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METER ELECTRONI CS AND METHODS FOR VERI FI CATI ON
DI AGNOSTI CS FOR A FLOW METER Background of the

wo poogfosi4esr 1. Field of the I nvention The preseP€T/US2005/033285
invention relates to a neter el ectronics and mat hods

for verification diagnostics for a flow neter.
St at MIBAER ELECTROQIVIESNAND METHODSEOR VMQATION

such as Corioli g tube

densi toneters, W§§%@§ %@O&ﬁ@ﬁﬂ%‘g not i on

of a vibrating conduit that contains a flow ng
-material. Properties associated with the material in
Badkgroand of the Buentian nmass fl ow, density and the like,

cang? geterm ned by processing neasurenent signals
e fioHiaBt i on transducers associ ated with the

condgi f a?re%@lﬁl (ftﬁ'hﬁﬁ Q5 PHE S0 % élgcet1*c§ﬂ1(1t}I d ﬂgthkc)))c}s qr everiﬁcation

mat erl sys em genera y are affecte

diggmosticetbripdew nidtérf f ness, and danpi ng- characteristics
of the containing conduit and the material contained
2.t ¥atesent ofthediigbiam of a vibratory flow neter can

to v Fara oy TRtk Aol BEGRal et ab Hire afifipe tube
deBE@&H@t@FsY t@ficdlyoricrdie bbeieEHcﬁﬁg rhdtRIIPoS 4 @ibﬁﬂﬁlg%ﬂauﬁ Yhat contains

of the fluid in the flow tube. Sensors | ocatéed on
a flowmg ma@rlaht]l’@pelms npsonitat withdhe olateria s theeonbueit, such as mass

relative vi tlon bet ween t he . ends of.the tu
3 ST B Bk G PP ReE S B SR e e g slgnals

re YRy ﬁoﬁ)@%ﬁbﬁ "traﬁéétﬁl\clzl&grag%dlﬁle% vifhhe %%ﬁd\ﬁta Uphd g#b?athon modes of

ase s int at1 on between the ends o
thé sbeatindmaphab€illelisy ftempeteratigtdry affectpd by ithaadbmbinet heass,
mass flow. A typical Coriolis mass flow neter includes

Stighmest ANShSPBIPI KGNS ORI COpHBEEInHRI: P haymaterial
oﬁ;aa? Sld tggre% other transport system and convey

fluids, slurries and the like, in the

syst£@bndhae Bf@@ﬂﬁiatbfy 18y rh€er éAREAIRS ohe \br Mtbrd fRRE tubbs. A flow
natural vibration nodes including, for exanple, sinple

tubeisdorrgd to vilwiisraile, resandhtafrequendy cobgredbie rasdeant frequancy of the
o Resiprormineiioithe SEm e s HEROaRe g PEn Shiteeglocefg on the
inf®RhRd bflet!eOEhs! dFtRYUADe R sERNAY rélatid dibration 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
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
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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notion of the conduit is neasured at points spaced
along the conduit. Excitation is typically provided by
wW@pooaosudes or, e.g., an el ectronechani cal devi cECT/BE82905/033285
as a voice coil-type driver, that perturbs the conduit
in a periodic fashion. Mass flow rate nmay bedeterm ned
dehymmmisby imegsuringetinde dalpyor pbhsesdifigrdrices bm@gn meatigme at the
ions at. the _transducer, | oc
trqPe SRS IRBHET o B DRSS o) PRRAE S RrE A pically employed

1nt% R r??f Stbabie r\qﬁfatfoﬁaf%g%dﬂsg oft tﬁ@ DER ARG of ESRRAE Carff are

ow conduit or con are typically

~ typioakky ttad g pssitionsnepstEsir mmtmmeﬁ the anﬁuatort Ffdae two pickoff

ScRFauD TS LY SRR BT BT MGCaPHg. LHe Isifumentation
rec&%sr ﬁéﬁ? an%'b{nofﬂe rt%ggs £ SdrdBR! dfﬂrSEQSE%SPE }é%nglscﬂﬂ Q)fr(fler to derive

ensor process e S gna S’ n or erive

al@iaggsﬂé‘k,@merrﬁéa@ummrenent The phase difference
between the two sensor signals is related to the mass
f I owlhrephase fiffarenaeaheswieen thel toii aﬁgsquéqql&rﬁ]é qltgyhe mass flow

u or flo ubes h i
ol 358 RS s RO 30 Bl Rt e of
thé SEHal 34 Brpbitioralth {HRBQIMBEslay betdealiBe 670 sév6F SIS, and the
be determned by nmultiplying the tinme delay by a Fl ow

mﬁ‘ﬂl fldow aate can Bwcefore beFdZFt)bl;mmhé by nupéplyingtheding delay by a Flow

r o %‘E?Ts&lzﬁ:é ﬁ\%{? nce [@\F/ I{:(?Igtgrlg% [ rhea g%r}%é/rence Gvided by
fré\q: | glf,y 2}?{1& Ft@ﬁgjeﬂgﬁ;g %gfeg%irﬁ) oggﬁbefs aﬁWc?é&-esecﬁ(‘Shaq Reoperties of the

y a calibration
flpw ogtes Sinfthé priot art,ithe 11?&1131 ’tdetenmaidedt yea taldwatiet processt rica to

pi peline or other conduit. | n the calibration process,
ingtaflptioniof the Slovsmgter AtorHPeliRe 91 BT SamduLt Ilaqgﬁ GAdfpration process,

o B pRined Bt R PR I i AT PR, Bl B Broportion betseen

thawad @eRrdke andaid Mbweatkliovalttthesd. i s that the
accuracy of the neasured nass flowrate is not

af f eOne ddwtamaf adforiohid figw austpoiidhatshe acaunecyf efghe measured mass
net er.

rate is.determned b t
A sele gy TR e Mo g g ey T s ook et ofhe flow
rafd'd dehe ﬁl%lé&l%}pﬁlurtgﬂ?ﬁg‘%ﬂe Eﬁé%%‘lﬁffer-gﬁge B&téeh BREpolrts bhe flow
Si nusol lala si"gha e sensors, indicating the
tubs ahd et flow cafibation faitot. sThenorili enpdtowhemmsoi]daé sighals érom the
difference is calcul ated fromthese shnuso

sespaalglcaineie aeelRon AP LB GWieabe.nbhe phase difference

PR b B TS ek RO S B
vibedtina! i@ basd. hhenerore, fie MBysuAgm esrgiahe phaseidiffefeacd hmdithe flow

meter. The FCF can be related to a stiffness
calfvaatinot facios arecnafaffentedrist wearnd seoning compongqs 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
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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stiffness characteristic of the neter assenbly
changes, then the FCF wll al so change. Changes
wao bereiase will affect the accuracy of the fl oRCT/US2005/033285
nmeasur enents generated by the flow neter. Changes in
the nmaterial and cross-sectional properties of a flow
Sutmhmcaﬁli@eSodnnsmd by erosion or corrosion, for

exa Consequent | y, is hi desi ab e to .
oo Wi BRI IO et PG e fabSdiment of the
n t r :
1nv§f1f1§]ﬁ Z@é Fféfte eggcéflﬁlgcgycolﬁﬁﬁ s@?!az%( Igc\j!\}'fﬁéeétj%? r&%nffﬁé Qtvgi%rﬁtl@nal
resphx&e%mtthea floiviheter ehda bramebsisg Epstera i Icommmﬂmtlomsmth the

