19/ 07/ 2005 MASS FLOW MEASUREMENT METHODS AND APPARATUS USI NG MODE
SELECTI VE FILTERING Field of the Invention 5 The present inventiongghdke§os
to sensors and rel ated nethods, and nore particularly, to nmass flow

measur enent net hods and appar atus. Background of the Invention Many sensor
applications involve the detection of nmechanical vibration or other

noti on. Exanplpgasefreew MEASIREMENT MEBYCDSMNIPAPFARATUSWWISINGUde 10

Coriolis mass flowneters andphBESEPBECTHYE HETERIQEEt ers. These devi ces
typically include a conduit or other vessel that is periodically driven,

I.e., vibrated. Properties such as mass flow, density and the |ike
associated with a material cont dfiedd of the hevemtboiui t or vessel may be

deternm ned by processing signals fromnotion tr gjdu ers ggsi t ifgned on the
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structure and the naterial datlegroachd bétkee inveltiomi cal Coriolis nass

fl owmeter includes one or npre conduits that aﬁg ?onn%ct edii r?jliﬁe in a
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a set of natural 'vibrati'onal nodes including, for exanple, sinple bending,
t or sitonal Corisliatinaks dodnostard and wibdating lubeadeysiforedteGor Théeses davices typoally
measurenent application, a condyit i.s excite t. resonange | e of.its
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ot i on Pfsﬁdﬁea{&%gg'ﬂbw. %Jeﬁgﬁfgﬁgﬂihé‘iiké%saebiaie% #It9 ROmbhgiat eBAtided in the
Excitation 1s typically provided by an actuator, e.g., an

el ect r onemirahitcalvedssl may beuddteaminedviny pooessingtsigreals fiomemotioat per t-ur bs
the conduit Jn a perjodi¢ fashion, Exenplary Coriqlis.nmss flo ers are
descri bedr@nsdycess g@%ﬁ"é’fﬁ&%é.e ﬁ?ﬁ@?@?ﬁp ?%U%err ﬁ,sc{b,elﬂ,a@%%altrg\ggﬁ% Oh et
al ., 4and cy e L QNg Y. rgé% : f higed eddd, onal
Cori g) S tﬁgsvé % Vlﬁma?grr'asﬁrﬂr{%? S)ggg'ﬁ conp@oﬁesée%@%g&%grfﬁ?%gg{ﬁ't?gs and
asymmet r istiéfnkess thed daoming chatadteristios, ofrtbe icontaining Kiomg ult o ivesset streature
forces, such as forces generated by punps and conpressors that are

at tached &¢ i@ﬁéﬂ@ﬁ%\@ﬁ@?rﬁﬁ'sne& #efdti on arising frompressure forces exerted

by the materi o yhi AMCMioliE G RHeté ONBRIIBE oPRHihbre dhied it 1Rt aref

connected inline in a pipeline or other transport system and convey material, e.g.,

20 fluids, slurries and the like, in the system. Each conduit may be viewed as having a
set of natural vibf;ational modes including, for example, simple bending, torsional,
radial and coupled modes. in a typical Coriolis mass flow measurement

) application, a conduit is excited at resonance in one of its natural vibrational modes
| as a material flows through the conduit, and motion of the conduit is measured at

25  points along the conduit. Excitation is typically provided by an actuator, e.g., an
electromechanical device, such as a voice coil-type driver, that perturbs the conduit
in a periodic fashion. Exemplary Coriolis mass flowmeters are described in U.S.
Patent Nos. 4,109,524 to Smith, 4,491,025 to Smith et al., and Re. 31,450 to Smith.

Unfortunately, the accuracy of conventional Coriolis mass flowmeters may

30 be compromised by nonlinearities and asymmetries in the conduit structure, motion
arising from extraneous forces, such as forces generated by pumps and
compressors that are attached to the flowmeter, and motion ansing from pressure

forces exerted by the material flowing through the flowmeter conduit. The effects of

these forces are commonly reduced for by using flowmeter designs that are
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these forces are commonly reduced for by using flowreter designs that are 1 .
197 07/ 2005 bal anced to reduce effects attributable to external vibi@tpppaoos
and by using frequency domain filters, e.g., bandpass filters designed to
filter out conponents of the notion signals away fromthe excitation
frequency. However, nechanical filtering approaches are often limted by
mechani cal considerations, e.g., material 5 limtations, nounting
constraints, weight limtations, size limtations and the Iike, and
frequency daRdRditt!haLb8®iRYs BRhbigbies exenadl vilmatiehnand hyartisg frequency

vi brational contributions near the excitation frequency. PCT %ggjbcatlon

WO 00/ 4937 dodiain filess cag.s pandeass lilges desinpddo Alpr eeh%éwsa?a dpemoten

fl i ng_f fi i ng.. ' . 1 L 10
o on o1 ir ot apAkdi the SRAGT FRALBHER R rEEhpRIEP rheidd P
representi ﬂﬁﬂgii—ﬁ;‘h@g #h ditdehefNkdaenesREnical thesidetationsnald. omatdrialhe

process paraheter. PCT publication WO 00104345 utilizes a. real nornmgl nodal
resol vei ttimiteﬁmhsmﬂeuaﬁm coastrapids anewst !fﬁﬂfﬁéoﬂéélzﬁsmnoﬁﬁ@&lf@@ﬁq%er

is used to, term he... & | ihrati
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conponent . fosegrabinfoigrt are useddndne seiereypalion of e PIRcesS RAAMERodi nent of

the Invention BRSSplbRY dﬁg\ﬁéy%gﬁdﬁ{s‘ﬁimié&&r H#hial nfoddiresaiveidy nmode

selective filte gap notion signals representing notion of
the condui ¢stirmagen prodassapptamalart Whef rembderssl modal resoivanisisediot i on

signal s such that the-npde selective filtered notion_signals,. .
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conduiste. A?Ole ality cif phase estimates |s generated fromthe plurality
of nodeé selective filtered 30 notion signals. A mass flow estimate_ i s |, .
generated from PHd plibiicition WD 0preR%23 describes a method and apparatus in which a

process parameter associated with a material contained in a conduit is estimated
hy ustimating a real narmal modal residual flexibility companent associated with a
real normal mode of molion of the conduil. A plurality of motion signals representing
26 miotion of the conduit is received. A residuai-ﬁexibility¢ompensated astimate of
mass llow is generaled from the reccived plurality of motion signals and the
catimated real normal modal residual flexibility companent.
Summary of the Invention
_ According to a preferred embadiment of the invention, mass flow of a
25  maleral in a conduit is estimated by mode selective ﬁltering a plurality of motion

signals representing motion of the conduit lo generate a plurality of mode selective

fiitered molion signals such that the inade selective filtered motion signals

praferentially represent motion associated with a vibrational mode of the conduit. A N

pluralily of phnse astimates Is generated from the plurality of mode selective fitered
30 molion signals. A mass flow estimate is generated from _the plurality of phase '

ostimales. Tha pluralily of phase ostimates may be estimated using a phase

referenca derived from one of tha plurality of mode selective filtered motion signals.

| in some crabadiments of the invention, a modal fransformation is applied to

the plucality of inolion signals 1o generate a plurality of modal response signals in &



estimates. T ho plurality of phase estinates may be estimated using a phase-
:reference derived fromone of the plurality of made selective filtegegz/2005
notion signals. In some enbodi nents of the invention, a nodal )
transformation is applied to Lila plurality of notion signals to generate
a plurality of nodal response signals in a 2 19/07/2005 | nodal coordinate
domai n. A node selective transformation is applied to the plurality of
nmodal response signals to generate the plurality of . : i
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10 mass flow. A mass flow estimate nay be estinmated fromthe estinmated
slope parameter and the known mass flow. In sonme enbodi ments of tiw/47/2005
i nvention, an augnented matrix including the plurality of reference
differences is generated. The plurality of difference estimates s’

mul tiplied by a pseudoi nverse of the augnented matrix to determ ne the

sl ope 15 r ter. In_other enbodine , I i Lf:
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esti mat es. e sigha processing Circult nmay generate the plurality of

phase estgamneterufidthecknvas maskdiosr.ence derived fromone of the plurality
of node selective filtered notion signals. According,to sti.l 'Igﬁbgiﬁe

enbodi ment s ofin SRENG aMbedimantsAf the FeRfiga. pALgmENtEd BEHERINC

luralit - [ ' Y, ' ' ; it,
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procedure. '

20 ' According to other aspects of the invention, an apparatus includes a conduit
configured to contain a material. A plurality of motion transducers is operatively
associated with the conduit and operative to produce a plurality of motion signals
representing motion of the conduit. A signal processing circuit receives the plurality
of motion signals and mode selective fiiters the plufality of motion signals to '

25 generate a plurality of mode selective filtered motion signals such that the mode
selective filtered motion signals preferentially represent motion associated with a
vibrational :110de of the conduit. The signal processing circuit generates a plurality
of phase estimates from the plurality of mode selective fiitered motion signals, and
generates a mass flow estimate from the plurality of phase estimates. The signal

30 processing circuit may generate the plurality of phase estimates using a phase
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



flow estimate fromthe estimated sl ope paraneter and the known nmass fl ow.
The si.gnal. processing circuit nmay generate an augnented matri x |16} 6Hl) 51805
the plurality of reference differences, and nmay nmultiply the plurality of
difference estimates by a 10 psetidoinverse of the augnmented nmatrix to
determ ne the slope paraneter. Alternatively, the signal processing circuit
may multiply the plurality of difference estimtes by a pseudoi nverse of

the.reference tigre.differences.to determ ne the t .(Lh
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t he pl ural fitnectiofr. node- sel ective filtered notion signals. Preferably the

apparatus for node selective filtering conprises an apparatus



for applying a nodal transformation to the plurality of potion signals to
generate a  plurality of nodal response signals in a nodal™ coordi npd g7/2005
dormai n; and an 20 apparatus for applying a node selective transformation to
t he plurallty of nodal response signals to generate the plurality of node
selective filtered notion signals. Preferably the apparatus for generating
a plurality of phase estimates conprises an apparatus for estinating a

frequency of a node selective filtered tion sSi naI of th |Jt
mode sel ﬁct.ve Rapsaeaptiers pgaror tia el an Sophubiiinslng 4

quadrat ur e 5&&11?8&?&@9{}%#5&&%8%%h%%'c&r@%?ﬁﬁc@&e&% @Sﬁrbﬂﬁb@@

frequency arat or generating t plurality of phase -
esti mates ;Blnamly loé npdtiorasighylsok precktingl reotion ef the stenetdrepan @@per@tnalﬂsatand

the first and second reference signals. Preferabl tus f
gener at i ngf ite the @!'aﬁif&YyOfd?*Ob%%?fb"h I"?fﬁ?e%nti"?sbmo%’@ ‘{]ﬁg pﬁ \mh Ak farfmde

el oot Bve AMA A IR AR SEMRL Al of fRydd eboandiraeend | 1 of or ence
signal S conprises an ppara us plying a node selective filtered
notion signal by respective ones of the first and second reference signals
to- generate respective real and i magi nary conponent signals of the node
selective filtered notion signal; and an apparatus for estimting an
arctangent of a quotient 6 19/07/2005 of the real and imagi nary component
signals of the node selective filtered notion signal to generate a phase
estimate. Preferably the apparatus further conprising an apparatus for
generating a plurality of tinme difference estimates fromthe plurality of
phase estimates. 5 Preferably the apparatus further conprising an apparatus
for generating a mass flow estimate fromthe plurality of tinme difference
estimates. Preferably the apparatus for generating a plurality of tine
difference estimates fromthe plurality of phase estimtes conprises an
apparatus for dividing the plurality of phase estinates by a node
frequency to generate a plurality of time 10 difference values. Preferably
the apparatus for generating a plurality of tinme difference estimtes. from
the plurality of phase estimtes further conprises an apparatus for
applying a plurality of zero-flow reference tine differences to the
plurality of tinme difference values to generate the plurality of time

di fference estimates.
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15 Preferably the apparatus for node selective filtering conprises an
apparatus for applying a nodal transformation to the plurality ofy4p§tppoos
signals to generate a nodal notion signal in a nodal coordi nate donai n,

and an apparatus for estimating the node frequency fromthe nodal notion
signal. Preferably the apparatus further conprising an apparatus for

estimatin , d it f erial, in,the ndutt from.the estimted node
T ehuoncyhotBR GRS iR mdBle hBue dhedif SO hdibRTidAls ErolePReElly (or
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t he apparatus Tor estimati ng a parameter conprises ah apparatus Tor
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di fferences; and an apparatus for nultiplying the plurality of tine
difference es f@?ﬁf@yﬁeﬁ aPPaELeD futharcomprising an aprertys fangensrating a
determn SBhSle =Volol s for estimating a
paramnet e?n%?)ﬁgre?a;es tﬁlree fg@@&ﬁ%ﬁl@{@@r%éﬁ\% y e@?ttr’}g’ti ng the scaling
function. Prefleredétaply the appaatdsifurther dohgrraing eh apeatatoafomgereratingaet er
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representing notion’ o own perturbation to
gener at e plimalify ofrtithe tdjfference festienatest amkan dipbbeates éarsdetsrrRingrigea abdtys bha

paraneter_of the scaling function is a slope paraneter and further
conpri si ﬁ@a%Fnh%‘ﬁB‘fﬁ%‘i %ﬂ?@r#ﬂ@ﬁgﬁﬁqqﬂat&dr&ﬁ??%ﬂ’@%P%t e from the sl ope
paranet er and F‘r@f‘erhﬁ%\‘he r&i&%rgéﬁfe%t El pFJF@ithPghééé’%sﬁﬁu%r@sﬁ' mating
a sl ope paraneter conpris an apparatus for multiplying the plurality of
tinme di f corprisesest appamdubiorager@rptimgitie pluealdy obphaseeglimatdsi usingh

B L BR85S e A ol Bl SRR Bharbl S Y
signals.
Preferably the apparatus for mode selective filtering comprises an apparatus
for applying a modal transformation to the plurality of motion signals to generate a
plurality of modal response signals in a modal coordinate domain; and an
20  apparatus for applying a mode selective transformation to the plurality of modal
response signals to generate the plurality of mode seiective filtered motion signals.
Preferabiy 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 i;;'om 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 muitiplying a mode selective filtered
motion signai 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
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and further conprising an apparatus for determning a systemstatus from
the intercept paraneter. 15 Preferably the apparatus for node selggth¥£r005
filtering is preceded by an apparatus for receiving the plurality of

notion signals froma plurality of notion transducers operatively
associated wth the structure, and wherein said apparatus for determ ning

a system gf gt QRBlHRRINA) cORPIMRINY Signals dtherfibak Relattivt Jlitdfeddmotidn
notion transducer fromthe intercept paranmeter. 20 Preferably the apparatus

further céighel & erpenatepotizseestmateesti nating density of a material in
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sel ect i vepfurdlitg oe trmiffeiesdegastimatiestifem thel pRlrality offphagdesstissdtest i ve
filtered notion signals; and an apparatus for generating a difference 25
estimdte from Rrefecaiy the aepaetes furherompiising ABaRRRraiUgHar oereraliag a

plural i (Yl (ERFSSAALACHbCHEIdb SRR TRhi OfrbABalsiAndet e esti mat od

f requency. e apparatus ‘for generatin erence estinmate

conpri ses an Rmiardbiishé appgenes frigemetatirdy apluralifyi oftimerifferenosmd
reference signals based on the estimted frequency; and anag%{)targtu . for
gener at i n@gstinates e ibe plurafitygf Phageresimates COaWHITES FAPRAIAS 1OF #MENGer ed

notion si L I St4: r L ghal, P he
appar at u Pty ofhasd ShuRies T 8o FLELERGACLET ot o AR it
sel edi valifietdreeadin®s.i on signal and the first and second reference

signal s conprises an apparatus for generating a phase estinpte fromthe
second 8 19/ 077"eiRE0LkY @BP%’@N&/@"%PP?@"@S f’?grﬁ’cqrg'ﬂfyﬁ?é'ﬁ&?d ERGfe first and

second r T i i : ' '
i 11 or onde DA F oL TS Pluraly 3t BRos BRI b PO T abb B (1 ¢ o
gener at i rgpplyindagduesity whtzerc-flomrélecersaxime diferendes de itlee pluralitlidf tievesd

appar at uSTHgeTRaNE S G GSHera s e bue BPEife REch 6ot | on i gnal
Pra Sty conSEE e I ARSI0PHAOR) S B SABREGE i apBRln A
si gnal ; fanapEiningEaradal draheforestiondt itmeg phunality of anofert sighals tpgenesate af t he
real and modal motion signal in a modal coordinate domain, and an apparatus for estimating
the mode frequency from the modal motion signal.
‘ Preferably fhe apparatus further comprising an apparatus for estimating
20 density of rﬁaterial in the conduit from the estimated mode frequency.
' Preferably the apparatus further comprising an apparatus for estimating a
parameter of a scaling function that relates the plurality of time difference estimates
to a plurality of reference time differences representi_ng 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 generaﬁng an augmented matrix including ihe 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.
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10 i magi nary conponent signals of the second node selective filtered notion
signal to generate the phase estimate. It can be seen that an addjé}@nadoos
aspect of the invention is a method of operating an apparatus, the nethod
conprising the step of estinmating novenent of a structure the step of node
selective filtering a plurality of notion signals 15 representing notion of

the structure; @and t tep of erating.a plurali el.ective
T tered ot s of SesnadRraeasa S TR Bt Bt Amad B n e BVt | onal
mode of th@patartugtw@rocé’é@iﬁgraa;bihyampaf FRitioPCsiGHalk tepresening shdtibr bethet ep of
generating a pluralit phase estimates fromthe plurality of node

sel ect | vesmctyée éadﬁﬁflh%hn%wg mﬂyrb@tmrmeﬁ@?%r@wthan@ur%ﬁh@tjrerf@rm%rtlme

conpri si nglﬁtepgm[sésep of generating a nass flow estimate fromthe plurality
of phase estinmates. Preferably the nethod further conprising the steps of

generd@ing a pPusferalbly th@bai‘arﬂéteildfftﬁé soglngfndtishes afsiepe pamnpéter andt y  of
node sel eﬁw:hve filtered nmotion gnal s; and generating a correl ation
measur e f MSHRET K@MRATIRIRG aﬂ@nﬂar@mﬁéoam@ra@ﬁsea massdiow getiraate g the slope

determ ni BQra%étEe%Ha tﬂ% Per ab gsfﬂhgy\/rret er systemfromthe generated

correl ation nmeasure. e met hod wherein said step of generating
a plurality ofPpifassbletie appemtusfmresmttd@pa stoe pdragester admpgsésan

