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FOR VERI FI CATI ON DI AGNOSTI CS FOR A FLOW METER Background of the Invention
5 1. Fi elwoabotdaessnventi on The present invention rel at @ETIUS2@5/0832685

el ectronics and nethods for verification diagnostics for a flow neter. 2.
Statenent of the Problem Vibrating conduit sensors, such as Coriolis mass

flow neters or MEFTERIEQECIRONIQCSHEND MEEHOBS FORVERIFIOATION by

detecting notion of a vi i i hat ¢ i a flowng material .
Properties associated w Pﬁﬁ?@%ﬁfﬂ@gﬁoﬁéﬁﬁﬁmlfm such as mass fl ow,
density and the like, can be determ ned by processing neasurenent signals

recei ved from notion transducers associated with the conduit. The vibration

nmodes of Bhélkeroubdaifithg Imedigiom| -fill ed system generally are affected by
t he conbi ned mass, 15 stiffness, and danping characteristics of the
cont aini ng &éddar thedimden®io® naterial  contained therein. A conduit of a

vi brat ory f | owrgpL el o AR bR UIRANG (G oPERALLA LUPER AW ddRE S

forced to vibra a resonant frequency, e regonan requency of
the tubediagndstiep®sitd Aow méter.t he density of the fluid in the flow tube.
Sensors |l ocated on the 20 inlet and outlet sections of the tube neasure the
rel ative %i Biaderment diéhaBerbleme ends of the tube. During flow, the

vibrating tub nd..t he fl owi ng nmass. coupl e.together due to _Coriol.i

or ces. " causi ny it condift Sepert i 58 Rt S e BB & wiiir e

t ube. 1 ThedeRfiagRtefithpichBy hérai by dREQRR thb8SRLS 4 Qitrhgn vl 1YY coftdidPi cal
Coriolis mass flow neter 1ncludes one or nore conduits that are 25

connect eda floiimeniaterzl p Ppelerties assoapsthe withr tha spasetialsy shecorsiud, swesymass

material, _e.qg., fluids, _.slurries and.the |like, in the system, Each conduit
may be vi @%d%ﬂtwa%&!ﬁﬁbe lik den b deframined DY PHIAISBHIOHES R &R hg, for

exanpl e, Cgé'rclgi%& RN ﬂid?gp thAs G QP sso iglladlith B onGaHPEd vg%gﬁén nded of

typi cal I'S mass ow neasurenment application, a“con IS exclted

i n one orthedAleranhp medtérdal-filhedies siemn gervralsyr irelaffecmdsbyt the @ugibinddenggndui t, and
30 nmotion of the conduit is nmeasured at points spaced along the conduit.
Exci t B i ovfifizess.tapgi deampips shaartgestiqsofihe gontaiming consduy andghe material

el ectromach%ni Cilt devi ce, such as a voice coil-type driver, that perturbs
t he conduf®#h° lbeé?lpbdi c fashion. Mass flowrate nmay be 1

A conduit of a vibratory flow meter can include one or more flow tubes. A flow
tube is forced to vibrate at a resonant frequency, where the resonant frequency of the
tube is proportional to the density of the fluid in the flow tube. Sensors located on the

20  inlet and outlet sections of the tube measure the relative vibration between the ends of
the tube. During flow, the vibrating tube and the flowing mass couple together due to
Coriolis forces, causing a phase shift in the vibration between the ends of the tube. The
phase shift is directly proportional to the mass flow.

A typical Coriolis mass flow meter includes one or more conduits that are

25  connected inline in a pipeline or other transport system and convey material, e.g., fluids,
slurries and the like, in the system. Each conduit may be viewed as having a set of
natural vibration modes including, for example, simple bending, torsional, radial, and
coupled modes. In a typical Coriolis mass flow measurement application, a conduit is
excited in one or more vibration modes as a material flows through the conduit, and

30 motion of the conduit is measured at points spaced 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. Mass flow rate may be
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WD 2007/ 040468 PCT/ US2005/ 033285 determ ned by neasuring tine delay or
phase differences between notions at the transducer |ocations. Two such

t ransducewe 20@vo4picgkof f sensors) are typically enpl oyedPCirnsesdss328o
nmeasure a vibrational response of the flow conduit or conduits, and are
typically located at positions upstream and downstream of the actuator. The
two pi ckodidterminedbymseaaneng timvatador ghast diffarondes betvecanumetions dtdhe by

cabling. The Jinstrungenta ecei yes s naI romthe two. pjckoff sensors
and pr oceBawsduesrdocatipnsy W%S"E?L&%%ns%{‘bcea%t \PéCkoﬁ Wgsy lﬁgiéy l “Ement .

The phase;d SESSRE ﬂ%wazﬁid% tict ol dnd el he mass

flow ratg%?@ﬁ{éﬂ%ﬁuﬁeﬁgﬁﬁ% (%)I{v%a?ﬁégswterrl]rough the f 1tut():e or flow tubes. The
mass f | owypidalydbcatddatt gusitivas expsiabam and dopastréam afthwdttktéom i Thee wohedl pigkoff

bet ween the two sensor signals, and the nass rate_can therefare be

det er M neSPUSYISIALP ?ﬁ’fﬁleﬂeﬁg}oteﬂf?étﬁopﬁnﬁéﬂl@9m89°%tbﬁcé ingea P strpesnielion or
(FCF), where. %Q%ééhﬂ%ﬁ }fe\sltvf%é%%%ffgéns%ﬁ a3 O%ro@éis%?ﬁ% zﬁlé M 8186 Yderive

rec.nﬂ
f requency rma t1es and cross-sectional

properti egniss FBG ratd @easued@fentl n the prior art, the FCF is determned by a
calibration process prior to 15 installation of the flow neter into a
pi pel i ne or ot hbe Pb@ﬂ@dhffﬁrenpﬁb@we@éh@ Byasensar gg@@lggssrelat@d tq theanass Hoxssed

bhase ai 1 77 EhE ptae e el FEABE] Ebf B bV el R RS Ok g e 1N
Cori gifd S file WhiTRLF F&@dﬂ&&aﬂt%@ﬁﬁ%@ﬁ{/ BkwbHLHBBRO WeRerFRSERls, Eh@Wer at e s

not fecte by wea novi ng conponen inthe flow meter. The flow 20

rate i s detass ﬂbwadtebqanrthd:refqmb i rdgteu’mquﬁasmuhmlﬁmgéhmbnbda}%ew 2 Wovpoi nt s
f the fl tub dt br at fact t h
ol nuSoi dal SPERHAR S SF0p Rk W i Gne AR cafiAges haneal PrPe et B

poi nts. Onﬁr%g&eﬁc O‘Pfhte'iﬂr@:r rem%tsgﬂé‘?r?at&ﬂltgp? @s alBerb&- %ékl%ﬁﬁa)rf)?&ﬁbi begR

si nusoi da Ign e are no novin onponents 1 n the ating flow

tube. Thefighobe. Ihtherris urtptRECHis ddienihed by dichiibratina @raveds ptier fol ow 25
calibration factor are not affected by wear of noyi ng{é&geponents in the

f1 ow Het einstallptien ptheciiow pectersingy a ineding os piher gerdvit alibratipr PEycesshe

Changes. - ERGHS riesrefugth'hp BENER AL EENER Rk frPhnd BR FEDGIASRRRYY (o

accuracy ﬂieﬁﬂh@eﬁif%%ﬁ@%%‘d&ﬁé‘ﬁ@ixﬁra%ﬁ%%ﬁ%cby the flow nmeter. Changes in
the material® and cross-sectional properties of a flow tube can be 30 caused

by erosion or €meradsamtage 6Ha Cexiatipflow momw@lemﬂewccmr@cy Qfﬂleghﬁ%suﬂf@smﬂ%‘{?bl e
to be able to detect_and/ cha he st sg of the
met er ass@ﬁB’IVQIﬁUSF alfpct e@ByPPgi g}TﬁX' m&ﬁ §8XVJPS ?ﬁ ﬁﬁgflow

Mt €rs0  rate is determined by multiplying the phase dlfference between two pomts of the flow

tube and the flow calibration factor. The only input is the sinusoidal signals from the
sensors, indicating the oscillation of two points on the flow tube. The phase difference
is calculated from these sinusoidal signals. There are no moving components in the
vibrating flow tube. Therefore, the measurement of the phase difference and the flow
25  calibration factor are not affected by wear of moving components in the flow meter.

The FCF can be related to a stiffness characteristic of the meter assembly. If the
stiffness characteristic of the meter assembly changes, then the FCF will also change.
Changes therefore will affect the accuracy of the flow measurements generated by the
flow meter. Changes in the material and cross-sectional properties of a flow tube can be

30 caused by erosion or corrosion, for example. Consequently, it is highly desirable to be
able to detect and/or quantify any changes to the stiffness of the meter assembly in order

to maintain a high level of accuracy in the flow meter.
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2 WD 2007/ 040468 PCT/ US2005/ 033285 Summary of the Sol ution Meter
electronics for a flow neter is provided according to an enbodi nent of the
i nvent i orwOth@/mete8r el ectronics conprises an interfacePCoruse@sesizshg a

vi brational response fromthe flow nmeter and a processing systemin
communi cation with the 5 interface. The vibrational response conprises a

r esponse Summavy lof tli¢ Bolutiont he fl ow neter at a substantially resonant
frequency. The processin receive vi br atj onal

t i fi t he.
response’ from {HE PWFTé?mg% @;’S g‘]@:l’ii‘?t%‘glgé’lr%%rée é?roﬂdleé)%)an&mtbPﬁE?ent of the
vibrati O’i‘ﬁ\Len\rtlll%EP q‘?r%‘?net??él@é%rﬂ@s @oxﬁgﬁ&% %elg%é ab8 95 r&é@ivﬁ& d, Fbhiiong current

(1) of the rational response, asure ecay characteristic of the

f1 ow et eespoansifrdat the fiovemkbtertand agirbédssmesypi@raimedoaimiiiratfisrowithiie f r equency

(wo), the response voltage (V), the drive current (1), and the decay

char aét edptgtipge. Qrhowvibsatmg] FesPORRS COMITHFeH § TesPOnpg toneidralionofdhe flopk) ~ of a

fl ow met i rovi I i i iQn. The
Hletbraty &%Sﬂﬁgall}a?egfgﬁﬁ‘lt F%ﬁg??% aﬂgﬁgr%cgﬁmég g{s%eﬂr# fshdé)'ﬂﬁ%(q}védqg

met hod conprises recerving a v spons neter. The

Vi br at i oredeivesRaIS@tiI6AARE RS BokbtheenRAMEE deCermiid @ﬁagh@ftym) &fthel ow
nmeter at a substantially resonant frequency. The nmethod further conprises

det er m nivilgrationglegipones; detepaiineod reshensgi witaee Maknd a dpigp surrentdé) efrthieni ng a

o ma PHEE sbaeg et e Bl R e BB AR
furthgr (RONAHASS a&?ﬁe@éﬂﬁmiﬂ’&nttﬁ@ﬁ%&ﬁéﬁc?&&ﬁ), ?ﬂé(;@ iR volthed (Mt Wrive

frequency (wo), the response 20 voltage rive current” (1), and the
decay chanmene(),smidch€xlecaymbbtastbristic (Jet ermi ning a stiffness change (AK) ‘in

fl t [ ' di nmbodi f the i tjon. Th
et hod Compr i <baAaRL{or 5 RII0E B GHT RS SO RRGOL § SRPLRECT IORKER  The

i brat i ; . i i- . fl t
t a subap e oL B RO I A B ikl o

det er m nivillgratiofidl @aspnsy fromothe dfovt heteri Mhatvibradibnalasgonse compdédrar ni ng a
response voltage (V) and a drive current (I) of the vibrational response,
and fdasgespegsataerbyatitneeidbe dovsmeter @ apubsiantiallywesamest frequeacyethed

e IR R 5 B A RS LSS B RS b FAIRE g e
decay Chaagh@hingthirsfonsd b@lta@t(:w%atardrw CBFnE PRI HREPbF Ro8hMieBSbrRe S econd
vi brational response fromthe flow neter at a seCond tine t,, dgenerating a
second stanflimessricgadactyechagadteristikdy) of thamftavenstarorihevmdshad fwtltelr r esponse,
comprises determining the stiffness parameter (K) from the frequency (), the response
20 voltage (V), the drive current (D), and the decay characteristic ().
A method for determining a stiffness change (AK) in a flow meter is provided
according to an embodiment of the invention. The method comprises receiving a
vibrational response from the flow meter. The vibrational response comprises a
response to a vibration of the flow meter at a substantially resonant frequency. The
25  method further comprises determining a frequency (®,) of the vibrational response,
determining a response voltage (V) and a drive current (I) of the vibrational response,
and measuring a decay characteristic () of the flow meter. The method further
comprises determining the stiffness parameter (K) from the frequency (w,), the response
voltage (V), the drive current (I), and the decay characteristic (£). The method further
30  comprises receiving a second vibrational response from the flow meter at a second time

t,, generating a second stiffness characteristic (K;) from the second vibrational response,

comparing the second stiffness characteristic (K;) to the stiffness parameter (K), and
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conparing the second stiffness characteristic (K2) to the stiffness
paraneter (K), and 3 WO 2007/ 040468 PCT/ US2005/ 033285 detecting the
stiffnesswohamao{e8K) if the second stiffness charact er PETiuS2¢oE@}32d5 f f er s
fromthe stiffness paraneter (K) by nore than a predeterm ned tol erance.
Meter electronics for a flow nmeter is provided according to an enbodi nment
of the idateeting the stiffressrehanged ANEOtif theisesomstiffriese shamcteristir (kg difffos
receiving three or nore 5 vib i onal responses fromthe flow neter. The
three or t&?&ﬁmﬁaﬁleﬁ%@ égoreitﬁ%q g t%r%%%ga a4 f undament al

frequency res M&%Fel@@g?ﬁi\’}?ﬁﬁra I S 10N phoNEEIBR R ink 6 IH SRPY I RSRIFIES -
The nmeter electronics further conprises a processing . systemin
communi catventiond Thetoweter ¢lberbricecanprissnhiigterfade far reedeingehtckor tnoree or

nore _vibrational responses fragmthe interface, generate_ a pol e-residue
f r equéncyibretorH sesprpsesuremitbe loroneiehe Thn thaee of Mess @@Wr@f Teshamses
response d ' ' r ter fromthe

pol e-r esi%a1 Llllg(ﬁ]? ?g%sgénl@f ﬂ?egfi}ﬁ%"{n@%ﬁ%lu%%cﬁ#gég H%fﬁ ﬁ%ﬁe%g%r&dgélﬁnﬁnni ng a

sti f f nes fumamadrilarequbhcPfespolidedWINE hidterl de@ifiitiREtheAESApHscRQ frocEBing
enbodi nent of the invention. The nethod conprises receiving three or nore
vi br at i osgEstemdssoryasnicatinn withdbe biterfaseand contigigdap receiysohs dhret pemege a 15

mon: | uncitneAt Rl Rt ey B finae, SSRENR R i s Bip resmanse

genef gt i Bgn@iROkEmIRS HEHE or fHIBIVRRAYonEPRIBAAERs, 4HaCddt@hihé AMeh @ shiffnRgs OF
nore vi brational responses and determning at' | east a stiffness paraneter

(K) frompatengiet @y fesindbe pbleagsicne yreqespynsspdngadnaion. 20 A net hod for
determining a stiffness paranpeter (. of a flownpeter .is provided .
accor di ng to dh %éﬁwr@ﬂmflaé#@@mawe%éﬁﬁef ﬁ@&wclglﬁﬁﬁr 158vidsdei vi ng
on . . . . :

ree or ac%ﬁ&?&%ﬁ%gnf%P ?ﬁ%nt%ﬂe Thi ?JF&?&E cé‘iﬂhﬁséé' @E&%ﬁg'%ﬂllee o

responses I nc y fundanent requency responSe and two

or nore madtefvithdeordltradponkese dieNbyes @snoresdbratibhal reidises indhudear conpri ses
generating a pol e-residue 25 frequency response function fromthe three or
nor e 19i brsdbsteriidllyr bagdeonerts] Gaarengsrespensa #yl o pamere rons{ydamestal par anet er

(K) fromghe pol e-residue freqgue res e funct. on. hod furt her
conpri sedt erqélslg?yﬁ eﬁ%c’rge%eﬁ}% Hleglécf&_@%hteﬁ?%gg%?es L)) ﬁ%r alt“\r/lg ﬁrpé]t-{%lg?*?én;ﬁ} “responses
fromthe g W’gﬁfﬁ%o@% fAn@RIOAEMthEThrbor SBREViIBtAtIhabre3p6RRE angt i f f ness
characteristic ’( fromthe second set of three or nore vibrational

r esponsesieted@imiogphleasip stiérese paracheseri (Kf) dess thelpolaceddus requepkp yesponsehe

stiffness, paraneter (K), and
fugctlron. (K)

20 A method for determining a stiffhess parameter (K) of a flow meter is provided
according to an embodiment of the invention. The method comprises receiving three or
more vibrational responses. The three or more vibrational responses include a
substantially fundamental frequency response and two or more non-fundamental
frequency responses. The method further comprises generating a pole-residue

25  frequency response function from the three or more vibrational responses and
determining at least a stiffness parameter (K) from the pole-residue frequency response
function. The method further comprises receiving a second set of three or more
vibrational responses from the flow meter at a second time t,, generating a second
stiffness characteristic (K,) from the second set of three or more vibrational responses,