provi ded accordi ng to an enbodi nent of the inventiagn
intépfacenekiiervi BrABERAIGRFRASE 6APPTiSesa ERPPRedp Raderatign of the flow
0
me{e?gu? h%h?sg%l@éaghﬂ%?iﬂyagfgj%qlﬁegﬁg 58 rB %blhg%ﬁt%ﬁlvi% gBBﬁéured to
receiVeahé aitatioag raspbhet fréhahe Irﬁéﬂfém:?: det@ﬁﬁﬁfel sSeéquRncy () of the
response to a vibration of the flow nmeter at a
vibsafisgrehraspemsey dﬁéﬁ@@@r@tremmg anbigge Cﬁﬁ)eaqm)ére‘sesaﬁgent (1) of the

viop ks oAt f dePrs, e (ol PR G Bt and determine
thelS80hne pirheld PRI ARl 1FERRARS Gy O IEHLAS: 2 IASRMe drive

vol tage ( a drive current of the vibrational
cummmb)namdthmimaly eharactedstic @har acteristic (z) of the

flow nete and determne the stiffne net er
f r ofh TR0 RE AR Y03 SHERGSS PagiSRRISE Ut W(mater ipgovided

acc%??nﬁg 68#{1” ﬁ'gfod{ﬂlént AR iven L‘flfxf a’Yhé:H%ﬁ?&f &Jrﬂgﬁﬁég%ré&?vm@a

termning a st ness par anet

vibtdtiomahedspondesir@naie flod metenr Tha gitratiaml eemboﬂsememprmfes a
the invention. The npethod conprises receiving a

resppisiediaoviration o HiesBow marter #e substantially Fesomd frequency. The

el B 8 Compbilid RGmi AR e e e FRRBLRE, bprefonal response

deteARMNE résb@ﬁlééeﬂﬁﬁége s anceh igide fcuﬁ"eﬁﬁﬂ%) 6P fv'ﬂﬁﬁﬁonal response,
det er m ni ng frequency (w0) of the vibrational

and BSpSUTHIE a mhamteglsac (GEy {0 ﬁowohcfagewa)nedmi farther
erve urrent he vi br at onse,

oot el i s S pptireedh oS Bymihe BRgoy ) the response

t I | ing the

Vol HEITE et U e B e e T 0y, e
r es pomsthoddbi d@ern(lﬁi)ng | k‘tdﬁahfss v:hamger (Ot in(al flow amsdertib@rovided
decay characteristic (z). nmet hod for determ ning, a

accordling e 48 eawpedgeent oKfhg wvantﬂcprbm? hemeth qucomnmea ggeiving a

GRS Aol Ry SRAG RS Ot DAL Bec Miorisen o

ri'ses recelving brational fresponse f1om
respbigseftb QwWibRtieh of THheflow bﬁc’téﬂ &t'haéubfs@ﬁﬂ@lmﬁ fes6RdM Tred@8ndy. The

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
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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response to a vibration of the flow neter at a
substantially resonant frequency. The nethod further
w@empoiEes determ ning a frequency (w0) of thePCT/US2005/033285
vi brational response, determ ning a response voltage
(V) and a drive current (I) of the vibrational
detectsypoths stiffanss dimage (AKY ifthe eecand stiffinass @rractéristica K, pdiffers

B
| OEERIle o SRRIST OB i e aimen o

invertidro dTheinteherel eotrgni dssemprsee av imer facesfoe oavativing three or more
vi brational response fromthe flow neter at_a second

vibegtifmal LESPRRTR AL Hip RO SRGAY G Ty sfeddmeray frafiopplsesronses
inchiE o BT ey FFRAREL KA B BSPRE] Frg SR A

fundbinehie Sl%qﬂ@l’_fc?n’feﬁlﬁfnsééi) Thamette thetronys tthieth&tdohipies a processing
Tt

change (DK) if the second stiffness characterjstic
systexz jn gpmhfminicatiopwitththesnterfepe gad pentigrsed o (eRypiveherdee or more

vibgE g RS Foh A nl ek et o ls- SRk Rl Bponse
furdchiBn S Md ke 1B0MEBiBratiBhAGEERIMLES 2R MR 9fR aﬁl']east a stiffness

Interface for receiving three or nore vibrationa
pampepr(Ee £rdm tm pdie-rédidue frequency Tésponser Bmction.nor e

R T ——
acé(g)?ﬂemg o, Qﬂgﬂfbghilﬁilﬁ%?ﬂéﬂwéﬁﬁ&? NSRS metd Behiises receiving three or

ctronics further conprises a processing systemin
moe®nibutial faspondes h Thb ehicatoe hicre eitaatiored néspousesdnétlade a
receive the three or nore vibrational responses from

substpatiaHy dvirdaseenty)dirgueney EspeIse-anddva s morsdwanizpdamental

fref RS e o o et e RS oyl 2Bl ARk
fre?@ér@ BbHons&FurlctieMtdie tRathee! @ Shekes/ibragigHgNeypdnRsPATtS €
unction. A nethod for determning a stiffness

detpemiandneg @'rleqsrt()a stiffoass pavematet €K) frempthe piotketesadiedradjuancst esponse
an enbodi nent of the invention. The nmethod conprises
funCHeR; ving three or nore vibrational responses. The

Ao S0 SRR A0 IOy s provie
according e anembodhmenteifttiad infvertipre Nte metdpdnmspriseh eeceiving three or

met hod _ furt her corrprri ses generating.a pol e-resi due
mope seinpl Fesppeiese Lhghiee o6 Mare vbradonah respogsesipelade a

vi.br ' rm.ni t
s NS0l TR AR B PR o
fref i @RYEBHONEES PSR efhddaliither. cofapiied gehdratingl @ peleriesidng

a stiffness paranmeter (K) of a flow nmeter is provided
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,
comparing the second stiffness characteristic (Kj) 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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according to an enbodi nent of the invention. The
nmet hod conprises receiving three or nore vibrational
WO e@posnses. The three or nore vibrational respPCiEFES2005/033285
i nclude a substantially fundanental frequency response
and two or nore non-fundanental frequency responses.
Asphetsofthe@infantiomer conpri ses generating a pol e-resi due

frequency res se function.fromthe three or re . .
Vi bABONG As1ect k8RR’ CIRETRES PIRATIRE {he e ePaCieristic ©
f ;
RS0 ATRLSy Ul SO DAL Bl i 0 decy don o
a peedgnernsiasd vidcationahtirgetsecond set of three or nore
vi brational responses fromthe flow neter,  at a second

ti min epothgesipeel oiige mele deriranias; theeyacespiag sy siem idpdber
coﬁ@re& (O Wbl 36 8&%}7 %ﬁﬁra%{erfsﬁé ?@) b‘gfrrfe%rvﬁgy InRIRER AN of the
r ponses, conpari ng”the secon t1'finess

floshiefs el iafbiving K2 vitratibha rédgohkd esthe FRvaRt@to d&}ay down to a
and detecting the stiffness change (DK) if the second

presietermieebvibrriloask terges while(mregsurng g decky shatagteristic.

ol 50 BB RN S b N AR UG B comprises
K LQ&BEJOQBL%{(%&)Y/QQVQS, measuring the decay

characteristic’(z) further conprises allow ng the
vi biabherspect eSthemsethod, rhéasufingthevddoay charadteciatic (vinrther

to a predeterm ned vibrational target. |In another
comppiget al wing e OB R LESPRIReS he ﬁeWﬁpﬁf@ég%ﬁ?ﬂwswywa

' . : ' to neasure the decay
pr%c%gérrg{é{éekﬁ}%@%%%f y renoving the excitation of the

f 1 oh aRbidEr aspdctadfl theviipthdd) enedstaring iterddcay elsqractsdstid ({) further
the flow neter to decay down to a predetermned .
coyippises tearuing tegaeitgiinn ef the dlowy metprend allewing the vibrational

resgPRR e (O Pt Lo PRV R RPE Rl Blerhit o iraliona dosgetwile
m&gﬁﬁ@g{eﬂe@g&maéteg@é, In one aspect of the nethod,
nmeasuri ng the decay characteristic (z) further

conjin iyseanathdraspeng of He methiod; therstiffnesssproasetentK) eamprising K =
|.ow, et e cay down to a predetermn ned
<I*5%1@p”5§£@m%?ot>?%€§et . I'n another aspect of the method,
meagy ?’bpgl&ﬁ@' SFERYT AL SH0LE! %e?fekﬁir%zthﬁgé'go B&tiffess characteristic
conprises renoving the excitation of the flow nmeter
(Kantlomal the weoepd tviteratidl] atsponsd coraprismsenefatinp ¢hd seoond stiffness

neter, to decay down to_a predeterm ned vibrational .
cheraetgaistions)drare asaeondgireqiengi casecend Fepppaye lfage, a second drive

current, and a second damping characteristic.