01 't he. pl eRATPLGp (r TOHBUATE! WA VR oT U Brarss ST BY b of o abl y ¢ he
met hag V‘ﬁ%&ld&uﬁ%r@e%‘f gﬁ? B uréﬁ’(g'df 'r@t%r@né@ﬁﬁréﬁh@%dc\é@ th 'd'ei mé?ﬁ@&lo?i%; nt he

steps of applying a nodal "transfornation to t ural Tty of notion al s
t o gener garamedeur al | ty of nodal response signals in a nodal coordinate 9

19/ 07/ 2005 d d t f t to th
ol ural ity of oEratheUihRetoraster ol e sepadhintton oo iPkePt barmsiste
Sel eot | Ve e Goffir<il Shklrat TS BS@hinhl SRIATUNISTRIA 1Aa1 0 St ep

of generating a plurality o ase estinates conprises t steps of
estimati ngt%cefprtmlarr@telof a node selective 5 filtered notion signal of the

BB O e S Ao B SRR TS AEE AL B pvocr ature
apparatus for receiving the plurality of motion signals from a plurality of motion
'transd_ucers 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. A
20 Preferably the apparatus further comprising an apparatus for estimating
density of a material in the structure from the estimafed mode frequency.
Preferably the apparatus further comprising an apparatus for estimating a
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
ap'paratus for generating quadrature first and second reference signals based on
the estimated frequency; and an apparatus for génerating 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




frequency; and generating the plurality of phase estimtes fromthe
plurality of node selective filtered notion signals and the firsty@ngz/2005
second reference signals. Preferably the nethod wherein said step of
generating the plurality of phase 10 estimates fromthe plurality of node
selective filtered notion signals and the first and second reference

signal s comyd @écﬁ\reefnfé@@%&iowbphpbm M9 frsiR 2RbAGtEMendd sihaard

notion signal by respective ones of the first and second reference signals
to gener and anegereivsdor gahermtingi atigiendifferensepestionate Siagndhe pbese he node
selective filtered notion signal; and estimating an arctangent of a

quoti ent GFUTRE-r eal and 15 | magi nary conponent signals of the node

sel ective filtersdrdBN tiRNaspHaARhs fdt gedRIENIRS 8 phaBBasBnRAt ifith the Se&drey abl y
the method further conprising the step of generating a plurality of tine
di f f erfencencetet$ateative filteregdrmationpsignal and thst finshand sesendniglfesenaer dgealsbl y t he

From ¢ he BrapAReT ghaperes i Pulidao 88F Bravad e RaPaii<Hhards FlotdHt ©

wher ei n Sﬁpﬁaﬁﬁfﬂleoﬁrsﬂﬁﬁt%é&érﬁtﬂréfeﬂérhtf@bibhﬁl_s% denkatediebpectirceatahimat es
fromthe plurality of phase estimates conprises the step of djviding the

pl ur al i t yimAgipaagenpenansignals ohthesrcantaedadreledivgditered matiop sigadli t y

f tinme dj | yes. ' ' f
Gener at i g SpERPEAIES WirestFraidied HPlahob Rl HiBte R Mo edurd PLPP ' o
phasa gestihiafiegryfcompgtfient sigpals65tHeNse irkPmotie 3 dtiva diltargd tictibntsigred! to

zero-flow reference tine differences to the plurality of tine difference
val ues t @esiatedhe nhasemstimatety of time difference estinmates. Preferably

t he:met hod wh LN i d f rati Eal b t

difference estellE ﬁﬂ? gé%eﬁgﬁ‘f'gﬁ@?ﬁpgﬁgﬂ?ﬁ?ésggdﬁgég '@Snﬁ'égﬁ "tés? 'Jggﬁrﬁg)r%f%fes .
correct i ngpdring Bhd@pphidtis dtheffegR ESdMpALAG theistsp af @dtimating phoventatoff | ow
phase val ues. Preferably the nethod wherein said step of node sel ective

filtering sttespra esstepef made srlealiy? filterngamberality ofaneten faedh to the
oo 3 VeS8 AR o YR o e B0 BBl
t he step sefectivkififdtddthotibe sigitits femadentyg mdtiom ddwecmedwitiod vibratiorgial .
Preferably the nmethod further conprising the step of estimating densityof
mode of the structure.
Preferably the method further comprising the step of generating a plurality of
phase estimates ffom the plurality of mode selective filtered motion signals.
20 Preferably the method further comprising the step of generating a mass flow
estimate from the plurality of phase estimates. .
Preferably the method 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
25 estimates; and
determining a status;of the mass flowmeter system from the generated correlation
measure. -
Preferably the method wherein said step of generating a plurality of phase
estimates comprises the step of generating the plurality of phase estimates using a
30 phase reference derived from one of the plurality of mode selective filtered motion
signals.
‘ Preferably the method wherein said step of applying a mode seiective filter
cbmpn'ses the steps of appiying a modal transformation to the plurality of motion

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



material in the conduit fromthe estimted node frequency. 5 Preferably the
met hod further conprising the step of estinmating a paraneter of a1§};@+}§1@05
function that relates the plurality of tine difference estimates to a
plurality of reference tine differences representing notion of the
structure under a known perturbation. Preferably the nethod wherein the

per t ur batd 9RaihS 2 AR gﬁ,}jﬁ%x H%Bdgrs%iﬁﬁé'tbérkﬁ?mﬁ%% BN &at G Hoghepr of

estimating a parane rrses e steps of generating an augnent ed
mat ri x i mebpahsesighalspougeaidrate thie plusfiity ehmedei seledivef fdtegad esgtioansignals.

[ tiplyi t I | jt t] di.ff t 1 mat b doi
D0 L Sl el LeLPTce oLl IR, B B pasdauier s
wher ei n %‘ti%a‘-ﬁé@%%r@%& ItHR st 6f SAinddfidch freéﬁeﬁ@ﬁ'@:f hsRadt Relstlige of

iteratively estimating the scaling functiion. Preferably the nethod wherein
sai d 8t efiltefed metianisighal ofsiné plhuralily af ongde selectivéh fitetedhmetionsignalsig a Least

Stop of CEPFANRY B BT SCIE eI, s SROROAN BQECERY o
pl ural it YreRfieRBY;i MY §kABAItHGITRE RSN ¥bhadd dBlimaBs Ffork ige pluraifty wie under

the known perturbation to géenerate the plurality of reference tine.
di f f er enceade selecivranfiltgredhpotien istghakhaneithe firsd apdrsaeendrrefgrenee signals. ng

function is ag.s)ope ranet er, and further copprising.t t of

gener at1ng- o PSRRI ERRhBHMeret o ef BTBeudIRaER AARuRY nbssn
massi(g | owstidatdy fd@r ! plufdily FEMIE sledtRieTilERéd nidiRih SihnaBtdndhi@se S| ope
paranmeter conprises the step of nultiplying the pluralrty of time

di f f er eng8edsecongdreferegcasigpaacynnptises thepsteph f prultiplyingya stodecsaleetivse ti me

di fferen o .deternne, the slape r fer h t ho
wherein f‘ﬁ%e%amgﬁ%'? & }9"5"? b? ﬁgsg%cg %enﬁ%%uw.% ﬁ@i {’{fgﬁ&‘gga Yer{ %’éeﬁ"gggst'grbag?é%t er
and furt henera@spsdpdotide B8l SA®MAgindRl e6Mpbhest SghNISIcFThe Mddisselbéwa t he

i ntercept paranmeter. Preferably the nmethod wherern said step of node

sel ect i vBlterefitreetiony signalmnstesfisnaliyg enerctaagest of 2 aupliengottie rpakand ity of
nssdd at SGPER (AP SrRGhasr dhe iRl SRRt BRI 8o 87 SBberE Y
generate a phase estimate. '
Preferably the method further comprising the step of generating a plurality of
time difference estimates from the plurality of phase estimates.
Preferably the method further comprising the step of ge_neratihg a mass flow

20  estimate from the plurality of time difference estimates. |

Preferably the method wherein said step of génerating a plurality of time
difference estimates from the plurality of phase estimates comprises the step of
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 piurality of time
difference estimates from the plurality of phase estimates further comprises the
step of apprying a plurality of zero-flow reference time differences to the piurality 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



step of determning a system status conprises the step of determ ning a
status of a nmotion transducer fromthe intercept paranmeter. Prefejqaphy,566s
met hod further conprising estimating density of a material in e
structure fromthe estinmated node frequency. 5 Preferably the method
conprising the steps of estimating a frequency of a first node selective

filtered npid.on tﬁiaqﬁé{ho(?f f&{ﬂ%}g ebwﬁ%bm@&: SEh&Fd iR (hbb Heedenspt i on
an a di ce

signal s; generating a ere estimate froma second node sel ective
filtered rimm tre siogimhmatfort$ignall urality of node selective filtered notion.

signals and the estjmajed freque . 10 Preferably the nethod wherein said
step of generatifi fai?’ént%?éP‘éW@@*@@ﬁ%hﬁ?{BP”%'Bﬂgﬁ?ét%o Pﬂ%StEF%tﬂ)%g 8?nﬂ&n%fpati ng
quadr at ur %&bg@tmaﬁ@ cSREONGrdne iR 88MAafiqaRBLE fr yon the estimated
frequency; and generating a difference estimate fromthe second node

sel ectbve filt Ereferablyitbe nséthndifudner coraprisingtthastepselestinatinga pacameter
signals. 15 Preferably t t hod .wherein sai.d. st of generati a

di ffer encé’?@ssf:?{'&q g""%‘P&&F‘?E&”%@%Hﬁ pﬂﬁa@ysoglt'&% p&%r?qq$8§ EH%?B& éh signal
and the f bf@élitﬁ%@r@f@?&% tiff Bff6lReR s iraprdksntifgAidtRecofithe stieffe@ndera
generating a phase estimate fromthe second node selective filtered notion

si gnal anlnewe pertushatiord second reference signals; and generating a tine
difference estimte fromth hase est.jmate, -Prefer t he met hod
wherei n sai d SF e@blﬁgﬁ%f‘?ﬁ\"ﬁ W eﬁﬁlgstbeggﬁurrﬁ% ol &rrﬁﬁgghéwswond node

sel ecfg ve filtprgdrdBN ted nfdtadGwhensintd2fd bidpséf ddlignSR1Pa Parambrirence
signals conprises the steps of nultiplying the second node sel ective

filtered conpasesitgnsteps\ofidenerating aratdgsented madtie inshding thg alusality of

generate _respective eal and . i nagi n ' I e

Tode. cel eEsoResEe iR nlhn A gL Rnd R RERy R AAE FrdedceedBiRES &
quot i ent g attReulSmverdtlof tHERdlighentedaiBPRaBldcaémhinbthefpardmetsrcond node
selective Tiltered notion signal to generate the phase estimte. d ossary

of Terns Mvde Rysferably thermethod whersid saiskstestaf\astimatingra BpEBetes in the
oSG SRBhses Bl MerdED el e eI L e et
filter, a sel eeigf@Bbly e inethc@hardilshidstep of devativiely Bstiratiag comipriseat i on
back into the physical domain (usually using the node shape matrix, (D, or
sone subdbe stgp ptgpplying a Least Mean Square (LMS) estimation procedure.
Preferably the method wherein said step 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 functionis a
siope 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 sldpe parameter
comprises the step of multiplying the plurality of time difference estimates by a
pseudoinvérse 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 selective fiitering 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



12 19/ 07/ 2005 Mode selection matrix: Diagonal matrix with ones in the

| ocation corresponding to the desired nodes Mdde shape matrix: Mo@lo7/2005
matri x reduced to the desired physical |ocations; nodal donmain to physical
domain transformation 5 Vibrational Mdde: A unique property of a structure
whi ch can be used to define how the structure will respond (nove) to

force. I nsemtdier@bifrling a'dBtem 3fatal 88 "th@lstd 081 Bldrintif eél'zlg{?i&”as of
call'e the(f xa) ase

motion of the structure (sonetimnmes ynam cal matr
est i mat e: Mpen drarisglugat Fom ther iatkiraapt parateggeees) bet ween two 10 si nusoi dal

signals. Any sj 1. dal,. si | ,can be deconposed into 3 constant s

parameters, AW#SF#E %‘g? tﬁgg@&%ﬁﬂ%ﬁ’&ﬂmﬂﬁ%gmﬁﬁ}?@w@f ensity |l 4 RatrRGiahin ¢ he
si gnal atthenytrdotiie fromRihekeftimatbd Mdde freaubBcyear |y exactly represented as
Si nus%i ds, with a common frequency and an anplitude and phase for each. The

di f f ePence i n Prefeeasthe methed refprisinghtilessteps of egtimatiog & frequdnayaf a5

Co | ati ; i ON}: | f h of t

quant i {y T2 AEOR ot Al Y R sBpIraR e BlaEY e S adPerifired
quanti ty roetigh signailseandcgengiating lacifedride esttfaledrathefséorProdensddaivet he
assuned rel ationship mass flow is proportional to tine del ay)

hip (e.g. : . _
bet wveen E&ERH BWtiaRIFignal ¢fthe pivality afanade selpdiverfikereqmsiisngsignals angood

correl ati r tion 20 can inply that the assumned rel ationship
no | ongertﬂﬁg%‘gg%?(%g@%g?éw‘due to a pickoff failing. Poor correlation can

al so1de due t drafehablyoihal metydwhbRimgaRlétepl dftgendratisd 8 Biffdehcresimate
pr esent duriRr%% the initial setup or calibration. For exanple a Coriolis

sensor t FAMRISERLNeStePs Af aem%{@?iaa eiadr afyre firstiendreecomdyreerengg sianasut

being th j - Qi ' I . | t 25
ol oy 11 Sakd SR the BUtirdaie LRty Ind oRHerHtRRHS BFERLAU BRURAN fighThe' ©
addi t i onakcembnmdalselettivé fiterdedanotidn eiyrat batithe fildtamid SecaridCifa®ntBe

standard error of the estimate, may identify that the system has changed.
Modal tr 898G mation: A change in coordinate systems from physical donain

16 T aar CGRTES SRyl s SR el RO TR e
t hought t6m rthe 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 fittered motion signal and the first and second reference
- signals; and generating a time difference estimate from the phase estimate.

20 Preferably the method wherein said step of generating a phase estimate
from the second mode selective filtered motion signé! and the first 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

25 - filtered motion signal; and estimating an arctangent of a quotient of the real and
imaginary component signals of the second mode selective filtered motion signat to
generate th'e phase estimate.

Glossary of Terms

Mode Selective Filter: A mode selective filter operates in the bhysicahmoda!—r
30 physical domain to pass only desired modes into the rest of the signal
processing chain. A mode pass filter consists of a modal filter, a selection
matrix, and a matrix to convert the modal information back into the physical

domain (usually using the mode shape matrix, @, or some subset of it).
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as defining sonething, and then seeing if it is a useful definition. n

al so be thought of as sonething as sinple as going fromdefining {?}Qﬁ[&é@s
in the x-y plane to using polar coordinates, which requires that both X
and y vary, to using 13 19/07/2005 polar coordinates r and 4, where only S
has to vary. The transformation to new coordinates sinplifies the

description of LR8eSKAtaln (AN Bitsndimatixalth BRECIMHAbERRAFe i gnal s: A

standard way to e ate sinusol signhals. De ationi1s a nmethod to
esti mat e t he corraspbndingdo dnel dphimee ntddesy si nusoi d, once its frequency is

known. The not fil ' he f. i mate of the pickoff
Cignal s. Fr om tHederssgeeRele Mt Rtk St 8 e AEr Tt PpilER HbBsPens

sinusoi ds at pfdigi $RMRain t6 PRYSREVdoRQird@shsi8Fmatdn of phase with each ot her
(the definition of quadrature, 90 degrees in phase), usually at sone unit

anpl i t dde. 10 Séibratimnal Mosdid: dhunifuketprppgitn gf a stiughue wich casrhs uaed tor a
vector of constants. , Augnented matrix: Augnenti a trix is,.adding rows
or col ums taeﬁn%%ggntheréwqt%e éﬁSQ@%HﬁgYﬁgtoaﬁQ%kﬁg%ﬁim?ﬁ' qaf’frﬂs'a
known const agh diger@Rtdr i the whitridiofeash8sne bf iRl sThhe Btruthifte (36&etithes
colum of ones, or a rowwth zero in it. Augnenting the slope paraneter

with the intealsbthepdynamicat matrixd. st andard 15 | east-squares curve fitting
technique. Slo and_|.nt ercept raneter.: uat i on = + b is a
parametric représentdiydg: gﬁeéﬁlﬁrﬁgpeﬁﬂ '?Ef < %‘?}%’883%?%%@ t?%o is the

i nter ggpt pagialBsigkl sitgﬁ’ﬁﬁudmwsﬁﬂw@idaf sighal eaw berieednifisedintd\VBicoesrintcal | y
aline can be fitted to exactly two points. However, aar%y two data points
(L

al so have arpamakisiars, AraplitotecPaassh@nshitregaency nghighldelisettbec@lug opthepi nt s

gives a nois ti.mate. of .t l.i ne, i 14N can
Sverage oot TRBRrAARE o Mot Soaldlog MRy Bl Bbee MBS oo o
the sl ope angniig8igs oRith aRmmBhdFequeas allan aniplitudeadd phiagBior eaeh.t Meugh
many points with a lot of noise is to use a | east-squares technique. A

| east - squardifiereachrin phaseaibatweer piaked signdlsfis prepaianaldediovef all 25 the
ot LT e Bl oA R o Pk S G ok
augnent ed nejudEnkity (.4 h@ioles Userayedesita {,iqds idrdlatedite 4 iopat qoantityt(erg.ept
paranmeters in one calculation. Augnenting the matrix for the pseudol nverse
al |l ows t he Hewe, energy, flew, etc). Can be used to confirm that the assumed relationship
(e.g. mass flow is proportional to time delay) between measured and/or
calculated values hold true. A change from good correlation to poor correlation
20 can imply that the assumed relationship no longer holds true, e.g. due to a
‘ pickoff failing. Poor correlation can also be due to additional energy being put
into a system that wasn't present during the initial setup or calibration. For
exampie a Coriolis sensor that works fine in a lab condition, with the only energy
input being the driver, may give errors in flow measurement when subjected to
25 noisy flows caused by air injection, since there is now significant additional
| energy due to the flow. A correlation measure, such as the standard error of the
estima;e, may identify that the system has changed.
~Modal transformation: A change in coordinate systems from physical
domain to modal domain, defined as x = @77, where 7 is the modal coordinate.
30 The modal coordinate is one of those mathematical ideas that can be thought of
as defining something, and then seeing if it is a useful definition. Can also be
thought of as something as simple as going from defining a circle in the x-y

plane to using polar coordinates, which requires that both x and y vary, to using
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to have a non-zero intercept parameter, i.e. it doesn't have to pass
through the 30 origin. 14 19/07/2005 Brief Description of the Dra p@s/2005
FIG 1 is a schematic diagram conceptually illustrating a curved-tube fl ow
sensor structure. FIG 2 is a schematic diagram conceptually illustrating a
straight-tube flow 5 sensor structure. FIG 3 is a schematic diagram

illustrati iBt | t ordi,ng t o .enbodi nents of
the T nvent | droRiErdlfgs S D] W EBREY D2Ss 19T drp B G
processi ng ahewubcbrdina?@t@@d rsikhp@fiéﬂhé h@icr@ﬁbﬁ@fﬂﬁ@tsg??tléfn.t het! nvte_nt ion. 10 t
FIG 5 i schematic diagramillustrating a nass ow estimating appar at us
accor di In; ?o obﬁg.ﬁr@%&fm%ﬁoqqﬁ@@fﬁ%‘hﬂgﬂﬁlgFﬁ glandardwayde hemat ic |
qceording t CEEEe SR.SIRS] HHAIS, MelFRHL Y aTethod toRAe B80S 1 X

i || us®r at i ngaraplitagp andt peasiecsf argnsinatoidgopbeits frefzensy iswricsn.aThemndidrg to
enbodi nents ,of the_ jnv ntg on. FIG 8 is schematjc . diagramil]l ustrating an
appar at us féﬁ%@'??éﬁ'c!ﬁsi ﬁ't? ;5?1%%%”0ye§§tf'ﬂ%_ tﬁ%(&ﬁ'ﬂ’iﬁﬁé’gf&'%t REpMdiBodi ment s of
the inventi ¢rqubh e?tih%t@ﬂ?é;ﬂﬁﬂafé ﬁn@ii@ﬁ@@ﬁbi&tégﬁﬁé %%‘Ju%gic%n?fm@%%ﬁ?us for
generating tine | fference estimates according to enbodi ments 0 e _

i nvention. 2eqEe®y, ) degmedsl avtafphasielwitteeaci btregr (iherddfinitivm dfor esti mati ng

fl ' mbodi, t f the i tion. FIG 11 is a
[ onchar t i BLGQERUR 95 GEPaE i RBare) usublal PaBeHREempBMIeaccor i ng 1o

ot hefgenbodi megAingffuhBfoh:MERIYAAY aiGRl bl%a 8BAstart, B & VRYET O BridtAHg ams
9 %g opera