30 comparing the second stiffness characteristic (K;) to the stiffness parameter (K), and
detecting the stiffness change (AK) if the second stiffness characteristic (K,) differs

from the stiffness parameter (K) by more than a predetermined tolerance.
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detecting the stiffness change (AK) if the second stiffness characteristic
(K2) differs fromthe stiffness paraneter (K) by nore than a predeterm ned
t ol er ancew0200M42487/ 040468 PCT/ US2005/ 033285 Aspects @CTiuseoos08328% i on | n
one aspect of the meter electronics, nmeasuring the decay characteristic Q
further conprises allowing the vibrational response of the flow neter to
decay dowkspeeots of tiveddetmwtion ned vi brational target. 5 In another aspect of

the neter electronics, t processi ng systemis further _configur to
measure the d a@neaaa?fée?ﬁﬁ WEICE Sfeetynisy, MERBUPRGNE HEPascbASISTBHC §9) ( he

flow met %ﬁﬂ&d%é’itl 9Vds %ﬂg%v\%i?gbﬂe%ﬁra{iﬁﬂﬁlre Jﬁ)@@%?ﬁleq{o& Bt tB‘HeEg g(gwﬁ g decay

down to a pre rm ne rational tar e neasuring t ecay
char act erd sietieterthinedvibraionalsmget. of the neter el ectronics, the stiffness
paranmeter (K) conprises 10 K = (I1*BLPO*BLDR*wWo) / 2i;V. In_one aspect of
the méthod, ndadmethes asnest abdgynetanelgeirenips the procespingwistens snivrthees

all owi ng the Vvjbrati he. f . d . to a
oo 19 doh BB ESRORO b P I Sink o BER Ml

neasur i ngidwendlecaid Ahaviag tes vibtdtional fespdrise lofetie fldw re&ePld deRay deWaMtbag t he
excitation of the flow neter and allowng the vibrational response of the

f 1 ow net qredeseniainag vitwakonad targeirwlhide measuring the Weeay dhagacteriftiget whi |l e
measuri ng the decay characteristic. .In yet ot her aspect of .the net hod,
The st 1 ness Igaratiss aspekf s e egikits. Wie Slfhes? BRRRS) %) Spipisgs |,
yet ggot hek f}s}gg t+pf EBREe) Meihod, generating the second stiffness
characteristic %?(2) T om 't e 'second vi brati onal response conpri ses

gener ati ng t henseeasgectof tiamsthodcmerauringrths decay( ddyadtertticd O i
frequency, a secopd response voltage, a seco drive current, and a second
danpi ng CIPERRECE allawing e ryiRrationg) 6?9@@95%%%@8%& MEHE I EEFRIOWIME Fret hod
further I : | 25 stiffness change (AK) if the second

sti ffnes?%%%gglﬁgg?gtﬁ%é%#gﬁiffers fromthe stiffness paranmeter (K) by
nmore than a priedgiotctianssdt 6f tHefmehsd rabasgingehe devayechamotirizee (Qaher of t he

met hod, the nethod further conprises quantifying the stiffness change (AK)
fromlfhe comipites removing thgexrakation af Hieetl ewizeripmanst allowing shargibeatiospkct r oni cs,
the pr Oceiﬂsegﬂorﬁ%e of e oxgv Smgtelzjrrttor}f%rcay down to a predetermined vibrational target while
measuring the decay characteristic.
In yet another aspect of the method, the stiffness parameter (K) comprising K =
(I*BLpo*BLpr*wg) / 28V.
20 In yet another aspe;:t of the method, generating the second stiffness characteristic
(K,) from the second vibrational response comprises generating the second stiffness
characteristic (K,) from a second frequency, a second response voltage, a second drive
current, and a second damping characteristic.
In yet another aspect of the method, the method further comprises detecting the
25  stiffness change (AK) if the second stiffness characteristic (K,) differs from the stiffness
parameter (K) by more than a predetermined stiffness tolerance.
In yet another aspect of the method, the method further comprises quantifying
the stiffness change (AK) from the comparing of K and K,.
In one embodiment of the meter electronics, the processing system is further

30 configured to determine a damping parameter (C) from the pole-residue frequency

response function.



30 configured to determ ne a danpi ng paraneter (C) fromthe pol e-residue
frequency response function. 5 WO 2007/040468 PCT/ US2005/ 033285 I n anot her
enbodi mrenwoabotdiessaet er el ectroni cs, the processi ng sysPemus00508328&r
configured to determ ne a nmass paraneter (M fromthe pol e-residue
frequency response  function. In yet another enbodi nrent of the neter

el ectronics, tieanethssesthadgmenisaiahe meterslgctioniisy thegupeessing$ystemcis ApikeE a

I , Ldue ' [ f
pol o r 0% e Rk Tnc Foloes BREnRetr W) FhEThE VeI ke Ak MBner oo e

met er el eghe@eu.cS, the three or nore vibrational responses conprise at

| east one tone above the fundanental frequency response and at |east one

t one bel ow t helnfyshdnoibar embpdiseans ot therragisn plsetronigs, |the pracesgieg ptedibodi nent
of the meter electronics, the three,.qr re vibrgtional .respons onpri se
at | oast Rygger soTEuEd eomelite arhelk @ &t eaigug Ry PRG g ol PR | chst
two tQneSﬁ&%ltﬁwﬁbnereéwﬁema&ﬁdyEegﬁﬁﬁe&r@ﬂctfoﬁ.sponse- I'n yet anot her

embodi nent of the meter electronics, the pole-residue frequency response
functi on conprinses another smbodideant pbthe-metsi digctrémiesyibatlyee esponseibtatinnial on

15 I n yet anot her enhodi nent of the nmeter el ectronig¢s, the pol e-resjdue
£ equencyTSSPUISEYFRBDHEE IeaY; 08B ATIS A6¥e e RndpmeRih freuney rERogse a1 Bquency

response {ehchb thd Bdbu P TRIdARRUNRGhaTHbidhd) + R /O Ln vet anot her

enbodi nent of the neter e\gectronl CsS, residue frequency response
functifon conprinsgs agothier sinbodiaesnt pdtte-meter disetrbmies uhatires osmons eibativeial on
that 20 conprises H(co) = R(jwX) + R/On A and wherein the stiffness
par anet erTegRONSes pRMBEMHAIGaTHAVa feresabpry thedygdamentabirequsney sespensq apd ar e

det erm ne r.din e j I K=(w)' M and C =
2cco"M _I%aﬁgﬁgatg%?shéeﬁg‘g%%g}n%%ﬁoa?ﬁt%ﬂlg@r?‘rc&t?r J((Zégr%glgee‘ct roni cs, the
pol e-resi due fregan6ther ERBBOMSG bE el hoRr IREREHiIESE Ihe pSRCRBdUS fidgliency

pol e-resi due frequency response function. 25 In yet another enbodi nent of
t he net errespasefomition conerisss hdirsicaridengoléresidenboquansy serpensaiiction

compriSes H ( (el agoighpBofin TR pgste M slor GRS T PUl-SHACR ERIRSS Al ment
of the MefeghoiRbEGAdHRA Stnpridds aRRbEsriES) AL SeditRAMERN By response function that
comprises H(w) =R/(jo-A) + R/(o-1). |

In yet another embodiment of the meter electronics, the pole-residue frequency

response function comprises a first order pole-residue frequency response function that
20  comprises H(®w) = R/(jo-A) + R /(jo- A) and wherein the stiffness parameter (K), the

damping parameter (C), and the mass parameter (M) are determined according to the

equations M=1/2jRag, K = (@,)*M, and C = 2{o,M.

In yet another embodiment of the meter electronics, the pole-residue frequency

response function comprises a second order pole-residue frequency response function.
25 In yet another embodiment of the meter electronics, the pole-residue frequency

response function comprises a second order pole-residue frequency response function

X(w) _ jo
F(@) -Mo*+jCo+K’

that comprises H () =

In yet another embodiment of the meter electronics, the pole-residue frequency
response function comprises a second order pole-residue frequency response function

X(a))= Jjo
F(w) ~Mo*+jCo+K

30 that comprises H (®)= and wherein the stiffness parameter .
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response function conprises a second order pol e-residue frequency response
function 30 that conprises H(w) = X (co) =) 0) and wherein the stiffness
par anet erwOR(ev)o4edd8s +j OvtK 6 WD 2007/ 040468 PCT/ US2005,P03BRB®S5/06KB5 i S
determ ned according to K= ((w)2winf H(wW])/((w)2-w2)j H (w)12), the
mass paranmeter (M is determ ned according to M= K/ (w' )2, and the

danpi ng K aneéterminE) ac¢cﬁ~dﬂgtteﬁﬁFr(ed,l)za*ﬁImqud(mﬁ)/((@nﬁ gz)ae[(mms {he)thads H

(W) 12. In one enbodi nent of the nethod, the determ ning conprises further 5

det er mi niNFERTRCIEREE) Wg‘i%%ﬁfﬁﬂ%fi gcordpe e Mrtlﬁ/éw@m aadrthe damping pagaapiey (C)
response . functi on ot her h the nethod, the determ ning
conpri ses} flﬁtﬁnﬁ]é\e gﬁ%tﬂQﬁ Igmg(gﬂg?r ter (M fromthe pol e-resi due
frequency resqﬁ%@eiﬂ%qim&nofth@nﬁéq{oda&&w%mﬁﬁﬁ@ca {se9furitie nethod, the
determ ning further conprises 10 conputing a pol € (A) a left residue (RL),

and aSri ghtemmsmg aalapiRig paametdérd (P dtam tk@spcdaeemdmeeﬁ[wmyy I ERPOOSES €
function. et anot her enbodi nent of the nmethod, the three or nore
vi brati orjr:HHICI sponses conprise at | east one tone above the fundanental

frequency r esFiﬁ%ﬁ@tlﬁf‘%Bbduﬁ&ﬁ%mfé'r‘rxgeﬂl%ﬂet%‘%ie%xﬁ%ﬁ%ch{}ﬂogﬁtEﬁﬁﬁ‘lh& requency

response. 15 I'n yet another embo nt of the met : ree or nore

vi br at i ongtermigiapanaas pawmetesmalfroheﬁﬁtpoﬂmsidmefsecplbnwﬁrdsbens‘elﬁudaﬁmnt al
frequency response and at _|east two tones_bel ow the fundanental frequency
response. | n yaychamtharenbadimenpei themathed, the Aefermining Rsther cemprises

reapdise &ﬁoﬁ‘?ﬁg%epoi%”@% BT SRERIRE IndaaldE e MRl Bl R e eny

pol e- r esiffdipRichéeridpaey fugapanse function conprises a fi rst or der
pol e-resi due frequenchresponse function conprising H(w) R(j wk) +R

/(j w A). | dnystazgiberrgmbadiment @ﬁethﬁ n@ﬁthfvd;é oo mprﬁewfomtmna si due
fr equency res onse f une il Q ‘&1 %1}1 t or eﬁ ole-r eS| due frequency
r esponse "PHCCTOR I ST On%@ 8‘fe © fl? CREPEN TP OLSR rein
the stiffioessnpaRBASH tﬁé%ndm@naﬁffeg chak E@.f (O, and the mass
paranmeter (M are determ ned according to thé equations M1/2jRwm, K = (W'
)2M 1and C = ZawebMandtherymhbahmeheof theinoathod rihe tire¢ bemost hibhitianhe
I due f
pore-res Iresup%nsésegolqu%)nrfs% arf ?Sag’? trxlgoetones above the fundamental frequency response and at
least two tones below the fundamental frequency response.
In yet another embodiment of the method, the pole-residue frequency response
function comprises a first order pole-residue frequency response function.
20 In yet another embodiment of the method, the pole-residue frequency response
function comprises a first order pole-residue frequency response function comprising
H(®) =R/(jo-L) + R /[(jo-2).
In yet another embodiment of the method, the pole-residue frequency response
function comprises a first order pole-residue frequency response function comprising
25 H(o)=R/(jo-A)+ R [(jo- A) and wherein the stiffness parameter (K), the damping
parameter (C), and the mass parameter (M) are determined according to the equations
M=1/2jRag, K = (®,)*M, and C = 2{o,M
In yet another embodiment of the method, the pole-residue frequency response

function comprises a second order pole-residue frequency response function.



function conprises a second order pol e-residue frequency response function.
7 WO 2007/ 040468 PCT/ US2005/ 033285 1In yet another enbodi nent of the

nmet hod, twe 2pale468si due frequency response functi on comrpTitse®sasxretond
order pol e-residue frequency response function conprising Fl (w) = K(w) =
J(O F(w) -M2 + jOmtK I n yet anot her enbodi nent of the nethod, the

pol e-resi due fhley:ﬁllenolgher wbod'meenth thmueﬁhod thopotd-wsilug tﬁa@cm}/ mspkmse

pol e-resi efre res onse, functio at  JOwt+K and wherein the.
stiffnes 8‘}1%8 Pﬂ§ aSG&Eﬂ‘BPf‘?@?O &) u‘?‘ URPGgRse 10p qomgsising ¢
det erm ned accor a;}g to K= ((co" )2win] H (co)])/((vvn)2 G2)J H(wj?2),
the mass Hyar) #£ J +ned according to = K/ (con)2, and the
danpi ng par anet dH(@)C) — ;Me” deile? riked according to C = Re[ H(co)]/l H

(co)12. 10 In yet another odlrre t of the method, e nmethod further
conpri ses det%@fq t dgothgeempp m@é@ 5@1 gﬂﬂa)fn efeﬁ ugefwﬁen@ﬂeﬁpms

chara terﬁﬁ:ﬂ &éééfxﬁlgénfi é“ercén ‘bﬂe- e§fdu£fﬂ%§1§%?cﬁpf gﬁ%g éu tnbc}{ fTor e than

a pre etermn essto an nyet t he
met hod, the nethod furtmb)conprl S?é quantifying the stiffness chang&E(AK)

from t he ewnprasesnd (o) ”ngrrd #@—ﬁ—ﬁm@ﬂ‘bwh@rem He tfEngshparamgeer§
reference number repres tﬁ@‘%a‘ﬁé A%frent on all drawi ngs. FIG 1 shows
fl 1 A FIG 2
chove ot SRR BoRd HwTBTah HABOU Ao B GREL T BRST on.  Fi G
3is afl &tk éMfl) é?d%ﬁﬁﬂl@dfagﬁ%ﬂgfgﬁé%mo af)?Shid RSB ﬁﬂ%ﬁ%&&@i of a

20 flow nmeter ac ing to an e ﬁelnventlo

fIovvchartls@bt@mnﬁdmof@ﬁgeteCe-rRepHrm?]]a{ﬁs(cb)ﬁ ness change (AK) ina flow
net er accordi to an enbodi nent of the invention. FIG 5 shows the neter

el ecti®boni cs acbuoraiangthenembodinesnt offsaneibad, e netbod fnthencomprisgs FIG 6 is
AT AR R RS e
i npl ement @hinGhe QfifthER PapliBete) (K) B Fhor@fiafl WShreMieSinbd s@fess tolerance.
In yet another embodiment of the method, the method further comprises
quantifying the stiffness change (AK) from the comparing of K and K.
15 Description of the Drawings
The same reference number represents the same element on all drawings.
FIG. 1 shows a flow meter comprising a meter assembly and meter electronics.
FIG. 2 shows meter electronics according to an embodiment of the invention.
FIG. 3 is a flowchart of a method for determining a stiffness parameter (K) of a
20  flow meter adcording to an embodiment of the invention.
FIG. 4 is a flowchart of a method for determining a stiffness change (AK) in a
flow meter according to an embodiment of the invention.
FIG. 5 shows the meter electronics according to another embodiment of the
invention.
25 FIG. 6 is a flowchart of a method for determining a stiffness parameter (K) of a
flow meter according to an embodiment of the invention.
FIG. 7 shows an implementation of the pole (A) and residue (R) solutions
according to an embodiment of the invention.
FIG. 8 is a block diagram showing the calculation of the M, C, and K system

30 parameters according to an embodiment of the invention.
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according to an enbodi nent of the invention. FIG 8 is a bl ock diagram
showi ng the calculation of the M C, and K system 30 paraneters accordi ng
to an enbwoiznemi4om8 t he i nvention. 8 WO 2007/ 040468 PCTPUOBAB&SO3R28B5 FI G
9 shows an overall FRF-based stiffness estimation systemaccording to an
enbodi nent of the invention. FIG 10 is a flowhart of a nethod for

det er mi ni ng a BIGf 9 shews pararetieFREK)ased stffnédsoastinetion systeor déaugding taran
enbodi ment of the invention, "5 FIG 11 shows the inplenentation of the M
C, and K EQgH@WO?H}“PH@@é‘cond order pol e-residue response from

equations (29) pR§CH ie[‘ﬁo#v?heﬁ{] o TRRGhOE Rr Rlerhdifin iaryﬁﬂ{(fk?garaﬁie@\ér 43 cthovs
t he overall FRF-based sti ness estinmation systenTaccording to an
enbodi menfloafméteeacovrdingitoan eiboBahaitlcfdhdmventigt.i on of the Invention FIGS.

