘ﬂg@%‘g?@@@?ﬁﬁ%@bm ning a
syst em st aiatfix Zangludinga vectappfaefdrencéd timeddifferamcas 1Yg assetiatedswitti aa not i on
transducer fromthe inter ceEt@nE)ar ameter. 43

25. The appawRAsSHiovErarRaTeNtad,PY RGOINBRIf PE;@A%)&O é;%ﬁﬁéﬁgﬁ@kf@ P 3?15
]?fteaHg;'cgshgedb?éﬁﬁﬁné’tfiorﬁoméeidg?ﬁeﬁtéd itrix 2 atd theSpdelaBInk B eanbliri@hadagode
be done on an intermittent basis, e.g., at calibration, to reduce computational
burdens. The vector of time difference estimates X, is multiplied by the
pseudoinverse matrix W, to produce a scaling vector ¢, including a slope parameter
20 aand an intercept parameter b (Block 1020). The slope parameter a is then
muitiplied by the known mass flow F, to produce a mass flow estimate (Block
1030). It will be appreciated that the mass flow estimate may be further processed,
for example, the mass flow estimate may be averaged with other mass flow
estimates determined over a time period to produce a filtered mass flow
25 measurement (Block 1040). The intercept parameter b may also be monitored, for
example, to detect system changes (Block 1050).
There are several advantages to monitoring the intercept parameter b of the
vector ¢, as will be discussed in detail below. However, it is not necessary to
calculate the intercept parameter b in order to generate a mass flow estimate.

30 Equation (2) can be rewritten as:

X,=Ya (5
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5 26. The apparatus of Claim1, further conprising: an apparatus (640) for
estimating a frequency of a first node selective filtered notion signal of
the pluraldymssiode selective filtered notion signals; @@q/l%ﬁz/@ﬁ?gﬂ at us

for generating a difference estimate froma second node selective filtered

motion signal of the plurality of node selective filtered nption 10 signals
and the edsingwodatercaniparameterp. Hauatigpda) maydeoviewediah Fvatgnetei n t he

appar at us_f [ i f T ' | : rat us
(750) 1 or M PEHaBe o thef e ARG oREialT iR ARl HENNR IR 2l <" pased
on the estdfemmhed timeedjtferstice va@atbray}, withmaut aicasurfitong fge pbase hagnalizatibher ence

! ; n d lective fil d noti i gnal .and th
Tirst - andCauRine) S ALY fagiae Siesiioa RalRpIYSHels ek TR FRISERCR af m
27, \r,]v(rjger jj eﬂ?ﬁer‘%ﬁ@@@%t}ﬂfxf e g&)iﬁgﬁ]g%}ﬂnﬁ%éﬂ,@Hafrﬁé}eP&ﬂLﬁétueﬁép eadifitam t he

node sel ective téred notion signal and th irst and second
r ef er enceif sil @fiesplasesrare awrmalizetbby thee tefefence pbase defarg determiratiansef mat e

fromthe second de selective fJiltered tion, signal and t i,[st._and
second r ef&r iR AMErgRCH §s,t"3ﬁt85£?' éltrpp%fﬁé?u%rth&s'oé)g Framey %qﬁ?@f"a‘{'?%r ence
estimate fd98Br hayPeagRqd25 estimte. 29. The apparatus of Caim28, wherein
the apparatus for generating a phase estinate fromthe second nobde
selective filtered notion signal and the first and second reference signals
conpriges: 30 an apparatus for pukty PKying t heiggecond node sel ective

filtered notion signal by the first “and second reference signals to

generate respective real and inmagi nary conponent signals_of the second node
sel ective filtEl@d wwt@\t%ioﬁﬁéﬁtg’“éﬂd%@ OPBQ&QFGE'BQPQL*W®@QW@ 2/ U3l | i ~

an appar awﬁoapaetS@h@llr@;tngn%fcﬁ@%?anaswr bgibcggrcﬂg@w 8ﬁ1tb08fm{:rﬂ§ ofgad and

| magi nary conponen second selective filtered notion
si gnal t opgeseet mventitre Alpseedemversat ¥, of Btorvofrefanentetimersifferences Yhe

t f daim], th th I Si ot t f i mat i
o s Bl eSS A R AT ™ 072, oy oy
of 0t i 0N g3ieifation %8 BSbYIngERSE 4y haf B dBhe W aif Mterdiilerkbasits exg.ep of

generating a plurality of node sel ective tered notion si

r epr esent ahgalitratiam tasetusieataraputational buirdens. | ieavectodef time difteremneaict ur e.