Illustrating mass Tlow estinmation ions according to the invention.
FIG 14 is gugn‘@mmmat'rikzl Aggmanting aopeatri is @ddidgrowd er edluneisytoestivent i ng a

e o R 8 coB 85 A B RO s S bt Db "
estinmates RAGKMENSRN O tABRREbIERAL Se. Hddintfa (CBKRAR bPBnes, or a row with zero in
it. Augmenting the slope parameter with the intercept parameter is a standard
15 least-squares curve fitting technique. | .
Slope and Intercept parameter. Equationy=mx + bis a parametric'
representation of a line. m is the slope parameter, b is the intercept parameter.
Pseudoinverse of the augmented matrix; Mathematically a line can be fitted
to exactly two points. However, any two data points also have an unknown
20 noise component. Fitting a line to every 2 points gives a noisy estimate of the
line. Using many sets of data points can average out the real life noise, giving a
I better, less noisy estimate of the slope and intercept parameters. One way to fit
a straight line through many points with a lot of noise is to use a least-squares
technique. A least- squares technique minimizes the sum of the distances of all
25 the data points from the fitted fine. A pseudoinverse is an efficient, standard,
way to Enplement-a least-squares fitting process. Using the augmented matrix
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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30 FIG 16 is a flowhart illustrating operations for estimating nmass flow
according to other enbodinents of the invention. FIG 17 is a rom?yad-;/zo%
illustrating operations for generating difference estimates according to
enbodi nents of the invention. 15 19/07/2005 FIG 18 is a flowchart
illustrating operations for estimating nmass flow according to enbodi nents

of the invention. FIG 19 igrﬁffd%[%fén bf kS Drallings operations for
estimating density accordin odinents of_the invention. 5 FIGS. 20A,
20B and 21-27 E@. Wsvalchematiaghiagnam conerntaainifjusitaling argurved-tula Bows
system changes according to aspects of the invention. FIGS. 28-30 are
flomhart§e%qr§zﬁq’: Lfrfang operations for nonitoring system status and

conpensati ng fp[G sy &l £#ELREMRHE TiAGFEAT 8bneet0alfMagiraty a stiaigrteubé feant i on.
10 Detail ed Description of Enbodinents The present invention now wll be

descr iShedsenscs stiwctyeher ei nafter with reference to the acconpanying

drawi ngs, in j referred.. di | t] %ﬂﬁ This
i nvention nay%t‘%%@'e? SC% m%%%%aﬂfﬂbgg%@n%gﬁ%éégﬁ@ éﬁgﬁﬁs}ﬁlgn S\P%tu sd not
be const r g&sbréingl tbBnisstifrentdef gdpgenemis set forth herein; 15 rather,

t hese enbodi ments are provided so that this disclosure will be thorough and

conpl ete, and WG.14 B sgherpatie diagiamsiliepisatiig @ SIoNahPEPRESSNE &7GUbse skil | ed

in the ar ki« rs . lcike: ts throughout. As will be

appr eci atéecézot@'hgﬁé%ﬁ& %’Pb‘s‘ﬁﬁ%ﬁt?ﬁﬁ%{n?)eﬁﬂg&pr esent invention nmay be :
enmbodped as sYEIE His (RHFRrALIS diagramt ihgstrating a eengsuliew estiogtiag'appadatess. 20
The enbodi ments of the present invention described herein relate to

Cori ol i s age@sding tewthearamnbodinmiys okihe BwepHoRhe art will appreciate,
however, that Lnvention. r ..l I A\VARF:TaTol IE <10
determ nation %E’e rErsD'%' %o%gﬁerﬁ%éjgm%@éé@gﬁf%@ﬁgﬁ dné@ﬁ%%?%grdrs?sﬁ'ﬁﬁtt esl,ag%nd

t hus t he frppanddessighdcamtiigdn ehbblinenntsed ¢ inventiohi on are not linmited to
Coriolis nmass fl ownetering. i be appreciated by one of skill in

the art, the pgi&sdrs 3 mwattzﬁidi@saya%ii'l'wé%@ai%aﬁea@&ﬁa QRNCEFNDPNAZR hod
20! 35 B BEEREPD B SFWBkm RS h b Present | nvention rmy be
FIG. 8 is a schematic diagram illustrating an apparatus for generating phase
estimates according to other embodiments of the invention.
FIG. 9 is a schematic diagram illustrating an apparatus for generating time
difference estiméles accbrding to embodiments of the invention.
20 FIG. 10 is a flowchart illustrating operations for estimating mass flow
éccording to embodiments of the invention.
FIG. 11 is a flowchart illustrating operations for estimating mass flow
according to other embodiments of the invention. |
~ FIGS. 12 and 13 are waveform diagrams illustrating mass flow estimation
25 operations according to the invention. |
FiG. 14 is a flowchart illustrating operations for iteratively estimating a mass
flow scalin:c} vector according to embodiments of the present invention.
FIG. 15is a flowchart illﬁstrating operations for generating phase estimates
according to embodiments of the invention. '
30 FIG. 16 is a flowchart illustrating operations for estimating mass flow
according to other embodiments of the invention.
FIG. 17is a ﬂowchar{ illustrating operations for generating difference

estimates according to embodiments of the invention.
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conbi nati on of hardware and software aspects. Furthernore, the present

I nvention nmay also take the formof a conmputer program product infé}dgjhngo&
conput er -usabl e 30 storage nedi um havi ng conput er-usabl e program code
enbodied in the medium Any suitable conputer readabl e nedium may be
utilized, including sem conductor nenory devices (e.g., RAMs, ROMWs,

o, 0 LA A ol T Y 52,

out oper abcandingf tot diebptigaetts of tiveiveationmay be written in an obj ect

oriented programm ng | anguage, such as Java(r) or GC++, and/or in a
procedur al proﬁ@-ﬁ#ﬁf@alfg’wgaﬁé@ﬁ@@ﬁ operafions iyeshimajingdensfy acrarding

execut e Oﬁe?rﬁbﬁﬁirﬁ%ﬂscé?qﬂgﬁrﬁfenﬂﬁndata processi ng device, such as a 5
er

m crocontro m croprocessor, or digital signal processor (DSP), or may

be ebecuted OFIGSI 20A| 208eamidces 27 fave wavahmine diagrams| itlustratindps@mplagessi ng
devi ces thﬁa nmuni cate via serial or paral lfetl data busses within an

t. cC
el ectroni® ‘iﬁt? 8_8F’YStSHéFB?”Q%Q%%‘?"Q'”QHO&?@@%? Qf thg INYEMLQN-f or m part of a
data communi C*I@.?Z@-@O%lﬂo%&%r@%lluﬁrdtﬂ )petafidnd FSriRb itéﬁrﬂ\%ysté%de area
10 escri

network (WAN), or internet. he present i'nvention is ed bel ow

wi t h ref estatuseartcocdinpenisating farl dysstm ahangss asdowiing toenbdidagestsof die

met hods, .apep ratus (systems) and conputer program products according to
enbodi mert'§ "gfonthe invention. It will be understood that each block of the

flowgpart illustrations apgtgiedbeSkriptidtf STEmisBMinsiai nat i ons of bl ocks

in the flowhart illustra rans, can be 15
i npl:enent ed byl teopmmdent iprengoamosodd! ¢ descriteed o fullthbsreinaftgomtittr pr ogr am

oo one” BsBhaY S boanBaRAG) Srhubbs W AR e R S P>
produce dnydmiphidle. sien. Thatintdstid ey UREWBDES, biemBoieRCHIRany diffeReht

processor of the conputer or other programmabl e data processing apparatus,
creat e méervs dnd shouichpbtie nonsiguedchas fitnitedi tortbe grakedimeants aetfhghfhessichar t

and/ pf bl ock.diLagram bl ack or bl ocks. ., Thes onput.er -progr.am products,.al so -
my Do elBDAT CbERR SPRodaEr arg uiihicho Fit 156 Maa i &M P iR a%0 i ok
or seni CeBAHdter aRB WAl Yul CESIR/ey TRERRbHE OTEH® Iiw ePitiohNE thédekilldthin thamrdi r ect
a conputer or other programmabl'e 25 data processi ng apparatus to function

in a par tikeununbaemrefer taslikehelemants throughout. As will be appreciated by one of
skill in the art, the present invention may be embodied as systems (apparatus),
methods, or computer program products. ,

20 The embodiments of the present invention described herein relate to Coriolis
mass flowmeters. Those skilled in the art will appreciate, however, that the
invention described herein is generally applicable to determination of motion in a
wide variety of mechanical structures, and thus the apparatus and methods of the
present invention are not limited to Coriolis mass flowmetering.

25 - As will be appreciated by one of skill in the art, the present invention may be
embodied as apparatus andfor method and/or computer program product.

. Accordingly, the present invention may be implemented in hardware orin a
combination of hardware and software aspects. Furthermore, the present invention
may also take the form of a computer program product including a computer-usable

30  storage medium having computer-usable program code embodied in the medium.
Any suitable computer readable medium may be utilized, inciuding semiconductor
merhory devices (e.g., RAMs, ROMs, EEPROMSs, and the like), hard disks, CD-

ROMSs, optical storage devices, and magnetic storage devices.
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conputer programstored in the conputer-readabl e nenory produce an article
of manufacture including instruction neans which inplenment the fungcd)@h/2005
specified.in the flowhart and/or bl ock diagram bl ock or bl ocks. The

conput er program code may al so be | oaded onto a conputer or other 30
programmabl e data processing apparatus to cause a series of operational
steps to be pefdmpotst pppgrane codepor earrpng sub epemtiogsafithd peesgyianegntiont o

produce a __cogput i mpl ement ed .pr.ocess such.that the code that executes on
the conput®?? DEWItaRLIY 45} SRPEhRUBR EEparAT NG rppiiade. Svdpes Jgya®or

i mpl enent iQwk t4RI/GURGE pRReduRleFbIRAMINY HRYuBLEYCIRN afO/ OTh R64rafh agr am
bl ock or blocks. 17 19/07/2005 Mddal Behavior of a Vibrating Condurt

Behavi or 6Pdg M@y epAetutg ofter & single comphtersoradats mret4ssingdevice oamet 86 acondui t

naturar  Tielsepler. BCheEbedn Sl AR et R 1088 AP BB el
frequenci eses@tedm multipad BevRes Cll lexafgse! apatliiie elade Pravis8ing @ddces that

associ ated ei genval ues, the eigenvectors being unique 1n relative magnitude
but not af3BIMRICaggH? catial amparalieh drigdnssesmithin agmiestranic ciieuitbogrdnd

ised ns sChreRPrRREsblY. Br i s ERa ot A SRE RS RRERNGaEbn T beb Rl iRy P
str_uctureés&octmtair@@netwomqu\il\gymre atezenétomPR WMANY of itefistuct ure to 10 an
excitation can_be represented as a su_ger position of scal ed nodes, the

scal i'®y repr eSBaPresentiRverdionis siescoped beloye withdetereoce ke fimwchar of the

structure di . ' ' : ' [
than o natusT SR dlePBiobRbiada i abl MR BoBrAds ISR Bhdtaibe
ener gy atprolgeameeodacts actbaiing e enfodieentedf thiedeverstith. 1t Wil bé Urrlerstoyd
corrupt neasurenments taken at 15 the resonant frequency of a desired node,

such as pRALEadh plaskas dee Nawsbar dikstralionaiass/en bioke diRdramss ABduency.
i1t ori naornofialios bF pIBBEE i MR} S WURERGY aHERr Bidck dfam® Car BEPOT 2

filtering to reduce undesrra

st r uddur dnplertatedigy comphterquegran coddeinstiugtoneC Mheseadorhpatar@egeimeh as
brace bars designed to 20 decouple in phase and out of phase bendi ng nodes,
act uat or £OFESTEY EFRIOKIGER toImProceREyT gt @ 9PasEal PUKRASP eYMBNIart &Peraksi r abl e

e  SAPPERREEHORIS SO Rl B (B abpREE S i &
machine, such that the instructions, which execute via the processor of the
computer or other programmabie data processing apparatus, create means for

20 impfemeﬁting the functions specified in the flowchart and/or block diagram block or
blocks.

These computer program products also may be embodied in a computer-
readable storage medium (e.g., magnetic disk or semiconductor memory, code
magnetic memory or the like) that can direct a computer or other programmable

25 data processing appératus to function in a particular manner, such that the
computer program stored in the computer-readable memory produce an article of
manufacture including instruction means which implement the function specified in
the flowchart and/or block diagram block or blocks.

The computer program code may also be toaded onto a computer or other

30 programmable data processing apparatus to cause a series of operational steps to
be performed on the computer or other programmable apparatus to produce a
computer implemented process such that the code that executes on the computer
or other programmable apparatus provides steps for imptemeﬁting the functions

specified in the flowchart and/or block diagram block or blocks.
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can be very effective in reducing energy of undesired nodes, but may be
limted by geonetric and fabrication constraints. 25 Tenporal fili®rangzoos
techni ques typically nodify transducer signals based on tinme domain or
frequency domai n paraneters. For exanple, a typical Coriolis nass

fl ommeter may include frequency domain filters designed to renove

f r equencyveiap @i iot BRh BbPahgtdngaint | y correl ated with undesired

nodes. However, off-resonance energy from undesired nodes nay contribute
consi derabl y 3Bebavienef gy/ltsratlmétrpéwﬁaﬁnﬂphfasea]@@ﬁ@ys olass fpwmetar Gepduit
Because f an I ef

di sti naui SY s deer SR hiteht BROGe Wb Rt AR HE TG SRt ptes ey

t he cont rfréaquermiemf VbDERRIN. Feleradaas ahdahe msgauémaenétu%mermm:mab%ea
Si gnl ficant source of error in process paraneter measur enent s.

10/ oﬂzooyam%ﬂmiyaﬂwub@d Y GE I B BSHICAME SRS 4hd zer o 11 ow
rray be Q&Mté gc 'l’c{)fé%rr ve%ﬁg{vrucfﬁupﬁétr% JiESHa ﬁltl)’deb{ar?t?' on,

e., ine ol nt of the ure reac es max nmumdifTerence
S| mul tanexrtmzlgymal Humgpectaonhelmmdm stitfed sngf therstnnmghﬁegi'ﬁieehmrm ng and
a materi al Iorg ? 5 t heret hrough ha%qa generall nr“gl ex response to _
exci t at i dnderendent set at vegers may b vsed ar @ t Heeowrleeaakertis| y
reach mey AR LB hideuche s AblioA. mpahrtgn&ow.lés ShsUTrhe IBsRE o
descrlbe as a conp ex node having rea magi n r conponent s or,
al t etthat m&y;ﬁatrmg rmnah&nbrmels@hadmsc@ Sppemusition cﬁcsrcadﬂd mddescte sogliagt ed by
the flow %%gmat er i ren nmotion of the sensor .con 10 mat hematically

conpl ex. Renting F‘é'i!t”%HB?” &h eaeh neds in the mptige glﬂée 8HHCWES - descri bed as
a_super pRrylehtifiy Oh tE @k&%ti‘&?\t bile ddR5Rhy cBhtrib ?té‘ﬂlcﬁeQﬁQﬁ %ﬂw.gg gogﬁ'éjom

(SDOF)) nodes, "as the re | magi nary parts o ex no
| i nearl ymodﬁspaauém und;;smdahie betause they meplcestrmmte:emﬁr@xambw respnamatnpl ex

scaling coefficie 15 ed in conbini the constituent real

mor 1l niTBUEN LS HESITGH MODEF A de eIy SRTLRIETes Sderele ke Aled wi t b
t he 5TRoiRAF%oRaRPRBETENSY of 4 BeSRER! hidl pasdhaedni ficantly | ess -
correlated with the real nponent o ie conpl'ex mode.” Accordingly, these

parti cul mearseeamaotsntakemaﬁdm ddye Hineqmeneycl osely correlated with the

toﬁ L;Ol 's for cEandeath onaalt(ﬂaoﬂca\?\"sthagé1 ?Iowme Qrsatlyp%crz]allff r&%eSs(?rnusc:?ura(l: grqg lf'ampor
filtering to reduce the effects of undesurable modes. Conventional structural filtering
techniques include using mechanical features such as brace bars designed to

20  decouple in phase and out of phase bending modes, actuatdrs positioned such that
they are less likely to excite undesirable modes, and transducers positioned such
that they are less sensitive to undesirable modes. Structural filtering techniques
can be very effective in reducing energy of undesired modes, but may be limited by
geometric and fabrication constraints.