1-12 and the follow ng descrijption depict specific exanples tQ teach those
Ski 164 in theFHat | hebews thesican|saniabientardi &t Crsi kofoluHens kyeh setondror

t he purpo Qf .ng ] jye i.NCi g n I S S
nave. beenoliehpiolt faiiti spoP ol RoOF acSPie 8 HF RLIRRhe R RERES,
vari at i ongpvehaont hese exanples that fall 15 within the scope of the
invention. Those skilled in the art wl| aptpreci ate that the features
descri bed bel oWlG@Gal? Bwoveoisioverall RRY-hapeshisiiReps csiimpamsypigm apew@dingrtiogni ons
of the invegtion. A§ a.resu[lt, the invention is not limted to the specific
exanpl es SHRSHMTEGT G IBWRUN onl'y by the clainms and their equival ents.
FIG ﬂoShmiﬁedfbeé@r@i&roﬁh@qméﬁﬁwg a meter assenbly 10 and neter 20

el ectronics 20. Meter assenbly 10 responds to nass flow rate and density of
a process mat EiGal 1-1Menédthefdovwingidescriplion slepioh speci feclex amples trteadsthobt y 10

ia leads 100t i de density, fl , .and 1
nf or mat 1 SRS & CEGFHIOH (0 ek aani usE TegAERORn b RRLT SRtk F FEDURER o t he
mt | 81698 IS HIOE 0 B8'Ge oK ot o t
71 T e appar GArE infialEE EpnbPicy P RO en LI ds hu AR R 20

coul d be pmagdd. CEitbsaskilediibtiad andgvill abprediins vartmhe from tHegeexdthpleaddit falbnal
measur ement capabi | i t%/ provided by a Coriolis mass_flow nmeter. Meter
assenbl y withimtiesgere af thaiipvestiopardiboss slilled o tedrtwdl aparpeiagdbattbg and

103" havi ?e%p]{rlsg A%z ribES Etszlo%'vlc(:)an nedco]fr]ﬂgllned & {/)%Hus%a}%%{) %1111? lrmIléilglVev Vtaﬁgﬁ‘gnsl 30

and 130',
of the invention. As a result, the invention is not limited to the specific examples

described below, but only by the claims and their equivalents.
FIG. 1 shows a flow meter 5 comprising a meter assembly 10 and meter
20  electronics 20. Meter assembly 10 responds to mass flow rate and density of a process
material. Meter electronics 20 is connected to meter assembly 10 via leads 100 to
provide density, mass flow rate, and temperature information over path 26, as well as
other information not relevant to the present invention. A Coriolis flow meter structure
is described although it is apparent to those skilled in the art that the present invention
25  could be practiced as a vibrating tube densitometer without the additional measurement
capability provided by a Coriolis mass flow meter.
Meter assembly 10 includes a pair of manifolds 150 and 150, flanges 103 and
103' having flange necks 110 and 110", a pair of parallel flow tubes 130 and 130", drive
mechanism 180, temperature sensor 190, and a pair of velocity sensors 170L and 170R.
30 Flow tubes 130 and 130" have two essentially straight inlet legs 131 and 131' and outlet
legs 134 and 134' which converge towards each other at flow tube mounting blocks 120
and 120'. Flow tubes 130 and 130' bend at two symmetrical locations along their length

9



mechani sm 180, tenperature sensor 190, and a pair of velocity sensors 170L
and 170R. 30 Flow tubes 130 and 130" have two essentially straight inlet

| egs 131 wododAlv46and outl et |egs 134 and 134" which ceovasg@sissess ds each
ot her at flow tube nmounting bl ocks 120 and 120'. Fl ow tubes 130 and 130
bend at two symmetrical |ocations along their Iength 9 W 2007/040468

PCT/ US20@h4 a83&8bntidhdpankel ebomghowut their pength.| Bracethaoutdband t4{Biservedéagt h.
Brace bars 140 and 140 rye to . defi the axis.Wand W about which each
fl ow tubéieégeih%ﬁl%é’é ang V'@ SBtWBtfg‘eféfi],%oYé&*beQﬁﬂ”i % 134" of flow tubes
130 and 130 i t4126808634,0 34! Qs WRELOW A 30} ACkelRP and
120" and thes?lﬁl%%{gggﬁl’?lgrln%r% ’% xe% 5 attachéld to mani foI%gs 150
and 150" .atthttesl torftos ddm momnirg blockss1 20 aski20rahé theat bpmkb, intttum exghfix@aily ol i s
nmet er assenbly 10. Wen flanges_ 103 and 103", havi ng h?l es 102 ,glnd 102" are
conneét editaghes tonanifoldn 50 aad L3 dibis Bovides arentinyoisslasedpateda n3the (not
shown) i ri material that is being neasured, materi al
enters éﬂial%%gﬁﬁﬁdcﬁ%e&%g %%S&?lﬁgilu%h an orifice 10 101 in flange 103 is

conduct ed t hr ongibn MaAgdsol 03 akRi0l 039 Halving Holeel 0many 100 akd @einedi2d, vihanleng a
surface 121. Wthin manifold 150 the material is divided and routed through
f1 ow t ubendil®d anddutisbend U ante nrperss fingknetishesn) sdiegheprrigythe RrAEEssr ocess

D e r ol SRIEr LHe! o , !
Cher ear t dhePaian b oonia alt. B shRThi B O Rhhes fudth of S,
hol eg9102¢1tiQ fra!age RO EESShdubRE thidRh TRl 138 t&FHew thbdamuhlAg BRtkIQ are

sel ected and appropriately nounted to the flow tube nounting bl ocks 120
and 120' hmwimsa swfievidls Wihmmasifold 15hehe araterivd ssdigidedrandudiied thromghent s

espoct i@‘{'}l sben a8 68 1D ion S0H5E ArnugRe 136 Bat L4 el RSockss milkgial s
I ' ' i
nasmucn . ﬁorﬁgﬁed?/l? gg?lg% ﬁg&%@a Clgjlltaﬁﬁofcf 1%V W%%h&%%ﬁ%?ﬂéd%%%ﬁ%ﬁﬁ ure,

and this change a at1on of ow an nsity, resistive

t enper at urd' égireetedrby( gk 1030hd¥ngrbolthettstlo2' tol thevptackss iB(not sloown).
continuously neasure the tenperature of the flow tube. The tenperature of

the flSow t ube Haw tbecE3q ol 130 exegeelontsband snprapiizisly mewntedts tgdloy tyheyen

current passi.ng t.here ou 'S QoV ] . terial
passing CRpGugR PRESTTAIAERY SRS AR Y abda L BTRALS S AhubMalear v
across t hgodenfR 0P A& tiH 388 Yding's Webdulkshwnt BBAAIAS akys WL W arl Wetwoni cs 20 to
conpensate for the <change in elastic nodulus of flow tubes 130 and 130

due to angspeetinelys Thesé bowling ees gocthparzht hraes bark d 4amd i140'c dnassawchdasttbe et er

el ectron S?cs)unzgos rllo’l)(/)dllll%g%f %thSﬂow tubes change with temperature, and this change affects the

20 calculation of flow and density, resistive temperature detector (RTD) 190 is mounted to
flow tube 130", to continuously measure the temperature of the flow tube. The
temperature of the flow tube and hence the voltage appearing across the RTD for a
given current passing therethrough is governed by the temperature of the material
passing through the flow tube. The temperature dependent voltage appearing across the

25 RIDisusedina weli known method by meter electronics 20 to compensate for the
change in elastic modulus of flow tubes 130 and 130" due to any changes in flow tube
temperature. The RTD is connected to meter electronics 20 by lead 195.

Both flow tubes 130 and 130' are driven by driver 180 in opposite directions
about their respective bending axes W and W' and at what is termed the first out-of-

30 phase bending mode of the flow meter. This drive mechanism 180 may comprise any
one of many well known arrangements, such as a magnet mounted to flow tube 130" and

an opposing coil mounted to flow tube 130 and through which an alternating current is

10



Both flow tubes 130 and 130" are driven by driver 180 in opposite
directions about their respective bending axes Wand W and at what is
termed t hwof2eom8t - of - 30 phase bendi ng node of the flPoWwusets03328Hi s
drive nmechani sm 180 may conprise any one of many well known arrangenents,
such as a magnet nmounted to flow tube 130' and an opposing coil nounted to
f1 ow t ubead®d fendibratiingiogth flovctubas Al suitebletdrivg signat mapplisd byonser

2007/ 0404?% PCT/E 200 /gd%i !% assed.for vjbrating both flow tubes. A
sui tabl e & t"}?81°§i §n¥’|a P %%I P VSP?‘FIE‘?%‘rsm ectronics 20, via lead 185, to
drive mechani ypitB80ecibhigs 26 kfzﬁeﬁ&é&ﬁh&RT@te&r?ﬁé??tﬁﬁe%iéﬁﬁ_oﬁﬁPa& poRehalhe €

signal on lead 195, and the t and right 'velocity signals appearing on
| eads 169¢&ft andirighbRlociessignals appgaringbireicads B dcandho s, r2épaptivelyc ddetehe

drive _signal appearing on Jead 185 to drive elenent 180 and, vibrate tubes
130 afid Htronie ol preftuces tam e SIgNHr APPEFLRS OF fead) lééttoaiﬁaeﬁlegﬁ%ntdéb@efit y

i gnal ' it - ity of
the mat e THELe Haas e A B R B oo SR B B et VEIGHRDE 2 ©
Wit h ot heigrialf #idrtae RO sighal w@ingde the medseflove kate ahd thecderdy ¥ €lie Patehial6 t o

utilization nmeans 29. 10 FIG 2 shows the nmeter electronics 20 according to
an enbodipesting Browghemetasagsamily, 10T Hdhinifermaticss plopaiveith other ioimadiandés an

interface 201.and pLocessi SysSt 3...10he neter ectronics 20
recei ves agpgi’%s%meg‘?{aﬁleﬁ%%‘b%s e?‘ﬁ%(?,aﬁ]sn%%go Yt ?18‘%metaﬁ_83 ter assenbly 10,
for eganpl e. THIE. MRLEYs Bheefietc? RletroRlks ROUCESERS: Tohd thbSBhleANSf the! €SpPONse

210 in order to obtain flow characteristics of the flow material flow ng
t hr ough Jdfvertenndibermetsselabirgnit®20 can tnddlidei amnipterface B61 mnd erpred¢assingoni cs 20

according to t invention, the vibrational. response 210 .5 al so ocessed
o dor YRl TR Blet Bfhcrhates 0B e bt ngL eepan s D, il 3!
Furth | ect i g

Uibrati ony meld BBl 16 SRS, PR BRr RCBORRS 2090 ThE vfonal
(AK) in trbspones 210 assesbtojotitfin fldwe chadatteristds afahe flownatieoial fawinethrmgh

under 20 flow or no-flow conditions. A no-flow determ nation may offer the
benefldt dhe mefesdswearbly 48i IB addifion, nthe pretercalegtiomies 20 #icardiBase theesponse. As

previ ousl 1}{‘6&%% ;’ﬁdliggbra r%léﬁ%llzlgé) \%n(sjgbitl b 'fsa&l%;é) gro%ggsteg irin ng%F )c({ ﬁgtfe#rﬁ%l\t?vsat sftjig@_es%

mat eri al s a S-SecCti ona roperties o

mass fl 0‘@6a§e§h&e@ﬁﬁ()f dfane nigddradsk@hblly! @M MtHehhorg hd Metek bRtroBics 20ictn
determ néd by nultiplying a neasured tinme 25 delay (or phase

di f f er enqedéase e ne yord yucthebrtionaliespEes, savar Hmer 1l endedta detect ststiffnges s
tC Egr ﬁg{ g;c. i éegg.pﬁﬁ,y][ﬁe r%%&&rasggrﬁglgfblloy 'Tlllef st1I hess ét%ﬂ%%ﬁoﬁ Qgﬁ Be 1fneardie %tnldecr of
20  flow or no-flow conditions. A no-flow determination may offer the benefit of a reduced
noise level in the resulting vibrational response.

As previously discussed, the Flow Calibration Factor (FCF) reflects the material
properties and cross-sectional properties of the flow tube. A mass flow rate of flow
material flowing through the flow meter is determined by multiplying a measured time

25  delay (or phase difference/frequency) by the FCF. The FCF can be related to a stiffness
characteristic of the meter assembly. If the stiffness characteristic of the meter assembly
changes, then the FCF will also change. Changes in the stiffness of the flow meter
therefore will affect the accuracy of the flow measurements generated by the flow
meter.

30 The invention is significant because it enables the meter electronics 20 to

perform a stiffness determination in the field, without performing an actual flow

calibration test. It enables a stiffness determination without a calibration test stand or
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changes, then the FCF will also change. Changes in the stiffness of the
flow neter therefore will affect the accuracy of the flow neasurenents
gener at edwbyoatmaodeBow meter. 30 The invention is signi Pcrarstodsesrese it
enabl es the neter electronics 20 to performa stiffness determ nation in
the field, wthout performing an actual flow calibration test. It enables
a stiff ne:theweerahtqnapmnt o4 $psoiat ﬂaldsaﬂilm atdesmablebtecansapdrformmg apw

2007/ 040468, PCT/ UsS2 /033285 t her t | ds.
This 1o deUpRISRGES BECSS SRR AUTECH 5 LBRPRRErEn Vb Pl | <
expensi vey, il Efek esﬂhﬁm 1800 Ehd kT8 dEQRHI D AGusd e BFnes PoBE hifdter RREMBRSI(RT

calibration c eS| rabl e because the stiftness of the neter assenbly
10 can aimr(@enge/everttlm@ in use.uSech Slmgemtmn‘gedu@wfabmmmhtas ef@siomofa such
as erosmn of a5 flowt n of a flow tube,

i dd to.th
met er dasséomItybe @orrpapn@f érﬂﬂ"\g%b%%@?m%%ﬂ todhe é‘é?ﬁert?és‘?@n]d g %giam%l% S
mat hemat | cal W?geehlverﬂq&f XAIPB@ﬂlu%‘ n?ﬁuc%l Ho@é‘i B EbREAdAE

represented by an open 1 oop, second ve nod conpri si ng:

Mz +Cz +KX Febpdnbp of 2Fov ateerfcan %etrblﬁeieiltmabﬁaﬂ bbedl1d0p, tdvens yededrivmede, nass
of the system Cis a danping characteristic, and Kis a stiffness
char act ergosgpresieg: t he system The term K conprises K = Mwo)2 and the term

C conprises C = é ﬁ(g_wgere i; conprises a decay characteri sti(@, and wo
= 2rzfo where hét ur al / r esonant frequency of the rret er ssenbly

10 i nHer I o) the 15
vi br ;.ltol on&]ﬁirelfgs ?r%dfo}é %’c”?lté?/lt% He{kl?{ St%ﬁ/ ow;i %é n‘f’ig? g Eﬁ-&%g%h{ @ t he
accel er at diaRacteridtics anGKGo anstifingsy dHaeaot@tbticofake *s}kwexh/afham@fﬁi K cﬂmmsfe@Knul a

can be rearranged into the form Ms2 + 25cwos + coo_ |[x =f (2) Equation
(2) can b%M@o%rfmd thatﬁrpu@a:pewrismGaMZCmuswbﬂememnr@ﬁs RdeeRY In the 20

transfer func |on for Iac force ig use
compri o igiassiioy by 5 A s 1 5 Re FaRFE Db OBy GBI can be
l(Jz)ed to Sés@&hbfyﬂ ERLUAEH N e?&dmm is @mo;bhﬁ%h QisplisaineRNGis@hes oMhe BLro * X
15  vibration, x is the velocity of the flowtube displacement, and % is the acceleration.
This is commonly referred to as the MCK model. This formula can be rearranged into

the form:
M[s* +2lw,s + ol 1x = f (2)
Equation (2) can be further manipulated into a transfer function form. In the
20  transfer function form, a term of displacement over force is used, comprising:

X S
f M[s*+2lw,s+ol]

)

Well-know magnetic equations can be used to simplify equation (3). Two

applicable equations are:

V =BLy, *% ) 4)
25 and
J=BLpp*I (5)

The sensor voltage Veyr of equation (4) (at a pick-off sensor 170L or 170R) is
equal to the pick-off sensitivity factor BLpo multiplied by the pick-off velocity of
motion x. The pick-off sensitivity factor BLpg is generally known or measured for each

30 pick-off sensor. The force (f) generated by the driver 180 of equation (5) is equal to the

driver sensitivity factor BLpr multiplied by the drive current (I) supplied to the driver
12



25 and f = BLDR *1 (5) The sensor voltage VEw. of equation (4) (at a

pi ck-of f sensor 170L or 170R) is equal to the pick-off sensitivity factor
BLpo nul twpl2bewhabisst he pick-of f velocity of notion x . pClaspeosioszaks
sensitivity factor BLpo is generally known or neasured for each 30 pick-off
sensor. The force (f) generated by the driver 180 of equation (5) is equal

to the dBDvdhegksiver sengitivityf Aetos R the iy 951 §80ds ggnernbdy BRPWE OEurrent (1)
lied to th i 12. WO 2007/ 040468 P 0
ar Ver Coa@ebitd e Eiror BhrouiO P on iy & lagen A mndene A,

nmeasur ed.cofi@etefl d§taempBtatereanehsBkddemr € both a function of tenperature, and
can be corrected by a tenperature measurenent. By substituting the

magnet i ¢ equatByosubsfititingribe (Blenetie equations (Braskldp) frip che toansddr fusctiguetdt i on

(3), the result is; V BLPO* BLDR * s (6) | Ms2+2("wos+wo] If the neter
assenbl y S1BHA i hEfeHTS | oop on resonance, i.e., at a resonant/natural
frequency coo l(,\/\_/nerglpg&%l;zm*(}), then equation (6) can be rewitten as: V

BLpO * BLDR V\D—(J)AZ—Q—I:G—%WZ—N By substituting for stiffness,(6@quation
(7) is sinpliffedMls: +26@sB@h]lo * BLDR * wo (8) | 2~K 00 Here, the

tiff t K be_i.sol.ated i der to obtain:
e P B ot b T AR e Toh SRS A 11 ng ¢ e
decay ch?ﬁ@aﬁ@aﬁw Fr%ﬁﬁlenc?rl &) he}éoa}{“ziK ok ﬁ%n¢§hx§oﬂ§4)tcag%e&é®riaeﬁ adrive

current e sti ess par anet er can be determ ned. The response

vol tage (V) fr@mtheBpLekBolfswogan be determined fromthe vibrafjonal
response, alo a5 'ﬁ]‘rt?‘ﬁyryﬁ_mrrent (I'). The process of deterWning the
stiffness paraneter (K) QS % scussed in more detail in conjunction with

G ,3, below . if f n b ked
11 e eor “exarth 904BGriskedfr Shtred RlehRh 0N SoabBlef 8o o Geterm e any

changes over ti _)( [ ;@LPOa}EtD}e kfpess ®
1), 2K
Here, the stiffness parameter (K) can be isolated in order to obtain:
X I*BLp, * BLy, * ©)

%7
As a consequence, by measuring/quantifying the decay characteristic ({), along
15  with the drive voltage (V) and drive current (I), the stiffness parameter (K) can be
determined. The response voltage (V) from the pick-offs can be determined from the
vibrational response, along with the drive current (I). The process of determining the
stiffness parameter (K) is discussed in more detail in conjunction with FIG. 3, below.
In use, the stiffness parameter (K) can be tracked over time. For example,
20  statistical techniques can be used to determine any changes over time (i.e., a stiffness
change (AK)). A statistical change in the stiffness parameter (K) can indicate that the
FCF for the particular flow meter has changed.
The invention provides a stiffness parameter (K) that does not rely on stored or
recalled calibration density values. This is in contrast to the prior art, where a known
25  flow material is used in a factory calibration operation to obtain a density standard that
can be used for all future calibration operations. The invention provides a stiffness

parameter (K) that is obtained solely from vibrational responses of the flow meter. The
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change (AK)). A statistical change in the stiffness paraneter (K) can
indicate that the FCF for the particular flow neter has changed. The
i nventi orwpnovidessa stiffness paraneter (K) that does mro/usedog/083285t or ed
or recalled calibration density values. This is in contrast to the prior
art, where a knowmn 25 flow material is used in a factory calibration
oper at i onintveniidm pravidesdestisfeys detactitar/chlibhationcpnoctss wistewiit tlor neeld| fof ait ur e

cali bratlogg operf;,\ti ons. The invention provides a stiffness paraneter (K)
that is tarR €aliRBEER PreSESm vi brat i onal responses of the flow meter. The