31. A nethod accogdi ng t.0,. im 30, furth i Sl . of

gener at i nSSféf"Bf%?g‘i Bt u'ﬁ‘?"‘%ﬂ@%@%@%ﬁ%@?ﬁ? g?nﬁﬁhg%é)‘%}ﬁ}"é?gt@&o node

sel ecti vephidrhéleed (BRocROM20). FheRMpe parameten@istbdnanaitipliicoy the Kicwm 31,
further conprisi ng the step of generating a s flow estimate fromthe

pl ur a0 t y mgssyfloas B tsprogtice 8. mass faw eAtimt%@inggiéaa?@_- rgwilbbepaprieciated
e e HARHS s ofy Sl Thay BERGHRL SBcBsdld TH diakndit, thé HRadd idr ence
estimate may be averaged with other mass flow estimates determined over a time
period to produce a filtered mass flow measurement (Block 1140).
FIGS. 12 and 13 graphically illustrate test results for a prototype Coriolis
25 mass flowmeter according to embodiments of the invention that indicate that
determination of the intercept parameter b is not needed to generate ‘mass flow
estimates. In particular, FIGS. 12 and 13 illustrates that mass flow estimates
generated over time intervals of interest (approximately 10 to approximately 30
seconds) using respective ones of the pseudoinverse methods described above
30 (i.e., with and without determination of the intercept parameter b, respectively )
show a similar degree of agreement with experimental mass flow rate

measurements for the time intervals obtained using other means.
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selective filtered notion signals; and generating a correlation neasure
fromthe plurality of tinme difference estimtes; and 25 determning a
status of ) fl ommeter systemfromthe generated cop ! qreasure.
34. A mtﬁgﬁag)gzg%?di ng to Caim31l, wherein said step of é)gg}elfsg%/?jr?g a
plurality of phase estimtes conprises the step of generating the plurality
of 30 phase esfreending togither empadiseente pbthenereseet inverkian, ariesaleveof t he
plurality, of e lecti fl i | of Claim
30) wher ef%“&ﬁ% @?gyg%o"fseéggISQ!\}ESTBE%@D%&@Q @a??@é%?‘ itﬁgsr&cdéﬁ{p\}%?%es t he
steps of : tgbhniqué¥@ddefibédeBovel R Brrdd eb0atidd39G5 appl yi ng a nodal
,transformation to the plurality of notion signals to generate a plurality
of nodal response signals in a nodal coordi nate domai n; and applying a node
sel ect§ve transformation td e X (kdHZs(fof l)pdal (Bsponse signals to

. generate the plurality of node selective filtered notion 5 signals. 36. A
nmet hod ac i : | erein said step of generating a plurality
of phase %ﬁﬁ%@%@tgeggn%’f%géngt% steps of: estimating a frequency of a node
selective filtered notion signal of the 10 plurality of node sel ective
filtered notion signals; generati ngzqgafir at U@«? first and second reference
signals based on the estinated freguency, and’generating the plurality of
phase185ti mates fromthe plurality of node selective filtered notion
signals an he, fd 1 st . f C ' ;

accordi ngCgBtb(?I daqﬁrﬂe 6,"a g’%g?%ﬁ?\‘%slgﬁg c§[1 g% %?édg%nrm(;rd;? Fé@tlﬁﬁéhéglrgg% I t;l;]eof
phase est icast fapclidrointd Belaelrad #vel ywith thaeogradseit gbieinvisy: f i | t ered noti on
signals and the first and second reference signals conprises the steps of:
mul tiplying a node selective filtered notion signal by respective ones of
the 20 first and second reference _@_{g_n_a}j toggenerate respective real and