25 Temporal filtering techniques typically modify transducer signals based on
time domain or frequency domain parameters. For example, a typical Coriolis
mass flowmeter may include frequency domain filters designed to remove
frequency components that are significantly correlated with undesired modes.
However, off-resonance energy from undesired modes may contribute considerably

30  to energy at the resonant frequency of a desired mode. Because frequency-
domain filters generally are ineffective at distinguishing the contribution of muitipte
modes at a given frequency, the contribution of undesired modes at a |
measurement frequency may be a significant source of error in proceés parameter

measurements.
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20 can provide information for generating an accurate estinmate of a
paranmeter associated with the material. A conceptual nodel of one dype/oos
Coriolis nass floweter sensor 100 is provided in FIG 1. Mtion
transducers 105A, 105B, 105C, 105D (e.g., velocity transducers) are
positioned to detect relative notion of first and second curved 25 conduits
103A, 103B of w#heersensondaid8trubiate avith nedipitie dampiag andastrodbermafbeas a

terial 108 fl th th dyits 103A, 1035, the. notion t d
R
Coriolis nfo'd%‘!"@ﬁ&ﬁ?oﬁﬁ%ﬁﬁe $H0ctuld Hsddh@keHaxkimuh Gifferehbé sitHgRaredtRRdUI t 203

configured to contain a material 208 froma pipeline 207 connected to the
sensor 208owevet, anggad c8ad 2i0 Bavingtriananegligiblieidagn@iog andg a matdiialdlovieg condui t

(1 ans e e SOERIaHE OsPBAEPIerERPON oL T PO of g ataiL ol 1"

accel er ongh@itgreOfeirafy dBRHot QnSeARNG HIRUCATRAXIATEM PRPIthdE&NTHeahotich t he
conduit 203. The notion transducers 205A, 2058, 205C, 205D produce notion

si gnal s 20dhe eondvitstruntyremaybe desciiked an@utampies made havigwoeabands
response .to a pluralit f forces F that_may jnclud for exanple, a drive
foree | iadabsoRanests o6 asleheaprdieder §od BBase Roms PRk ¢ ne

fl ow ng redrslisabred@8mpableRSsy e ARG matedial RthddY rhdforTBf Bl insdPBondad

ot her extraneous forces such as forces inparted by the pipeline 207 and

f or c89 genathemalicelly sompdex.conpressors and ot her equi pnment (not shown)
connected to the pipeline 207.and convev.ed, t the conduit.. 203 via the

[l anges 202 merbl Piplis SOUft ol BPuodfiidure HanBd YR dss M Fios
‘Land 2, spefRERAIISSH 4P haturSHPndenA1086tsinglk tfkdré e o fleedsmgsboOm) oduced
by notion transducers that are operatively associated with the structure,

such as tedefprisdhe Tealsanghianaginay, partooha saugdex mpdentredineariyirdrpandentosA,

105B, 105C, . 205A, 20513 05C, 205 | . .. FO npl e,
the ot | Y SSRGS TR ProeSeacimER o Gan Seinbrerih EPEGenbaeiEY. iz
., 1% olis@d e 8pMbFfiny e Bbrstitdent’ real nB@halrhodBsaParfduiakreaPnotrialtmb8esan
ei genvetor matrix relating the physical notion vector to a nodal. notion

vect or rMayelpe elosaby ¢rgretatedowith thaimaginary egmpeneant ¢fdharcemplspodenwbide
may henbgl‘?\gi g&rﬁ'ﬁhééﬂtﬁf’legg %Brrteli]a%d wilﬁ:t%)rfe/af écgr)nponent of the complex mode.
Accordingly, these particular real normal modes may be more closely correlated
with the Coriolis forces associated with the material in the sensor conduit, and thus
20 can provide information for generating an accurate estimate of a parameter
associated with the material.

A conceptual model of one type of Coriclis mass flowmeter sensor 100 is
provided in FIG. 1. Motion transducers 105A, 105B, 105C, 105D {e.g., velocity
transducers) are positioned to detect relative motion of first 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 motion transdl{cers 105A,
105B, 105C, 105D producing motion signals 109. A “straight tube” Coriolis
flowmeter sensor 200 illustrated in FIG. 2 includes a conduit 203 configured to
contain a material 208 from a pipeline 207 connected to the sensor 200 at flanges

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, 2058, 205C,

205D produce motion signals 209 representing motion of the conduit 203 in
19



The nodal matrix rl1ll can be identified using a nunber of techniques,
including trial and error or inverse techniques. Exenpl ary Mass Fi?f@??fﬁ&S
20 According to enbodi nents of the present Invention, selective nodal ’
filtering techniques are used to produce node selectlve filtered notion
signals that are then used to generate phase estimtes, which are in turn
used to generate a nass flow estinate. Exenplary enbodinents according to

this aspect of the present invention will n ﬁescr & | cuI ar,
enbodi nent @sgenag o st plaT YRy of fyees Pias éh'svo'uﬂ§“§f?c %"?'HB @n@’b © %
G 2 ThoneyRl bl Sfie aRuldiSe 208, UblibISRREES LAt R frIRIRLTowihd Malehal 208

Pr esent i n SO ap to curved-coOnduit struct ures, SUCh as
that used prestiees ﬁﬁﬁ@@bxéﬁ@dlw tuetmam; PO8FaOY othemextianeoussioreesueh as

The 11 ke, Tomssssenamiied By (A ARlng 20GANY Tocieeraapibby SERHS, SPRirfeSs ol
Present, | IMENLURD dctish Rt (A A SRR dher ikl 2072d comidyeebtd on

in a varie trutures ustrates a mass flow
estimati nglwapﬂmthﬁll@ZBOﬁer@qs@ﬁZ) enbodi ments of the present

and oper ai | vel yFabs demimeien e o e e BesrftBiREeN 18 boos
2050, - 2050c0hofsd \BELTOLRH LERARINERY frahPiid Highhlsipredaved byrmotissi ng

circuit 3 I'S operative to generate a nass flow estimate from notion
si gnal s SQEampnmdzusdmhttm'etmmrerwﬂlpmssualamwhslhscﬂwct@%gucb@% efmeatipn

Li ke numb Fi k
sensof 020 diaaE At 208 RddbrRgyaRolen JireAUGRR Fash TosseTRarLlofRr0ba®
light of thes E’%U PRSI o??:iébs(h and 2T%r?e>@mﬁ¢leptmmwgsxgmalsmmayBel

|

i ncl udes a nDde se ectlve Iter 310 that is <configured to rccoive the
noti on si gmahsedds Mraﬁen@t!tpmesugrma!g@l@& Kuelzy- pads o(gﬁeresgpn%;fgctorx °A

cel ot ve el neR el MoURLRE fata oot ARSTHETof iy bt Al Mle BRfcal, |
a0 0 b Sef N S BRfel MR AP ebfoseRtRgTRbYGN irpatdﬂﬁa"@ﬂ'@f

sel ective not 1 on sIgnal's 31 d operative to generate a

pl urakfty r@ftum?se)(m}mwbesnﬁl%hchhmhElEnuﬁchhlshsthghal processing circuit
301 further includes a nmass flow estimator 330 Hfra IS responsive to the
te

phase estimator 320 and pr oduces 354 flow es 335 fromthe
plurality Hru nelc%q n?‘;sltrilc tcgﬁ be lz’lenhf'ed using a number oftechnsques mcludlng trial
and error or inverse techniques.
Exemplary Mass Flowmeters
)0 Accniding to embodiments of the present ihvention. selective modal filtering
: .lac!'n iques are usod to praduce mode selective filtered motion signals that are then
usad to generato phase astimates, which are in turn used to 'generéte a mass flow
estinate. Exemplary embodiments according to this aspect of the present
invention wifl naw be described, in particular, embodiments using “straight tube”

26 sensors such as tho sensor 200 of FIG. 2. Those skilled in the art will appreciate,
hawaver, that the present invention is also applicable to curved- conduit structures,
such as that used in the sensar 100 illustrated in FIG. 1, as welf as to other
muferial-containing struclures used in mass flowmeters, densitometers and the like.
Those skitlad in e art-will further appreciate that the present invention is alse

30 upplicable to the characterization of motion in a variety of ather structures. |

- FIG. 3 illustrates a mass flow estimating apparatus 300 according to

embodiments of the present invention. The apparatus 300 includes a material-
containing conduit 203 and operatlvely associated motion transducers 205A, 2058,

20



15 FIG 4 illustrates an exenplary inplenentation of a node sel ective

filter 410, phase estimtor 420 and mass flow estimator 430 accor 'p@ﬁ@dos

enbodi ments of the present ifvention. A plurality of notion signals 405a,

e.g., analog outputs from velocity or other notion transducers operatively

associated with a conduit or other material containing vessel, is sanpled
and digitized by an A/D converter 440, 20 producing Pl plurality of digita

moti on si gpaks. 4 LA e[ =1 ' ' _ : od
i gi tal moAloEer 3D vie ot se Ry ATy SilnafbRBSEREEaRIIPIOF, |
filtered diigitiabpanitivertosicperhta 4k ssiscvaistialate frase metionnsigoals4A206

generates a plurality of digital phase esti nat es 425 fr-o(ﬁ1 t]{a P‘l urality of
node sel epadusediy thermation fiongrdugsrs 3R0A; ¢ <200, 206 iL‘; e humbess Argw

estimator 430, 25.-pkod digi tal U1 i 0 :

orurani vy G rRER S REE S EUPhO R IRPGTmh LRGSR SEndaa00 dblated.

f i Ter 543Qée§chﬁ)ti@h3@‘?mﬂ§h i\xﬂghgl{ bé?r@pe@mii hée indight bf ?wd@?dmm toﬂBﬂG.nﬁ.y b
i npl emented as. conputer readable . program coda execyte | Ccesso
450, for exanpl E!T?é_’gjb'ﬂr@if?@ﬁsﬁiﬂ g;rcwt%@d @Hgﬁs@énﬁa‘? 5&’?#’(‘!?3@%?{?1&&@?}5

m cr oproc ; C |

devi o6 ar HlourEd 8 [ ot HEndoR ERARNs 103 5hd oBrativert WWle SR a3 one

magneti ¢ sirotage campbacntpsf el mstionaig)als B06.toprotics amuralibaof axefel ary

mass flow estimatjn pparatus 500_ ac

di, { th nbogdi t f th
present i rRFERETEN ."tc%ﬁg A} 8iana!s8do. ﬁrQF{,q %,88@! Fgfo(fgrﬁ?%%ﬁ? %f@@g'r#@inﬁﬁ’*ﬁg ©

conduig 2 o) | v ' DA AR s
2055, S05t 055 s ERiaRF R A RiIdRIC o5 Hode SaIcqmETeres
descri bed mbtitn sigfraledts and dpeativets henedatea plualty of phpse @stioiatelidddd wi |
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of the copfekh &@dtor a200mal masadiol Befiinatst 480 atcdraingt tocrrabbdiments of the
(SDOF) node of the conduit 203. The node selective filter 510 s

pr ef er abl preggntieeriicom A prakly ehmolionsionalsidifase-¢ nenalegtrstpfrom
velocity or ather motion transducoers opefatively associated with a conduit or other
riaterialb coﬁlainit\g vessel, is sampled and digitized by an A/D converter 440,
20  producing a plurality of digital motion sighals 405b. The digital motion signals 405b
~are processed by a digital mode selective filler 410 to produce a plurality of mode
selaclivo fillerad digital motion signals 415. A digital phase estimator 420
generales a pluralily of digital phase estimates 425 from the plurality of mode
selective filtercd digital motion signals 415. A digital mass flow estimator 430
25 produces a digital mass flow estimata 435 from the plurality of digital phase
astimates 425, As shown, the maode seleclive filter 410, the phase estimatar _420
and the mass flow estirnator 430 may be implemented as computer readable
' pro'g'ram code execited by a dala processor 450, far example, a combination of a
computer (e ¢., a microcontroller, microprocessor, digital signal processor (DSP), ot
30  other computing device) and an associaled storage medium (e.g., semiconductor
- meamary magnelic storage and/or optical storage). |
| FIG. 5 illustrates an exemplary mass flow estimating apparatus 500
according to olher embodiments of tha present invention. The apparatus 500

inciudes a material-containing conduit 203 and operatively assaciated maotion
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The signal processing circuit 501 further includes a phase estimtor 520
that s responsive to'the node selective filter 510 and operativei§pg7/2005
generate a plurality of phase estimates 525 fromthe plurality of node
selective filtered notion signals 15 515. The signal processing circuit 501
al so includes a mass flow estimator 530 that is responsive to th phase
estimator 520 and produces a mass flow estimate 535 frorn the plurality of

phase esti mat es 525 usi ng, at | e de, fr t 4
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i nvention. appar at udes a de selectiv |ter 610, a phase
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that conponents 'of the original notion si gnal S 615 that are assoc

with one or nor&heaige) oTecemEng st §1futbs Bicdiqaset Qf‘éﬁﬁleﬁt‘@atﬁé§§§dh?h
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phase ref ek@made piurlity of phase estimates 525 using at least one mode frequency
estimate 545 generated by a mode frequency estimator 540. The mode fraquency
aslilator 540 produces Uhe at least one made frequency estimate §45 responsive
20  to the atleast one modal molion signal 517. The 51gnal processing circuit 501
- further i ircludes a density estimator 550 lhat is responsive to the at least one mode:
frequanﬂy cslimate 545 to generale a denssty estimate 555.
FI1G. 6 fllustrates an apparatus 600 operative to estimate mass flow and
 densily frum a plurality of motion signals 605, according to embodiments of the
25  invontion. The apparatus 600 includes a mode selective filter 610, a phase
“ostimator 620, a mass flow estimator 630, a mode frequency estimator 640 and a
dlensity eslinialor 650. The mode selective (or “mode pass”) filter 610 includes a
modal transforration 612 that transforms a plurality of motion signals 605 into a
plurality of modal molion signals 613 that represent motion in a plurality of natural
30 morles, as deccribad above with reference to equatlon (1). The mode selective
fitor 610 also includes a mode selective transformation 614 that selectively
transfonis lha plurality of modal motion signals 813 back out of the modal domain,
producing moda selective filtered molion signals 615 that are filtered such that

carmponants of thc original motion signals 615 that are associated with one or more
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may be derived fromone or nore of the node selective filtered notion
signals 615. 10 Alternatively, [lie phase reference may be deri vedlrg‘;(ﬁm%_ .
or nore node frequency estimtes 645 generated fromone or nore of the
nodal notion signals 6 13 by the node freqUency estinmator 640. The phase
estimates 625 are passed onto the nass flow estinmator 630 that includes a
tinme difference estinmator 632 and a spatial integrator 634. Using the 15
one or nore node frequency estimates 645 generated by the npde fre_gkle S){
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mass fl ow. par ame be -used to genarate a mass flow
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simlar to those used to generate a density estimte 655 from? non- node
sel ectibve &nd pf maredupdarfsusacysisginates B6 gsngrgted by dhermpdg freguency
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difference ostimates 633 from the plurality of phase estimates 625. The fime
differcnice estimator 810 may also uso zero-flow reference time differences 631,
i.¢., valuos representing time differerices under a zero mass flow condition which

20 may corrupt measurenents at other mass flow rates, to generate time differences
633 thal are correcled far such “zero offset.” As dascribed below, an estimate of a
diiva mode frequency may be genarated by the mode frequency estimator 640, and
phase eslimates may be divided by this eslimated drive mode frequency to yield
uncarrectad time difforence estimates. The uncorrected time difference estimates

25  may then be comrected using the zera-flow reference time differences 631 {e.g., by
sublraclion thecefrom) lo generate the time difference estimates 633: '

The lime difference estimates 633 generated by the time difference
estimator 632 are provided to a spalial integrator 634. As described in detail below,
the spalial inlegrator 634 may deteninine a slope parameter of a scaling vector

30 function that relates the pluralily of ime difference estimates 633 to a plurality
referenee lime dilferences 637 comesponding to a known mass flow. Th_is slope
pararater inay then be used to gencrate a mass flow estimate 635 from the known

masg flow.
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I n place of the conventional frequency estimates utilized in the .
‘af orenentioned patents. FIGS. 7-9 illustrate exenplary structures;dpod7/2005
i npl ementing various 10 conponents of FIG 6. It will be appreciated that
the node selective filter 610, phase estimator 620, nmass flow estimator

630, the node frequency estimator 640 of FIG 6. as well as the structures
of FIGS. 7-9, may be inplenented in a digital domain, as execut abl e

, e.g.,
modul es, subroutines, objects and/or other types, of of
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a frequegg_xm %ti mator 710 that estimates a frequency of a node sel ective
filtered notion signal 701, of a plurality of node selective filtered

moti on_ si gnal s MY, 7-070agrale. excroplary slogplares EfUBIRIGTMEINGHAFPUS 10

produces a frequency | ate 7 which | |
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and cosi “g)nsrf,%f&Ftﬁﬁ%r%mvﬁhésﬂﬁia;esﬁaﬁmﬁeam. thevmotiedrequariaysastinatpE§48ncy
and that are.1n phase quadrature with respect to one anather. ﬁﬁ}%@i@it&l

fr equency @SHGNE, as WalDasdlye struelisgaepFEGShé-% W%’irg{ed‘l"l‘ SRS

adapti ve otch filter that, i LV, rLH: t efée of
st mat o HSAlng 4ha" STUAR AR Ehy St ulREE BBt Y mwn%“g o
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725b.  Fory-exal ifciutliehvrclotaaf digitairsagnaly aires ih&i@f@rﬂ!?déﬁgﬁgf:%k?‘@gmﬁ om a
rode- inlervals and upan which campulations are performed to implement the functions
. das‘cribed.- However, it will be appreciated that all or some of these signals may, In
20 general, ba digital or analog, and that the operations performed thereon may be -
. perforined by special-purpose digital hardware and/or analogous analog hardware.
| FIG. 7 illustrates an example of a phase estimator 700 according to
ambodimaents of the present invention. The phase estimator 700 inciudes a
frequency estimator 710 that estimates a frequency of a mode selective filtered
25  molicn signal 7014 of a plurality of modc selective filtered motlon signals ?01 15
701a, . .. 7014 The frequcncy estimator 710 produces a frequency estimate 715
which is applied to a quadratura reference signal generator 720 that generates first

and second (0.g., sine and cosine) reference signals 725a, 725b that have the

estimated frequency and that are in phase quadrature with respect to one another.