13 WO 2007/ 010448 RSO3 %viﬁﬁﬁgﬂﬁlirgﬁno?lgfﬁg@%nﬁoﬁé j)ftfh@ﬁé%ci .

detection/calibration process wthout the nee factory calibration

process. Seneotst/OLf aglel AR1vinehelecdds 100 of FidGr At The altenfams i sendkdfokmamyone

of the velocity sensors 170L and 170R via the |leads 100 of FIG 1. The

i nt er foaceNUBISAER QT Pasiredrsignsh gonditigaipgs suchyas sy deaines 8 rgiwiing ondi t i oni ng,
such as a nner i i f] .00y ferl opy

Aler nat | 9EpiBCRE Bt ahe s BlerBRLh: MEAL PR sPHIC Sl epniibning canbe | |

t he proces&ifaihdinttBepriE3ssindsyattah 208N In hidition] B iefadd0 Codh @ndll e
communi cations between the meter el ectronics 20 and external devices. The
i nt er f acecomounicatiopebetaysan the meteaglectraniss 20ehd externalaleivices.ophp éatpriacs

w o di ST PERb Binsb Rt e of 6l REEE. Sel St EER CcERbacRecE ™ ©
anal o sensor §4gMabrfadd 8 10 dre! Ao BRI i@%olﬁﬂ@d vittioh i@ ser MotMag,

vi brational response and produces the digital vibrational response "210.
The procesherein thesteasorXighat oomprisess aparakg sansondigndie Tietdegitiebressmpdes asl 20
and 15 processes flow neasurenents fromthe flow peter assenhly 10. The
processi n@lggt%qsgﬁlanggg 8 I@EBFésre%’r?é‘S%F‘n ?@%%@ééﬁlﬁg Vﬂ@ﬁfl?ﬁégﬁ?ﬁﬂs‘? her eby
processeszf(?e fl ow neasurenents in order to produce one or nore flow
characteriTstics. The processing system 203 can conpri se a general purpose
conputer, a nifte PREREELS byier 2B @ondacth opérations 6fltht meer de¢trondt 20 aigener al
pur pose or custom zed 20 processing device. The gr ocessing system 203 can

be dikk r i piceseafoMgmasiursTpems fiogt Bsilow nepsen assemblynld. pFlercprosessinssystesim 203
Can et U8 SRR Ok e S04 BSOS SR 00,
f1ow net epcRakBARhANS oddd 16 ptRiucs 8ht WRkfore Flow ddesotergRs! ant val ues, and
vari abl e values. In one enbodi nent, the storage system
The processing system 203 can comprise a general purpose computer, a
microprocessing system, a logic circuit, or some other general purpose or customized
20  processing device. The processing system 203 can be distributed among multiple
processing devices. The processing system 203 can include any manner of integral or
independent electronic storage medium, such as the storage system 204.
The storage system 204 can store flow meter parameters and data, software
routines, constant values, and variable values. In one embodiment, the storage system
25 204 includes routines that are executed by the processing system 203, such as a stiffness
routine 230 that determines the stiffness parameter (K) of the flow meter 5.
The stiffness routine 230 in one embodiment can configure the processing
system 203 to receive a vibrational response from the flow meter, with the vibrational
response comprising a response to a vibration of the flow meter at a substantially
30 resonant frequency, determine a frequency (o) of the vibrational response, determine a

response voltage (V) and a drive current (I) of the vibrational response, measure a decay

characteristic ({) of the flow meter, and determine the stiffness parameter (K) from the
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25 204 includes routines that are executed by the processing system 203,
such as a stiffness routine 230 that determ nes the stiffness paraneter

(K) of thwofzbave4omsser 5. The stiffness routine 230 i n omreTArsb@diorEss can
configure the processing system 203 to receive a vibrational response from
the flow neter, with the vibrational response conprising a response to a
vi br at i orfiregfietidye(cfo),dhe nespenseatoltags (W3 tthetiise cyrrad (e sod dret ddcagquency,

determ ne a frequ e vibrational, res se, determne a

ft
r esponse HRER l%e%y(%?@-&?wetnea?%mwmg @J"FC‘fsﬁ%O i brational response,

nmeasure a dec L.SHhE ; 3 i t he
stiffness par %tsg?ﬁ%% flrmgréntz? gé@ogﬁe%s%%%\efgg%E%ﬁ%%g%@gggﬂo 3285

f r equencyystem@03 tbhrecaies thendbratiohalageponys,, detdreine thedrequeneytdefdrinineathd t he
decay characteristic_(1;) (see FIG 3 and the acconpanyi ng di scussi on).
The sPi fff?fé’%sermﬁqgﬁé\é@@diﬂﬂﬁ glmée erpati(hemeagsp t qa@&%@ram@st@? @e%@\n ng
system 2 . i I } t A4 Ne: t f ency,
ot er m nergiteGEe SRk EALRERL (O Uind SRR opt e A M A AT o
t he decayugharcaatigntes tthe pfokkssigsystidh Q0BrtMeeceie sdechbhdeisatimnbrasperise( K) .
The stiffness routine 238 in this enbodi ment further configures the

processi iprs fhet Borv 2uger @ a weend Hmg ts sepad the datermisg andanpasysias stops et he
flow nmeter at a,second tine t2. .repeat the determni and .neasurj.ng steps
for "t he taesnle JERAR repob &L ipuBE o defats » Ripd siuPl S PR Y
stiffpesggen _%ﬁi?hﬁrt!@ bGontOtiffieds clPiMaiRict(RS) &PGenRd rHbiS fna88ter (K), and
characteristic (K2) to the stiffness paraneter (K), and 'detect the

sti f f nessletdettigestifiugs cHangh ¢AKe ¢iothd se¢ankf stidthescttmaracterstios{,¢ diffke) franf f er s

from the stiffness para r (K nore tha tolerance 224 (see FIG 4
and the ﬂé"c@ﬁ#@ﬁéﬁywe&?rg@{ﬁ%}? %ﬂ%e.t aé?ﬂgra@ﬁﬁga?&%ﬁcg%@@t fage system
204 stor i : 0 operate the 15 flow neter 5. The storage

SR BPAAIERSERNY oF ]

system 2 t stores variables such as the vibrational
response 210, Imbinekmbadithent! eatorage §yrsesm L4 siopbovariaplgsi wskdtd oparaeahs 170L
and 170R, for exanple. In one enbodi nent, the storage system 204 stores
constlant $lovemetarisei Bin $oraga §ystawrdddng onsemadinentrstores yamahles suchas dior age

Stcond strprfioed el P AUTHECH B e To r RLGBL LIS BB Y T
tine. ThengtighRIfrexahpe. 204 can store working val ues such as a frequency
212 of the vibrational response 210, a voltage 213 of the vibrational
response 210, Iamdeambodimentciherstoragegystenh 20 storeeaustanisaicoeidisipots end®10. The
storage S%%z’g&len@ Vzacr)idébfe%.n Ffol1J re;[igrg;r)le, the storage system 204 can store a determined stiffness
20  characteristic 220 and a second stiffness characteristic 221 that is generated at a later
point in time. The storage system 204 can store working values such as a frequency 212
of the vibrational response 210, a voltage 213 of the vibrational response 210, and a
drive current 214 of the vibrational response 210. The storage system 204 can further
store a vibrational target 226 and a measured decay characteristic 215 of the flow meter
25 5. In addition, the storage system 204 can store constants, thresholds, or ranges, such as
the tolerance 224. Moreover, the storage system 204 can store data accumulated over a
period of time, such as the stiffness change 228.
FIG. 3 is a flowchart 300 of a method for determining a stiffness parameter (K)
of a flow meter according to an embodiment of the invention. In step 301, a vibrational

30 response is received from the flow meter. The vibrational response is a response of the

flow meter to a vibration at a substantially resonant frequency. The vibration can be
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store a vibrational target 226 and a neasured decay characteristic 215 of
the flow neter 25 5. In addition, the storage system 204 can store

const ant swotho7sbmBds, or ranges, such as the tol eranceczasoosbsrever, the
storage system 204 can store data accunul ated over a period of tinme, such
as the stiffness change 228. FIG 3 is a flowhart 300 of a nmethod for

det er ni ni ¢egptiauets 61f intemitentadeflew maprialosandef flowingshmughdbomstagssambly
enbodi men]} of the intventi on. In step 301, a vibrational 30 response is
recei ved 14 8hf _?t%?/v_ meter. The vibrational response is a response of the
flow neter to g ﬁéﬂ’ﬁ@i 1a0fe n? oPRR ARkt iBhA e§ OaNdetérnBENENEYe The
vibration can be 15 WD 2007/ 040468 PCT/ US2005/ 033285 conti nuous or

i nterm t tiedquendy fi can bratdeterminecdanorhehd ibwitinal tespogge Uyhanymeethodapeeadsl y 10
or can be static. In step 302, a frequency of the vibrational response is
det er Ri ne?f, harfiwares r equency wo can be determnined fromthe vibrational
response by amny. J ) p or. Jeller N e. vgl t age
(Vor VR of LD BTG ORERT oo B A b Ruichl BLShep 1S aek iRk
drive curdleng with)the Bhiee ¢otremg®). sk doltage andrdrieetcucent @@ mbolahined fifohoan an
unprocessed or a conditigned vibrational response. In step 304, a danping
char act erprpeessyd emecendiiipnas: dprationala§spAnse. The 10 danpi ng characteristic
can be measure ' . ' J: r . I neter to
decay down to gls\?‘i)’{ _?g%’%onagﬁ? lﬁggﬁ%‘%‘ ?t\%ﬁlgqlée)g%aesfﬁoﬁ)}?%%ﬁ%ﬁgk t'élgg%(?& THe

char g@t erddshpigg chdic®ridee sy PInrasired bgaNloRendtiehabraBbnalteSnes of thaaysw The
drive signal” anplitude can be reduced, the driver 180 can actually perform
br aki ng afeten¢o dedayrdosgstondhyprationgl farged pprilspneasueing thendenay ehgactepistie.he
driver 180 can be nerely unpowered uyntil the target s 15 reached. In one
erbod ment 1S ARG IRBACIELHEN B3 B el P SV EY ety Sl AL e

set pol nt 'b{férdu%ﬁ?[ﬂﬂig &rivdr(1 Sbrl%n‘lﬁfu‘éﬁ%z)%f@ﬂh%akiﬁ S HeebleY a%tenfb(llfl iz,

then for the danping nmeasurenent t drive setpoint can be reduced to a

| ower val appropsuiath flasy Reters)ndf tHe driver 18k ampbemekely uhpeswamdnettil thdwargeeiser

el ectronics 20 can let the nmeter .assenmbly 10 sinply coast until, the,

vi br di origRcheds J808e cqhodimeRt ﬁw Vgli%a%ﬂééf&eh PUMAEHS azzsaa‘fqd/l@\f%ldn rive)
step 305, td f f - | ] f ency, the
ol Fage. Tk BERPAT AEEhRE sEihulls O A 304 HPT IR OPHETTY.
par anet er ddofping GdhshRnthdt tHodrietkeBiat cin'te reduaduatailoWef 93lueBuekas 2|N

addition to determninlg; and )
mV/Hz, for example. In this manner, the meter electronics 20 can let the meter

assembly 10 simply coast until the vibrational response substantially matches this new
20  drive target.

In step 305, the stiffness parameter (K) is determined from the frequency, the
voltage, the drive current, and the decay characteristic (§). The stiffness parameter (K)
can be determined according to equation (9), above. In addition to determining and
tracking the stiffness (K), the method can also determine and track a damping parameter

25  (C) and a mass parameter (M).

The method 300 can be iteratively, periodically, or randomly performed. The
method 300 can be performed at predetermined landmarks, such as at a predetermined
hours of operation, upon a change in flow material, etc.

FIG. 4 is a flowchart 400 of a method for determining a stiffness change (AK) in

30  aflow meter according to an embodiment of the invention. In step 401, a vibrational

response is received from the flow meter, as previously discussed.

16



tracking the stiffness (K), the nethod can al so determ ne and track a
danpi ng paraneter 25 (C) and a nmass paraneter (M. The nethod 300 can be
iterati vewg,2operdbedi cal |y, or randomy perfornmed. The merhusdoi308328an be
performed at predeterm ned | andmarks, such as at a predeterm ned hours of
operation, upon a change in flow material, etc. FIG 4 is a flowhart 400
of a nmethod foln siepdPri afeguencytafftheeibsatiomahrasponye)is idaterBined, 49 praviosskyr
accordi ngdto an.enbodi rent of the invention. In step 401, a vibrational
response |§SCPSe3831 ved fromthe flow neter, as previously discussed. 16 WO

2007/ 040468 PCT beg @03/ #3328 ag¢ BnS ifPe @ Lentdf HREHBEANaPleshOiRe WO atl i onal

response is determned, as previously discussed. In step 403, the voltage
and dri vedetgrminet, af premMimusiyndistussathl response are determned, as

previ ously di scusse 5.1n step 404, .the decay characteristic of the flow
met er #J S nmeasu %ﬁt,epgg“’ the&praY, %aﬁ?%%lfs(géﬂf&'ﬁﬁf%w@%me@ﬁ@e 135 f ness

par anet er fé(?loihs?y stglspgned fromthe frequency, the voltage, the drive
current, gn € decay characteristic (Q as previously discussed. In step
406, a second U bep#i0onthle stiéfpsrseanster @Cpiswieteratingd fomohd fidguendyngieance

t2. 10 The secqond_ vi brational response is generated froma vibration of
the net er Vakagesthedrive cusrent, gpd the deqay chaeasterisic (5), seprsvépusty diseussed.

characteristicpka, iO@F{%@%ﬁ?%ﬁxﬁg&aﬁ ?gsgéﬁ%eoﬁq‘ cq\{{éé;d %ts e% %gg@% éilg%% %ﬁcie tl'_he

second stiffness charac errs can enéera

through 4Qhe sé@ndenBrapbal rd§pdmie & @eARS] frbhiea $REANh S tht i@&Sassembly 10
characteristic K2 is conpared to the stiffness paraneter (K). The

conpar i soft d@ari ses a conparison of stiffness characteristics that are
obtained at ditferent-tinmes i.n.grder.to detect,a stiffn change (AK). In
atep 400, "any L FFpA0Zet g SRR BeRBEiR Kot et B SRE A Hend The
sti ffnessyihangf] A_HEAIE NBld QBoAEBHERY Qﬁaﬁe%rigﬁ@@%aﬁﬁeﬁéﬁérht%ﬁ'tﬁﬁ%gfﬁé J
mat hemati cal 20 nethod for determning a significant charge 1 n sti nepss.

The stif f A8 throhgindges,(fakxamaple. be stored for future use and/or can be

transmtted to_a remmte location. In addition, the stiffpess change (AK)
can tH gger anlhftsp %éxﬁ?ﬁis??%}ﬁi stifepechasacieristicdss sgomparethio the stifleesst f ness

f Egn ge ( Aﬁgrah{%té}r{ﬁ).e ’Ttﬁ% Q:ioﬁﬁﬁ}is&? cgr.hf)rciées %Odgﬂ%£goh%f tsﬁﬁ”ngs(gl c%ﬁ?a@?e?isagsd'thajt f

are obtained at different times in order to detect a stiffness change (AK).

In step 409, any stiffness change (AK) between K, and K is determined. The

stiffness change determination can employ any manner of statistical or mathematical

20  method for determining a significant change in stiffness. The stiffness change (AK) can
be stored for future use and/or can be transmitted to a remote location. In addition, the
stiffness change (AK) can trigger an alarm condition in the meter electronics 20. The
stiffness change (AK) in one embodiment is first compared to the tolerance 224. If the
stiffness change (AK) exceeds the tolerance 224, then an error condition is determined.

25  In addition to determining and tracking the stiffness (K), the method can also determine
and track a damping parameter (C) and a mass parameter (M).

The method 400 can be iteratively, periodically, or randomly performed. The
method 400 can be performed at predetermined landmarks, such as at a predetermined
hours of operation, upon a change in flow material, etc.