i magi nary conponent signals of thegpode sélective filtered notion signal;
and esgimating an arctangent of a quotient of the real and imaginary

conponent §j Lva: f ki l I erate
a phase esstsri]%g g&%’é@&%@%d%@é?' |dﬁgé\§%ﬂ%é;mr#'§{%ﬁ¥ﬂptéﬁg%cgﬁ%i si ng
the step dfin@iones athi agtrestppua akiv gstinfate iofithalvédter efig és podiuned esinfrtben t he
plurality of phase estimates. 39. A nethod according to Caim38, further
conpri si ndofENg {RIBlIR: 30 generating a mass flow estimate fromthe
plurality of tinme difference estimates. 40. a nethod according to O aim 38,
Wnere'ba said step of generating a

c(k)=c(k—l)—yg—'£=c(k—1)+}/LZ, (10)

where the vector ¢(k-1) represents the result produced by the preceding k-1

25 iteration and y is an adaptive rate for the process. Computations may be repeatedly
performed until the cost function J is reduced to a predetermined level. y should be
greater than zero and less than 2 to ensure convergence. The value of y generally
impacts the rate of convergence and the sensitivity of the iterative process to noise.
Generally, the larger the value of v, the faster the process converges; however, a

30 large value for y may increase sensitivity to noise. An optimum value for y may be
determined experimentally, which a typically value being 0.1.

Equation (10) represents a Least Mean Square (LMS) approach to
parameter estimation. A potentially more robust Normalized Least Mean Square
(NLMS) version of this adaptive approach may also be used as follows:

35
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plurality of time difference estimates fromthe plurality of phase
estimates 46 V1' O 02/Aid 3~ PCT/US02/ (139CS conprises the step of

di vi di ng {leRlkys@l ity of phase estimates by a node frequegglshoBgnerate a
plurality of tinme difference values. 41. A nmethod according to C ai m 40,

wherein said step of generating a 5 plurality of tinme difference estimates
fromthe plurality of phase e@% i_ma(?‘eﬁ f urd’vdk) co I ses the step of
applying a plurality of zer oSG F &t é"r‘érbcﬂgwiiizne §fferences to the
plurality of time difference values to genelakte the plurality of tine
difference estimates. 10 42. A method according to C aim40, wherein said
, step of gehereating a plurality of tine difference estimates fromthe
plurality of phase estimates conpokges2corrd2)ing the plurality of phase
esti es using a plurality of zero flow phase val ues. 15 43. A nethod
.according to Caim40, wherein said step of node selective filtering

o on o e res earsriane s MhuidtioTedtf B, HebhoBr himncalbstaBlity.
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the copduit, fromthe,estinat node frequency.. 45. A nethod according to

d ai nf 8,V@'Ungrme&Pﬁﬁ%ﬁ’%ﬂegﬁﬁe‘gf’aSXB%'%R@'P mating a paranmeter of a
scaling functi ppgt hpfiusehel®petdtRria! 1408 ddcbrdihg td Bmbdidirhentenf eheepidsent es to
a plurality of reference tine differences representing notion of the

st r uct ur einvedtion,an kyhiolh aseating vestpoea is iyativelydetermingd aloaortbe fise ai m 45,

wherein the tur.bat i ' fl. . ' [

45, whr chreaad bl o eSer Rapr feidfontd esfimiiie BuchErabd BRcke 7' Y
V1' O 02/ (hhy1thy. 9B il Sdaliag O+ Sstiyaater efk) iByemerated tBluckd 428).r Theiimitaludi ng
the plurality of reference tinme differences; and nutJtigI_in the plurality
of tite dvalugrefkteayde, feitaxample 2658 &1 ddind estiaats ofiaha %@d&ﬁi%& matrix to

determ ne [ a2~ A8, o] ' | [ I d
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of conergence, as the previously estimated value for the scaling vector ¢ should
be close to the new value to be determined. An associated error L(k) and cost J(k)

20 are determined, e.g., using equations (7) and (8) (Block 1440). If the cost J(k) is
less than a predetermined value, indicating an acceptable accuracy of the scaling
vector estimate ¢(k), an estimate of mass flow may be generated (Blocks 1450,
1455) and a new vector of time difference estimates X, generated (Block 1410). If
not, an updated estimate of the scaling vector ¢(k) is generated using, for example,

25 equation (10) or equation (11) (Blocks 1460, 1470), and new error and cost function
values are computed (Blocks 1430, 1440).