30 The frequancy estimater 710 may, for cxample, be a digitaliy-implemented adaptive
notchr fiiter that is operative to determine the frequency estimate 715, and the
quandrature mfemnce' signal generator 720 may generate the quadrature reference
signals 725a, 725b ushg a “iwiddle" function. However, it will be appreciated that

othar techniques, including other digital and analog signal processing techniques
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scioctively filtered signal as shown in FIG 7, the frequency estinmate nmay
be a 5 node frequency estinmate, such as one or nore of the node fregueneyoos
estimtes 645 produced by the node frequency estimtor 640 of FIG 6. The
first and second phase reference signals 725a, 725b are applied to a
plurality of phase calculators 7301, 7302, ., 730,,, respective ones of

whi ch generate respective phase estimtes 7351, 7352, . - . , 735n from

respective,ones of .10 the no | ve el r t b Qa3 tkrat
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i |1 ust r at e9488, exenbiGrmaydhpobergsest o estimate masgdiod. 25 dgsTHILRPRYE Yithy
different estinmat eg%??q%agccordi ng to enbodi ments of the present invention.
A vectt ofclprere® 8yf es 625 (which may be normalized) is divided by an

esti mated node f ¢ ¥q8ftte PIEf@nadnode requenoy estinsjaefid0e8ay4s6ci at ed
with 25 19/07/ Z&ngﬂgﬂf J

requaincy cslimation techniques sinilar to those descﬁped above with reference to
FIG. 7. For cxample, frequency-determining adaptive nolch fiitering techniques
may be used n genera'te at least onc frequency estimate 645 for at least one of the
20 nodal motion signals 617.
[=xemplary computing operations for demodulating a mode selective filtered

mation signal 701] using the synthesized quadrature (e.g., sine and cosine)
referance signals 725a, 7250 are filustrated in FIG. 8. The mode selective filtered
motion signal 701 is separately muitiplied by each of the quadrature reference
25 signals 726a. 725D, gencrating real and imaginary component signa!s. 805b, 805a.
An arctangent calculalar 810 then computes an arctangent of the real and
imaginury. cumponent signals 805b, 805a to generate a phase estimate 735;.
Preferably, the real and imaginary component signals 805b, 805a are filtered
hefore application to the arctangent caleulator 810, such that non-DC components
30  of tho signals 805b, 805a are attenuated. 7
F1G. 9 ilustrates an exemplary computing structure for generating corrected
lima difforence ostimates 633 according to embodiments of the present invention.

A vector of phase eslimates 625 (which may be normalized) is divided by an
bly one or more frequencies assaciated with

estimated mode frequency 645, prefora
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35010/1 22W O a drive nod-. The resulting vector of time differences 915 is-.
them corrected by subtracting a corresponding vector of zero-flowg/07/2005
reference tinme differences 631, producing a vector of corrected tine
difference esti rraé%e@ 633. A simlar correction could alternatively be

achi eved b;;bé)l]t?ﬁ C i‘%g a vector of phase values associated 5 will ; zero
now fromthe phase estimates 735,, 7352...., 735" descri bed above. Spati al
integration of Tine Differe Esti.pat es: j Dl roshpstedy t he
present i n@e‘?ﬂY%H’,oqﬂ'nLh%f?%ﬁ é’%&ﬁggi?‘ﬁ&a?ggﬁéé%&mas the corrected Yime
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time dig f eqences R fon gk phase esknmies T6Ss, 3%w, ., 13%Idesionfped 2s@é@. form

pseudoi nverse techniques and iterative te fques. This sl ope paranmeter 15
nmay be usean:ﬁu:gdnhmoaﬁ‘e&mﬁﬁa'&%ﬂt?ﬁgﬁ?ﬂﬂﬁ&% mass flow 26 19/07/2005

As described in g he _afor L J¢t BAL tiMddiffeaehess Seri al
Nunmber 09/ 116, 4@%{®Pgdgﬁﬁé’l %%gg‘i[ggjétlﬁ‘g p\%%rgﬁn\f{%fhgp. %li me _dffference
val ues at gKnAptesESEf ADmatomasteddimdaifferened estimatemdantiloa abeys. Mayw

b d ibed int f thi f ti | f Ye b
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referred t ar aneter produce the reference tine
di f f er ence} ket afuierdus lechriues maythe usedta determinasionss pardmp&terthat

known mass flow F. is nultiplied by the .slope rence
Lime di 11 oranies isrdierracaRstimecs soai e Rante ﬁ%ﬁ%\&??ﬂnﬂ%—%ﬁ\?g{oﬁr Xe
may ( $e M ]e' ﬁ{@@% i@ et s(@sdRBREHAR BknoWahiaes 116W), igtiuding cldSed- al
Xe= =/cC, ) ]

%on'u pseudainverse techniques and iterative tec.hniques. This slope parameter

16wy be usedto generate an estimate of the unknown mass fiow.
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1 b (3) where the augnented matrix Z is formed by augnenting the reference
time 20 difference vector Ye with a colum of ones. Equation (3) W/@?/zoos
solved for the scaling vector ¢ by premultiplying the tinme difference
estimate vector Xe by the pseudo inverse Wf the augnmented matrix Z: 25 ¢
=Z-'X, = We, . .. (4) where the matrix inverse operator (-') is used to
denot e a pseudas idegerised irStlevafogeméntiondicUnited Gtatesdratenhappheationpbeiialg FF

by the sl t f th t 0 yield,. i
(T ow. Fi clompBe RU 4 1 e dihit 1 abiler BrePlfe Slfisaby S &L i one
for ge“q{r%tv&mﬂxa%_s%wd hexy B8 iddmiied 4@dman WknoWn s ol gan Bef f er ence

estimates according to various enbodi nents of the present invention. Those
skil | ed idesctibedrin terwid of tinileaference timadiffarenepuector dadyod SEMBEe 1 owchart

These 5! naPBCaT Bl hes dettos RSB e PEF Kator AW et ng
appar at Usyasdfibwasart e séaka By HSESBTECtOPA (PEreirditerl@féfé@@Paskl Glopk to

create an apparatus (system ‘operative to performthe illustrated
oper at i orparafieteréplopproduce the referensedimegifigrepcevestiosried 1BLEBIISUL er

readabl e rogram.code on a co tern r | . n

|t eor at RS Ungip maSTIEHE ORI TR i< HuRIREB NG (.,
direct a hiim&ter 9t Maie RefRineings BRIreGcaPREtoAYY aridathpamie diffdreace

il lustrated operations, thus providing neans for performng the

i 11 uddr atestimape vactosdé. mayibegetaled @6: r eadabl e program code may al so be
executed on a conputer or other data-processing apparatus to cause the

apparatus to performa conputer-inplenmented proc gs. Accordingly, FIGS. 10
and 11 suppoft apparatus (syst¥n®)I.coHAputer pr dg am products and 10
met hods for performng the operations illustrated therein. FIG 10

i |l ust ratp@%{%q@ eqnstickPPY divss:generating a mass flow estimate from a

vectpe Xe of tinme difference estimates al ong the above-described |ines
according to enbodiments of the present invention. A pseudoinverse Wof an

augnent ed : : : | .
| ' X, = [Y, MJ{a} =Zc, (3)
1 ] |

where the augmented matrix Z is formed by augmenting the reference time
20 difference vector Y. with a column of ones. Equation (3) may be solved for the
scaling vector ¢ by premuitiplying the time difference estimate vector X, by the

pseudo inverse W of the augmented matrix Z.

25 . _ c=Z"X,=WX_, . .. (4

_ whére the matrix inverse operator (') is used to denote a pseudo inverse. Solving
for the vector ¢ and ihen muttiplying F. by the slope parameter a of the vector ¢ can
30 yield 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
will 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



matrix Z including a vector of reference tine differences Ye associated
with a 15 known mass flow FF augnented by a colum of ones is detergpggthoos
(Block 1010). The determ nation of the augnented matrix Z and the _
pseudoi nverse matrix Wmay be done on an intermttent basis, e.g., at
calibration, to reduce conputational burdens. The vector of tine

di f f er encrIGS, itoRt @Rt hpparakid @A eéinwpém.vensmnmméswmtédx W to
produce a scallng vector c, including a slope paraneter 20 a and an

I nt er ceptORRIAHARS-el N COBIPERT mﬁuptlonﬁ@am ase hsusloned as campsitenyegdable

mul ti pl | u Bl ock
1030) Mﬂ*%@d‘é&%‘!@ PRI R0 iy 6 Slifie, b MeGRLIR—N BVl D

pr ocessedhenfow ®xgietic disie aape drl the ket tﬁmtc@nrmsedna corepatgedr oildr ot her
mass flow estinmates determ ned over a time period to produce a flltered

mass ?1 oWaid PreGRsHRGARPatalp ikpeday the H@S?fﬁﬁ@? eﬁﬁfat'ﬁﬁﬁaﬁ'?ﬂﬁ&m'ﬁ 9 al so
be monit @fedhs fd? the ﬂlﬂ?ﬁgfe%cégﬁ%%ﬁ?ef@%pt NSmpltat Pé%ﬁa%@é%%oq %Pr?r e

are several  advart tages té) monitoring the In pararreter b
vect or ccods may laldrebeieseosteddn a cdetpiter bebtiver datagvecessirtg apsparatus to

necessary to .calculate the intercept paraneter b order to erate a
mass f | ofbsE theaBParalgs asrfpfma( e R

19/07/ 20@33451Hp r'iH)ﬂ% %?P%?%e tlgéeteﬁlsf)f erehw&,&ég t r&ﬁxdg%wed as an

attenpt to rratc t he s ce est vector Xe to
t he thapenathotihéor peﬂf@mngme operatichisailestcedahemin.Ye wi t hout accounting

f h i t] . ti k i.f the ti
bot i Pare’ voo: BTG\ aBitiateS PhatatamesTdod Tt gtmar atine A deassulvs FSuEaLs fof
ar bi trar plyedsi XBbf 594 d.ﬁ&%nﬁ%sﬁhﬁ)&leg QIR i aﬁ@@élhé§cnuefd iMlds é&cotrae.

phases are nor mai i zed by the reference phase before determ nation of -the
time diffeembodirasntaefitbe pXesemon'semtwn fArpsteImiom\(mse peobaraegmentede

fol | owi : ti . b a=Y-'X 6 I 11 il t
boer ot 1 ot ganeRRiEN YRt o) Tafefgnds HingoifelsrgsoTs arsoniied WS s ni ng
the 43t exGeRh rRASSNBIGF, dudtheRed BiPa dIGAR A IgMRRS delerhiifed (Bl@él@ﬁbw)

I nvention. A pseudoi nverse Ye' of 'vector of reference time differences Ye
15 assocTheetedminatior obire sagmenteshniatrix £ afed thenpseutiqiBlessk miatnin W may

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
pseudainverse matrix W, to produce a scaling vector ¢, including a slope parameter
20 aand an intercept parameter b (Block 1020). The slope barameter ais then
muitiplied by the known mass flow F; to producé 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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determ nation of the pseudoinverse Ye' may be done on an intermttent

basis, e.g., at calibration, to reduce conputational burdens. The w&apioigos
of tinme difference estimates X. is nmultiplied by the pseudoinverse Ye' to
determ ne a slope paraneter a (Block 1120). The slope paraneter a is then
multiplied by the known 20 nmass flow Ft o produce a mass flow estimate

(Bl ock 113@)ng ho intetdepb pasgrpetritat EduatidralS ey messewbdwsest athebpt itay be

furth d; f le, th fl ti b d
w th o hormREEANE ishaPe ol A NEE GEGIe Y Bae a4 Relo DEgHoeg (F oduce a
filtered mBfsehéOMmBERfLIPIBVectdd PCWithddPccduntitg fdPpiit AsmulzatioRal |y

illustrate test results for a prototype Coriolis 25 mass fl| owreter
accor di ng Bquatiobd8) meytworkfif tHeetimaditiciencetasdimate yector &'.tangt thegeferent@at i on

f the_int i ded t f
ost i mabes Ui e Be s Xpntarsalfiicrditedetid My TRRRCH b8ler rasyts
esti mat es jf gesqhaliRdsey ard hEEmhed Bakise péferdicRr Mifdsd Bebredemmirmatiohoft 0

approximately 30 seconds) using respective ones of the pseudoinverse
net hods débelinecdiffaience extinates Xe. wWia solxadoniherdepe pataspelena thanfallpwing

I ntercept paranmeter, b, respectively ) show a simlar degree of agreenent
wth expell"%]ﬂ@%'?g?ayn%%gs?q?ow rate neasurenents for the tinme intervals ,
obt ai ned usi ng ot her neans. 29 19/07/2005 According to other enbodi nents of
t he p{oesent i nvention, a iterative__yte ni que be used to solve for the
vectotVc in place of the pseudoifverse™t echni qifds descri bed above. An
error equation 5 L(k)=Xe(k)-Zc(k-1), (7) and an associ ated cost function
J=2L2 (8) 10 cRIGb#1 Hebirars opergtiads an00 et fenkrating kemass @otoedtimatea
solution that reduces the cost function J to a desired |level, w pl t he
gradi ent Yitheyt gglermining the integyeploparpmetgr BAGCPrdipg K2 emBPdyBepts@iNgown t he

gradient Lowandsvanfdd! RPRe(Rifvetie W18 of SRRIorof reference time differences Y,
15 . associated with a known mass flow F; is determined (Block 1110). The
determination of -the pseudoinverse Ve” méy be done on an intermittent basis, e.g.,
at caiibrafion, to ‘reduce computational burdens. The vector of time difference
estimates X, is multiplied by the pseudoinverse Y. to determine a slope
parameter a (Block 1120). The slope parameter a is then multiplied by the known
20 mass flow F. to produce a mass flow estimate (Block 1130). 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 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 particu}ér, FIGS. 12 and 13 illustrates that mass flow estimates
generated over time intervals of interest (approximatety 10 to approximately 30
seconds) using respéctive ones of the pseudoinverse methods described above
30 (ie., 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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function J. At a kth step, a new estimte of the vector c(k) is produced
‘using the following relation: c(k)=c(k-1)-y ac =c(k-1)+yLZ, (10) %%?6?/5385
vector c(k-1) represents the result produced by the preceding k-1

iteration and y is an adaptive rate for the process. Conputations nay be
repeatedly perforned until the cost function J is reduced to a

predet er m ned h%&@nldir_ll% 1§ BHYrE RSodifie?®d 8f tHSrRsERT PvaRtbn, eSiterbtiad 2 to
ensure conver gence. e value of y generally inpacts the rate of

conver genteshanet maydenpsed to sgiveffon the vieckerat irvplape of §3s pserdodivesse

General ly he |arger th al ue of the faster the process converges;
however , Emh§@UP§#§§“§’e@é*FHP-fﬂhﬁébrﬁﬂvaﬁga sensitivity to noise. An
optimumvalue for y may be determ ned experinentally, which a typically
val uegbeing 0.1. Equation ( Leprgsen Least Me Squar e (LMS)
approgch to paraneter esti%g%?Gﬁgfﬁfko?%%?iaFTy nore ‘robust Nornmalized
Least Mean Square (NLMS) version of this adaptive approach nay al so be
used as fand emsissobiated tosmhelO® c(k) =e(k-1)-yZTL(k) (11) a +l1Zp, 2 where
O<y<2 (12), 5 and a is a constant that is included to reduce the |ikelihood
of nunerical instability if the normpf Z approaches zero. In order to
provi de convergence for equation (2A¥—Zequai{8pn (12) shoul d be satisfied.
The value of a preferably is a snall pbsitive 10 val ue and may be sel ected
basedOon experinentation. FIG 14 illustrates operations 1400 according to
enbodi merdam lnd defieegr dsgnidientmiethbdaan beuskd db fiad scadlutan that testucesitbe
iterativel eterm ned al on he |ines desgcribed apove. A vector Xe of
time difﬁﬁ%&ﬂEEmQQFfﬁh?@§SF dé@ﬁ@ﬁﬁ@é&“i@ﬁﬁﬁ?ntgﬁﬂ@ Y- An initial scaling
vector estimate c(k) is generated (Bl ock 1420). The initial.15 val ue c(k)

may be, for exanple, zero or a fi n%I estimte of a scaling vector c .
generated from a previous val ue ofg‘,ée:—Agsun’(ng that flow rate does not
C

change
15 .

. Small steps may be taken down the gradient towards a minimum value of the cost_
function J. At a kth step, a new estimate of the vector ¢{k) is produced using the
following relation:

20

c(k) = c(k—;)—y%’-=c(k-1)+y.tz, . (10)
' C

. where the vector cfk-1) represents the result produced by the preceding k-1
7"25 iteration and vy is an adaptive rate for the process. Computaticns 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, ;he larger the value of y, 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 foliows:

35
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drastically between fl ow neasurenents, the latter choice may increase the
speed of convergence, as the previously estimated value for the sc@}gfgagos
vector ¢ should be close to the new value to be determ ned. An associ ated
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 predeterm ned val ue,

i ndi cating an acceptabl e accuracy of the scafj vector estimate c(k), an
estimate of mass flow may be géﬁgFaKéd4QBVbtkig%45@ﬂ1}1455) and a new
vector of time difference estimtes Xe genéfa (Block 1410). if not, an
updat ed estimte of the scaling vector c(k) is generated using, for

exanpl e, 2hegguation (10) or equation (11) (Blocks 1460, 1470), and new
error and cost function val ues ar%gprg)yt ed ((,gb)ocks 1430, 1440). Those

skill in the art will appreciate that operations other than those
described with reference to FIG 14 may be used with the present invention.
For exanple, it wll be appreciated that nany of the conputations may be

conbi ned 8nd3visvacpestant thatiis inchided be regynethedikedinobdtoftrheneriealdnstablity if
beyond ¢ nif e} AeSPeltn e 47 e Bt o0l Sense TosBabation 1),
f 1 owchar t ehLihtish [ B2) sHoul® be DABEREAT THRPEAIBE 0?1 ;ﬁéﬁﬁléﬁlypﬁeé SmafiHdsfite,

enbodi ments of the ‘present invention. Those skille
19/ 070200%urderbrayda salecteddbanest aniexperioferthtis® f 1 owchart illustrations

may be inplene d ' co ter in ctions. These instructions may be
exgc ut ei:lmén a E Lﬁpm Hﬁ"lsg%te%&ﬁ%raﬁﬂalﬁa “Hﬂg%f‘é?éﬁq'ﬁ‘g t&ﬁdﬁﬁﬁbﬁ@‘?”éﬁhhﬁﬁf (t?_f%ﬂ

data proGassafionSh \ﬂiicﬁla%caﬁn?%ctcﬁ* Ef @e@ﬂvﬁgﬂﬁtém’lﬁ}e@éﬂﬁbg%e(ﬁﬂggat ive to
performthe illustrated operafions. The 5 conputer |nstructrons nay al so be

st ored asdesnfibederboveadabviestopbgpfdime atifference estivrates és generktbl ¢Brezdi um
for exanp an, 1 nt.eqrated circuit .menor a magnetic,_ disk, a tape or the
| Tke. " E hatE1on ah U e B0 SEE Y 5iMutin i crroiec@ings Taaf, Bhainia
per f 95m tJagué Iy pshbaRibRd fomBEmpIBNSerd HLS fiRBPYHHAR Hr‘ié%%afiﬁ’% Befck @ M ng
the illustrated operations. The conputer readable programc ge may.-al so be
10 executganesates icompipeavieus vallierof dbt aAgsunniegshatflawpratatives ot chasge t he

A e e
for  periopcanRerddicePRStI8é pARRowslY estinmited vhiR @ Bhe scaling vector ¢ should
be close to the new value to be determined. An associated error Lk} 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 c(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 c(k) is generated using, for exampie,
25  equation (10} or equation (11) (Biocks 1460, 1470), and new error and cost functién
values are computed (Blocks 1430, 1440).