30 FIG. 5 shows the meter electronics 20 according to another embodiment of the
invention. The meter electronics 20 in this embodiment can include the interface 201,

the processing system 203, and the storage system 204, as previously discussed. The
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stiffness change (AK) exceeds the tol erance 224, then an error condition is
determned. 25 In addition to determ ning and tracking the stiffness (K),

t he net howlocasr/abee determ ne and track a danpi ng par amerars2¢Sp3assl a nmass
paranmeter (M. The nethod 400 can be iteratively, periodically, or randomy
performed. The nethod 400 can be perforned at predeterm ned | andmarks,
such as anetr pleettenies 20 mectivdschres @fmapaiatiiong] regponses Whangeh anfrbinahe

material, etc. 30 _Fl %shows t et er 1el ect.rogbcs 20 according to
anot her ERBGHAFEMPLLA V1 108 expmplen tRsmeter glepiEprics &P PEQGessAsdle Bes fir PR

enbodi neny; [ [ i , and
the stor 2‘32&?&3?2%1% 0 ,eg‘ ggs g?gélﬁegﬁ(g%%%ﬁlﬂs%vﬁ?ggﬁ BpRESSGe B RIS oo
PCT/ US200@éwig28toughethe metdreassembiycld). 20 additeiny ds thiveaw moreribm@tiohddr at i onal
responses 505, such as fromthe .neter assenbly 10, for exanple, The neter
el ect Poni€8PaHeH PO B0 proscssid di oFfer i defernying A ithiesas Pﬁ‘fé%ng-‘r’iigé o584 i n
order to i h | St . i.al, 1f Lng through
the et er St aibsi B 46" B TE AbEhiEt 20 B et FBRERLE cdmle 0

r esponsespAnei ¢Chhisda Ra9S pasatbté MY flem thetldes or Mohevidratidal rgpenses
paranmeter (K) of the neter assenbly 10. The nmeter el ectronics 20 can
further o¥i%rhhese meteraaspemnbly prasmetereean Im) ugddo defegbehangeninethemeisy) from
the three or EPr]ZO vi br ati onal.. resgﬁnses 505. These neter assenbly

par aret er SSERRLED: 38 BEFHSEe f8EYSElanges in the meter assenbly 10, as
previusly di seHss@shgekVstERE2G:f SLP@6reSHSEQTIEABuGRY, SU £ tRE AGHRSISNI
routines, such as the stiffness routine 506. The sforage system 204 can
st or e recmiuviad 566t dhe storhgeasystene 204 bamstoonmiceivee spanswsh &H0be viliratigtabr age

system 204 can s%&ge ﬁre- rogram‘reg Z?r user-entered values, such as the
sti f f nessT*PRPEFY [3 %,StOFEf‘?é’ AISH AYT Y SPLEHIE RS AR PHESERREEred o] er ance
518. The : r i . I

15 508 antiihs e HGhE il Br iR G o e oo ST, B8 B LRBY o it mec

final valtoégancesii@h Hee dthrags ki dtémexsl dak)stdrd dvorking vdhiugsi n@h(4S)thépdle (And t he
mass (M 512. The st,ora&e system 204 can store conparjson_ val ues generated
and oper a?@anshthevesidyrs )oﬁ?- ofha stegage s¥vfem 294 aanskys detesminadiae vekes, 520,

2o R M e T SR 3R AR LNE) By L5 B onge (A9
sti ff nessgyahanae4 Eé’fi(ito?b?&)rﬁ%é}is‘éﬁ%me%%eﬁeﬁfbﬂ%ﬂ_ dpRrdté@ of e e fstls RATRIERT er
(K) of the neter assenbly 10 as neasured over tinme. The stiffness change

(AK) 530 suchrasheeosatistifhede(leotS24nd seenndrdamung (y9iScd| a s¢ramdesassdMohe net er
assembl y 3202, 2 Stittness change (AK) 530, a damping change (AC) 531, and a mass change (AM)

20  532. The stiffness change (AK) 530 can comprise a change in the stiffness parameter

(K) of the meter assembly 10 as measured over time. The stiffness change (AK) 530
can be used to detect and determine physical changes to the meter assembly 10 over
time, such as corrosion and erosion effects. In addition, the mass parameter (M) 512 of
the meter assembly 10 can be measured and tracked over time and stored in a mass
25 change (AM) 532 and a damping parameter (C) 511 can be measured over time and
stored in a damping change (AC) 531. The mass change (AM) 532 can indicate the
presence of build-up of flow materials in the meter assembly 10 and the damping
.change (AC) 531 can indicate changes in a flow tube, including material degradation,
erosion and corrosion, cracking, etc.
30 In operation, the meter electronics 20 receives three or more vibrational
responses 505 and processes the vibrational responses 505 using the stiffness routine

506. In one embodiment, the three or more vibrational responses 505 comprise five
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time, such as corrosion and erosion effects. In addition, the mass
paraneter (M 512 of the neter assenbly 10 can be neasured and tracked
over tinmewendo7eted in a mass 25 change (AM 532 and aPdargs2evg/opRsimet er
(C© 511 can be neasured over tinme and stored in a danping change (AC) 531.
The mass change (AM 532 can indicate the presence of build-up of flow
mat er i al svibratidmel respensea S8 willllte dinchisséebelamwpiThe metearlpetrOMCs 2631 can

bnd cor £ oG8 gmngs Hbdrole (eI08 gy st B0 o e SbR SR L e 5050 "
recel ves i BEI%l) ) 59 End [ IRl R gﬁ;’s‘pg CHE SRS 2 AR A8 RIOGAIARKINS can

vi bration ess routine . I'n one

embodi mentomprie 4 hecead ordergote andrreaiduondhe maoeieﬁsorﬁaﬁzmdetprmmes fieve 18 WO
2007/ 040468 _PCT/ US2005/ 033285 vi brational res onses SOq%é as wll be

di scussedstiEreshparpmeeterdor> 18 Bierdagniag pargmeist( )éllﬁe%llq a5 @arametes 08 and

the rest digh S sRRRal L 1308 Bdhi RAR300° Ihe e oThRal &0 L) 508

and resid rise er pol'e "and resi due or can

conpri se frfee aadraial seeehe sifftess €KL 5E, cdhdeteBhiile Sdtifaiesothage28K) 530
determ nes the 5 stiffness paraneter (K) 510, the darﬁ )%@pararret er (O

511, and fom thastfipasspasameter (K) 5Bl and therreeond siffress ( andicarheompaP due

(K2) 520, TERHT L LR RS (ART oD 68 ii hfekik 1850t B BaeREGERRy ks "

par angj er 5§ddxcets aRcstirhRsSRIGRRcSS 16, temstet Klektrogies 28Rdn %ﬂa&%?%ﬁmci‘ he

stiffness change (AK) 530 to a stiffness tol erance 516. If the i ffness
change (A& eri@ fs80rdasioredd/of hrospiobéssegsrotitiher hilesviss Ghe mister mickronics 20
el ectronics g can initi te .any manner of error recor atiqn and/or error

processi ngtk hE aclﬁh@ nygang ppd N B"i‘ra@e&?? P thae apd can AeteriR&nd; r ack

t he danpi ]ﬁlﬂ ord a
second da%?%gf@a%@% az')?%?‘éﬁ ar?%é@l SCSM) %Pérsggb mg}f npi ng
change (A€anb3iA@)d3Mand eizstbendcAMMPIR. niedaiﬁpmgr@ang@(m@) mc;«)nds@lk and
the 15 mass change (AM 532 can |ikew se be conpared to_a da ng toI erance
517 ahd amaghehangg (MR Gdikevrse bevanparsd t%aﬁa%mg folpggenee dd audia a

mat hemat i cal del . %’Lse vi brational response of a flow neter can be

repr esent B§® %{}r)? %ep | oop, second order drive nodel, conprising: 20

Af s+Ck+Kx= T (1 hé HNentibHREES bE illistrattd Witk & SnAREhhiSEh] todeheTRY $itRmorM i S a
mass paraneter of the system Cis a

response of a flow meter can be represented by an open loop, second order drive model,
comprising:

20 M+ Cx+Kx = f(t) (10)
where f is the force applied to the system, M is a mass parameter of the system, Cis a
damping parameter, and K is a stiffness parameter. The term K comprises K = M(wg)2
and the term C comprises C = M2{w,, where oy = 2nfy and f; is the resonant frequency
of the meter assembly 10 in Hertz. The term { comprises a decay characteristic

25 measurement obtained from the vibrational response, as previously discussed. In
addition, x is the physical displacement distance of the vibration, % is the velocity of the
flowtube displacement, and % is the acceleration. This is commonly referred to as the
MCK model. This formula can be rearranged into the form:

(ms* +cs + k)X (s) = F(s) + (ms + ¢)x(0) + mx(0) (11

30 Equation (11) can be further manipulated into a transfer function form, while

ignoring the initial conditions. The result is:
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danpi ng paraneter, and Kis a stiffness paraneter. The term K conprises K =
Mw0)2 and the term C conprises C = M~wo, where wo = 2irfo and fo is the
resonant woeguwanrees of the neter assenbly 10 in Hertz. Phe/usesnsios32sdnpri ses
a decay characteristic 25 neasurenent obtained fromthe vibrational
response, as previously discussed. In addition, x is the physical

di spl acenent distance of the vibratilon, x is the velocity of the flowtube
di spl acenment, and z dugpirhexgecel erafjon. This is conmonly refergggzto as
the MCK nodel H@h‘ﬁs{%%ﬁrﬁec—e‘a{r anged into the form ( k es +
KYX(s) = F(s) + (ms P& x(6)°+ ishs(6y +H2*1) 30 Equation (11) can be further
mani pul ated into a transfer functioff fdfm while ignoring the initial
conditions. Th Sttt =
cutput = x(s)  Eultfdhipibataid Mol AR QAR (1) RS MRS phlpe i

mani pul at frequenen résponsd Himatien e, won{ptRjng:nto a first order pol e-residue
frequency response function form conprising: RR Hw (jw2)+(jw2) (13) 5
where k is theﬁgple_, RR s the Residue, the term (j) conprises th? guar e
root of -1, a mc)o' ]%,L@J’ccﬁ,c_uﬁ;\r excitation frequency (in radi}a S per
second). The system paraneters conprising the natural/resonant frequency
((0,),5the dappest NattHE dblef Red WesHeYidudthe 1@ (i) BEmPASARNhE Bgiae t&dtiost-1.C (~)
are defined by the pole. V\f'__ 12,) (14} 10 wd = imag(,2Z) (15) = real(.)
(16) w, Qaiihe isthief dirpadas epaitatingt Bequerry (m@d@aﬁpﬁrﬁjcp@é)arret er (Q, and the

Rr/laislp?&?;re ter Thcg Ig@stgrl;l ptapa?mgt I%tc%rrrr]lpcr?s?ngb’&le%%{drg r%sgr{a%t }eal(:i‘e&?fl (%Jnf%je residue.

damped natural frequency (®g), and the decay characteristic (C) are defined by the pole.

o, = lxll (14)

10 w, =imag(A) (15)
_real(A)

g= ~ (16)

n

The stiffness parameter (K), the damping parameter (C), and the mass parameter
(M) of the system can be derived from the pole and residue.

1

M= 17

2jRw, {an

15 K=0’M (18)
C =2lw,M (19)

Consequently, the stiffness parameter (K), the mass parameter (M), and the
damping parameter (C) can be calculated based on a good estimate of the pole (1) and
the residue'(R).

20 The pole and residue are estimated from the measured frequency response
functions. The pole (1) and the residue (R) can be estimated using some manner of
direct or iterative computational method.

The response near the drive frequency is composed of primarily the first term of
equation (13), with the complex conjugate term contributing only a small, nearly

25  constant “residual” part of the response. As a result, equation (13) can be simplified to:
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2 JRmd 15 K=w M (18) C=24"wW'M (19) Consequently, the stiffness paraneter
(K), the mass paraneter (M, and the danping paraneter (C) can be

cal cul at esiohasmdo@s a good estinate of the pole (A ) an@cTtiiseossesiz€sie (R).
20 The pole and residue are estimted fromthe neasured frequency response
functions. The pole (k) and the residue (R) can be estinmated using sone
manner of r t or iRerative conputational nethod. The respons ear the
drive frequenclg gmpﬁd of primarily the first termof equation (13),
with the corrpl ex con?ugate termcontributing only a small, nearly 25

const ant reSiIﬁléghatlcnﬂm) ohe t{®) t@apensemedsurad firegudtcy respsmse fmctivd) can be
sinplified to:

0 WO 2007/ 040468 PCT/ US2005/ 033285 é\g&é é (sJ w A)
| n equat i(BRF),2ttained&opy &@)thte@mm@etwaﬁe%ﬁewnﬁseg erix 'b?f{a%
function FRF bt.al ed fr e s. In
this deri%8H°5 doﬁ?figp @8’%83@2‘%5&(1&{% Bfloa;fggper M%%%Wéja t@%{é@%ﬁ@ force
| nput 5 H%’ﬁ Lot tgﬁlcfaDSEé/@oﬁ%11§ﬂ%w ﬁleﬁkQEQHeﬁsﬁrﬁHT‘I@g(y aaHQ@ﬁnpisuﬁ fl ow
nmeter, the asure isin terns o veIOC|ty di vi ded by
force. Themeef elodtudivided Hy2dycec a”Fhebdorer, ansitiom@d) can be traesfofmedrinto the
H(r o) =H( t)jW_(]J(R) (21) Equation (21) can be further rearranged into a
formthatlof8: easily solvable for the 10 pole (A) and the residue (R). Rico
-H2 = jcoR H= R+ H A (22) LI wl{R}=H Equation (22) forns an

(1
over - det erm neH(ay&tlé(w)i]cequafr&gHs Equation (22) can be conpuf3tionally
solved in order to determ ne Q]H’e‘f&ble (X) and the residue (R from the

vel ocity/for CeEquauowZ ) carnga %urtliler reai’rangeda' ngg 3 £&nY thal 10 ela(gfiy solvable for the

10 pole (1) and the residue (R).

Hjo—HA= joR
F=r+il, 22)
jo

2]

Equation (22) forms an over-determined system of equations. Equation (22) can
be computationally solved in order to determine the pole (1) and the residue (R) from
the velocity/force FRF ( H). The terms H, R, and A are complex.

15 In one embodiment, the forcing frequency o is 5 tones. The 5 tones in this
embodiment comprise the drive frequency and 2 tones above the drive frequency and 2
tones below. The tones can be separated from the fundamental frequency by as little as
0.5-2 Hz. However, the forcing frequency o can comprise more tones or fewer tones,
such as a drive frequency and 1 tone above and below. However, 5 tones strikes a good

20 compromise between accuracy of the result and the processing time needed to obtain the
result.

Note that in the preferred FRF measurement, two FRFs are measured for a
particular drive frequency and vibrational response. One FRF measurement is obtained
from the driver to the right pickoff (RPO) and one FRF measurement is obtained from

25  the driver to the left pickoff (LPO). This approach is called single input, multiple output
(SIMO). In a distinguishing new feature of this invention, a SIMO technique is used to

better estimate the pole (1) and the residue (R). Previously, the two FRFs were used
21



15 I n one enbodinment, the forcing frequency wis 5 tones. The 5 tones in
this enbodi mnent conprise the drive frequency and 2 tones above the drive

f r equencywendo7d40468nes bel ow. The tones can be separ at e@Crusnoosioss2ss
fundamental frequency by as little as 0.5-2 Hz. However, the forcing
frequency co can conprise nore tones or fewer tones, such as a drive

f r equencysepatitely t@pieaoweparatt sk O\ ankdawsidas (R pedtionass. SR édogakigg thaothe20
conprom se between accuracy of the result and the processing tinme needed to
obt ai n t Havo ¥REs share nopmmempoled)} bt sgpapiiesiduerRinaad (R tWa wo FRFs

are neasured for articul ar .drd C vibrat | onse.
tne Fre raduranee PEbbbEbRles Mok e NG P Pt bk he Rtk 8RBT T ey
and one FRREidueaster@imfbnl S obtained from 25 the driver to the |eft pickoff
(LPO). This approach is called single input, multiple output (SIM). In a
di stingui shi ng| new f&atur f this invention, a SIMO technique is used to
better estimt tge%' %k and the residue (R). Previously, the two FRFs
were ysed 21 2007/F04 R/ US2005/ 033285 separately to gi v€23wo
separate pole (®) lantd4 ? e (R estimates. Recognizing that the two FRFs
share a common| pol e (J%@ separate residues (RL) and (RR), the two
measurenents can be conbi ned advantageously to result in a nore robust pole
and residue deg@fitnat) ih bdkdiveRnlary rurbbetRfRRYS7 th 688mbedindndRhe ' | jw
Equation (23) can be solved in any nunber of ways. In one enbodiment, the
equat i on ¢qatiohiesblves huejtehea rasored lpastisgugres spprapes bpposkasiembodimers: her

et anot hEF SaHBO fuonl ed Tebal esare-ghet e ulSh ded S0RE SEARIERE "
si mul t anegushye alﬁoﬁh@@x@@arsére%éﬁtslgre%ﬁﬂaﬂg@§inw%eb@§%gﬂ §Sthedfam-Re used. The

Q R deconposition technique is discussed in MdemControl Theory, WIIiam
Br ogal®, cdgppnipgiitioh9edhnidrreecen meudddl Thep-R @xpng@4itiontechniq® isldiscussed inhe

par amot or MOSpID Ganrelel HoPrbB A ek oo bl PR e s PP g 2228,
t echni quesgEL iy

In use, the stiffness parameter (K), along with the damping parameter (C) and the

mass parameter (M), can be tracked over time. For example, statistical techniques can

15  be used to determine any changes in the stiffness parameter (K) over time (i.e., a
stiffness change (AK)). A statistical change in the stiffness parameter (K) can indicate
that the FCF for the particular flow meter has changed.

The invention provides a stiffness parameter (K) that does not rely on stored or
recalled calibration density values. This is in contrast to the prior art, where a known

20  flow material is used in a factory calibration operation to obtain a density standard that
can be used for all future calibration operations. The invention provides a stiffness
parameter (K) that is obtained solely from vibrational responses of the flow meter. The
invention provides a stiffness detection/calibration process without the need for a
factory calibration process.