Those skilled in the art will appreciate that operations other than those
described with reference to FIG. 14 may be used with the present invention. For
example, it will be appreciated that many of the computations may be combined or

30 varied. It will also be appreciated that there are many different iterative techniques
that can be used to solve equation (3) beyond the LMS and NLMS techniques
described above.

FIGS. 15-19 are flowchart illustrations of exemplary operations according to

various embodiments of the present invention. Those skilled in the art will
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10 estimating conprises the step of applying a Least Mean Square (LMS)
estimation procedure. 50. A nethod according to C aim45, wherein said step
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conpriges L e sl R &E@_ﬁhg@p’;‘ﬁg &té-gféﬁs&poﬁgggéﬂ%eg%ksggé er fromthe

I nt er cept “paraneter. acc urther conprising
esti mat i ngppacknsid yerfdrnaamatrgtert-implernbatest process. eA¢cardinghe FESSI #811€d node

f . 56. A nethod of claim30 said nethod i Si t f
est1mat | hURPATE BRREIRLSS (HStpreS), GormAblsE REco 3R POBUER T BETRETEN 1 onal o

the plural bHMrrﬁiﬁwg"fHQ%p%F‘ét%%iiIYLﬁstrfait%d $epsinnotion signals; and 10 generating

a difference estifmate froma second node selective filtered notion signal
of the plural i Agcofdinptieembbdirtents of thet presentiovéntiorsillgsteated by dFIGhdS,

ti df | .. 57. A .hod di to Claim5 ' id st
oF yoRky S OPREAlENEa0PPEaaNTENRS PhASE BS(TAfks Seoctidl Biin B e ne o The”
quadr at ur @yfibipé iieSPoaBdelehioe @iﬂéﬁh@h%@’aﬁty%%i&ﬂsiéﬁ@ls@éﬁﬂeﬁéh@‘é{;

frequency; and generating a difference estimate fromthe second no
sel ect i ve matlaneafdtie struciame &0 gaagratand cofrespending ahuakly ©b mpdecsaledtivee

oLoneL e o e BugE BB el BB RERs BN B R BoB R, o,
noti on si gmale aith refrence to FIG. 6. (Block 1510). A plurality of phase estimates is then
20 generated from the plurality of mode selective filtered motion signals (Block 1520).
In exemplary mass flow estimation operations 1600 according to
embodiments of the present invention illustrated in FIG. 186, a plurality of motion
signals representing motion of a conduit are mode selective filtered to produce a
plurality of mode selective filtered motion signals (Block 1610). A plurality of phase
25 estimates is then generated from the plurality of mode selective filtered motion
signals (Block 1620), and is used to generate a mass flow estimate (Block 1630).
In exemplary difference estimation operations 1700 according to other
embodiments of the present invention illustrated in FIG. 17, a plurality of motion
signals representing motion of a structure are mode selective filtered to produce a
30 plurality of mode selective filtered motion signals (Block 1710). A frequency of a
first mode selective filtered motion signal is determined using, for example, the
adaptive notch filtering operations described above with reference to FIG. 7 (Block
1720). A difference estimate, e.g., a phase difference estimate and/or a time

difference estimate, is then determined from a second mode selective filtered
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computation of mass flow.
In embodiments of the present invention, a coefficient of correlation r may

generated from the predicted vector of time differences Xesr and used to detect
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FIG. 23 illustrates how such a correlation coefficient may be used, in

particular, in detecting transducer failure. Mass flow is estimated over a first time
period of 0 to 15 seconds using vectors X, of time difference estimates generated
from motion signals produced by transducers #1-#5. Subsequently produced