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

30 varied. Itwill 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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Accordi ng to enbodi nents of the present invention illustrated by FIG 15,

15 operations 1500 for generating phase estimates associated with y@td-pn@is
a. structure include node selective filtering a plurality of notion
signals representiing notion of the structure to generate a correspondi ng
plurality of node selective filtered notion signals using, for exanple,

t echni quesingufflaris tHA1 @& oRBRATIRES thabonewhhA ilRtietiens @n:%j\.pbghlﬁp!e@ner(t@ﬁ()(:k
1510). A plurality of phase estimates is then 20 generated fromthe

pl ural i tyusingrisdeputer mstivglons) Teesd imttuctionsiroabe exBLuiek asa@pmputar or
exenpl ary

T e

si gnal s r eaes antapparaiisi(eyste)dperatie to pefornm i Blebestedvspdratioed. edhéo
produce a plurality of node selective filtered notion signals (Bl ock
1610) > A pPupHlarigstpictionaseay siseshe giared ascampter eeatabie Bragram ¢ode on a

plurality Lye fil fi ' I log) S
used to gce;tﬁrfgp g%ﬁej(f’%é%tgéﬁ%@:w%é{)f%%&g%ﬁg@w%%?cﬁrlc%ﬁerﬁfgﬁlﬁﬂ}gr?agpng |g?? g‘r:ence
esti mat i odiskpetaid onhelikeq tiestainddingrt taocarhipater oe ottesh datatpsocdssile present
invention illustrated in FIG 17, a plurality of notion signals

r epr esent PRRATABLS terpasfore herillestiatedanerations, dByepfqviding imeansprperiorviNte a
30 pluralj i i1 ' ' | A
Pt enuency et SHteaiBdBpefaiis, hd Lol BRULOR cibBhan SolBifiay akbl . 8 o

usi nd) f cexezxitathbe a ¢dmputed apotiver daibghrotedding appactes & canse thescr i bed
above with reference to FIG 7 (Block 1720). A difference est]

> te, e.g.,
a phase RRA3EAWSIR Nestormed sormutes-implemeptedipracessn Accardinglys EIGP s T4+18h

determn S ' ' I tion

si gnal ug‘?’rﬁ’fé’b R;E (ﬁ) iﬁ%gnggg%ﬂ%«g' g%@@gﬁfg)tr?%}nérﬁgg?da‘@%%ga eé@;%%géng th

r ef er encperorivirng the. ofte3atioks NilBtatedthareit8 i || ustrates Operations 1800 for
LI g e e
a cofwlui idN<OPaRS ggm.gq ; | TRY o=t | mat es,
for gant&pg’rﬂ{c}wﬁe di f@grgtg(rﬁ\ge e ﬁﬁg?éé‘ggﬂg'}'lﬁp §aés%é0§ht€g§néﬁc@%§g?? %ﬁt es

(Bl ock 18ticturd instloge npateaseieetive Giteringhg plimalityl afrmabliory sighath fefpeesending

i SR CUARAC N R TC R NE N e TR
I(SB | ggﬂeiggg%dﬁﬁggtgméﬁé% BSihgMRIraskaph B StRARRTRS Yuchih &B%e‘ﬂé%\ﬁﬁb@@ss flow
- above with reference to FIG. 6. (Block 1510). A plurality of phase estimates is then
20  generated from the plurality of mode selective filtered motion signals (Bldck 1520}).
In exemplary mass flow estimation operations 1600 accdrding to
-embodiments of the present invention illustrated in FIG. 16, a piurality 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 piurality of mode selective fiitered motion
signals (Block 1620), and is used to generate a mass flow estimate (Block 1630).
In e;empfary difference estimation operations 1700 according to other
embodimenits 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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operations may be inplenented using, for exanple, the operations described
above with reference to FIGS. 10 and 11. In exenplary density estiy@tdPiooos
operations 1900 according to other enbodi nents of the present invention
illustrated-im FLG 19, a nodal transformation 15 is applied to a
plurality of notion signals representing notion of a material-- containing

vessel to @erien sighablisingafidr exaengieditle d@hoonatioqnplerasteprsededribad with
corresponding notion in a_nodal _donmain defined by at -1 east one vi brati onal
node of tEWES FI® 6dBlackdy30)at | east one npde frequency is then

determ ned TV oGl N8 ittt ABS OMIEHERE AB0TR QEhSrafifdla hEse Abwliitiaieand a

density of the materi e vesse eterm romthe at | east
one node faczguiing Yo gst oiet en{iidimientslOBBE, presenkiraeptian. Aplaradityrdfedtiamove

with reference to FIG 6. Mnitorin f. spati al '”é rcegt r %ilgp.
correl at i cHIRRBLRESCRYNG LD %fﬁ@%ﬁwg@&mgce% Iroehermt 2 RUIRIgY
reference diefchtSesthhafdld f&lleé?r#‘lgfré?"ﬁﬁna Hi?’f-lgrer%% LSREERRY hfsf&lenBeOf L he

scaling vector ¢ Is not reede nass ow estimation, it may be useful
f or det ectdstighatgstBiock HangesA somhpammeler oelating ding ghoelityfadidiference hanges

I n mount i n% .condi tion apd the |ike. Ef)tent ial useful nesa. of, the intercept
par anet er ©EMAGLA3 RiwaliYPirRiergncy ANTESFNG] Yues GRISSROGAIRIIQ 2 KU

204 208 AR v |inkh! dimARbATBRIRH 830)aid 81AGSS FIBwCastiphitBts Yorithaed | oW
rate and spatial 1 ntercept paraneter, respectively, for failures of a

not i o0 t freoms thecestinaatedgiops pasdraeter 20ddbe dimaavn miass fliaw (Bleclof 89@). t Thrdear

L. veot oPBSEAIONS FRAK PP IEHADEN R IR B! BOMPEATD PRI Y FHRARER . as'
shown in Ebg&tealﬂﬁ"refé?éﬁcé’s%?f(%g. 18/4h@ #P05 transducer produces a change in
I C

conputed nmass flow rate, m ght be erroneously interpreted as an
actual change Imexarsplaiy density estimbtionlogeations 1MW secadingdo gdheanet er may

be used, according t enbodi nents of the present ipyention .to triqgger a
fault cor PEERCEREs RS Prgrerd ievenral SeteR IR e, THy Gy walslpnagion, oo
pseudes nVRr 56piiho B 1BHIREBE AfbtioRihas fodReRting Hdllorbrd Athtbalstr | ki ng

the row corresponding to the failed transducer, and then used to generate
new mass Ebnlainig vested o gasesdiewt least @ing. modalamotipe sigral cepreseniindct i on i s

| mpl ement 8grr¢];sopronrc§?nsgsmfolt'i8\r’¥ ir? Sat r'nggfafs 30#1%% Eé]f%nne% g:,tf at least one vibrational mode
of the vessel (Block 1910). At least one mode frequency is then determined from
the at lea—st'one modal motioh signal {Block 1920), and a density of the materal in
20 the vesse! is determined from the at least one mode frequency estimate (Block
| 1930), for example, as described above with reference to FIG. 6.

Monitoring of spatial intercept or other correlation measures to detect system
. status ' o

As mentioned above with reference to FIGS. 10 and 11, although fhe

25 intercept parameter b of the scaling vector ¢ is not needed for mass flow
estimation, it may be useful for detecting system changes, such as motion
transducer failure, changes in mounting conditions and the like. Potential
usefulness of the intercept parameter is illustrated by the graphs of FIGS. 20A-20B
and 21. FIGS. 20A-208B graphically illustrates simulated changes in computed

30 mass flow rate and spatial intercept parameter, respectively, for failures of a motion
transducer at approximately 20 seconds, the failure of particular transducer being
simulated by zeroing out the corresponding elements. in the vectors of time

difference estimates produced by the transducer. As shown in FIG. 20A, loss of a
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approxi mately 40 seconds, inproved accuracy nmay be achieved. In particular,
for 10 the exanple shown, an error of 0.5%is achieved with such a49/07/2005
correction in conparison to the 4%error occurring wthout such a

correction. As shown in FIG 21, which illustrates intercept paraneter
values for failures of each rrenber of a group of five notion transducers,
failures dfansduser Drpdumrﬂ;dhaeg;e irayorbeumdgmaheﬂobyraae owhichgpightdbag | ar ge
change in the int par anet henonenon, which typically woul d

not occur §HTE850n zgﬁ%e d %”agﬁﬁﬁgaﬁﬂe%g?sﬁﬁ % "&fher syst em changes,
such as changesThd\cHBaHGE irnmeqmereéaae;sar@ﬁmértmg%e 8. aelc%era?ﬁ &'ent'f'ed by

changes in the intercept parameter. In particular | 'ustrates
changes i emebediments eéthe p@sanétrmentlonatoﬁnggent g fault Gamecﬁorsscﬂmnef Fow neter

f f, th 20 Th
par et or SramglE: £ B8hTn E1GS30H L o tegrveliatrisn A O PR SuSTeE ey
be used tmzﬁiﬂ‘k@haﬁf)@é mar&mam&;;a@mrr@mﬁ ro@ &frkézﬁljdmm td)ﬂ‘hetfaﬁ'ed present

i nvention. In general, once scal ing vector c been calcu at ed, .
equat i on {T@NsgEeR‘e apdithea Lﬁpgltpmrte@a@u RawW mas@cftow egfimalam A Bh@wemEisG

X I fi t. d t

i 11 er onc20AeTe sB88 o MG 5 BlerBenE IR BESe 7 bRm8lesdtdpming at 7.

(13) The appnbmatblyamsycoaastimfmodeafa%tem?&naqeaé aBhie R CRatidat fort he

measur ed ﬁ)ﬁvect or of tine difference estimates Xe to produce a correlation
t

measui® exaippigssherran grro) af Pte ipacieved withrsuckoagarreston tan be done
oot || EOlnkiStn 8 18241, of SFBULATHG iR BASN Wl Qlftedidre 00, TR S of | he

present | nve tion, a coeftrclen orre ronr Gener ated fromthe

predi cted vect As sbiowr imeFi@. X 1e memcle iutatesdntbrogsitharanitécealudd forFailieg005
system cha}gg@(&k The coefficient of correlation r is a dinensionless scalar
quantity memherpia grouppifivesmetian dansdueeg, fallwenof a meticiver age of

the tine t4hddps the
nunber of %ggt a e@?xﬁ%ﬁé%‘igg%tl&? Rg nurrb%"ﬁw n% '>%e Cpéaégﬁéﬂé]%%c%él s. The
cor r ébat i paracuér, |a:pfeernomena:y wiicld efpicetly vesuld nodbcoudin rspbaseRMa nya@k! ation
over total_vari.ation
change in mass flow. Other system changes, such as changes in mounting or
other conditions, may also be identified by changes in the intercept parameter. In
particular, FIG. 22 illustrates changes in the intercept parameter for a prototype
Coriolis mass flow meter after damping is added to the structure of the meter,
20 The intercept parameter is one of a variety of different correlation measures
that may be used to detect system changes according to embodiments of the
present invention. In general, once a scaling vector ¢ has been calculated,
equation (3) above can be applied to give a vector of time differences X.s;, which is
a least square fit of a “measured” vector of time differences X, ( produced as

25 described above) to a basis vector:

v X,, =Zc. (13)

est

The predicted vector of time differences Xese may be compared to the measured
30  vector of time difference estimates X, to produce a correlation measure that can be
used for various purposes. The comparison can be done intermittently or at each
computation of mass flow.
In embodiments of the present invention, a coefficient of correlation r may
generated from the predicted vector of time differences X.s¢ and used to detect
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-+ explained variation =+ ZX-, -X) (15) totalvariation I1Z(X -7) 10 FIG 23
iIlustrates how such a correlation coefficient may be used, in pajd}ep)2Hos
in detecting transducer failure. Mass flowis estinmated over a first tine :
period of 0 to 15 seconds using vectors Xe of tinme difference estimtes
generated from notion signals produced by transducers #145. Subsequently
produced 1655@@1:@1@3@@6@ Hﬂe coath Ctﬂrﬁbéﬁ@ﬂ@’émégtf ifrgt AEeRsiONie NSt AFHEEY by
zer oi ng out notion gﬂ val ues cor F‘{ﬁl}g to one m)tlz hransducer
(#2) fromPEBVRED 3h aé"é’c dnd “%‘?srﬁthéﬂ?f‘ is@n e¥PIt AAMHITE for that
time peri tinme dlfference estimates are again perturbed
from 45 tgﬁfgéé/@g:%%tggg% Oubling the notion signal value associ at ed with
the #2 transducer, si mJI ati ng~a gai (n,?ha Xi,n 20 the é{{)msducer a

" noi sy" transducer si gnal . AsXse8Ka ' the mass ' Flow estimate is
reduced approxi mately 20 Ibnmimin | ow when™ lthe #2 transducer input is

zer oeds anghine Nag¥8s! naRlPof MRt £bYinls d.§Ite Aumitich of hﬁ)tmttrmdsncgﬂal i nput
doubled. Wth standard fl ow nmeasurenent techni ques, be difficult to
tel | 25 whignakr Theceorselatigasoaffsientrimay barielined asce tn%tto ﬁé@@lwnéﬁl changes
or rreasurem%nt f |Iutels wever, in a manner simlar to that described
above wit 2" '81"& ctgz't’ va[r IOPntercept paraneter, the correlation
coefficient r may be used to detect such system changes. As shown in FIG
24, which illustrates behavior of the ¢ coefficient rover the

same time interval as gk%ga@%dv&,h@,&prr; E( 1—30jcoefficient may show a

relatively large ch —m—vFl-ue—vah oed) or (r%l Sy notion
EfFOYsF %st i matye?]

signal . 35 19/07/ 2005 andther correl ati on neasure
t hat y be used for  detecting system status. A standard error of estl mat e

10~ -
s, 1,y my be eﬁ@' %Sﬁgst?astes ho%xé:uch cb)rrelatlgn 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 fransducer input is
zeroed and increased approximately 15 tbm/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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(16) As shown in FIG 25, which shows behavior of the. standard error of
estimate s,,y for the tine interval of FIGS. 23 and 24, the standgdthErI®Hs
of estimate s, 1,y .may exhibit 10 large changes for the system changes
descri bed above (it will be noted that sanpling theory indicates that for a
smal | nunber of transducer inputs (e.g., 6), greater accuracy my be .
achi eved by reprmciofigstimtdis andther demelatioatroeaswiré that-rday be@skerfopr operti es
of the error of esti rrat re e ited to determ ne the source
of & fai | UEchaaaHele SFtlF G B Fogact STor e asotAtg ovr T PEPEsaRedTcer
The standard error of estimate may be viewed as bei ng anal ogous to the
standard deviation of a data set, i.e., one can expect that 99.7% of the
time, the error of estimate fo i-fference estimate will be within
three_tines the standard error Eﬂ(m’ reXg)s,,,y of the predl cted vector of
time gl fferences Xe5t. Acéori ﬁg‘l—y,_t'h—‘espectlve (B ors of estimte for
respective tinme difference 20 esti mat es associated with respective

transducers can be checked to see if they are within a predeterm ned
multiple (e.g., within three tinmes) of the standard error of the estimte.

Such a t &% S*ﬁ%vnb@ FéGopte ydueh §BOWﬁé>erh@MQ5\ﬂf e pleadard eergr of gstimate s, for

<- XX- <X6 n

S0 e as i renfsf ol FGS S A 17 SR ARG of Sttt 5 iady exih
critedi omangb atarafesoios thel gystemactthr(gel)dexsnibbd a@ppél(@dﬁﬂ beertdd gitponent of
each generatpeid vector of time difference estimates. An error (Xe-Xest) of

a parti cgPEIRNGBeary indicates that foma smallenumbeief tEansdugrr KPS (8.9e 6),
Thie i Ofatet achURici Y pBsReed byRspiadfio 1he NiRitle BebBinifioP Rifiig!

36 19/ 07/ 2005 QthanpiopeEtie# oP thaf emogobegtirndtet maasfreczincbe expleited iton tO the
st andar d [ror of estimte or the group (the values of which are

nor mal i zE8'STBYNG Hhe SRV iRl sushas e'@ﬁﬂt'taoﬁérﬁq{&w“'@é@ﬂ'@ﬁ) As shown,
the €31 OfraAg 88état O\Pé‘létrﬁ'ja?& @Hﬁpﬂf \Aﬁtluﬁﬁté @aﬁ%} leﬂ%sés?ﬁelha%nﬁ rtg error

of estimate ounds e group e exa
the standard deviation of a data set, .e., one can expect that 99.7% of the tlme 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 respectivé time difference

20 estimates associated with respective transducers can be checked to see if they are
within a predetermined muitiple (e.g., within three times) of the standard error of the

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

Xe.i.'t —K*Sx.}' < Xe = Xm +K*Sx,)' L (17)
25
which can be rearranged to give:
) -K*s,, S X, - X, S+K*s,, (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,-Xest) Of a particular time differencé estimate X,
associated with a failed transducer will typically be many times the standard error of

- 35  estimate. Thisis illustrated in FIG. 26, which shows error (X, —X,g) for a failed
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5 shown, is approximately 0.07, too small to be seen on the plot of FIG
26). It is also possible to correct the conputed mass flow rate f /®7/2005
failed transducer once it has been identified. For exanple, the atgnented
matrix Z may be refornulated by deleting the row associated with the

fail ed transducer. A new pseudoinverse matrix Wmay then be fornmed by

| nverting tduebPr bR SebubloRranBiticers Mldtondo thBStahd Y drfdrforBYinidien

be estimated prenultiplying a reduced dinmension vector of tinme difference
est i mat es ot thengiaiipd thet Yalue o of whedvaiean@thalized fomeorivainience bussbiiaetindy t he
new pseudoj nver se. tritx Wjis gerae out. FIG t% i.t Itustr tes ?uch "
correct i of“OF PTHILLVeT BN A BhQp; g drorRessrmiey W GRLAELS ¥l he
present i pyesitiéMe standaRYBRbEL afARR! Béundfothe QMUT;} @Uhigh, fontis é%’r’hﬁle
paraneter, correlation coefficient, standard error o estimate or ot her

cor r el &t | Showsasuarprosimelct 09/ teorsatalitade saan e dmppiot of fdE. 2@kt ect i on

Cransducer g BauRAbRIE Rt Y AlRRMeo Pals MOk R Fr S8 Ror ¢ he
pseudoi nveasedigér dnce iVEES bB¥n tidentfiRarFRdruskantple ciher AlgfmehfddemanieZ may

estinmates may be reconputed to 20 conpensate for the failed transducer.
Si ni | ar | ybedgfasmutatedbydaleting thef fosy assaciated withuthe failed diansddces. t A new

v or of - EeetdRRGUSE R el ML P8 P RERABL Lt threusd RIS™ ¢
trigger caugeehtaEmatit BN MadsGiow fatd mug e be eenfiztéd ?ﬁﬁm&ﬁ%ﬂﬁ@b
detecting system status according to 25 enbodi nents of the present

i nvent i onredcgpimensipnofectnriaf dineg diffaseneergstineates Xe in whichdbedewof ti me

1 ST O Aaf SR AU BRI B AR

coef fi ci egut. FIGRR76NISrated sash coBtetion oflenessy fnd rétel extind®@20) . System
status is determned fromthe determ ned correl ati on neasure (Bl ock 2830).