In yet another aspect of the method, the method further comprises detecting the
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
configured to determine a damping parameter (C) from the pole-residue frequency

response function.
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In yet another aspect of the nethod, the stiffness
paraneter (K) conprising K = (I*BLPO*BLDR*W0) / 2zV.

w0 pooyeso4es1ot her aspect of the nethod, generatiPQI/Uk®05/033285
second stiffness characteristic (K2) fromthe second
vi brational response conprises_generating the second

st i finpaether pabaginent of fhe Ry clergnniss.dae Brrpepsiag Fewey is further
coffiged ag dé&%p@?%;ae%%g% é%?rglﬁeg by %Pﬁ trgef eéé’ig—rg#éﬁeeﬂtegueg@? response

cond da anot her “asp
fudtidnhe nmet hod, the nethod further conprises detecting
the stiffness change (DK) if the second stiffness

chadnyeeanathercembodimgnt olcthe nigtesrgledieondes, thajegessing system is

b t det } Red st i.f
AT PR b B B PO LI PR 0
frof HROSLIE WS BEE HEQRIRICY T8 pofseRinciiyhNg the stiffness
change (DK) fromthe conparing of K and K2. In one
enbduiyseanotbér arhleodiment ofghe cnatenvlesonidse ther thugesyimere vibrational

systemis further confi ed to deternm ne.a danpi n
o PSRBT (R BT BP LS L8 AT e AP LS and at
lngFBEé R Helbvid A REHGERAPFEEMN Y redddRsdrEL €T

ectronics, the processing systemis further
conflh get atbther crb@iimentoftheasderpdearetiey; tHeMhrder @moteevibrational
pol e-resi due frequencg response function. In yet
resReBsEORTS At At tve lopge abrsiedhe dyndamenial diequengy response and at

i ' ' to conpute a
e GRS SR E Db ey LAbGRE, 2 PO
( RRImfyepandiher anb&tinRat sitttie hicetaesyponi s B sde-residue frequency
function. In yet another enbodi nent of the neter

resglogst fumetios compeiseha st ordarpote-tasishugtiiaspiancy resperssdynction.
£ rednorcy heraRteERat St B U ionitie SRR bridue frequency
re%@fﬁ?ﬁﬁ@h c?ﬁ@ﬁi@@@& Yirdt SPR2DOR-resTiud Fe@BRNN RS ponse function that

odi ment o e nmeter electronics, the three or nor

coﬁﬁfsgmﬁykwggpn&??/@rﬁpﬁi se at |east two tones

above the” fun equency response and at | east
t wo Ihyetandib¢rounbdimiennalitire meddr dlectopméess ther mdpoesidue frequency

S T R TR ST —
RUE N s T RIS RS
dahipind Phibntcts (@Y Sarld RO WERE 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.
In yet another embodiment of the meter electronics, the pole-residue frequency
response function comprises a second order pole-residue frequency response function
X(@) _ 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

that comprises H (o) = and wherein the stiffness parameter .
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response function conprises a first order pol e-residue
frequency response function that conprises Hw =
WORRA070M4d4$8 + R / Qw1 ). I n yet anot her enbodi mePCT/U820051€33285
nmeter electronics, the pol e-residue frequency response
function conprises a first order pole-residue
(KJ isefpteeniyed sspating té Krre ((cpifolid i @RB(oeso’HEWm)F), the mass
R(jwl) + R(jwl,) and wherein the stiffness
PangEreerdMris driermingd %Sﬂ@%top%_‘éﬁéé%&> eey ,theafﬂ%anmlﬁg pagagacter (C)

. t . ) di toth
is GRRIRES docplinB e R LS AR ancoc 2 Soanm 11
yet 12584 fabodifka bR methol B Metemimthe ebmprkeSiurthee

pol e-resi due frequency response function conprises a
detszuiming o dampingapasametsr §Upirbmete gotssrasabigdrespenenissparse
fir In Xet anot her enbodi nent of the nmeter el ectronics,

nehe pol e-resi due frequency response function conprises

as ;

Funay faang fbodRichc SO B 2L BN RP O rises fuher
determinirig<a hrasy paraaretdri(df) eodndhe pelketresikiue fieqoneioyrresponse function.

el ectronics, t pol e- rezlj#{gue frequency response

he p¢ ’
f unét V@rﬁn@&?ﬁ embediment of tagimsthpds theletermining further comprises

o BRSPS LD Oy SRR 3 o s
freguér(cdhunst finctioh] ) / ((wn) 2-w2) |H (W) |2), the mass

paranmeter (M is determ ned according to M= K/ (wn)2,
andIn jiet angthst sy bedimaenitadithg methos, thettbrasi argdorgcdbratipng

C = . / 2. 4 di f th
respfpsis goriphis® dbleat i e efhse LERARARE MeglindsriEmponge and o
leadt SBLOYRY RBBhSdark&ntall fQehOPrddpbisel €si due

frequency response function. In another enbodi nent of
t he Imgetemdther kenboddinentiafitigymethmdy theabrdelortrhane vibrational

determ ni ng a yass par aneter fromthe _pol e-residue
respPRIT SAEPT PR S5 AL WP IRES a_fm.ve b frodamppien B demsydrmanee and at
conpri ses
leagﬂ;tnv%dl};?)P%EQBgng% lﬁﬁ(@ﬂe&?{ﬂéﬁqﬂ%&%&é&{s&u’ and a right
r esimiye: dpRer brrbodirhentpdtite mediodyithefpoteuaidue fr&arRa0S eesponse
function. In yet another enbodi nent of the nethod, the

funchipa €oBrivey @ Liyst wrdarinotearesids JHBesC Myperssdunagtioieast

0N 1 98%nBBRY b8 R SR Futnol] BRI Yesk RAROR R8P Sesponse

function comprises a first order pole-residue frequency response function comprising

H(o) = R/(jo-\) + 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
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=1/2jRayg, K = (0,)*M, and C = 2{@,M.

In yet another embodiment of the method, the pole-residue frequency response

function comprises a second order pole-residue frequency response function.
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| east one tone bel ow t he fundanental frequency
response. In yet another enbodi nent of the nethod, the
WO kooge40a68 nore vi brational responses conpri se BET/US9%/033285
two tones above the fundanmental frequency response and
at |l east two tones bel ow the fundanental frequency
r esgoiyseandtheryembedioeheof headhods ihe péletthsidne filagagncy hesponse

| e-resi due frequen response function conprises a . .
fufiodrC RS por e ESe RS R i b ass] Sr SR iRERgf comprising
' n yet another enpodi ment of the method, the
Hpjo) e- i eg4 esponse function conprises a
firstFéePder—pp et €4 the frequency response function

conpri sing H = R/ Qoo- + [(jw |.) .. 1In_yet
anotlR&Ft & %nvg%lmﬁ@@nt #e&ﬁé@qﬁja%é the\polsgreidpe Erayrncy response

m%égﬁ;@f@é@%i Sg%g%@&fd 5%&@%619%&85@?5@%% ﬁéé one ﬂfn@ﬁgn that

requency tesponse onprisin
Hw) = R (jwi)py R/(jwg! ) and wherein the

COBIIsEh éé@mr?&]gt B meh@ahamtséfﬁlm)parmew X)
and the mass p ame—.t (Wb ‘é’tfj det er m ned achr ding to

s RSB a ABT O Ea o Enh oGP RN a0 o) B ¥ ass

paBRh&et @\ﬁ% g;tfet%gﬁﬁy@a&br&ﬁg PONBE KABOL, £ thOARNbEESpaRameter (C)

second o e-resi due”frequency ‘response

is ﬁ@t@ﬁhir@ﬂ.abébrylﬁigt@@brmé[féctb);xplﬂre?f. of the nethod, the
pol e-resi due frequency response function conprises a

secdndebrrghensnodimentiolithe majied dye medmshiseheuemmnprises
iSingH(Co) = - 3w do. F . + C WK L :
aefeRTRR 47 itpishr Rhaee S ATORE Merseho stellfSy SharofEEp S wiffers

frdrh QRRIRITENESE BRRARSE (KYM5iheRr tﬁ%@?k&ﬁ&r&iﬁﬁpﬁﬁﬁle% fifiérance.