15  vectors X, of time difference estimates are then perturbed by zeroing out motion
signal values corresponding to one motion transducer (#2) from 15 to 30 seconds,
simulating failure of that transducer for that time period. Vectors X, of time
difference estimates are again perturbed from 45 to 60 seconds by doubling the
motion signal value associated with the #2 transducer, simulating a gain change in

20 the transducer or a "noisy" transducer signal. As seen in FIG. 23, the mass flow
estimate is reduced approximately 20 Ibm/min low when the #2 transducer input is
zeroed and increased approximately 15 Ibm/min with the motion signal input
doubled.

With standard flow measurement techniques, it may be difficult to tell

25 whether such changes are attributable to actual mass flow changes or
measurement failures. However, in a manner similar to that described above with
reference to the intercept parameter, the correlation coefficient r may be used to
detect such system changes. As shown in FIG. 24, which illustrates behavior of the
correlation coefficient r over the same time interval as FIG. 23, the correlation

30 coefficient r may show a relatively large change in value with a failed (zeroed) or

noisy motion signal.
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YYYdEuV7 Other properties of the efror of estimate measure can be exploited to
determine the source of a failure, such as the identity of a particular failed
15 transducer. The standard error of estimate may be viewed as being analogous to
the standard deviation of a data set, i.e., one can expect that 99.7% of the time, the
error of estimate for a time difference estimate will be within three times the
standard error estimate s, of the predicted vector of time differences Xes:.
Accordingly, the respective errors of estimate for respective time difference
20 estimates associated with respective transducers can be checked to see if they are
within a predetermined multiple (e.g., within three times) of the standard error of the

estimate. Such a test may be expressed as the following inequality:

Xy —Kxs, <X, <X, +K*s, (17)
25
which can be rearranged to give:
-Kxs, <X, - X, S+Kxs,, (18)
30

To identify a failed transducer, for example, the criterion of equations (17 )
and (18) can be applied to each component of each generated vector of time
difference estimates. An error (X,-Xes) Of @ particular time difference estimate X,
associated with a failed transducer will typically be many times the standard error of

35 estimate. This is illustrated in FIG. 26, which shows error (X, —X.s) for a failed
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109Z& () - & 10%;3;5 alpo PepEIIhEITRLY trl@cmmgzm&n@s flow rate for a failed
transducer once it has been identified. For example, the augmented matrix Z may

be reformulated by deleting the row associated with the failed transducer. A new
pseudoinverse matrix W may then be formed by inverting the reformulated

10 augmented matrix Z. Mass flow rate may then be estimated premultiplying a
reduced dimension vector of time difference estimates X, in which the row
associated with the failed transducer by the new pseudoinverse matrix W is zeroed
out. FIG. 27 illustrates such correction of a mass flow rate estimate.

According to embodiments of the present invention, a flowmeter apparatus

15  may monitor an intercept parameter, correlation coefficient, standard error of
estimate or other correlation measure to detect system status. For example, upon
detection of a large change in the intercept parameter, a particular failed transducer
may be identified and the modal selective filter and/or the pseudoinverse matrix
used by the apparatus to generate difference estimates may be recomputed to

20 compensate for the failed transducer. Similarly, an error of a time difference
estimate associated with a particular transducers moving outside of a range defined
by a standard error of estimate may be used to detect transducer failure, and thus
trigger corrective action.

FIG. 28 illustrates operations 2800 for detecting system status according to

25 embodiments of the present invention. A plurality of difference estimates, e.g., a
vector of time difference estimates X, as described above, is generated (Block
2810). A correlation measure, such as an intercept parameter, a correlation
coefficient or an error of estimate is determined (Block 2820). System status is
determined from the determined correlation measure (Block 2830).