30 FIG 29 il|fseerdingstossmmhetiaants péthe presenbinyentes.ct fpwineter appaiatus
Thod; P j A b . ot
So 1 45" ahy Bhorte o BROby B aRie gl softelfith Yocicioht Bidtidarg bt e > | 08

par anmet ergstimatearathét carrelsimi fiezistnd todeteat system sthtgst Forérample, upon
determ ned (Block 2920). If a change in the correlation neasure neets a
pr edet er rel@etien ot afarga changain the istercoponarapier, @pardigelar failed Hansdygasd

(Bl ocks 2330 be%gémﬁedﬂgﬁoefhei A604] LbORd ﬁ?erfaﬂdllthrMWerse 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 tiTe 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). Ifa

change in the correlation measure meets a predetermined criterion, a failed
37



appropriate elenments of the augmented matrix Z may be zeroed out, and the
pseudoi nverse matrix Wnay be reconputed for use in subsequent masgsyfdPMoos
and other conputations (Bl ocks 2950, 2960, 2910). In this manner, | nput
fromthe failed 5 transducer may be excluded from subsequent nass fl ow
estimates. O her corrective action nmay be taken based on a correlation
measur e. Fahsd QX dontiki | | ARg: BAARNARE ARt

enbodi ment s gf the prgs'elﬁ??é%esz?é(%@??? straggg ? g{éjgég',g'dé%r}sﬁ%lg?%ept
par anet er apgroporte elementslod the a0g0entexhdatiik Zamehbageroad o, and twecept
paranmeter _neets a predeterm ned criterion he 10 appar atus, may reco te
Phe mode. BETELRISEIGIER WmAKEe Rrogibedlen iR euberBunLaasrloRant

(Bl ocks 38#@r caRpilatiohs\@lbHs/2950, SUBIISA0).t R thit MAKNBS, iHPEEfroMURB fafed
criteria based on maxi mum devi ation of the intercept paraneter from an
initi & Wansdyceammabe exehidadi foomafubskquent mase flowmstinatesr over a
predeterm ned tine interval .. and the . |ljke, 15 Those skilled in the_art

N 1 apprect at VT oS Botiofithey B8 ket oadeh BB S Carir alieR et U RRE  of
ot her wayexdrgle, ifexanpasy BBBERicHRITIMPSELIEINGItH enfifSdinfofR8B the present -
conput ations descri bed herein may be inplenented as separate conputations,
or may bdn¥epitmilastrated infdGoB0nBndniesssni tharamater is monitored (Block@@itdil ent

Using i G SEERGE R HRIGarPERMSERdelRess: f olRiRE et e iguoR bR T oa f
the a0t wpdaralusmaypsshpite thBahodalskhetios filtbeit DB@§WPehémmbirﬁﬂs§Tﬁdwbe
enmbodi ed within an agsr;)arat us such as a Coriolis nass floweter, or as

met ho:js sptmatentiylopks BEr0o30RQ). i veriely efpphangewsiterian g3y be aisedi sivaings on
win a1 Qs B B8 DB OB 3R WfKf L bR ok PR ="

appar at usaldd, avefdgeadi@gatien apfHeepitéicept pafantetehevel £ peadetefvipiRd tine May be
enbodied.in an article of manufacture in the form of conputer-readable

i nst ruct MYBE/arakt B llk® code enbodied in a conputer readabl e storage

medi4¥m such a Ie | | : e LC UL § X V] magneti c
Faper bubbl o ERsEPRIBf e Bt wiiibaR ufl i biocERREnBG thafbe s
execut edirbgieanameg ut mumber of bibier datya thaadtks 2abodientseded ibedaspemsifsr to
notion si gnal ? supplied fromnmption transducers operatively associated with

a strucPfEPese %a@%ﬂﬁﬁﬁ’fib@ h%’ﬁ'\%FnElYel%% knplemented agrsgranats and
the 1 nveat T Datlol®’ B (Rl e BSR LI APy Bhe FEhER, corflb@afbhS tharSutfeVEE = ©f
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, afthdugh 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 pre'sent invention may be embodied in an articte 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 fike. 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 typicai

 preferred embodiments of the invention and, aithough specific terms are employed,
a8 : _




38 19/07/ 2005 they are used in a generic and descriptive sense only and not
for purposes of Ilimtation, the scope of the invention being set {9rph/bh05
the followng clainms. 39 19/07/2005 THAT WHICH | CLAIMED I'S. 1. An
apparatus conprising: an apparatus (105 A-D) operative to produce a
plurality of notion signals (109) representing notion of a structure
(100): 5 afePBRELSEH o YEMbnb iHd ddddiBiive LBAsEDNAhA HoPlor FRipdRsTIgNAl S
representing’ notion o he structure; and an apparatus that generates a

pl ural ity lofitatiote trecteapd oftheiihventan baing st farthymathe follawlig claies. (fiat t he
node sel ective filtered notion signals represent notion associated with a
vi brational node of the structure; and 10 further characterized by an
apparatus (320) for generating a plurality of phase estimtes (325) from
the plurality of node selective filtered notion signals. 2. The apparatus
of Caim1l, further conprising an apparatus (330) for generating a nass:
flow estirnato (335) fromthe plurality of phase estinmates. 15 3. The
apparatus of Claim1l, further conprising: an apparatus (632) for generating
a plurality of tinme difference estimates (633) between the plurality of
node selective filtered notion signals; and an apparatus (634) for
generating a correlation neasure fromthe plurality of 20 line difference
estimates; and an apparatus (450) for determining a status of a mass
flowreter system fromthe generated correl ati on neasure. 4. The apparatus
of Caim1l, wherein the apparatus for generating a 25 plurality of phase
estimates conprises an apparatus (620) for generating the plurality of
phase estinmates using a phase reference derived fromone of the plurality
of node selective filtered notion signals. 5. The apparatus of Claim1l,
wherein said apparatus for node selective 30 filtering conprises:

39




an apparatus (612) for applying a nodal transformation to the plurality of
notion signals to gnerates a plurality of nodal response signals i{ga)9psghs
coordi nate domain; and 40 19/07/2005 an apparatus (614) for applying a node
selective transformation to the plurality of nodal response signals to
generate the plurality of node selective fillered notion signals. 5 6. The
apparatus of Claiml1l. wherein said apparatus for generating a plurality of

phase esti IR (SES¢ ratus (710) for estimating a frequency of
a node sel gﬁ“ﬁﬁ&ﬁ%’e’%@‘ﬂ@@%@si gnal of the plurality of nobde selective
filtered motion si gnasapphAr@inpabaigieitg20) for generating quadrature first

and second reference * 10 signals based on the estimated freguency; .and .an
appar at us (740) MPE%EB&%&%}@MW&OWF@#?&Mt@)@@ﬁ“%éé@”@é‘” ﬂ&@gé‘o%r%ﬁ'iﬂﬁe

plurality de sel ective, il ter ' Lgnals and the first and
second ref E{%%épr‘sﬁfﬂﬁ' s'?’sggh?&%Tﬁg"%gééam@S of aim6, wherein said
appar atgus for gemesidiatud (310) phar fildrs Yhepluratibeofamotiomsignals representing

plurality of node selective filtered notion signets and the first and
second r ef Bydigseldhgridniele@i¥idses: an apparatus (725) for nultiplying a

mode sel ective éivw's:%rgﬁﬁﬁg%hgg’e%&{l@é abpﬂb;réi@?@g?ﬁdzd(?s@l@@ﬁvé’ﬁltéﬂé% mokigh and

second referenc nerate respec real and 4 magi nary

conponent ﬁgﬂh&i 1) sukh (hatihesmiodetsalective fiikered motidsigialmepreseamdmation
apparatus (810) for estimating an arctgn ent of aag‘téotient of the real and
| magi nary tesRfenEskwith grapralional RudpeblnGeslBdet R 309 t ered nmotion signal to
gener gl a phas | Rt 8, hyls ' ind Hdlinelity of
Qompr 19 ng an agar B felssoel byaf SBRRRAa20] fdr deBrding o phincHity

di f f er enceplease catimatds (@23)Heomithe plurajilyodf pledees cdestivediltered zootion Figaals.
apparatus of Claim@8, further conprising an apparatus (630) for generating
a mass flow estimate fromthe plurality of tinme difference estimates.

2. ‘fhe apparatus of Claim 1, furlher comprising an apparatus (330) for
, genemting a inass flow estimate {335) from tho plurality of phase estimates.
15
3. The apparatus of Claim 1, further comprising:
an apparalus {832) for generating a plurality of time difference estimates
(633) between tha plurality of mode selective ﬁlte_!red motion signals; and
an apparalus (634) for generaling a correlation measure from the plurality of
20 time ditieronce estimates; and
an apparatus (450) for determining a status of a mass flowmeter system
- from the generated correiation measure.

4. The apparatus of Claim 1, wherein the apparatus for generating a
25 pluratity of phase estimates comprises an apparatus (620) for generating the
pluralily of phase estimales using a phase reference derived from one of the

phuralily of mode selective fillored motion signals.

8. The apparatus of Claim 1, wherein said appératus for mode selective
30 fiftering comprises:
| , an apparatus (G12) for applying a modal transformation to the plurality of
molion signals to generate a plurality of modal response signals in a modal

coordinate domain; and

a0



10. The apparatus of C aim8, wherein said apparatus for generating a
plurality of linme difference estimates fromthe plurality of phasg /07/2005
estimates 41 19/07/2005 conprises an apparatus (530) for dividing t%e
plurality of phase estimtes by a node frequency to generate a plurality

of time difference values. 11. The apparatus of C aim 10, wherein said
apparatus for generating a 5 plurality of Lino difference estimtes from

the plurality of phase{r]te b #%Y‘g?enw i S88t rgﬁ%rrﬁ{a%n(téiigé for

appl ying a pl ur &RPBFE2 e e cas o
plurality qun&iﬂ%t%cﬁd«ﬂﬁ@@ﬁ@ny@bmlé B genanbd thet pmraiptymfaanmde/sefectwae
difference estimtes. 10 12. The apparatus of Caim 10, wherein said
appar at us filgprefignstion 8iase¥s.ve filtering conprises: an apparatus (612) for
applying a nodal transformation to the plurality of notion signals to
generate a nodal notion signal in a nodal coordinate domain, and 15 an
appar atus (640) 6f or @%bl amidratud bECHabeie! fwieretmsgidf apparalis fosgeineraling an
signal. 13. The apparatus of Claim 12, further conprising an apparatus
(650) for a@g@himphgse&%m%}eeﬁomr&qsal in the structure fromthe

estimated mode fbeﬂ, peRsits (790} for dAIfARRPS HedtiePby G Mole ée!ééthmrrltered

conprising an aﬁ mat n ararreter of a scaltng function
that rel at ggtiohesighalrdiihe plohlity mfmwdefs’eﬂ(éweefﬂf@md metion signaissi ural ity of

‘ref t di f f ¢ t
Known per ¢ ur bat PBRPPREALYS 7208 (o csatad Bhedfaiiin BT AL (reretenes
pert UBat | ABohfs GTS% 6 BV edfimalbe RRRARAYUMES Caim 14, uherein said

appar r €s |rrat| ng nmeter’ conprises: 30 an apparatus for
generating an aagnmph&dusdﬁ'ﬂﬂ)(fdrrgﬂnmahm tlmpwalitwqfw'a@e estienates fiam thée

diff d
i 11 or encalustiniel Bt saectve derRuariBnsictials Shodhd Pel g Rbebhd feference

det er m ne §|Hﬁdl@‘?‘r aneter.

15 7. - The apparatus of Claim 6, wherein said apparatus for generating the
plurality of phase estimates from the plurality of mode selective filtered motian
signals and the first and second reference signals comprises:

| an apparatus (725) for mulliplying a mode selective filtered motion signal by
jespeclive onaes of the first and second reférenbe signals to generate respective
‘20 real and iraginary conponent signals of the mode selective _ﬁlte_red_ motion signal;
and _ _
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
(jenerale a phaso eslimate.

25 _
8. The apparatus of Claim 1, further comprising an apparatus {632) for
genecraling a plurality of timo difference estimates from the plurality of phase
zalimates.
30 0. The apparatus of Claim 8, further comprising an apparatus {630) for

gézheraiing 2 mass flow estimate from the plurality of time difference estimates.

10.  The apparatus of Claim 8, wherein said apparatus for generating a

plurality of lime difference eslimates from the plurality of phase estimates
41



42 19/ 07/ 2005 17. The apparatus of C aim 14, wherein said apparatus for _
estimating a paraneter conprises the stop of iteratively estimatig/éPeLr005
scaling function. in. The apparatus of Claim 17, wherein said apparatus for
iteratively estimating.3 a paraneter conprises the stop of applying a
Least Mean Square (LMS) estimation procedure. 19. 'rho apparatus of Caim
14, wherein said apparatus for estimating a paraneter is preceded by the

apparatus for processing a plurality of motion,signals .10 r t
noti on of Fﬁé‘@fﬁl‘iﬁc&?‘hﬁ%g%’ﬁ'ﬂ%? (390 fQﬁHW'BSF%%PBﬁ?ﬁ nofwad;gn%#ﬁ%%{g hBe)p g
plurnlity of.ne ) | | [ ONESRy o fime B erditdy walugs.of C ai m 15,
wher ei n thg'];fﬂ)(zfar g@é’?glﬁ%@ gﬁgggégéﬁ rﬁg[;lpﬁfﬁylrjnct lon is 7 slope:paraneter and
further conprising an apparatus (630) for 16 generating a mass flow

timte f the sl t d the k f1.0M.. 21. : '
apparatus of Ol dim 20 Meaparus af Blaipp g av e san pepardlls fhasfatng Aope
par ameter Bﬂgpﬁtkgfm dﬁﬂﬂ@h@é%ﬁﬁe{tcmm MHo/plgalithof phakaldstivhatés 20rtheme

difference' e es by a pscudoinverse of a matrix of the plurality of
ref erence tompridich ey apmasmitae (GRR)donnapplyirea plwplityefzaretflow referengs me

apparatus qf, C aim 14, erei.n e ranet er gof | f -' an
R er cepr ueknate e Rarahee SR erTrriles f B PRl dr thes
a system spjﬁwéliééggﬁ&gﬁe%ntercept parameter. 23. The apparatus of O aim
22, wherein an apparatus for node selective filtering is preceded by an

apparatus for receiving the plurality of notion signals froma plurality

f ot t tiyel | @t 2 d 30
wheraill sal d apidr a 150 orowale i Fie" 10ofEet seklBapealy fiinods
appar at us gﬂbctiﬂ?ﬁ%ﬁ?gﬂwg“ﬁ@ggt us of a notion transducer. fromthe

: e

I ntercept paraneter. apparatus of Clain 12, furtlher conprising an
apparatus (650) for @sapparatug (G&AkorNaPeiyiad RamerabiransoREteR e ti%re from

e estimat od TRHe, il SHRBE sihntPlIGhAIMRe B BuaTHBUBRRIGRAIH dthoiapi m L

further conpris
' coordinate domain, and :

15 an apparatus (G40) for estimating the mode frequency from the modal

molion signal.

13.  The apparatus of Claim 12, further camprising an apparatus (650) for
estimating density of material in the structure from the estimated mode frequency.
20 .

14, The apparatus of Claim 8, further comprising an apparatus for
eslimating a parameter of a scaling function that relates the plurality of time
difference eslimates lo a plurality of reference time differences representing motion
of the struclure under a known perturbation,

24
15.  The apparatus of Claim 14, wherein lhe perturbation is mass flow.

16. The apparatus of Claim 14, wherein said apparatus for estimating a

pammetér comprises: N
30 an apparatus for generating an augmented matrix ncluding the plurality of

rexference lime differences; and _
an anparatus for multiplying the plurality of time difference estimales by a8

psandoinverse of the augmented malrix {o determine the parameter.
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an apparatus (640) for estimating a frequency of a first node sel ective
filtered nmotion signal of the plurality of node selective filtered)gp§+PPpos
signals; and an apparatus for generating a difference estimate froma
second node selective filtered notion signal of the plurality of node
selective filtered notion signals and the estimted frequency. 26. The
apparatus of C aim25, wherein the apparatus for generating a 10

difference estingte Cmr%%ﬁél@?'%@ﬁﬂalt#%ﬂgr%m shRr agprigtiatfongstimatngtalr e
signal s

first and second referenc ased on the estimated frequency; .and
an apparat us for pgeiecRiicognprishis thersiop ef detativeleestimating dhe seaiid on.
selective filtered notion signal and the first and second reference
signals. 15 27. The apparatus according to Caim26, wherein the apparatus

for generating gadif &ﬁ&g&gﬁ%@%&%@w Hisrefe s aRdagpatatusdberitefatrely

filtered notion "Signa i rst and ‘'second reference si ngs

conpri sgs: @AM aturafrartegeompritos thasiimebapplyings beas R QAEHLMS)
node 20 selective filtered notion signal and the first and second

ref erence s¥YHAREON BFRFS B Eapparat us for generating a tine difference
estimate fromthe phase eslirnate. 28. The apparatus of Caim 27, wherein

the apparatus for generating a 25 phase estinmato fromthe setond-m)ge
sel ective filter¢d, moihompmayatls afdiaime 4, iwtrein sald)apparaivg IPEREIEANBY 2

signals conprises: an apparatus.for multi i ; !