25 FIG. 6 is a flowchart 600 of a method for determining a stiffness parameter (K)
of a flow meter according to an embodiment of the invention. In step 601, three or more
vibrational responses are received. The three or more vibrational responses can be
received from the flow meter. The three or more vibrational responses can include a
substantially fundamental frequency response and two or more non-fundamental

30 frequency responses. In one embodiment, one tone above the fundamental frequency
22



15 be used to determ ne any changes in the stiffness paranmeter (K) over
time (i.e., a stiffness change (AK)). A statistical change in the stiffness
par anmet erwOKkporoamesndi cate that the FCF for the parti celcarustéosmsizes er has
changed. The invention provides a stiffness paraneter (K) that does not
rely on stored or recalled calibration density values. This is in contrast
to the priespormetis rashisied aadlonowwne Xdow|thevfuratamentdl fiequenredesponge fsact ory

col 2 0 0B 1B, SBL e SR TSR SR BERLLS” o
par amet errefkinsbRal rdcivaRbal PR o3k tdre® BEMwPiRIIAMRh et Sl Rfsy of the

flow neter.” The 1nvention provides a stiffness detection/calibration
process wiespanse ardeeceed. for a factory calibration process. 25 FIG 6 is a

flowmchart 600 of a nethqd for determning a stiffness paranmeter (K) of a
flow meter acch ¥rngmplimsng itpnseate %lbsﬁaﬂﬁalim%ﬂ&is ﬁylsﬁa%?@&?o&ﬁ?dt hr ee

or nore Nél@&vac%ée ?tﬂ?darﬂeﬁ?a‘??éﬁﬁén&f r%gﬁﬁs@.i e &ﬂ%%gkfﬁm% Qe Vi brational

responses can recelved from'th ow neter. ree or nore
vi br at i ongduidiespeinspacedan i ncl ude a substantially fundanental frequency
response and two or nore_non-fundanental 30 frequency responses. In one

embodi nent, onk $tefm 60A ISt erder PalsdgrEe Aleqpencyussrapise Ipzanaraod fooutees

PCT/ US2005/.033285 . ' ' d t o t fund t al
A e R AT L R
abovey(t hetakenghaBih aliven'i@@daMeon (23§sponse are received and two ore nore

tones bel ow the fundanental frequency response are received. 5 In one
enbodi ment, t hin stem663,dhe nsubhparanteier! (M) iedetcdingtedrftom thpfict drdedypete-and

bel ow t he fundanental frequen response. Alternatively,,  the tones are not

equi di st HEINHC SFABEREY TRPQIEp 15621953 PRIFAGeMLR QSR CRRg ey

response figy Qf'(?};?'b%Iee@?jfexﬁ&)metf{ﬂ%t oftdRf R&idle (Rgro?thfé QEﬁa&foﬂQ eshERBONPRS, e
er pole-resi due ns

first or reqguency respo 10 takes the formgiven in
equat i on fddal flequadoyin, L@ dannsedvessrap fiequeicgroy( Md the dbetye charaedrifticof@) t he
first order pole- residue frequency_response. The mass paraneter (M 1Is

det eri nedferiptermingdriram the fing ordqrole dydar rpvdes (o) Sabgcqusatlyi thsdapedr
st (sl bl A0Sl eRRYGR R Ay By (ARl ETSY
Slﬁge{jginggﬁhdaﬁ@m(l’Vﬁnfdrd@rtto@bﬂa% tHoi@ss(paramafed (¥gsi due (R). Subsequently,
In step 604, the stiffness parameter (K) is determined from the solution of
equation (18). The solution employs the natural frequency ®, and the determined mass
20  parameter (M) from step 603 are plugged into equation (18) in order to obtain the
stiffness parameter (K).
In step 605, the damping parameter (C) is determined from the solution of
equation (19). The solution employs the decay characteristic (£), the natural frequency
®p, and the determined mass parameter (M).
25 FIG. 7 shows an implementation of the pole (A) and residue (R) solutions
according to an embodiment of the invention. The implementation follows equation
(23). The FRF inputs are at the left of the diagram. These FRF inputs are the five
frequencies at which FRF coefficients are calculated in this embodiment (four test signal
frequencies and the drive frequency). The FRF_L and FRF R inputs are the driver-
30 pickoff complex FRF coefficients calculated at those frequencies, corresponding to
H,,, and Hp,, inequation (23). The FRF coefficients are passed into the B input of
the QR solver block 701. The A matrix for the QR solver block 701 is formed from the
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natural frequency cod, the residue (R), and the imaginary term(j) are

pl ugged into equation (17) in order to obtain the mass paraneter (M. In
step 604,woheo7aubdeBness paranmeter (K) is determ ned fromcrhs2eslosi2sdn of
equation (18). The solution enploys the natural frequency co" and the
determ ned mass 20 paraneter (M fromstep 603 are plugged into equation
(18) i n oFRE&rcoetfiaéntaidividdeby gb bhfartess-byaeambasis ag&comprisst efuBds pf 1e
danpi ng parapeter (C) is determn fromthe soluytion of = equatign (19).
The. sof ut A% éﬁ%P%f@an@ﬂa%Mw&é ctleg mairpxeis ceshaped, it shq prapey Llé)aiébncy
co., and t ] :

i npl enment g%}?g%ﬁcﬁ &%gg%o%g&?%g@ %Eﬁé§%% O(?f%é:?g %@Y%n%gx\a{a@(jrjjlen)é to an
enbodi nentveqbr dltpui sfthe QRO Bolvdhislotk Pl & ebinbabéshe et hehsgromesiduedR, 3R, The
FRF ig}guts are at the left of the diagram These FRF inputs are the five
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FRF_R i npBi9T K @°nepgie 419 Datempadiekdf+ conpl ex FRF coefficients cal cul at ed
at those frequ | €5, i i i ). The
FRF coeffi ci entﬁé@a?r;s ap%?&%%%%g%]g S?ﬁvg;% ﬁhﬁ"g%ﬁa@ gn{aﬁghéqgl’g%@g?%}f%%ﬁ 701.
The A nat paranfetars bdmrdiRg3olau emboldomént tdthé mventioredThe anplehenta2idn\WO

2007/ 040468 PCT/ US2005/ 033285 FRF coefficients divided by jco on a
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par amet or SoRLHE ARG IO et o e hBtshastsiiiph fffpdhns SrviBe i SBRnc at  on
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estimates per 10 equations (14-16) and equations (17-19). The re |(§ues are
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be sone real part.due to noise.in th neasurenent .data and_due to

model - f | tmaﬁbgrﬁ{,%fg@eéépalﬁv@equﬁr% tfl%ﬁli‘éé p%ﬁh?efrﬁ@@?réyerﬂ@é the, BEGYDrigeval ue of
the resid i - anh)| i Mm: f VL i DY s
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resi due pedils and magnets and in the structure itself. Changes in the differences or the

difference ratios indicate a non-uniform change in mass or stiffness and can be exploited
20  to give additional diagnostic information about changes to the FCF or the integrity of
the flow meter.

Two other outputs from the system parameter calculations are the damping
coefficient, zeta or £, and the natural frequency ,. This embodiment gives a more
over-determined or better estimated set of global parameters.

25 The estimate of ®, makes a good quality check for the closed loop drive system.
If the drive is indeed operating at resonance, the drive frequency should agree to within
a few milliHertz to the natural frequency estimate. If the difference in more than a few
milliHertz, a warning flag can be set, indicating that the drive system is not operating
properly or that the current stiffness estimate is suspect.

30 FIG. 9 shows an overall FRF-based stiffness estimation system according to an
embodiment of the invention. There are seven distinct inputs to the stiffness estimation

subsystem, indicated by pentagons that are signal sources (five on the top left, and two
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15 equations (17-18). Note that there is a "Left" and "R ght" mass and
stiffness, i.e., the mass and stiffness calculated fromthe FRFs of the
LPQ Dri vewoana/i4mssRPQ' Dri ver. The mass and stiffness estriusats®3smy differ
fromright to left due to asymmetries in the coils and magnets and in the
structure itself. Changes in the differences or the difference ratios
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as estimated by the digital drive system IS input to the test signal
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20  commanded current (CmdmA) at one state of the controlling logic. During the FCF
validation logic state, the FRF between the raw POs and the commanded current is
calculated and corrected by the raw to commanded current FRF coefficients to give the
FRFs used for further processing.

The FRF stiffness estimation algorithm outputs the “TestSignal” output at the

25  center left of the diagram of the figure. This test signal output contains excitation at the
four test frequencies that are added to the drive command immediately before output.
These test signals are added to the digital drive signal when FCF validation is enabled.

The logic is such that when the FCF validation is off, the digital drive signal
passes right through a switch or other device, where it is upsampled from its base rate

30 (typically 4 kHz) by the interpolation filter to the appropriate output rate, typically 8
kHz. When FCF validation is enabled, the test signals, upsampled from 2 to 4 kHz, are

25



Measuring the FRF would normally require a current neasurenent,
necessitating 15 an additional anal og-to-digital (A/D) converter. However,
t hi s enboslomeewo4mes a cal i brated commanded current, olpeiratseeg/osdzes need
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second order pollé(f _wzza%prg?gmfprovi des a truer fit to the real data

than a first order pole-Yesidue approach. The trade-off is a greater

nunerical conpl exity. a;kd(sl ncreasgd processing tine. The MK enbodi nent 3f

the stiffness estifit )g Wa sinple second order system m)del(,‘
berow.™ Si'n

as shown in equation ( / ce the pickoffs on the flow neter
nmeasure vel oci t[)i(’( notng?i tion, }dge equation is differentiated and then
@ _

eval uated at )=F(a))_—Ma)2+jC60+K

Since the goal is to solve for M, C, and K from measurements of drive current
(or force) and pickoff voltage (or velocity), it is convenient to rewrite equation (24) to

isolate the unknowns. This produces equation (25).

20 K-Mo*+ jCo=—12 @

H(w)

At this point the equation may be separated into real and imaginary parts.

K-Mao* =Re{;(a;)}

C““’m{ff(a;)}

@
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a particular frequency co. H(s) X (s) =1 F(s) Ms2+Cs+K i=s ( )= (s)
15 FI s F(s) Ms2+Cs+K (2 H(c)) X (CO =jCO F(co) -Mo02+ Cro+K Since the
goal is twozodnmaodesr M C, and K from nmeasurenents of dPCrarsecensnasss (or
force) and pickoff voltage (or velocity), it is convenient to rewrite
equation (24) to isolate the unknowns. This produces equation (25).

this poi equat jen my ara ed |n 0 real and imaginary parts

K- Mew& %té‘ J‘Ef%“ e %‘@‘;{ ?t n@%;?) t) W26 w0 2007/ 040468

PCTI US2005/ 033285 EX ndr ng out Jw , equatlon (26) can be rewitten as: H
(CO K-Mv =w n{H(w)} &Hg}ﬁ(ea@(ﬂ 0) Re{H(wW} Ow= IH(wW)I2 The second
equation is nowga aic solution. In order to further sinplify
the first part of the eq:ia ca@g t he neasured resonant drive frequency is 5
enpl oyed. Since co,, found that: calm{H(ra)} K/"2=w H(w) 2027
Krw2 co21 _ 0) In'{ll(g)qz)e}b((%g) '

The second equation is now a simple, algebraic solution. In order to further

simplify the first part of the equation, the measured resonant drive frequency is

5 employed. Since o, =, / % , it may be found that:
c K/ - a)Im{H(a))}
i/ 2]
' |H ()
K[(O'f —? j _ mIm{H(a))} 08
_ a),fa)Im{H(a))}
(or-o?) (o)

so long as @ = w,. Backing out M from this solution for K, the three solutions for M, C,

and K are given in equation (29).
(@7 ~0?)|H (o)
ES
)

D,

n

_ Re{H(a))}
(o)

10 Note that given the resonant frequency ,, a driver-pickoff FRF at one particular

M= (29

frequency @, is sufficient to solve the equations and determine the parameters M, C,

and K. This is particularly useful; when FRFs are taken at multiple frequencies the
least-squares fit to the data is simply the average of the individual estimates of each
coefficient. This is a good deal simpler than the pseudo inverse that typically would

15  have to be performed. Note, though, that the restriction that @ # @, precludes the use of
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l nJ wz (C w2wn{Hw} K (a? -w2)I HwI2 so long as w # to,,. Backing
out Mfromthis solution for K, the three solutions for M C, and K are

gi ven i n wqouatvmameg29). w, win{Hw} (CO" -CO)IHWI2 WeKus2@s/oss28Re { H
(w)} 10 Note that given the resonant frequency co., a driver-pickoff FRF at
one particular frequency w is sufficient to solve the equations and

det er ni néhe tesomesnt dnive FRE i thesolutino fo¢ KTiriM. Thipiamok pattisnlaylyssefnising when

FRFs are taken at. ltiple frequencies the .least-squares fit to.the data
is sinpl 9@%3&6@8%@%&%% aif%%ﬂn@%%]élffe IPFéf@ele Sethe HempEg (ORS en

This is js : dn 4 ' I uld 15
nave to BoRARd: SRRcoRlifPLethis pflobclt IRIBHIR AL Bertiirs Ly aRY oL

pr ecl udedeft wad right pitkofZ datdar2 A6cHsO=tilg 68ddPEh B2 @E¢103B2B 5This heirr astirant
drive_ FRF in the solution for K or M,  This is not particul arl

si nce t h&o i rpie-rerdue methedayheresomerbangat isgaiaddyicsbirtiog the iéﬂ%ﬂf qriéfft' "
danpi ng. fhe at i al ' LS - h, is that th
par aror e PRSERRGFRRRE e Baht BOME Bl (il BRBBRCRRTprblOURD. 2 tril e

i ndependent ofFI6ac¢h i94 fiewchdiil 000 8f h Ml forsletddmiting Astifbkss p25inetee

met hod, where sone benefit is gained by restricting the_ left and right

pi ckof f s (Kdoks flovamstar recading tﬁ@lfl@,mf?féglﬁiﬁtl@ﬁthé inveatipfefeplerd 00 b thrgsidart ude.
FIG 10 is_a_fl owc 00 of a net.ho ordtcgrm'ni g a stiffness

# heirt 10 hod f
par anet e RYPTBROnAlFPSROnEs Ay TeCebG P VIR ERBBN i %ent of the i nvention.

I'n sigp 1001, 1hRfepel PR, 2 IR \Grlsraol QR duess A6 r&pBndeds kNG 8ted Fo
previ ously di scuseged. 1% I r? step r?goz, a secﬁf)qr%li(‘:le g}?ée? rpl)ol egr esi c?ue o

f r equenc yhe thspoomsmoresvigatenal rdpdnsesn Thésecohd eedarpoberesiduedfrapuicncyal

responses. The second order pal e-resi dye. frequenc response takes the form
gi vgn i n FERORS BreY tgxg)fgrm glverl)l 1n equation &4). d y P

In step 1003, the stiffness parameter (K) is determined from the solution of

equation (29). The solution employs the natural frequency ®,, the one or more
15  frequency tones o, the imaginary portion of the FRF (i.e., an imaginary component of
H (0)), and an amplitude of the FRF (i.e., the absolute value of H (w)).

In step 1004, the mass parameter (M) is determined from the second order pole-
residue frequency response. The mass parameter (M) is determined from the solution of
equation (29) and is obtained using the stiffness parameter (K) and the natural frequency

20 o,

In step 1005, the damping parameter (C) is determined from the second order
pole-residue frequency response. The damping parameter (C) is determined from the
solution of equation (29) and is obtained using the one or more frequency tones , the
real portion of the FRF (i.e., a real component of H (®)), and an amplitude of the FRF

25  (i.e., the absolute value of H (®)).

FIG. 11 shows the implementation of the M, C, and K solutions for the second
order pole-residue response from equations (29) according to an émbodiment of the
invention. The inputs appear as oval input ports at the left of the diagram. These are the
measured drive frequency o _drive, which is used in equations (29) asw, , the five

30  frequencies at which FRF coefficients have been calculated (four test signal frequencies
and the drive frequency, represented by w_test), and the driver-pickoff complex FRF

coefficients calculated at those frequencies (H or Hdot). The drive frequency FRF is
28



In step 1003, the stiffness paraneter (K) is determined fromthe solution
of equation (29). The solution enploys the natural frequency w,,, the one
or nore NMsoferdesssy tones co, the inmaginary portion of PCmaSERE/0328%., an

i magi nary conmponent of H (w)), and an anplitude of the FRF (i.e., the
absol ute value of 13 (co)). In step 1004, the nmass paraneter (M is

det er mi nedis¢arded b thessebamtat Wockes; sipo¢ #-canesti wusefl iretheeMcandr B splitioss aThe nass
par anmeter (M, i det erm ned romthe solution of equation (29) and is

obt ai ned @&Q%Be ??éﬁgﬁiﬂ%ngs%’ ‘Héﬂ%ﬁ@?@ﬂ’u&)asand the natural frequency 20
co,,. In step 1005, t;}g({ﬁzz}g\ ng paraneter (C) is determned fromthe second
order pole- resy due ¢ §/ response. The danpi ng paraneter (C) |(§)
determ ned fromt 20 of equation (29) and is obtained using the
one or nore frequg Cy/‘jgz@?@é’ the real portion of the FRF (i.e., a r eal
conmponent of H (w)) an anplitude of the FRF 25 (i.e., the absolute
val ue of Plcﬁqghﬂe E'v%e éorﬁmmefs tioHRARFER hat%hscrbgj hendolior et K
solutions for t econ or der e-resi due response rom equations (29)
accor di ngistthe same fdrodasnthatdecfed b@lutwmmemuaanns %9, anpMt s diupptipcompuipdal

i nput ports the left of the diagram These are the asured drj
frequencyft MP@@Utlﬁﬁl fomk; §\SQ}§§%P VRTINS PPYYALoR S isapnlied to gac ?QFéh%‘Gnt
frequenci f e

R R L
the dri VeFranlﬁkglfIén gl €XafRR estiafiids] tHeattcay chdracteaibigel( &t oﬂzleceg és
frequencies (H or Hdot). The drive frequency FRF is 28 WD 2007/040468

PCT/ US200&4rp285s: di scarded by the sel ector bl ocks, since it cannot be
used in the Mand K sol utions as described earlier. The K solution is
conpuiged as | H4@= w (w) (30) C which is an equival ent form of th

sol ution giver i egquations (29). The solution for C 5 is the sane f'orm as

the derived solution in equations (29), .and Mis di rﬁﬁtly conptg from
the sol ution f8he fecanmherackaishigdcakis ﬁ@n%%eﬁéta.r%q»ret%a pafagpsien Pt each

ffi t t hi | t t t hat
BB 8 M R SRR R Bl
esti mat es(é,t)g}g tﬂ@&i}ﬁu&hﬁrﬁ%ﬁﬁéﬁ&h@nﬂ ~' or zeta) is conputed as:

FIG. 12 shows the overall FRF-based stiffness estimation system according to an

15  embodiment of the invention. There are six distinct inputs to the system, indicated by
pentagons that are signal sources (three on the upper left and three on the lower right).
The “RawDrive” and “RawPOs” inputs are the raw readings from the pickoffs and the
drive current. These are down sampled to 2 kHz by the Decimator block 1201 and then
fed into the FRF coefficient estimation subsystem. The “DriveDemod” input is a sine

20  and cosine signal at the drive frequency that is taken from a digital drive system. These
signals are combined with sinusoids generated at the test frequencies and fed into the
FRF coefficient estimation subsystem as bases for demodulation. The “StiffnessEnable”
estimate is a logical input, allowing the digital drive system to control when the stiffness
estimation algorithm is active. The “freq” input is the drive frequency, as estimated by

25  the digital drive system. It is input to the test signal generation block 1204 and the
stiffness calculation block 1206. The “Temp” input is the temperature read from the
flow meter that is inputted into the temperature correction block 1207. The FRF

stiffness estimation algorithm outputs the system parameter estimates, as well as the