30 FIG. 29 illustrates exemplary operations 2900 according to other
embodiments of the present invention. A vector of time difference estimates X, is
generated (Block 2910). A correlation measure, such as an intercept parameter, a
correlation coefficient or an error of estimate, is determined (Block 2920). If a

change in the correlation measure meets a predetermined criterion, a failed
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example in exemplary operations 3000 according to embodiments of the present

invention illustrated in FIG. 30, an intercept parameter is monitored (Block 3010)

and, if a change in the intercept parameter meets a predetermined criterion, the

10  apparatus may recompute the mode selective filter it uses in generating mass flow
estimates (Blocks 3020, 3030). A variety of change criteria may be used, such as
criteria based on maximum deviation of the intercept parameter from an initial
value, average deviation of the intercept parameter over a predetermined time
interval, and the like.

15 Those skilled in the art will appreciate that the present invention may be
implemented a number of other ways than the embodiments described herein. For
example, computations described herein may be implemented as separate
computations, or may be combined into one or more computations that achieve
equivalent results. The functions described herein may, in general, be

20 implemented using digital and/or analog signal processing techniques. Those
skilled in the art will also appreciate that, although the present invention may be
embodied within an apparatus such as a Coriolis mass flowmeter, or as methods
which may be performed by such apparatus, the present invention may also be
embodied in a apparatus configured to operate in association with a flowmeter or

25 sensor apparatus, such as in process control apparatus. It will also be appreciated
that the present invention may be embodied in an article of manufacture in the form
of computer-readable instructions or program code embodied in a computer
readable storage medium such as a magnetic disk, integrated circuit memory
device, magnetic tape, bubble memory or the like. Such computer program code

30 may be executed by a computer or other data processor and executed responsive

to motion signals supplied from motion transducers operatively associated with a

structure, such as a conduit or other vessel.

In the drawings and specification, there have been disclosed typical

preferred embodiments of the invention and, although specific terms are employed,
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. represent motion associated with a vibrational mode of the structure.
10
2. The apparatus of Claim 1, further comprising an apparatus (320) for
generating a plurality of phase estimates (325) from the plurality of mode selective

filtered motion signals.

15 3. The apparatus of Claim 2, further comprising an apparatus (330) for
generating a mass flow estimate (335) from the plurality of phase estimates.

4, The apparatus of Claim 1, further comprising:
an apparatus (632) for generating a plurality of time difference estimates
20 (633) between the plurality of mode selective filtered motion signals; and
an apparatus (634) for generating a correlation measure from the plurality of
time difference estimates; and
an apparatus (450) for determining a status of a mass flowmeter system
from the generated correlation measure.

25
5. The apparatus of Claim 2, wherein the apparatus for generatinga
plurality of phase estimates comprises an apparatus (620) for generating the
plurality of phase estimates using a phase reference derived from one of the
plurality of mode selective filtered motion signals.

30

6. The apparatus of Claim 1, wherein said apparatus for mode selective

filtering comprises:
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7. The apparatus of Claim 2, wherein said apparatus for generating a
plurality of phase estimates comprises:
10 an apparatus (710) for estimating a frequency of a mode selective filtered
motion signal of the plurality of mode selective filtered motion signals;
an apparatus (720) for generating quadrature first and second reference
signals based on the estimated frequency; and
an apparatus (740) for generating the plurality of phase estimates from the
15  plurality of mode selective filtered motion signals and the first and second reference

signals.

8. The apparatus of Claim 7, wherein said apparatus for generating the
plurality of phase estimates from the plurality of mode selective filtered motion
20 signals and the first and second reference signals comprises:
an apparatus (725) for multiplying a mode selective filtered motion signal by
respective ones of the first and second reference signals to generate respective
real and imaginary component signals of the mode selective filtered motion signal;
and
25 an apparatus (810) for estimating an arctangent of a quotient of the real and
imaginary component signals of the mode selective filtered motion signal to

generate a phase estimate.

9. The apparatus of Claim 2, further comprising an apparatus (632) for
30 generating a plurality of time difference estimates from the plurality of phase

estimates.