Fi 't or od oA PG R EcBgeay #ia SrprhClok acodfind ERIPIREREERLASINAS
generatg r LM A SRk g reiFRee &hbwa pavalrbatibn thhgesecdedhe
node; sgﬁecﬁ%@ggﬁl?{?‘gr@?l%ﬁ%ﬁ Si gng{rjﬁ uand 30 an apparatus for estinmating
an ‘ar ct angegsltiraily af rpfardros Lok differensgs. and | magi nary conponent signal s of

the second node selective filtered notion signal to generate the phase
estimate. 44 19/07/ 2005 29. A nethod of operating tho apparatus of Claiml,

the method conpshsi NGhedRinaluest Chamhi 1 whnreiretite parameter ot ther g5aling
| | funclion is a slope parameter and further comprising an apparatus {630} for

16 gencraling a mass flow estimate from the slope pa rameter and the known mass

flaw.

21.  The apparalus of C!aim 20, wherain said apparatus (634) for
| ostimating a slope parameter comprises an apparatus for multiplying the plurality of
20 - time difference estimates by a pscudoinverse of a matrix of the plurality of
reference lirne differences to determina the slope parameter.

22.  Tho apparatus of Claim 14, wherein the parameter of the scaling
funclion Is an intercept parameter and further comprising an apparatus for
25  dotermining a system stalus from the intercept parameter. '

23.  The apparatus of Claim 22, wherein an apparatus for mode selective
filtering is precaded by an apparatus for receiving the plurality of motion signals
-frum a pluratity of motion transduccrs operalively associated with the structure, and
30 wherein said'appamlus for determining a system status comprises an apparatus foc

datenvining a status of a motion transducer from the intercept parameter.

24. The éppamtus of Claim 12, further comprising an apparatus (650) for
structure from the estimated made frequency.

estimating densily of a matertal inthe
' ' 43



a stop of node selective filtering a plurality of notion signals
representing 5 notion of tho structure; a step of generating a plygph+i¥ops
of node selective filtered notion signals representing notion assoclate
with a vibrational node of the structure; and further characterized by a
stop of generating a plurality of phase estimates from Urn plurality of

node selective filtered notion signals. 10 30, A nethod according to Claim
29, further conprising the step of generating a nass flow estimate.from
the plurality of phase estimates. 31. . A nethod according to Caim 29,
further conpri sisng tie appestes of Clyingénbrder sgmPrtG-al ity of tine

di ff timat f t I Li . f i it Yiadd i ti
Si gnal 51 and_ gemcRRIIAA QN a1 S DAl ARy ARt fibdq EseCeS T O

di fferencg, est] . LN tivk: filleeed maticrusignelso@ndne
! ﬁf(t: Ft AMTRbaS glgzg%rgggé ‘@Et,?aﬂgzﬂﬂ‘ :ﬁoﬂb@eﬂ@c

I i
generated correlation

A nmet hod according to | 9,
wher eign sai d staapamjfjrg&rmfwtgan@ratinganuilﬁﬁlﬁwecﬁsnmﬁigér%' %%qgiga rises

the step of generating the plurali Qfy. ... [ tdrgd anpligs e
r ef er ences@gtiive fltery ©NGHALH Ofgﬁﬁrrgﬁ"i‘ﬁ@’a@fen@?bn%&?el ective filtered

notion si nJ 'asaﬁg'[h@e@ﬁﬁm@d@ffeqq@bm 29, wherein said step of applying a
node sel etti i 'ter conprises the steps of: applying a nodal

tlrans‘}‘prmat}on 'élolthe plurality o:‘ notion signals to generate _SQ a

2opl v h;ya?m%£e| iz 8&85@%;&2@%“?% %@fﬁgq’g?ﬁﬁgfﬁ@?o"@“f 'erp’;%imi :
respgﬁse ‘13 ig,g?ééeg.glﬁ@?g;?gg)ﬁ -plurality of node selective filtere :
et oo st ity A R i 0 o

ﬁgﬂ’ thgfasggﬁn.ef; SE&@%n lhgses't{r%aat'eﬁq’reanér&%‘Eﬂﬁy of.a mode selective Tiltere
an apparolus for generating a diffcrence estimate from the second mode

. sclactive filtered motion signal and Lhe first and second reference signalns.

27.  The apparatus according to Claim 28, wherein the apparatus for
ganerating a difference estimate from the second mode selective filtered mation
siginal and the first and second reference signals comprises:

. an apparatus for generating a phase estimate from the second mode
20  sefoctive fitered molion signél and the first and second reference signals; and
an apparalus for generating a time difference estimate from the phase

aatimala.

23.  Tho apparatus of Claim 27, wherein the apparatus for generating a

25 phase gstimate from the second mode solective filtered mation signal and the first

and second reference signals comprises:

an apparatus for multiplying the second mode selectiv.e filtered motion signal
by the first and second referenco signals lo gencrate respective real and imagtnaq
componznt signals of the second modc selective filtered motion signal; and
30 - an apparatus for estimaling an arctangent of a quotient of the real and

frnaginary component signals of the second mode selective filtered motian signal {o

gencrata tha phase estimatc.
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plurality of node selective filtered notion signals; 5 gcncrating
quadrature first and second reference signals based on the estimigdy7/2005
frequency; and generating the plurality of phase estimtes fromthe
plurality of node selective filtered notion signals and the first and
second reference signals. 10 35. A nethod according to C aim 34, wherein

said step of generating the plurality of phase | mates f he
plurality of npde sl methackofopemtiod %ﬁtﬁiftﬂﬁ“a%‘ﬁéﬁz—#@'"&hdﬁ?%@%é@t and
second reference signals conprises the steps of: multiplying a node
sel ecti veCHi€dd notion signal by respective ones of the first and

second refere”ﬁ%téﬁﬁﬁgkﬁmhﬂu gaYaent argastitiuroy eal and i magi'nary 15
conponent si gndl“s ot fhe na&

selective filtered. not.i on. si : :
ostimating an arste@ofamdeielactvefitennog 6fpltiﬁ’g’tw%faﬁnohﬂﬁgqufgﬁgﬁg%é%g%%nent
c>gr-iais of tho node selective filtered notion signal to generate a phase
esti mét e. negpn ok thetHgaiecording to daim 29, further conprjsi ng@gge step

of 20 gonoral i ' iratlydbfriede setectye ifitared Mation ¢
plurality of ﬂ%tepeggé%*%mgoé% K

t : 30 V. A nethod ' hin 36,
further cmmreg_elslislg} p‘iméiolstn%@%zfategéﬂﬂ&i at“flu'i’f@%g"%&ggg‘% %gwéeggykgﬁrg %r‘%nm t he
plurality of ti ﬁi %}J}%E%@Eggﬁz}yaﬁgﬁgﬁéner%liﬁﬁfamdram of pheye Eestiiaies 36,

wherein said st afity of 'linp differenco estinates

from the Rbp{ ehi Slirdity BhaRRIestieative siteraahmiotisn SIgNAS-st op of dividing the
plurality of phase esbtrimates by a node frequency to generain a plurality
of tiqme difference values. 39. A nethod according to Caim 38, wherein said

! . hod a ai :
ol ural 115 of prllee AvipdEobdrila i ol e e ot pplyi ng a

a
pluralit yﬁe{mﬁﬁ{h@—;{ hfas v eetigente ifram diné pairaiity & Pmsa@%‘m%?gzoos 35010/ 1
22W O the*pluralrTty of tinme difference values to generate the plurality of
time difference estimates. 40. A nethod according to C aim 38, wherein

said step of generaty pg.dsd according to Claim 29, further comprising the steps of:

15 genemting a pihmlit&v of tirne difference estimates from the plurality of mode

sclective fillored motion signals; and

generaling a correlation measure from the plurality of time difference

eatimales; and -
| determining a status of the slructure from the generated correlation

- 20 MAaASUre.

42, A melhod according to Claim 28, wherein said step of generating a

pluralily of phase estimales comprises the step of generating the plurality of

phasa estimates using a phase reference derived from one of the plurality of

25 rnde selactive filtered motion signals.

33. A methad of Claim 29, wherein said step of applying a mode selective

filter carnprises the steps ol |
formation ta the plurality of motien signals to generate

s in & modal coordinate domain; and
applying a mode sclective transformation to the plurality of moda?
asponsa signals lo generate lhe plurality of mode selective fillered mation

applying a modal trans

30 a pluralily of rnodal response signat

signals.



6 plurality of Linmp difference estimates fromthe plurality of phase
estimates conprise correcting the plurality of phase estinmates u5|ﬂg/ 2005
plurality of zero flow phase values. 41. A nethod according to Claim
wherein S?ﬁ}@ f node selective 10 filtering conprises the step of

AR

appl yi ng %sformatlon to the plurality of notion signals to
generate a nodal notion signal in a nodal coordi nate domain, and wherein

the method further CR%ﬂh%%Saée%gcmgqe irf 90, URidral ddie stesief génergting@y

from t he nodal tidn's A et hod accordlngto ClaimA4l,
further cosmfifig obphdve emmmtﬁs ccasnpnm tinysieessafty of material in the

conduit fromthe estimated m)defre cy. .4 Claim
36, further corfiidHHg ?E@’Oé‘tcé‘ﬁycﬂf BP@&?%&’%'{%%QE‘@ g o?ﬂgpgi:g\%l ng

function tpgtfh !'Lﬂ‘ﬁgﬁ% Jé‘?e(ﬂhﬁﬂ?#drbﬁ rﬁ(_f,udﬂ agnal;diffe r nr| ce astirnates to a

plurality férence tine erences representl ng of thﬁ.
structgre undergdroutingeuadratare Grat and. scxomgh nederens cﬁigﬂﬂé bﬂ(ﬁe@% 43,
wherein the perturbat on is qass (low. 25 45. A method according to Caim
43, wher eigftisapted JiCEHIHCY @ mati ng a  paraneter conprises the steps of:

generating an a(ﬁ._ggxgﬂ& m@?}mmhwmﬁflpmﬂs@gaﬁtimatpbdmh|th9 pdﬂrahtarfte‘rrﬁﬂde tinme
art mut ti

di fforcncos; Iurallty of t d|f tes
by a pseudoi nvesedestivio fi {tafedangmswaiquli @B“ﬁé’i @@ﬁg%ﬁ@
A nmet hod according to Claim43, wherein said step of estl mating a

parameter conprises the step of iteratively estimating the scaling

f unct ?)(?n 47 1997/ 2008cRbd ﬁdmgmgqomgpn(BMth&reiﬁ aandwsdep ofigeneiatingdhg

Sore (Lihraty ahandssmestmetaiine! e iaingen i, SraiE thaeatbRt s ="
br ocessi ngiandF dndiiney ot SRbeRen Y RS gés?issﬂé]'?ﬁﬁ%ﬁé*?‘?z‘#‘%ﬁ% he O
structure undermbiigiifgWmbebtsédehioditered gmtmrasgnahgy respective ones of the
first and sacond refercnee signals to generate respective real and imaginary
5 component signals of the mode selective filtered motion signal; and ' ’
ostimating an arctangent of a quotient of the real and imaginary component

cignals of tha mode selective filtered motion signal lo generate a phase estimate.

. 36. A method according to Claim 29, further comprising the step of
20 goneraling a pluralily of lime differeice astimates from the plurality of phase

cslimates.

37. A method according to Claim 36, further comprising the step of
generating a mass flow estimate from the plurality of time difference estimates.

25 |
- 38. 2 method according te Claim 36, wherein said step of generating a
plurality of ime differanco estimates from the plurality of phase estimates
“comprises the stap of dividing the plurality of phase estimates by a mode frequency
10 genaraln o plurality of time differcnce values.
30

a9, A melhod according to Claim 38, wherein said step of generating &
plurality of time difference estimates from the plurality of phase estimates further

compirises the step of applying a plurality of zero-flow reference time differences to |
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plurality of reference tine differences. 10 49. A nethod according to Caim
44, wherein the paraneter of the scaling function is a slope parafga}@L/MS
further conprising the step of generating a mass flaw estinmate horn tho

sl ope paraneter ?%g}/ he known nmass flow. 15 50- A nethod according to Caim
49, wherei ABO T p of estimating a slope paraneter conprises the step
of multiplying the plurality of tine difference estimates by a

pseudoi nver se of I ly i I r &feme difféenepeos
to deterni {\‘? &"h‘é""g}’g’gé‘“ﬁ%? g&’rré%ﬁ% 9&8‘%&# E}%n%?ﬁ?gy%aﬂgﬁmi ng to dai m 43,
wherein thgspanmeter of the scaling function is an intercept paraneter
and further-conprising the step of determning a systemstatus fromthe

i ntercept paranmeter. 52. A nethod according to Claimb51, wherein said step

!5 L5, 2 B S sy

plurality of no rom a not1 on transducers
oper at isvel ¥ AaiRg ®if dihedl difdrontdestitmates o thenpluralily oé phaseealigedgs of

determ ning a system status conprises the step of deternifpi t of
a motion teECEHEEs COrEsNanRe fréhﬁfeq{tptt]@&rea ;%?{eséff'%%.g’] dl”%@?yh‘gﬁé%@c%%i ng
to Caim4 %1{,1‘{1 ), conprising estimating density of a material in the

structure P"t]) fie"eésti mat ed node frequency. 54. A nethod of T aim?29, said
met hod conprising the steps of: 48 19/07/2005 ostirnating a frequency of a

first nod lective filtered notj. Lgnal . of the. pluralit ;
el active f11tefdd m msthed grapiinaiCaanb 8, wheren el Bebidf addRekative
f | - ' | i ' b medtidnnie thetatdlity obf
mde. 9 el R ST BREEE Y Bip o g e L P ency. 55,
A et hod agouoHisignale 16! qinBrave a wietaimotio sigsakin @Mmags épgrdingtesdomain,

Cecond 1 of RGBTSR BB ERET £ LB TGP o P A g agp 1ot AN
gener ati ngfr@ﬁggei\ﬁé\ﬁ{rﬁﬁ?g‘»c?ﬁ{dd@? Honoyidle second node sel ective filtered
' and the

notion signa ITst and second reference signals.

15 - 42. - A method according to Claim 41, further comprising the step of
astimating density of materal in the conduit from the estimated mode frequency.

43. A micthod according to Claim 38, further comprising the step of
astimaling a parameter of a scaling function that relates the plurality of time

20 differcrice estimates to a pluralily of refercnce time differences representing motion |
of the structurs under a known perlurbalien.

44. A methad according to Claim 43, wherein the perlurbation is mass
(lexww. '
20 _
45. A method according to Claim 43, wherein said step of estimating a
parameter comprises the steps of: .
generaling an augmented malrix including the plurality of reference time

difforencas; and |
30 mudtiplying Lhe plurality of lime dilference estimates by a pseudoinverse of

{he augmeriled matix to determine the parameter.

46. A melhod according to Claim 43, wherein said step of estimating a

parameler comprises the step of iteratively estimating the scaling function.
' 47



56. - A nethod according to Caimb55, wherein said step of generating a 15
difference estimate fromthe second node selective filtered nntionl§}@pﬁé005
and the firmand second reference signals conprises the steps of.
generating a phase estimate fromthe second node selective filtered notion
signal and the first and second reference signals; and generating a tine
difference estimate fromthe phase estimate. 2..0 57. A nethod according to
Claim 56, wherein said step of generating a. phase. estimate fromthe
second node selective filtered notion signal and the first and second

i nference signgls CoNRRADES éél%réihgﬁé @him 48 Mircpbin 520d Step ofiterativetyde
selective filtered notion signal by the first and 25 second rcif erence
signal s t esfientinateompspes the stepeal apmyingraabeastrMiean Ssuwen ( LMS) G#ingalian  ne
second node sel ective filtered nption signal; and estinmating an arctangent
of a quot FEMPBFCt he real and i nmgi nary conponent signals of the second
node s{?l ective filtered notion signal to generate the phase estimate. . 49

48. A method according fo Claim 43, wherein said step of estimating a
parameter is preceded by the step of processing a plurality of motiop signals
representing motion of the structure under the known perturbation to generate the
plurality of reference time differences.

10 .
| 49. A method according to Claim 44, wherein the parameter of the scaling
function is a slope parameter and furlher comprising the step of generating a mass

flow astimate fiom tho slope parameter and the known mass flow.

15 50.  Amethod accarding lo Claim 49, wherein said step of estimating a

stope parameter comprises the step of multiplying the plurality of time difference

aslimates hy a pseudoinverse of a matrix of the plura!ity of reference time

diffarencas to determine the slope parameter.

20 51. A method according to Clairn 43, wherein the parameter of the scgling
_funclion is an intercept parameter and further comprising the step of determining a

system siatus from the intercept parameter.

52. A method according to Claim 51, wherein said step of mode selective
25 iltering is preccclcd by the step of receiving the plurality of motion signals from a
plurality of motion transducers operatively associated with the structure, and
wiierein sakd slep of delermining a systern status comprises the step of determining

a slatus af a motion transducer from the intercept parameter.

30 53. A method according ta Claim 41, further comprising estimating
density of a material in the slructure from the estimated mode frequency.

s4. A melhod of Claim 29, said method comprising the steps of:
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ostirnaling a frequency of a (irst mode selective filtered motion signal of the

plurality of made selective filtered motion signals; and
generating a dilference estimate from a second mode selective filtered

miolion signal of the pluralily of madc selective filtered motion signals and the

aslimated frequency.

55. A mclhod according to Ciaim 54, wherein said step of generating a

difference estimate comprises the stepsoft
genarating quadralure first and sccond reference signals based on the

estimated frequency; and
gencraling a difference estimate from the secend mode selective fiitered

motion signal and the first and second reference signals.
6. - A mcthod according to Claim 55, _wherein said step of generating a

difference estimate from the second mode selective filtered motion signal and the

first and second reference signais comprises the steps of:
gencraling a phase estimate from the second mode selective filtered motion

~ signal and the first and second reference signals; and

_ generaling a tirao difference estimale from the phase es_timate.

57,7 A melhod according lo Claim 56, wherein said step of generating a

phase estimnte fram the second mode selective filtered motion signal and the first

and second reference signals comprises the steps of:
mulliplying tha second mode seleclive fiitered motion signal by the first and

second referenco signals to generate respective real and imaginary component

- signals of the second mode selective filtered motion signal; and

estimating an arctangent of a quolient of [he real and imaginary component

signals of he second mode seleclive fillered motion signal to generate the phase

eslimale.
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