pol e-resi due frequency response function that
conpniystandthénvgmbodiment of tha mubthb tled methvoel fotthéof cresprises

paranmeter (K) F ( - + Kis determn
QUi &J& 4@&5&0}%&& )@% #[OHI—F%P)W(%&)% K a@(f %P-I
| 2 . ameter (M is determ ned accordi ng
D{sﬁ*@%#&ﬁfgﬂ'ﬁgﬁ é’s{he danpi ng paraneter (C is
det &Fhei sag refeericdi manbed répresdnied the shimle]eldméht(on)all Erawlimgs.
yet _anot her enbodi nent of the nethod, the nethod

f ur thier 1 cbape adloy aetercaommyisigen Breiqrfageasably iad gectersdpctronics.
' tlﬁ% Eesﬁgvnvg n%etté:rf gler:]c §osnigsha%rcglgdtir?gr jcosetlri gm{)cr)%hle%jt I)I’ fileInvention.
FIG. 3 is a flowchart of a method for determining a stiffness parameter (K) of a
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.
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

parameters according to an embodiment of the invention.
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fromthe stiffness paraneter (K) by nore than a

predeterm ned stiffness tolerance. In yet another
wepmodicreht of the nmethod, the nethod further PORP§1088633285

quantifying the stiffness change (DK) fromthe

conparing of K and K2. Description of the Draw ngs The

sangF G festeveeam ontrall FRIBbasehstifitdse estimation sysem aggording to an

1 drawi ngs. FIG 1 shows a flow neter conprising a
elﬁ&démea%%fgtﬁswegﬁanneter el ectronics. FIG 2 shows

met I IOl j t '

T IR BT ACH it fr BRLBARRL TS0l b () ofs

flae hesten avcogling st arf émbsdinpat afiticdnvdritionof a fl ow neter
according to an_enbodi nent .of the jnvention. FIG

a_f 1o Hdr thopys thermpheraentation et Siedvhitngind %tsdutr%&gfoif he second
i ot e e R

ine&diyndi ng to anot her enbodi nent of the invention. FIG
6 is a flowmhart of a nmethod for determning a

sti fFi§ade shawaribe everal)FRJ-base]| stiffnass estimation: ypise aesording to an
n rrboﬂi%nt of .the invention. FIG 7 shows an
e‘ﬁ‘??dﬁ@ﬁ’é? FUNVDEOlhe pole (1) and residue (R)
D%glgaiwg§rigﬁggroq}itﬁglﬁ‘§b,ﬁ{bnenbodi ment of the invention.
FIG 8 1s bl ock di agram showi ng the cal cul ati on of

t he MG, 1-Bhandiheyfollewingadesmdptaors depi ciopdcifiy examgples to teach those
enmbodi pent _of the inveption.EIG 9.s .an eral |l
skihgel BB artFOM foBeks B il BTy e SORBERG £t ths purpose
o sy o i LS o

orfitfedoWhoet sitilled othdiangwilbapprecnfeodiiadons fbmithese examples that fall
invention. FIG 11 shows the inplenentatign of the M
withinghe s¢opsaiiihe Byvsntien. Theseskéldddndhelart Wil appressaty that the

R FERRRE OBk e Raet b AREPIL g S APyl rinions
oftRE iBRaA6n S AisTal QS tBS IrveBLibP R it $ihEBdaeaBE Shatdfid exatiples

enbodi nent of the invention. Detail ed Description of
destrebddvedowi but only by the claims and their equivalents.

FIG. 1 shows a flow meter 5 comprising a meter assembly 10 and meter
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
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.
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
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FIGS. 1-12 and the follow ng description depict

specific exanples to teach those skilled in the art
whow7ne4ssmke and use the best node of the inveP€T/0U82005/033285

For the purpose of teaching inventive principles, sone

conventional aspects have been sinplified or omtted.
andrivesssaitially gdrdllel threughraut viadit leagihr: dtaae barsddDamiddde’ serve to

romthesge. ex les that, fall .wthin the scope of the
deé’l‘ﬁ/@ﬁ@?‘b%& aﬁ?@@’éﬁ%@&ﬁw _BthHCbc ﬂ‘éwél‘]li’e i at%pf_eci ate
t hagryl bfyehe 11 1‘??3g’%ﬁﬂ'ﬁ?%@%ﬂl’&v@%e?%@?ﬁ?Eg@‘daré Rixedly

vari ous wa ormnmultiple variations o
attachee nd iflom: tubs neountiag iblocks HEOiandel20l amd thesenblbcks, m tued, are fixedly
to the specific exanpl es described bel ow, bult&sonly b{@
attaghed &9 mamiolded X0rmmdr 150 uT aInEnYides Epentintioyp sipsed niatgip! path
LS ter assenbly 10 and neter
nFEL OB By T

ronrcs assenbly 10 responds to nass

f | oWt Rariied 108 R8d 1193'0having hotssiH2rmdaNbire chRhedted, via inlet
el ectronics 20 is connected to neter assenbly 10 via
end &84 end ootletendrifdi o aeredess/lingdigs showi) which cagiies the process

el D Y Bk At TS ke dhecth p st Myt ah orifice
100 fighds1dd RWoRBEAEd Birbuieh HaRifbR DRBElBe iR dbewtaty blbck 120

Is apparent to those skiTled in the art that the
haying sesutface v 2ht Withic oudnifobd 150 ot metedabis dvided pad rowged through

OBEBRER [0 0 1 B HPECHPT GPS (A 1 e pEes material i
e BN il g 0ol 5 0t e

104'1dnneced di flaage P03 dlalzlg Hdloholesbe® td 8k @modest 3ide, (not shown).
drive nechani sm nperature sensor 190, and a
e

180, t
pai Floyw umsdépta}adsléﬁ's@% legtgd and @pprapriataty gipuniaskie thgfow tube

L

(@ o8

mog]ﬁl

mdrR%Rs B8 irRas am! Wehingd nfodastabbet bandnid Mesbivogkand 30--wW,
and 120'. Flow tubes 130 and 130' bend at two

respyetinely.i Thesel twodingorss gb dmgughdrace hanglHhantl 14Q. Inasmuch as the
essenti al | rallel .throughout, their |ength.. .Brace
YR ol B oL B LA ol SRR e attets e

i _ : ;
cahbp 6 el bl e prspbls v Tieerp Lapumand
flofat wbd 1309 td e@itemhotidy ihensutethe teroperbiung obthedhesw hte. aic