10.  The apparatus of Claim 9, further comprising an apparatus (630) for

generating a mass flow estimate from the plurality of time difference estimates.
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#10%n& () - 3! 12. The apparatus of Claim 11, wherein said apparatus for generating a

plurality of time difference estimates from the plurality of phase estimates further
comprises an apparatus (632) for applying a plurality of zero-flow reference time
10 differences to the plurality of time difference values to generate the plurality of time

difference estimates.

13.  The apparatus of Claim 11, wherein said apparatus for mode
selective filtering comprises:

15 an apparatus (612) for applying a modal transformation to the
plurality of motion signals to generate a modal motion signal in a modal
coordinate domain, and

an apparatus (640) for estimating the mode frequency from the modal
motion signal. '

20
14.  The apparatus of Claim 13, further comprising an apparatus (650) for

estimating density of material in the conduit from the estimated mode frequency.

15.  The apparatus of Claim 9, further comprising an apparatus for
25 estimating a parameter of a scaling function that relates the plurality of time
difference estimates to a plurality of reference time differences representing motion

of the structure under a known perturbation.

16. The apparatus of Claim 15, wherein the perturbation is mass flow.
30

17. The apparatus of Claim 15, wherein said apparatus for estimating a

parameter comprises:

an apparatus for generating an augmented matrix including the plurality of

reference time differences; and
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10
20. The apparatus of Claim 15, wherein said apparatus for estimating a
parameter is preceded by the apparatus for processing a plurality of motion signals
representing motion of the structure under the known perturbation to generate the
plurality of reference time differences.
15
21. The apparatus of Claim 16, wherein the parameter of the scaling
function is a slope parameter and further comprising an apparatus (630) for
generating a mass flow estimate from the slope parameter and the known mass
flow.
20
22. The apparatus of Claim 21, wherein said apparatus (634) for
estimating a slope parameter comprises an apparatus for multiplying the plurality of
time difference estimates by a pseudoinverse of the plurality of reference time
differences to determine the slope parameter.
25 |
23. The apparatus of Claim 15, wherein the parameter of the scaling
function is an intercept parameter and further comprising an apparatus for
determining a system status from the intercept parameter.
- 30 24.  The apparatus of Claim 23, wherein an apparatus for mode selective

filtering is preceded by an apparatus for receiving the plurality of motion signals
from a plurality of motion transducers operatively associated with the structure, and
wherein said apparatus for determining a system status comprises an apparatus for

determining a status of a motion transducer from the intercept parameter.
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an apparatus (720) for generating quadrature first and second reference
15  signals based on the estimated frequency; and
an apparatus for generating a difference estimate from the second mode
selective filtered motion signal and the first and second reference signals.

28. The apparatus according to Claim 27, wherein the apparatus for
20 generating a difference estimate from the second mode selective filtered motion
signal and the first and second reference signals comprises:
an apparatus for generating a phase estimate from the second mode
selective filtered motion signal and the first and second reference signals; and
an apparatus for generating a time difference estimate from the phase

25 estimate.

29. The apparatus of Claim 28, wherein the apparatus for generating a
phase estimate from the second mode selective filtered motion signal and the first
and second reference signals comprises:

30 an apparatus for muitiplying the second mode selective filtered motion signal
by the first and second reference signals to generate respective real and imaginary

component signals of the second mode selective filtered motion signal; and
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15  motion signals.

32. A method according to Claim 31, further comprising the step of

generating a mass flow estimate from the plurality of phase estimates.

20 33. A method according to Claim 31, further comprising the steps of:
generating a plurality of time difference estimates from the plurality of mode
selective filtered motion signals; and
generating a correlation measure from the plurality of time difference
estimates; and
25 determining a status of the mass flowmeter system from the generated

correlation measure.

34. A method according to Claim 31, wherein said step of generating a
plurality of phase estimates comprises the step of generating the plurality of
30 phase estimates using a phase reference derived from one of the plurality of

mode selective filtered motion signals.