29



10 = CO" (31) The decay characteristic (C) is considered a nore useful
paraneter than the danping paranmeter C. Therefore, the mass M stiffness
K, and dewaypocimaosst eristic (~ )are the outputs of the meagisec@sosi2ss Fl G 12
shows the overall FRF-based stiffness estimation systemaccording to an 15
enbodi nent of the invention. There are six distinct inputs to the system

i ndi cat ed“IastSigeall’ agtms at et fanledt &id@nﬁthesb@,grams Thishtesesignaltdwputpoetaihsef t

dth he | ight). i h
r aw ﬁeéﬁ.ewgé‘ 2HPa A PRG0N Rk ieatiss t arena Raeddfi e i AR e B Gonn. |
sanpl ed to 2 kilgedvn %ﬂ? aR8 %k rtéjfonl?ll tﬁ@ Iﬁuﬂlﬁz@tﬂth@%effﬂ@é‘to thedidit ﬁrﬁfgeTEBF

coefficient estimation subsy DriveDe Input is a sine 20
cosi ne si@godigadls axfeeackﬂedvmﬁerckqmnmnaﬂmmmdtam@befomnu@udtoga tidbedr i ve

system These signals are ned w th sinusoids generated t he test
f r equenci 4eVighdirader orBaks lsnf*fﬁ? VéBé@’ffC?beré’ﬁ?SI% {feREnaren 19 .El%f‘s@%‘fw%gn’bas es

for denod 'saﬁ %Qsa{glﬂ?r &detﬁ@‘? Ql's‘%ro ‘{b 0| hi@l% 8?#&1?1'011 d1put,

allomnng rrve Sys O COﬂ en t ness estimation

algorith %mbo@@idnv @ithlehest 'of hemh filtpsitunied t(b e diacvReduenditenyhe @St wgidlsmat ed
by 25 the digital drive system input to the test S|gnal eneration

bi ock 1204 andThﬁEests’ilgmalrMbb&dep&p;fE bl berrfarpgederrpdulatinsp Thenput i s
the tted i. nt

the t d f th t

tonper at PRkt Ep B B RE st WATE! tisal M BF b iaR HEbEfeid® B Bhgor i i
out pufs t %ﬁle?éf[@&%ﬁ’t Fi2hANBERlenBies,| AMAUBS dride feRLncdS A RindBe2RR1040468
PCT/ US2005/ 033285 estS| gnal " output at the far left side of the diagram

Thi s t estdanhghdbtioutsiog theosina amd cosncbasas,i tbe real and:hanaguarytcexml)cmeaMnci es
that are to,be added,.to the driver conmand. These .i nputs _and .qutp orm
ORISR SN A e A S L B R Haé%ﬁﬁsﬁe&ﬁaﬂ 4 féIISZeftadded
to the drj t

is c&s%ﬁil‘iitﬂg Q&@@%ﬂ?@él?bé‘ uﬁ@&ﬂéﬁ Wl P th¥s% eh%é’ﬁ{af s;bﬁgﬁﬁl'“ e

order to make t ation proce ure transpar

system ¢dmpeneneosthim0y Mo of theest sigmal Wl hosbgnaipsedsed and hell pppdeafif the Thi s
is done in one enbodinent with a set of notch filters tuned to the exact

frequenci @drsf Threcqralex spefaricnts fomdherpickol gpdAriprptmeniak cadoliediensy G 11
performs denpdul aty t§ %g%mgiéethe %k%kﬁftﬁ%t?e%u‘é%y ergd g&@%laspt% ?QFe”’a‘%%gArg%tded at

each of five I"hput nci es gener at

frequenci ggor a%ﬂﬁn@é}%f@émiéﬁasférﬁﬂm%%\)&er fité BREAR1iRAtS ROuGAAD! ex dermdul ation
using the sine and cosine bases, the real and i magi nary conponents of each

signal are decThemsterdbeatronicsandoneshods aagording tathe ihventipaswnfbiel enepleyed o 0. 4
hz. It according to any of the embodiments in order to provide several advantages, if desired.
20  The invention provides a stiffness parameter (K) that is substantially related to a

flowtube stiffness of the flow meter. The invention provides a stiffness parameter (K)

that does not rely on stored or recalled calibration values for generation. The invention

provides a stiffness parameter (K) that is obtained solely from a vibrational response of

the flow meter. Likewise, the invention provides a mass parameter (M) and a damping
25  parameter (C) from the vibrational response.

The invention provides a stiffness detection/calibration process without the need
for a factory calibration process. The invention can perform a stiffness/FCF calibration
process in the field. The invention can perform a stiffness/FCF calibration process at
any time. The invention can perform a stiffness/FCF calibration process without the

30 need for a calibration test rig and/or known flow materials. The invention can perform

stiffness/FCF calibration processes that determine changes in stiffness of the flow meter

over time.
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is necessary that these signals be uncontam nated in this region, as
any spectral conmponent within 0.4 Hz of the test signal will not be
suppr essed wocdomvdsbssappear in the 15 output. The conpl expereihoswsens S
for the pickoffs and drive current at each frequency are then used
to estimate the FRF at that frequency. The power spectra are averaged
over a nunb®e ddinsanpl es, and the |lower-rate FRF estimate is output.

The nmeter e oni c and t-hod i i i .
ol oyed  akclEi REHaRs (B0 o AL dhd Mol Pk PURR (OB an
sever al dV@fﬁrﬁg@ 82011 fordesdiviag a vid@tidi rdspyentfiopmtherfw geser 45), wherein the

stiffness parameter (K) that 1s substantiall eI at ed éo a flogtube :
stiffness ofibraentlTespOREY A IPIISRE & FRPRFSEGMA l%&f the Heympsierde) ata

paranet ef (gﬁostagb?@ 1%9&%#9&[5 1_\(}321%%’ 288 asptr&fegg Eyslﬁe%(f ?id]}?’ﬂi %ﬁ%l@&t’i%lth the

val ues for generati ‘i'on prow s as ness par aneter
(K) that i sincdofaat ((HH)swheatin the ot elechoaits (Slrﬁ)aﬁmmsp@np:esmg the flow

nmeter. Likew se, .the invention a{g)’\ﬂpdes a rarretglr "%J‘IF\‘? .an(ii a
danping 25 par AREREPCEFTIE PYSHRL PR &P F JEFBHS BIe Vyational response

i nvention pfr@%'tﬂ?ﬁlté}fa%@ ﬁ(f)ﬂe§§tel‘iﬁh@Etfﬂeaﬁ'ér&?|(&)$?rc!¥ttﬂeoﬂbﬁ'h@ﬁﬁ§§sp%§éq@ét%rmme a
the need for a factory calibration process he 1 nvention can

perform a stes}bdmegs]{t@l?{\/daihd lardat\fﬁ@nrrelptr(b)déﬂ@ vihratinealfrespiodse, Tipasure a decay

(T D DRI HPTRIEET el A U R P utom e
wit hout t thr&QJeﬂ@ﬁ@oJ)%e FespBhdebioRaONVY, fldrive Guaast/(Dr akderictdyaNaracteristic

materials. The invention can perform stiffness/FCF calibration
processes t@At determine changes in stiffness of the flow meter over
time. 30 WO 2007/ 040468 PCT/ US2005/033285 W claim 1. Meter

el ectronics (20) for a flow neter (5), the neter electronics (20)

conpri sing 3nThe memfeamfohﬁﬁ xZO)fﬁrclai@lqemmhrtge sredbiirdtthe AadaylanReRsstic ({)
fromthe flow nmeter (5), wherein the _vibrational response corrprl si ng

a respohse @%’fhél GPBPESinG Allgwinghe vibstional spausy obthe Aoy mgiss (Arie idssavy
r esonant frg B“?ﬂg% &E%ﬁ%ﬁbﬁ%&g&t em (203) in comunication
r ac

with the whérern e“neter electronics (20) further
conpri si ng: the pr ocessi ng system (203) being confl gured to receive
the vibrational response fromthe interface é}é , determn

(%

frequency (éodye BEAECoBIc ( QA aigdp ghgiein TPTHRE %ystql%g?&%hg%ing further
vol tage (V). e(%g% gecfjﬂ'ol M&ashid thé H&;aé/ c%?igagte EI&%% ?f Al RRR th%%§)9@£§,ﬁ (?f the flow

neasure a d characteri sti ow meter
det er m 2@ t hetes (5 X ddedlowiiag tepilanti¢nd) rdspametol éhe ﬂlarveqlstw(ﬁij) tocisedy, davireto a

Lﬁ;?ggts :r :/g!p]it ggtecrrﬁl\lli)eﬂ v1brgt1c(>jnra %/a?ge% l\Jaghrﬂ% r;rtleagur)lrig t%n (Aecay chazacte¥13tlc

4. The meter electronics (20) of claim I, with the stiffness parameter (K) comprising K =
(I*BLpo*BLpr*wg) / 2LV, where BLpo, BLpr — correspondingly pick-off and driver

25  sensitivity factors.

5. A method for determining a stiffness parameter (K) of a flow meter, the method
comprising the steps of receiving a vibrational response from the flow meter, with the
vibrational response comprising a response to a vibration of the flow meter at a substantially
30 resonant frequency, and determining a frequency (o) of the vibrational response, wherein
the method further comprising the steps of:
determining a response voltage (V) and a drive current (I) of the vibrational

response,
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Q 2. The neter electronics (20) of claim1l, with the neasuring the
decay characteristic (Q 15 further conprising allow ng the

vi br at i onalwoesposnges of the flow neter (5) to decay dowaTius2605/633285
predeterm ned vibrational target. 3. The meter electronics (20) of
claim1l1, wherein the processing systen%éZOB) bei ng further
configured to meB&FHENE Adeerycairaskaiste ¢ @fﬁﬁfbwsﬁrmﬁow ng the

excitation of th I I
response of the %@qﬁlg%éﬁgﬁ{%é&%%@%% g{(f}vaﬁ%o a re@g mé’ﬁ’r%lg%%(ﬁponse
vi br at i onal vdlapg V), Gid dréversmaur (IY)and iie dtegashaedvadrhit €f)i stic. 4. The
meter el-ectronics (20) of claim1, with the stiffness pararreter (K)

conprising K = (I*BLPO*BLDR*wo / 2~V, where_ BLpo,
cor r espdndi hglhe medrd of laind. withibe mpsugag diedoppy 9hammreﬂt1§ (Odfurther

met hod for (%%p?{smg}bg gteél op bl 16\1’?1%%&6 %fa%ﬁﬁlqrés\}ngg ’th@:21 Lvor\r’l\(atn}a%oec{et ); @o%vn to

met hod conpri-sin receiving a ona response #rom
the flow n&tgredemmhedhﬁratwnbrtatg'eanal response conprising a response
to a vibration of the flow neter at a substantially 30 resonant
frequency, and determning a frequency (coo) of the vibrational

response, wieggl ﬁethbﬁ%f@ﬁ IH%delI%{\%L@El%a Hgmescieegy Eﬁh‘?ac”‘térﬁ%)% @]‘:f'u%tﬁgr

determ ning a response voltage rive current
vi br at i ohal cormp&sptmhesteﬁﬂoﬂ\o 2007/ 040468 PCT/ US2005/ 033285 neasuri ng

a decay characteristic aof the_fl nmet er; nd determ ning the
stiffness parangCBPVIt f“é %’6‘?’&31“% Oﬂbg%é’h’&’ﬁ N E t he response

vol tage (V), theal%ﬂ@t}ﬁ%&%ﬂbnzﬁIréspoﬁé&%f&ﬁ@ﬂ&ﬁ%eﬁb@%@é&tmiac Q 5
6. The nethod of claim5, with the nmeasuring the decay characteristic

(Q further pr@dﬁ’mmsetdmbm@nglttquebwhéd: gadunig g tliredecip charhderddtior esponse
of the flow neter to decay down to a predeterm ned vibrational
target. 7. The nethod of claim5, wth the nmeasuring the decay

charactgy i sg.i Th&uetHoihgclaichG, GRIAhE §iififesh PerafilefRIKObLompRTRY KNG t he
excitation of the flow neter; and allow ng the vibrational response

of the fl ov&IﬁBLm”B&@Rﬁfédé%Hom to a predeternined vibrational

target while neasuring the decay characteristic. 15 S. The net hod of
claim5, with the stiffness paraneter (K) conprising K =
(1 * BLPO* BLDR* 8afigthéd 2drMetermining a stiffness change (AK) in a flow meter, the method

comprising the steps of: receiving a vibrational response from the flow meter, with the
20 vibrational response comprising a response to a vibration of the flow meter at a substantially
resonant frequency, and determining a frequency (wg) of the vibrational response, wherein
the method further comprising the steps of:
determining a response voltage (V) and a drive current (I) of the vibrational
response;
25 measuring a decay characteristic ({) of the flow meter;
determining the stiffness parameter (K) from the frequency (@), the response
voltage (V), the drive current (I), and the decay characteristic (£),
receiving a second vibrational response from the flow meter at a second time ty;
generating a second stiffness characteristic (I(;) from the second vibrational
30  response;

comparing the second stiffness characteristic (Ky) to the stiffness parameter (K); and
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9. A nethod for determning a stiffness change (AK) in a flow neter,
the nethod conprising the steps of. receiving a vibrational response
fromthe floovneterss With the 20 vibrational response cegpUSsionipsass
response to a vibration of the flow neter at a substantially

resonant frequency, and determ ning a_frequency (wy) of the | )
vi brational resgoieseng hinetilness changetAKD dlthe sgoone piiffensp Fharpsigristied Ko) differs

steps of: gr%t{ne{h@sﬂ%fﬂgsesa Brr Se?é%r(ggb %&r@@?an(a\gre%gégré@qegﬁbi‘é?an%w rent (1)

of the vibrationa onse; asuring ‘a aracteristic Q
of the flow neter; determning the stiffness paraneter (K) fromthe

f- Do), th ! | t , the drive.: t .
and o declly ERaRYeH QRTE B Bye ORIV CBE B PR PORGAR) f e
responsg f %?&nﬁ%f%'e@s%ﬂ%%ﬁsﬂ& (I?Q;i)‘?ﬁ% $robd 148 stiBfness & (RY b9 more than

second Stifrness characteristic fromthe second vibrational 30
response; conpdatemygnedsiffesotodersndef f ness characteristic (K2) to the
stiffness paraneter (K); and 32 WO 2007/040468 PCT/ US2005/ 033285
detecting the stiffness change (AK) if the second stiffness

characteri sfji crfelgdtndil bf Shan f.f),rﬂﬁ“ﬂh’éﬁ&xﬁﬁrﬁsﬁﬁQﬁﬁﬁﬁtiﬁ@rﬁgaﬁi%tsﬁffnééﬁ)chﬁﬂ%]i@@

than a predeterm ned tol erance. 10. The nethod of claim9, furt
conpri si ng foen dut ¢amgparing. sti f fness change (AK) if the 5 second
stiffne1 s characteristic (K2) differs fromthe stiffness paraneter
(K) by re than a predeterm ned stiffness tolerance. 11. The net hod

of clai m 9,1 uriEh6QBPEhish DOwEEaT thé Meagirinp ehesddchy nlemactefising€) fuAlGr
fromthe conparing. 10 12. The nmethod of claim?9,

. 0 Of erein the
measuring tdeenmtisergthe Figp aEtadlomdng e veyratignehesronss ﬂ%%eﬁ% mejfE 1 figsgy gpwn to
all owi ng the vihraf. of the flow neter to decay down to
a predeter n%%rgg&ﬁ%%%lg@?ﬂgﬁ%ﬁi?%g%gf 15 13. The nethod of claim?9,
wherein the neasuring the decay characteristic (() further

conprising the steps of . remqvi t he excitation,of the fl ow r
" Al | us - CHe TRBeae! SAER Or wEfiGe BreT e it Barte Gl Hber,
toa pr edegogﬁmsﬂ%dthgisgbggﬁ onal target while neasuring the decay
characteristic. 2
removing the excitation of the flow meter; and
allowing the vibrational response of the flow meter to decay down to a
predetermined vibrational target while measuring the decay characteristic.
20
14. The method of claim 9, wherein the stiffness parameter (K) comprising K =

(I*BLpo*BLpr*wq) / 20V.

15. The method of claim 9, wherein the generating the second stiffness characteristic (Kj)
25  from the second vibrational response comprising generating the second stiffness
characteristic (K;) from a second frequency, a second response voltage, a second drive

current, and a second damping characteristic.

16. Meter electronics (20) for a flow meter (5), the meter electronics (20) comprising an
30 interface (201) for receiving three or more vibrational responses from the flow meter (5),
wherein the three or more vibrational responses including a substantially fundamental

frequency response and two or more non-fundamental frequency responses, and a
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14. The method of claim9, wherein the stiffness paraneter (K)
conprising K = (I*BLPO*BLDR*coo) / 2(V. 15. The nethod of claim?9,
wher ei n t hewgedenaisng t he second stiffness charact eri staox/((sE@y/0328
fromthe second vibrational response conpri sing generating the second
stiffness characteristic froma second frequency, a second
response vdlPeR§ENE AYSUB GHP éllia p%muww@wﬁh &mn@rf@%@?@d),mm ¢he meter

characteri Séléc‘fronf‘c@@(g)%rg%er 3120&15191@‘ cs (20) for a flow nmeter (5), the

nmet er el ectronics I'mg-an 30 interface (201) for

recei ving three the proesing $saii 03) bemmmﬂ‘gaﬁedfmmmewwhé thowe oreher

(5), wherein the three or nore vibra respons ncl udi

subst ant i al Yijrafigpal sereanss from aﬁa@fﬁafr @@ ﬁ%‘—'f%tﬁ POl Efe%lﬁéﬁ)gﬁequency
non-f un BHENEY ! (BS BRES EmoR b Aticiml WEpSRRe/ DACRRBmine at least
PCT/ US2 OgErrOé%&%l %ﬁﬁpr ocesrsnl ng systemO 203 1(?ﬁr%i \tc[%)gﬁnumzcatl on vvlmteha eﬁs .
interface (2hess pﬁnaaneien(ﬁ)kfeomﬂﬂaepole—eds&hmrfmthrmy(reﬁa)anﬁmﬁmhmn
conprising: the processing system (203) being configured to receive
the three or nore vibrational responses fromthe interface (201),

generate a PPl end e S8EEBCL(D) & QAHLIE Wherif BRANAREsiHY @fs&ér@mdy) ®8hg
the three or nore vibrational responses, and determ ne at | east

stiffness partharetoafigi té6 derrmine apbtn@mgawmeﬂ (@duendy nodsrsie frequency
functio 17. The ma%er el ectronics (20) of claim 16, wherein the
processihg SSRYEHIOSHSY being further configured to determne a

danmpi ng paraneter (C) fromthe pol e- resi due frequency 10 response
function. 18. The neter electronics (20) of c¢laim 16, wherein the

processi ng b%ls”f]@rﬁlﬁtzogl)%tﬁmlﬁfﬁg@oi oir e 16 oI FEcPToesSHBE 6YREM 6203 baigg
par anmeter ( I i I 8

15, “The ot byl SBERfaRg oBih i i bEAHERG Y HEBR BRI AR oudrey
system (2031)e5151msa@mcf10ﬁther configured to conpute a pole (X), a left
residue (R), and a right residue (RR) from the pol e-residue
frequen response function. 20 20. The neter electronics (20) of

claim 16, Where)hnbie efebEE8cOR0NBF Qaiki pé %He?tﬂﬁlther }ﬁ'ﬁ%@%@%ys‘t&ﬁgﬁg)%ieﬂ@

at | east one tone above the fundanental frequency response an

| east one t fiméser da:ellﬂ@wﬁdhe compammeriall)f 7 kfuendye (Respodseigh? tesidiRdRr) from
meter el ect I‘IOI’II é‘é gfof claim16 whe%rel n the three or nore

vi br at i onal TE@OFoHTEIGHC f5gnensy resPAR fURoPaast two tones above the

fundanental frequency response and at | east two
20 20. The meter electronics (20) of claim 16, wherein the three or more vibrational responses
comprising at least one tone above the fundamental frequency response and at least one tone

below the fundamental frequency response.