120" and _these blocks, in turn, are fixedly attach
tempergase PHibgdloms prbgramdihspce thealtage QPP%Pé%Igé‘CEQ?ﬁﬁh%B%g)sfor a

o G ol b R O S G
padsids thRbECORITRRY fifbe. VIHR tefbefature dependent voltage appearing across the
RTDisusedina 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-
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
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end 104 and outlet end 104" into a process |line (not

shown) which carries the process material that is
wheingsretasur ed, material enters end 104 of thRCTES®N5/033285

t hrough an orifice 101 in flange 103 is conducted

t hrough manifold 150 to fl ow tube nounting bl ock 120
padsad forgibrating batteflowtubeswA lsintable diif e signalsie appbed by meter

mat er | i.s.divide nd rout ed through fl ow tubes 130
clofaz 0, Viggon 185 fo VS FSPER 5850 and 130 the
Pr Offsy éi@é_tﬁﬁili? %05%céﬁ%9fﬁé' RED tbMpBradilrB3lghabbh &3 195, and the

within mani fo and is thereafter routed to exif
lefead ight'vebomtyestgreadis ipypehting ga 408" 1 65hvandd 6B, redpettieely. Meter
102", to the process.line (not shown). FI tyhes 130
eles%ami%go p cg%ﬁ@ei@& S&%Rf& ABPTBIS %1@%5 1%’ {m Y £lgmen 180 and
. talnn y :
it B S 180 ERUNSOT MG SR arblhs 30 bripEliesific ot il B Cvelocity

sighnigahi theRTDYgi't6 conguteuhe amufloberts ngl tseRn¥MbBihe material
W-W- respectivel % These bendi ng axes go_ through o
pagsingctbrayhgnatepassaaibin 00. Thisdsfarestias, alere withraiher information, is

I f fl t ub Wt b : d
ooy Rafl ledfipbis? 0B Bufi i B 2o = "

dengiGy2 sKRpd SleiniStet EIRDRGAEIP @ ablRir @ik 26 ah BRBod#AbhtioF the

mounted to flow tube 130", to continuously neasure the

investiper dhemetefeledieoni¢sii0 canbecludit en intayfeecatUlr andé prdeessing

flo and hence t.he_voltage appeari acro he
sySErD 200y hegnuen eIt o 20 SebRi “oego dagionp 210, Sich as from
thetg:ﬁ&%f gﬁglglﬁléy ; &0t BRRBHRL YUiHe Ritet B8NS 2@%1;] eﬁst%b 'k vibrational

rou ow tube. The tenperature dep
respohdesXj® iappéartd ndtan flosschdisctétTdhics of tsefiow maenig flowing through
known net h?d by nmeter. electronics 20 to conpensate f%r
the pater AsageLY H-elmadditionggihemetsr elachipnics ssceargingtp the

inv@%)n,qﬂg vfb?at?c?'}eéé ?%g&qseesﬁ 1% fahs%\%r&'&@e& %}On&gélaﬁtogc[g:gerﬁgs a stiffness

I'S connec net'eér el ectronics

pafdaidierf(iKQ\wf theb@stet 36seaitly 180 Fuathernilbre Ve nidtetiEledtednidB0 can

in opposite directions about their respective bending
proeesstvwey enrmiorsysugh vibratiomal tregponsesy AEer tirthe ipjordar to detect a stiffness

TG R e
ﬂo% %ﬁﬁgﬁg@%ﬁdﬁﬁ)‘rﬁgp A280-FoRPEIE M iAREGH ﬁﬁPfto?fefr Vb dridhe of g reduced

d an opposing coil mounted to flow tube 130 an
noishioweyn thhiretultmg aibtaiomat respomser r ent i spassed for

L o B o e e Foas ot e materil
prleh R FRPARL AR prMRhGE, S E TEAES ADphEeAN G 0w

matérifd floweh@ tirbiyels il nasada deeembrRd Badsltipbihg anfeasured time

165R, respecti velf\é. Met er
delay (or phase difference/frequency) by the FCF. The FCF can be related to a stiffness

characteristic of the meter assembly. Ifthe 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.

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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el ectronics 20 produces the drive signal appearing on

| ead 185 to drive elenent 180 and vibrate tubes 130
w@eeh708368 Meter el ectronics 20 processes the PEf/USHNE033285

right velocity signals and the RTD signal to conpute

the mass flow rate and the density of the materi al
othpaspédigl aquimnet arspedialadsidsibThisie desitabie bevausaparfaming a flow

| ong with other infaormt.i.on,. i s lied by neter
cafZbigh dh T8 S oS B8 o0¢ PRI AT BR e aHovaer. a better
anf bSielcabPiort R KB 8dsir8bRUBLAMChe 2RFASE FTdh Giete? agddmbly 10
enbodi nent of the invention. The neter electronics 20
can ahanigecdvied €ingen ini wiee rSuwhehafdesand e duedo dsgomgusly 84 erpsion of a
203. The neter _electrponics 20 receives a vibrationa
flomeBibgneresion o&4, BRWAAubE a9 dafageds dhe HEEE ARRIn Xﬁ&f f example.
exa R i . h . R
oy dtea B g ELSCASORES, AREARERRASAN Ty viruiona
respoasact £flosimeer odn boieephésentedetiyedr eperf loopy segoidomieg tirive model,
the nmeter assenbly 10. In addition, in the neter
coBIPEeZoNni cs 20 according to the invention, the

vi br at.i gnal ,response 210 is also processed in order to
det e@%n’*gfé“gK%ﬂ fness paraneter (K) of the neter (1

wiftS Y Qe aF AR R Eﬁsteﬂnhﬁ/l 1 ﬁﬁfseéﬁﬁ& Eﬁﬁél‘ﬁ? C4 aSB@hping
process two of  nore such vibrational responhses, over

chitad®Rristic, ddeis i stiffiedse charactetisfié bedR sybrAgeTHOIImMIK comprises K
the geter assenbly 10. The stiffness deternination can

= Méoma gad thidermiG eqmprisasd- FINMALQo vehere 6K8MPASecE A48

det erm.nati.on n Qf t. it of e d IS
R L g
assnedl 0sh HetHzs aH $88Hiont Res fhlePNySRhI BsFlht et AdtMce of the
(FCF) reflects the material properties and

vilmaties,- 3 és tHeorddcifyrafitbe tlowsulsf displecdrthew, ancb&. is thenaxssleration.

flowrate of flow materi | ow hr.ou t he fl ow .
THipS¢OTHROY FERReALR aﬁfhenﬁﬁl{ B}C\yf’ﬂ gﬂéﬂs P &8N Pr fearranged into
th%@ﬁﬁ}{ (or phase difference/frequency) by the FCF. The

can be related to a stiffness characteristic of
t he peieroagserhbu.=lif the stiffness characteristic of(2

t he %ter gg%enb?})éc cfﬁanges, then the FCF will also @

cha tiGh e20Rs berfufther Sbhiblinessingd a thasfet Qctioh €6rm. In the

therefore wll affect the accuracy of the flow
tramefes funotontfermyenisrataddispjacement puey fveeceis usathgomprising:
invention is significant because it enables the neter

el ecfronics 20 to performa stiffness deternination ing3)

the fi eMis* wilhget adér f ormi ng an actual flow

calibration test. It enables a stiffness determ nation

wi t N ell-kaowainpgredici egiatiens cagthertsed to sieplify gguation (3). Two

ecial fluids. This is desirable because

aopfid e RS

V =BLy, *% ) 4)
and
f = BLDR *1 (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
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



10

15

20

25

calibration in the field is expensive, difficult, and
ti me-consum ng. However, a better and easier

wa@2007/0s68 on check i s desirabl e because the stprET/nexes/033285
of the neter assenbly 10 can change over tine, in use.