35. A method of Claim 30, wherein said step of applying a mode selective

filter comprises the steps of:
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generating quadrature first and second reference signals based on the
estimated frequency; and
generating the plurality of phase estimates from the plurality of mode
selective filtered motion signals and the first and second reference signals.
15
37. A method according to claim 36, wherein said step of generating the
- plurality of phase estimates from the plurality of mode selective filtered motion
signals and the first and second reference signals comprises the steps of:
multiplying a mode selective filtered motion signal by respective ones of the
20 first and second reference signals to generate respective real and imaginary
component signals of the mode selective filtered motion signal; and
estimating an arctangent of a quotient of the real and imaginary component

signals of the mode selective filtered motion signal to generate a phase estimate.

25 38. A method according to Claim 31, further comprising the step of
generating a plurality of time difference estimates from the plurality of phase

estimates.

39. A method according to Claim 38, further comprising the step of
30 generating a mass flow estimate from the plurality of time difference estimates.

40. amethod according to Claim 38, wherein said step of generating a

plurality of time difference estimates from the plurality of phase estimates
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comprises correcting the plurality of phase estimates using a plurality of zero flow

phase values.

15 43. A method according to Claim 40, wherein said step of mode selective
filtering comprises the step of applying a modal transformation to the plurality of
motion signals to generate a modal motion signal in a modal coordinate domain,
and wherein the method further comprises the step of estimating the mode
frequency from the modal motion signal.

20

44. A method according to Claim 43, further comprising the step of
estimating density of material in the conduit from the estimated mode frequency.

45. A method according to Claim 38, further comprising the step of
25 estimating a parameter of a scaling function that relates the plurality of time
difference estimates to a plurality of reference time differences representing motion

of the structure under a known perturbation.

46. A method according to Claim 45, wherein the perturbation is mass
30 flow.

47. A method according to Claim 45, wherein said step of estimating a
parameter comprises the steps of:
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48. A method according to Claim 45, wherein said step of estimating a

parameter comprises the step of iteratively estimating the scaling function.

49. A method according to Claim 48, wherein said step of iteratively
10  estimating comprises the step of applying a Least Mean Square (LMS) estimation

procedure.

50. A method according to Claim 45, wherein said step of estimating a
parameter is preceded by the step of pracessing a plurality of motion signals
15  representing motion of the structure under the known perturbation to generate the

plurality of reference time differences.

51. A method according to Claim 46, wherein the parameter of the scaling
function is a slope parameter and further comprising the step of generating a mass
20 flow estimate from the slope parameter and the known mass flow.

52. A method according to Claim 51, wherein said step of estimating a
slope parameter comprises the step of multiplying the plurality of time difference
estimates by a pseudoinverse of the plurality of reference time differences to

25 determine the slope parameter.

53. A method according to Claim 45, wherein the parameter of the scaling
function is an intercept parameter and further comprising the step of determining a
system status from the intercept parameter.
30
54. A method according to Claim 53, wherein said step of mode selective
filtering is preceded by the step of receiving the plurality of motion signals from a
plurality of motion transducers operatively associated with the structure , and
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56. A method of claim 30, said method comprising the steps of :
estimating a frequency of a first mode selective filtered motion signal of the
plurality of mode selective filtered motion signals; and
10 generating a difference estimate from a second mode selective filtered
motion signal of the plurality of mode selective filtered motion signals and the

estimated frequency.

57. A method according to Claim 56, wherein said step of generating a
15 difference estimate comprises the steps of:
generating quadrature first and second reference signals based on the
estimated frequency; and
generating a difference estimate from the second mode selective filtered
motion signal and the first and second reference signals.
20
58. A method according to Claim 57, wherein said step of generating a
difference estimate from the second mode selective filtered motion signal and the
first and second reference signals comprises the steps of:
generating a phase estimate from the second mode selective filtered motion
25 signal and the first and second reference signals; and
generating a time difference estimate from the phase estimate.

59. A method according to Claim 58, wherein said step of generating a
phase estimate from the second mode selective filtered motion signal and the first
30 and second reference signals comprises the steps of:
multiplying the second mode selective filtered motion signal by the first and
second reference signals to generate respective real and imaginary component
signals of the second mode selective filtered motion signal; and
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