21. The meter electronics (20) of claim 16, wherein the three or more vibrational responses
25  comprising at least two tones above the fundamental frequency response and at least two

tones below the fundamental frequency response.

22. The meter electronics (20) of claim 16, wherein the pole-residue frequency response
function comprising a first order pole-residue frequency response function.

30
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tones bel ow t he fundanental frequency response. 22. The neter

el ectronics (20) of claim 16, wherein the pol e-residue frequency
response fwAcH7HM46DNPri sing a first order pol e-resi duedIVqusia3zss -
response function. 30 34 WO 2007/ 040468 PCT/ US2005/ 033285 23. The
nmeter el ectronics (20), of clajim 16, resi due

wherein th ol e-
frequency resplifgacte %iﬁeif%w @B}ﬁqlww&avhﬁr%ﬁwgaﬂ#é eSIYF dregygney response
id R : . 1108g; fred = i
resi due ( )W&ﬁ&%&%ﬁ?%&dﬁ@%@%@e{ gélter(l)of@sxdﬁé) I ir8dRlck&Rdnss fibdkion

co-2) + R /(]co- he circul ar excitation frequency,

j- Is the SOMAEdBRY) OR/Gehr) P Rftjo-THE wiBleas- 18 HRCiFcOMr €RciafiO) fRfuency, - is
cl aim 16, wherein the pol e-resi due frequency- response function

conpri si ng @efkiuast ravt dérl. pol e-resi due frequency response function

conpri si§19 Hw = R (jco-X) + R/Own,T) and wherein the stiffness
paraneter (K), the danping paraneter (C), and the nmass paraneter (M

are det er m nedrigceekdbRerdfcd (26) 6@kl P SvHrlh FeRotdresitiue fredfer(c@@ésponse
)2M and C = 2(co"M where cod- is danped natural frequency, aon - is
nat ur al / r esBmain compsipiege §first psler pple-rprdus requepey EHRQSE fengjiop Foppysipg H(®)
16, wherein the pol e~residue frequency response risin

f .
a second or d&Y(@) &- £édpuheand whereche F@%ﬁﬁ@a\“ﬁﬁg Ellgi) Iﬁf’)"jn‘iagg@ g Peigieter
meter el ect g@g%rﬁi:thé %% géraﬁlle?eﬁ“ %Qre JRGESidY atcgtﬁ'gﬁ%ltg eeépig]q{ﬂ@ns M,=1/0'ZJéRcod, K=

frequency r e tron c rising a secon rdg$ e-resid
frequenty respohsadiGmneloiv, whemprisisngmpXd witujalfiidiooicy Fow) is-nwzaldesonant
] Ow+K 20 27, The meter electronics (20) of claim 16, wherein the

pol e-r esi du@e‘iqeé%ency response function conprising a second order

pol e-resi due frequency response function conprising H (co) = X(w) =

j o) and wherein the stiffness paraneter (K) is determined F(w)

- MW2+] Ov+K 3% cOredingigr elgctionicy Q) of daint b, heteip [he golsvresjdue figp)yenay response

0)12), th Tet ' ter.m ' =
K (0) )2,  amBoRe o pae et B R ARt e el i ng
to C=%8e[ H(co)]/I H(wIl2. 28. A nmethod for determ ning a

stiffness paraneter (K) of a flow neter, the nethod conprising the
steps of: 26. The meter electronics (20) of claim 16, wherein the pole-residue frequency response

function comprising a second order pole-residue frequency response function comprising
X(@) _ J@

H(o)= = L .
Floy ~Mo®+jCo+K

20 27. The meter electronics (20) of claim 16, wherein the pole-residue frequency response

function comprising a second order pole-residue frequency response function comprising

X(w) jo

H(O‘))ﬂ - 3 .
Flo) -Mo'+jCo+K

and wherein the stiffness parameter (K) is determined

according to K = ((an)?oIm[ H (@)])/((0n)*-0>)| H (@)|), the mass parameter (M) is
determined according to M = K/(w,)?, and the damping parameter (C) is determined

25 according to C = Re[ H (0))/| H (0)P.

28. A method for determining a stiffness parameter (K) of a flow meter, the method
comprising the steps of:

receiving three or more vibrational responses, with the three or more vibrational
responses including a substantially fundamental frequency response and two or more non-
fundamental frequency responses;
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receiving three or nore vibrational responses, with the three or nore
vi brational responses including a substantially fundanental
frequency mnespans@4end two or nore non- fundanental freg@ensyo05/033285
responses; 35 WO 2007/040468 PCT/ US2005/ 033285 generating a

pol e-resi due frequency response function fromthe three or nore

vi brational respmgsnsesing amdledssidnaiiniurgcatesbensstiunctionffomnhsshysacamerer
(K) fromthe | e-residue. frdequency response function. 5 29. The

nmet hod of c‘[lgﬁ%ﬁ?%,reﬁpﬁpﬁeﬁe%n conprising the step of determ ning a

danpi ng par anet @terfd@ing kOlEhithetipRte-gaemhdaq K teReueRg 1d-rsidas $equency
-function. 30. The nethod of claim28, further conprising the step of
det er m ni ngegporssBinglieneter 10 (M from the pol e-resi due frequency
response; function. 3 1. The nethod of claim 28, further conprising

the step of conmputing a pole (A ), a left residue (RL), and a right

resi due (RR)9.f ridie teeéhodobe clatai ZRIefultheuemnpysingshonsy diideteiramingl 3 damping

32. The nethod of cl a%l m 28, wherejn the three or re vibrational
responses COWHRFET {fg Hm thepple-reiliediquengy sePopietntiftfanent al

frequency response and at | east one tone bel ow the fundanental
frequency response. 33. The nethod of claim?28, wherein the three or
nmor e vi br at3(rikke methpd p$ elains @ApfurthemmpratrisitGht stap bf detexntiomgs: mbss\parameter

t he fundamental frequency .response and at lLeast two tones bel ow t he
fundarreﬂ(?al Pﬁ}%ﬁ‘ﬁ}éﬁ%Q&Fééﬁi@ CAUSRCY Fﬁﬁ%‘mﬁ%%“}?& O%f claim28, wherein
t he pol e-residue frequency response function conprising a first

order pol e-residue frequency response function. 25 35. The net hod of
cl ai m 28, whler Biamethed pbtleim 8; futberf ompuisingjthe step of sempuwtingd pe (1), a left

Compr <i ng ek AP LB By o BRSNS RERRRRS s} APl g

wherei n the pol e-residue frequency response function conprising a

first orderﬂﬁol e-residue fre%uency respanse function conprising Hw) .
= R/ (j w5 X)3% Fogogthof of claia “@hwheri thyBireg grimereyaby E‘?%&SQ?HS(SK?‘?mPWE at

danpi ng parguetar tc(n@a"bo@@gletf{}r‘?da‘?’r@en%ﬁ%alg&{& 4&%91@36%'&%9&%@ ORARPow the

fundamental frequency response.

33. The method of claim 28, wherein the three or more vibrational responses comprising at
20 least two tones above the fundamental frequency response and at least two tones below the

fundamental frequency response.

34. The method of claim 28, wherein the pole-residue frequency response function
comprising a first order pole-residue frequency response function.

25
35. The method of claim 28, wherein the pole-residue frequency response function

comprising a first order pole-residue frequency response function comprising H{(w) = R/(jo-

A) + R /Go-A).

30 36. The method of claim 28, wherein the pole-residue frequency response function

comprising a first order pole-residue frequency response function comprising H(w) = R/(jo-
A) + R /(jo- 1) and wherein the stiffness parameter (K), the damping parameter (C), and the
36



mass paraneter (M are determ ned according to the equations
M1/ 2 Rwd, K = (w')2M and C = 2?w'M 37. The nethod of cl ai m 28,

wher ei n t he YWORWIPE4$%ue frequency response function 5 E6HYISI9FPAG2A
second order pol e-residue frequency response function. 38. The net hod

of claim 28, wherein.t ol e-residue freque response ;fupct i.on
compr 51 g UeEBRA A8 bR e O o RRBREREL AR T G oo,
conprising Hn@@3F20e,M(W _ jw F(w -Mi + jOwK 10 39. The nethod

of claim 28, wherein the pol e-resi due frequency response function
conprising a second order pol e-residue frequency response function

conpri si ng H+( = | [ I :
(015" determ b et lain M St e S A AR5 2o RN Eon
((O 1)/ (6(OrpRmtieRgla debdr(d)rddy) pold-hidua $eqpatcaredpense hcticn. det er m ned
according to 15 M= K/ (w')2, and the damping paraneter (C) is
determ ned according to C = Re[ H((0)]/l H (w)12. 40. The nethod of
claim 28, funt 1 SA " L & : Of
Chree or mor T na e Pk e o ey &y oo el
second ti me doiprigipgeratomibordesptengdidikifdnary redpapnachatict tanfrisdg H (o) =
fromthe second set of three or nore vibrational responses;
conparing th&(eg¢cond stijfof ness characteristic (K2) to the stiffness
paraneter (Kyy,pand zhst ecHnggthe stiffness change (AK) if the second
stiffness characteristic™(K2) differs 25 fromthe stiffness
paranetdf (K) by nore than a predeterm ned tol erance. 41. The net hod

of claim40, further conPri_si ng detecting the stiffness change (AK)
if the secod Heimethedar opiat adtvdiran e goloyesyivefisayengygasnonee function

stiffness paraneter (K) b re. 30.1han a predetermned stiffness, _

ol er ance. | S SBG A bCHRRRHCl TR ase Byt e g oo e H (@) =

cl ai m 40, fupgt(gn) r corrprijéji ng quantifying the stiffness change (AK)

fromthe COFFET—? - — and wherein the stiffness parameter (K) is determined K =
w) —Mo + jCo+K '

(@Y oIm] H (0)])/((©)*0)| H ()), the mass parameter (M) is determined according to
I3 m= K/(w®,)?, and the damping parameter (C) is determined according to C =

Re[ H (@) H ()P

40. The method of claim 28, further comprising the steps of:
receiving a second set of three or more vibrational responses from the flow meter at
20 a second time 1y,
generating a second stiffness characteristic (K;) from the second set of three or more
vibrational responses;
comparing the second stiffness characteristic (X;) to the stiffness parameter (K); and
detecting the stiffness change (AK) if the second stiffness characteristic (K;) differs

25 from the stiffness parameter (K) by more than a predetermined tolerance.

41. The method of claim 40, further comprising detecting the stiffness change (AK) if
the second stiffness characteristic (Ky) differs from the stiffness parameter (K) by more

30  than a predetermined stiffness tolerance.
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5 43. A nethod for determning a stiffness change (AK) in a flow
neter, the nethod conprising the steps of receiving three or nore
vi brati onalwoespongas, wWth the three or nore vibrati onalcT/yseaponses
i ncluding a substantially fundanental frequency response and two or
nore non- fundanental frequency responses; 10 generating a

pol e-resi due frequency response function fromthe three or rmre

{rom t he. pole VBaTaiR pf By P spE e Refiiind FaduRiA fiut &0

second set mm&mr@m@gmgwgwm{ ational responses fromthe flow meter
at 15 a second time t2; generating a second stiffness characteristic
(K2) fromthe second set of three or nore vibrational responses;

conmparing t c;dh,q-lrf?g & RESS
par amet gr ';‘égl%%{b%ﬁk H&%ﬂlﬁglﬁighe st fcglllggéé @r@nge fzoq’kgrl}?efr%hféﬁ second
stiffness Cdﬁﬁ{;&@tr@fthékﬂepséﬂ@) differs 20 fromthe stiffness
paraneter (K) by more than a predgterm ned tol era 44. The

Q m%t hod |
of claim 43, furEHaYNgSRsE PEIMRE HRIABERTAFPPRESs IR Hifcbiee o pge VIoakona
if the se i I -
stiffness S%E%rrrlgése@&?%ﬁﬁ a%nrgr%t?@aﬁg ﬁ%%&?ﬁ?ﬁ ghéer{cgrr %p%g%rgsﬁd |hL faior?één sOre non
t ol er ance. f&ﬁdarﬂ'élﬂalrfaiqlumbya‘fespﬂna@sm 43, further conprising quantl fying

t he stiffness change fro e arin The

et hod 1 i m EBUSHHEABP I EREU O SER A RGOS B P Ui i o mor

det er m ni NgyigratidadRERSnRAr ameter (C) from the pol e-residue frequency
response function. 38 WD 2007/ 040468 PCT/ US2005/ 033285 47. The

met hod of cl ai m dsrmikiog et leasthetifaewsrmmramater &9 Slerpld-tasidve drequency
determnin rameter (M fromthe pol e-residue frequency
response fglr?‘@fong%& ﬁgg “The nethod of claim 43, wherein the

determ ni ng furtResiviagmket&id @t 60MPdtdr dbra viveht@nabresponsedfrbfthe flow meter at
residue (RL), and a right residue (RR) fromthe pol e-residue

frequendy reissepbEmefainction. 49. The method of claim 43, wherein the
three or nore vi I

above the fundarBAta PRty PES RaBlekEh i Hrom R 3kediEel Atites or more
t he 10 fundabmnbadl réspeqeesncy response.

comparing the second stiffness characteristic (K3) to the stiffness parameter (K); and
detecting the stiffness change (AK) if the second stiffness characteristic (K;) differs

20  from the stiffness parameter (K) by more than a predetermined tolerance.

44. The method of claim 43, further comprising detecting the stiffness change (AK) if
the second stiffness characteristic () differs from the stiffness parameter (K) by more

25  than a predetermined stiffness tolerance.

45. The method of claim 43, further comprising quantifying the stiffness change (AK)
from the comparing of K to K.

30 46. The method of claim 43, wherein the determining comprising further determining a

damping parameter (C) from the pole-residue frequency response function.
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50. The nethod of claim43, wherein the three or nore vibrational
responses conprising at |east two tones above the fundanental
frequency negpongs@4eand at | east two tones bel ow the fundarsnémhsszss
frequency response. 15 51. The nmethod of claim 43, wherein the

pol e-resi due frequency response function conprising a first order
pol e-resi ddd- flhegquaihed/of deipohs eviferme thegletersing hempresing thirdier détainnmiag a

wherein the _pol e-resi frequen respense function 20 conprising a
first o derBspEepEl il G qtaREs RIS HerpB BB ng 1io))
= R (jco- ?,) + R/0 co- A). 53. The nethod of claim43, wherein the
- pol e-resi due frequeg&ijl response function conprising a first order

pol e-r esi dy8. fiheduthed of daigbhs aviicrsie thegleteBining SirkgT Frapsing FPIPERE a pole
25 + R 14§ CO=a 1) ' .St | !
o s e he0s LA NS BB AR S Khopdlesons

accordi ng tfondtle. equati ons M=l /2] Rcod, K=K) 2M and K = (Co" )2M and

C=2~cW'M 54. The nethod of claim43, wherein the pol e-residue
frequency response function 30 conprising a second order

pol e-resid f : i -
pol e-r est dug, HiRGHARGY of ARPRECHTHIE HlcedD 0. SAOHRANORnses comprising a

pol e-r esi dleast oxioeaaloveghp dnslemkumtireqrncy mepriss hndatd ese onmtbne helew the
pol e-resid re cy response function conprising H(w) _ (CO X w
F(w) I\/ﬁ@% %@%ET%H?%FWBBS% clai m 43, wherein the pol e-residue
frequency response function conprising a second order pol e-residue
frequency response function conprising H(co) _ 't (CO = jwand
wherei n t heOstlihemribed phglaimet & rviferin the tHreeer mare dibkatienalgegponses comprising at

- MA2+) OnrK ' I Hi{c Y o )2-w2)l H (co)l he, mass
par anet er (l%ffswf“é{) %’é _Se%grﬁvﬁé ]g%ilé%{rlé |t;§llg rﬁ”e%cy&fl?ﬂ“)séén a%ggﬁshévodta?ﬁﬁs%e ow the
par anet er (fGddansentt@tfegyemedegoasy.ding to C = 2. 10 Re[ H (co)]/I H
(co)j 40
15

51. The method of claim 43, wherein the pole-residue frequency response function

comprising a first order pole-residue frequency response function.

52. The method of claim 43, wherein the pole-residue frequency response function

20  comprising a first order pole-residue frequency response function comprising H(w) = R/(jo-

A+ R/Ga-2).

53. The method of claim 43, wherein the pole-residue frequency response function

comprising a first order pole-residue frequency response function comprising H{w) = R/(jo-

25 M+ R /( m-z) and wherein the stiffness parameter (K), the damping parameter (C), and the
mass parameter (M) are determined according to the equations M=1/2jRaq, K=K) *M, and
K = (@,)*M and C = 2{@,M.

54. The method of claim 43, wherein the pole-residue frequency response function

30  comprising a second order pole-residue frequency response function.
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55. The method of claim 43, wherein the pole-residue frequency response function
comprising a second order pole-residue frequency response function comprising H(w)=

X(@) _ Jjo
Flo) -Mo*+jCo+K’

56. The method of claim 43, wherein the pole-residue frequency response function
comprising a second order pole-residue frequency response function comprising H(®)=

X(w) _ jo
Fl) -Mo*+iCo+K

and wherein the stiffness parameter (K) is determined K =

(ony’olm] H (@)]V(@n)-0%)| H (@)1), the mass parameter (M) is determined according M
= K/(w,)*, and the damping parameter (C) is determined according to C =

Re[ H ())/| H (o).
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