Such changes can be due_to factors such as erosjon of
18y Thedrivensensitiyity dastenBbor af theglviven b8l ingenesnl helgrowmor

mehlIFelPTRE ARARGET ) A BIL O ar€KBHPA RinclBA o AR e, GAB can be

corYédiEdby @mahpé@ﬁ@emmfen@nfl ow rret er can be
represented by an open | oop, second order drive nodel,

c onByissbsiiuting temagneticrequationsdy end (3)sinfcideftengler function of
pl i }j fo th .system Mis a mass of the system Cis
eq lﬂ’ﬁrfg ﬁe%eﬁ‘é Fteristic, and Kis a stiffness
char ctquLst&kgLof*ghe system The term K conprises K =
I\/( conprises C = M2zw0, where z  (6)
rls,llé’SaJr ay" €nhracteristic, and WO 2pf0 wher e

t he nat ur nt frequenc net er
10 i et e, RN n apER Sob S RsonsiBept ot da
re%%%@%@ﬁ?ﬁ%?é‘%%g@#’ P9 18le &2ek) Ak LN (67 il poritn
accéley at i By, *IBLg, i@, conmonly referred to as the MCK
nod Ij Tﬁis 23 can be rearranged into the form )
Ms 2zwW0s +W =f (2) Equatl on (2) can be further

ul f h
[ AR PLPbh? £ ehlA0 YRR Qhelelior Dt Over
forciﬂ usgg}) €9g9r*§| ng: (3) [ Ms2 +2zwos +wo 2]
t

Vel | tions can be used to sinplify (8)
equa (3). pplicabl e equations are: V BLPO *X

' and f —BLDR * | ens ol ta e V :
o Berig stffcas param%?é) §poan DRaglated gh ORILT 10 Gai
I*BL,, *BL,, * @,

2V

As a consequence, by measuring/quantifying the decay characteristic ({), along

K= ©)

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,
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
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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equal to the pick-off sensitivity factor BLPO

multiplied by the pick-off velocity of notion JC . The
wEr@kooi6s sensitivity factor BLPO is general | yP&IOS2009033285

measured for each pick-off sensor. The force (f)

generated by the driver 180 of equation (5) is equal
inventidmeprdvides s sgfnssistdetactipnicalibiatioBipDiess Mithplit the neyd for a

the drjve. current (1) supplied to the driver180. The
fagtpry, eallg@i) PLOGPSy f act or BLDR of the driver 180 is

geneial erldd0101 RbcRAME Stbradlifl LABLANS BROHA BehByelocity

are a function of tenperature, and can
senswrs ¢ CO0E dnthy 70R tveéarfherladdsr ¥ et delite. infyface 201 can perform any
substituting the magneti ¢ equati ons (4) and 1g@5) into
negessary AnagsEEd sighak GaItEMIBg FHER 8k apgmanpeof fosppttings

Wi * RTy *pel = PO ) + .he .
ol g ol By SRRy, Ao YR Bighl b indifhing can be

perfoemeddh th fros&apmatslysRIR2EE. f KIHEHRS thovhidrfdver2®1 can enable
wo=2pfo), then equation (6) can be rewitten as: By

cozyhuricationshytwesn beimetarelsctretenl( and extprial deyiges. i %hee@terface

20t10: here tc]e N ffanegls Of@reaﬁ'm t.ero éKé Ca{}vib e isscgrln%tluenqcation
rEag e lie QALY manget of Sed ot arkivah o8 Withjes -
measprd Higreeanoil il bAg efdBdRR&GRYs EAMI AL Wath SdibRizeF Inot shown),
along wth the drive voltage (V) and drive current

wifdrpin thheessor fignekse i erananalok)sensor signatieThe digitéckr samples and

.The response yolta fromth i ck-Qf s, can be
digitizes A P og Wﬁ}@tﬂq{%?gq(sé%%%q roggcge;ﬁ 6&@ &gl‘%} }Sﬁ)éatwn@hresponse

e drive current (lI). The process of determ ning the
stiffness paraneter (K) is discussed in nore detail in

conj T piooessimgt ysteh(2 0B colictswperatidisaf thdmesdrieldcnesais 20 and
paraneter (K) can be_tracked over tine. For exanple, .
preeessesilowancasaemengfuigemdhn foav metey assemhdy d Prilhe pipgessing system

203 SRS Es 345 O el on e Rulivkt HRETRRED NGRS 1k,
médtGAéRs ihaldet REprofiicd e dhBoRAM b eHhRktekisAws. met er

has changed. The invention provides a stiffness

par ahlet proc¢ssing dyatentd@: carocomptise agensrarmupese qosit¢red

calibration densitg .val.ues,[. Thi s it?; in contrast to the . d
IYCTPRFOCSTSINE WREHE 240K ST Quf ot eifFngeneral izprse pr gustomize

pré?%s%@fg?’c%{e&?ﬂ@ﬂr@&s@iﬂ%rs?Etieﬁf‘ZGSOCM@ﬂi&r&u@&f‘ﬁh&ﬂg 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
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
resonant frequency, determine a frequency (@) 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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can be used for all future calibration operations. The

i nvention provides a stiffness paraneter (K) that is
wo@bioaiosaes sol el y from vi brational responses of P€TESI0D033285

nmet er. Theinvention provides a stiffness

detection/calibration process without the need for a
frequericp(go) Hid tesparise vopagr@8)s theTdréve ereant flg carbthe decay

chayggartic b GreE" T of UiroRBRiTs diws8lle 100 of
FI Grpd stiffi&ssirBliid SRRk SRFLRBIhOEIR Y 23200 dhe

desired signal conditioning, such as any nner
system 288 to rgeiventhe ivibiretadriab ngspbuodef, defengineghe frequency, determine the
ome_or all of the signal conditionin

Al ively,
resw%%ﬁ%'g; ?%Yﬁ%fﬁtherﬂr%wu&%@ésm?@ugey‘%@ SeFanaharggieristic (©), and

it . ' 2 1nicat i .

S A s b e

furthee comfigireatrR ptodessing shsieaadiBdioareodivansecmmindbratibnal response
el ectronic, optical, or wreless conmunication. The

fropthe floac e Bt Brycentyl tind beransat the sletesmpniag apf mpeaguring steps for

digitjzer .(nat shown). rein the se ' I .
thesihd EBEariohBLsriPahn ot \ERGhai® SRISH iG] sharacterisic
(KD admh e @dscdbflil ki ABSss R0 REc VKDY t8ith© Sffndse %ﬁﬁiﬂ&&er (K), and

and produces the digital vibrational response 210. The
detpetadhe ssffnessohangn{/JORIf tlonshgond stfeesstcherastanistic K, ndiffers from

electronics 20 processes flow re ts frgm
theidineronrraehy (R Sumty o & rluaproLiLenI0, & et iBhs
c%gfaﬁd r re processing routines and thereby
ac pr cegggs&l%kﬁlesggpgev nmeasurenents in order to produce
onelwongr@nbodinmnt, thastacigersysteirc204 fbrespraciablesusgl to operate the
system 203 can conprise a general purpose conputer,

flowi mpiepP 0 B SIMg2s steam204 i gpe embpdisant stoses ifblasisHgh as the

vibg??tgogxrggléelsﬁgﬁﬁ%% Whé@jgéaﬁq%g 176869\/8(5 ?r?)ﬁﬁﬁ{e@%l%ﬁ%’%gkof}rg&sms 170L

g system can be drs

and"WYOR Plof eRiRpRSSi Ng devi ces. ' The processing system 203
can include any manner of integral or independent

el efn ewhé¢bedioreng gherstorage systeoh2Gsstores consianigecapiBeients, and

Q4. The .storage syst 204 can sto fl ow neter . .
wOPE YRGS el ATIPICabY PREAES DeT (b CarL G igtermined stiffness
chf8Libfisic B MPS k@bhe sﬁﬁhé@%ha}daté?ﬁﬁc e QU T8 BbnerhtB® at a later
storage system 204 i1 ncludes routines that arée executed

poiny irt time p The asbggsysyesh 204 2838 stosavbrldng aabies ffichesssa frequency 212
routine 230 that determ. nes the stiffness {)ar anet er

of thr)vilrtippd resnapserel &ra wliags @ 13 of the 6sationgt TesRonsg@ 10nand 2

drif¢ Eut A B the GARa A .fegﬂ&?setﬂ%. pﬂfé"s‘%&%&é‘ ystem 204 can further

store a vibrational target 226 and a measured decay characteristic 215 of the flow meter
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
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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system 203 to receive a vibrational response fromthe
flow neter, with the vibrational response conprising a
WO e@posEes to a vibration of the flow nmeter at BCT/US2005/033285
substantially resonant frequency, determ ne a
frequency (\NO? of the vibrational response, determ ne
contimenisendetennitteatjeA(flow araterial ¢an be flowing thropgh thsfmetgs assembly
10V| brati o response, measure a decay characteristic
(H*BPESHEf | ow neter, and deternine the stiffness
par aaRiepr3bky fxfe(]ﬁéﬁct}*‘tﬁf the HHRAEMA Wbondd 18 JeRSRME The
voltage (V), the dri've current (1), and the decay
freghen@rogcdshd deteuhingd ontile viBragindaltespanse bypapymethod, process,
gl sgussn on). The stiffness routine 230 in one
or frent can configure the processing system 203 to
r ecq{l\éfe 1908, WV Akl leorr\ﬁzgg[}?ﬁre VISR OAA i%(ﬁ?el determined,
frequency, determ fie 'the r onse vol tage ancf tehe
alalrg with the déwd cirkont (e @dereltape add deye cinagritche beobtained from an
(z), and determne the stiffness paraneter (K). The
UNBEQeRseESs arconditinged stbratonal respeRtfodi nent  f ur t her

conf hg{é@e@% Qafl ?&f&%&é‘&e&s\f to%%ﬁéw}frﬂe{e? 5 ¥§su??d The

SGC& I on esponse 1rom er a

dafifpi@nehdrhdteristic daRnRAhedsieedisy SlleWiticHe aibdatiRs vshbise of the flow
steps for the second vibrational response in order to

mejenierdecay dowadoadibratiphalderget iwhilacnaasuring the(deyy characteristic.

S BRE e EoR R B retbhh O SRR FG0 G, 5 kit (i Bptiuce can
beGl fikivef 180'8arP g&emy éﬂféﬁﬂ%ﬁ&1@é‘ﬂ'tﬁ€ tn?ététsa{s‘s&nbly 10 (in
KON ?

ffers fromthe stiftness parameter (K) by noré
apptopniate flovenetace @24e (deer R0@andeandrelshenpoooagp antil thg target is

S bt BB AT T L
set}tgc ta%r %ﬁhﬁl bt HHV &HP%ddu'ir%%y%{ Qﬂﬁ Can't@@ﬁ Fok the

|ona sponse

afr{&‘;ﬁ@g masdrémehﬁ the dviet @@tpbm{t Rhe bokédipedt 04 SovetOlal@)duch as 2.5
for exa I n one enbodi nent, the storage

m¥{Hz, efmlr ogunple nfleﬁu%mml%m the, m@f@éﬁkp@p@ﬁ@ 20 cam &ﬁt\m ek
astfiid 10 e brnei BT s yiES b A P b A G5 R es, his new

driRGeRd: sti ffness char acteristic 221 that I S generated
at alater point in time. The storage system 204 can
st orle stapriiSnthevsiffress paremetes (K) fis dejermmioyd &0t thie frdwymency, the

voliegh-ahs G cvrERPomLing }e‘gcaygﬂé?%é’f% gLl e i oeps papameter (K)
B8 IR ARSIORTA S, 6, PGS g an
tra@ﬁﬁ@tthe gtiffees (Ko vhe agdtiesd sdr als@ d&tenhinetmdfittaoly andingiing parameter
(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
a flow meter according to an embodiment of the invention. In step 401, a vibrational

response is received from the flow meter, as previously discussed.
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5. In addition, the storage system 204 can store

constants, thresholds, or ranges, such as the
wao odoensamece 224. Moreover, the storage system 2BAT/US2005/033285

store data accunul ated over a period of time, such as

the stiffness change 228. FIG 3 is a flowhart 300 of

a melhwep #&2. adse@ieniy ohtheaibratiphalgssponae indatenmiped, asfpreviously
4id fl ow meter according to an enbodi nent of the

PAVERTi on. In step 301, a vibrational response is

r eceinvésh 40 thé D6ltdeOMdBHR currtBAB o iHRAbiafBAAl rég;%%%@@a%
a

is a response of the flow neter to a vibration
detersineditas pir¢ yiondy disgnsseflr equency. The vi bration can

becont i nu rintermttent.. flow materjial can be

F T onioR B0 i e ShitasteT e (arty R BO5H eteh peasured, as
prebRul -diédﬁs%éfp 302, a frequency of the vibrational

response i s determ ned. The frequency w0 can be

de: einmth iteped0 3, rtbesmﬁﬂfﬁesr; ipbrmdten’(ml) is dtsqeﬂﬁ'gggﬁyc;rﬁmh{e frlectluency, the

od, process, or hardware. In step : e vol t age

qu%gsft AR cyrreph and it gqcﬁ% rhdrapleEsian €. asspravionslyidiscyssed.

alo i | ve: o [t ..

o % b g DS A BTl (Bl PLIRTS, A0 ipe fostance s,
Tleogdbhd eiteationdd réspoasals gerGRRASeom lanvibtagion IF4he Reter assembly 10

danpi ng characteristic of the flow nmeter is neasured.
atThee Hanpi ng characteristic can be neasured by all ow ng

the yibrajional re se the .fl meter to.deca

donth LB se S BRTRSs herhilfrru e Kttior 4 fiE5Rbe sgoond

vibRafoRst I%EIIB&ISE.C ThERbSordegihe80cBRAdt & tiA, b lﬁ’ee%ér%gﬂ@&i using steps

in several ways. The drive signal anplitude ca
4(rletthoouedh, 405h forchxiamgnie. 180 can actual |y perform braki ng

i R R e
P00 06 APC D SRR TS ARl e ML Bk o

arbobtatncainpldéffereht tilhes t1 onder weddpedt Atstiffhesdichiadat (XKat 3. 4
mv/ Hz, then for the danping nmeasurenent the drive
set pdistep 43h apx stifagscdangs A oheweon Kuand &y srdeserningl. The

far anple. In this manner. th ter .
B sk SE5eion o RIS DY e PG pgpghomatical
m&®B8 Forktérdmihlig &4ibhfchANMansE BPATRR S UPRE 8tth&s|change (AK) can
mat ches this new drive targef. In step 305, the
besttorfefl fes Bitprarummandior i) bé ravenidtedita edefmotniotstéon. In addition, the

st e SRS AT IR 2y sirmisond o ineGe skt RstgRicpp. 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.
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.

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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can be determ ned according to equation (9), above. In
addition to determning and tracking the stiffness

w@ K)o7/083e8 met hod can al so determ ne and track BCTHHIPOFIOE3285
paranmeter (C) and a nass paraneter (M. The nethod 300
can be iteratively, periodically, or randomy

mqter floctnacs Aheecapieh th:tee 00 e viveatperal oaspredseatS05, such as from the

redete I and such s at .a edet er
s ASBP IS ot SOl dre ety AR Rer i three or more
vitghfiondr&p oftsdsSS (% ﬁll &&&h@rdbtﬁg(flo% %rﬁ@&ﬁﬁf&sfo@ the ﬂow material

termnlngastlf ness change ( ina flow neter
floavingttitiongh the metee atvedibipi0. ¢h addidonthethireeior nare sthepnonal
401, a_Vvi brational ponse is received fromthe f
respOnEss SORsArp A .nsa%me%}rs%rés%@odq ferERep Sﬂﬁizessaoarameter (k) of the

mgEPRNEREK. B TPl Bepeifts JERYaRe: fudiplifit T
pahvhater (@) dn@rd moads paremiich (1) Ifﬂﬁﬁllther BEROIIIBORS \Eibratlonal responses

determ ned, as previously discussed. In step 404, the
50§ e%lﬁsctm@tea@sm@y lp@re(nze)te@fcatlrb@ wsedip dateechpages in the meter

ur reV| i scussed. In step 405, the
as%ﬁ@?ﬁ?’r@sgs If)rg?' L1§¥ ‘?s det er ni ned frofn t he

f r equingota ébﬁté&ﬁbbagﬁn stdi8 pesde¥sing %dtﬁfés su@R@s thestiffness
decay char acterl stic (z), as previously d’l scussed. In

rostimgps O!ﬁ) 6Thastermge rsgist'eanQﬂ ¢aprshbre rrecsqomda@taseunh @eitheedbertional

a sec t me i nstance t The second vi brational
resrp@sa coriprees SEemy i RSP RES-BPSS RS Qrdtseentered
e t
va t.ﬁrﬂ%ééﬁé @%%%fgé%sgﬁ%‘%ﬁsé R0 ddfinghoRERANS1, and the mass
tolkesead18) mhatstcﬁrﬁlgé sysm Q04 ean Sioee weddng vahies fsl[lels as the pole (1)

characteristic an be gener at ed usi ng steps

508tangdbnresiie (R |508x dmgIsEoragmsystcan 20Hgan pieee é@é’é’ﬁ’@ed final values,
suglﬁ ia{ {h%:szzfn% a(gﬁei ltl‘fe}sla%nﬁﬁ% ((%2) ﬁggfa%ggﬁe %Il%ﬁ% B@Ig 512. The storage

sySteP204 SRstee cdhifatines akbasatdraed Shd eperahd ordbeer perlods of time,
obtained at different tinmes in order to detect a

sugh pf & seudchifingss ((KDD()520,| fnsmoe@ dam9ingA6ys) §21.f% speerd mass (M)

230§ PRARAS BB LT LT R o SR b oy L sRP HEFBFhenEe (AMD)
55! ok o (UK DU iy DOy U i
(K9 i igeméfalCasseatbly 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
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.
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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be stored for future use and/or can be transmtted to
a renote location. In addition, the stiffness change
W@ Didy/oes8 t ri gger an alarmcondition in the nmePE&F/US2005/033285
el ectronics 20. The stiffness change (DK) in one
enbodi nent is first conpared to the tol erance 224. |If
vibtatiosdlirtk$preses 50gagavill bE)disxwseddsldwe The nestemad ectesics 20

then an_error it i s, det i hed. ddi.ti t
aelgaaneh e R e D8 aus ktepiaie SR Pod Boin Ry ibbnfidesibmses 505.
THDIE U AT BL 00 ORISR Sl b M GRS Fofsoind Sidue or can
contpetsata seebiyd ofgler polkdi andlrksiduor Thandtarielecrenios 2@edtteritires the

nethod 400 can_be ptgrfor med at pred tergLneg
stifipgsfarrRaLetes (Kp S4Q, the dampineararangicr £d) hbliagdghe mass parameter

. ey .

OS2 PRI B AR OIS TR s Siois20 can

fughbroghitemiihe afsetdirl stifkess (10)) 520hean@iteimiat astiffavsschagdfe (AK) 530
in this enbodi nent can i nclude the interface 201, the

from deestififress Ppeanesied9), 5 1randithe serond stEingsssend 204ndpen compare

revd ous di T ter (el ect [ 20.receiyes
o RS ntft PR SR oot lufeBEl 505, BRpERIEER e (a0
530h&cBEIEthe 38 ERERI t¥leddhce 506, @%adtbLeledifhiBEL®Ean initiate any manner
el ectroni cs 20 processes the three or nore vibrational
ofreesyp vesedati@ibaridioroerderprocessipg aibutid. dvikewiseatheenetst élestronics 20
of . the flow material f]ow ng through the mstder .
cagdugl t\lj'ac%d_he Mg dgHass; AR OVET Uiy @hd can determine and

ot ; . .
ro L P D R Rl BB B RuBE Bhimping
chagge(Cy 53Dand hassreiampe EAMDLI3AN I TR Rdhpiag changen@&C) 531 and the
determ ne a danpi n% paraneter (C) and_a nass paraneter
magg)chenge{ AM S8R car Likewinsbe cpmmared ©rinflarpRiag dplseancsgs7 and a
Thesg. net assenbly paranmeters can be used to detect
m%%iﬂ%@%ncleﬁrltghe nmeter assenbly 10, as previously

di scpsseEentlBifcat & ARSrH¥S AR 2RMtIAt RhDMOd8ll OuRSHbAtional
routi nes, such as the stiffness routine 506. The

respamsagé a Slost meic2@4n bamepgesamnéed scan opeh Wapasecond hrdes drive model,
t he. vi brational responses 505. The storage system 204
COUISSr e pre-programmed or user-entered val ues, such
as t st § frpes ol erance 516, the danping tolerance (qg
517,5@% t-ﬁe na gt)tol erance 518. The storage system (10)

WG4 G@theStofdctappibl k8 \the\shidBS M SH£ thads$ pirameR?|of thd JysR@S C is a
and the residue (R) 509. The storage system 204 can

desming paeseaten, ard Kf is atiffingsupasametech The tereKstonririses K = M(wg)2
ol B BT, S RLATE S M S ey
of 460 B S s By OREL AT &, OTheON R (ROMRHSs Qldebdy Eharacteristic
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

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

ignoring the initial conditions. The result is:
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such as a second stiffness (K2) 520, a second danping
(C2) 521, a second mass (M) 522, a stiffness change
W@ Diy/ 05868 a danpi ng change (DC) 531, and a neRGT/URnNE@33285
(DM 532. The stiffness change (DK) 530 can conprise a
change in the stiffness paraneter (K) of the neter
assenbly 10 as neasured oVer tinme. The stiffness
chan%e ( DKappB0 X@y) be usgd to detect and deternine
phys &&=m§ﬁ;imﬁ‘assen‘oly 10 over time, (12)
such as corrosi on andsetesion-effects. |n addition,
the mass paraneter (M 51 ofthe neter assenbly 10
can : :
o R SRR i AEiEStEUGlardch TR ARG ZR ldorpe residue
fremienberespasserfatctinrefortn, bemarisingt ored in a danpi ng
change (DC) 53 1. The mass change (DM 532 can
i ndi cat e _t heRpresencR of build-up of flow materials in(13)
t he f’gr—( SSenp jtggénd t he danpi ng change (DC) 531
can indicate changes in a flow tube, including
nat exhdk Ads etk | R s HRITesited) thereqf Y @shibes Ciedgftardroot of -1,
etc. In operation, the neter electronics 20 receives
andhp ésethe cirgulae exgitatianifoaspieneeEp sadiens Boseemid) pr ocesses
the i brational responses. 505 usin he stiffness
r out 1 HYBi5E DRANISES SRS ReRe SeHE i BRnFeqHoRgy (on), the
N Pp 8RRy SRR (0 e RTed by the pole
el ecyr erpjl}cs 20 determ nes the pole (I) 508 and the (14)
residue (R) 509 fromthe vibrational responses 505.
The @{S)I:eimQ,gU)S% and residue (R} 509 can conprise a (15)
first order pole and residue or can conprise a second
order pglggsgnd residue. The meter el ectronics 20
det e Tres the stiffness paraneter (K) 510, the (16)
danpi ng r%vrarreter (C 511, and the nmass paraneter (M

> 12Tﬁ«{ éé{rﬁﬁeellgéee ggl%h'f‘efcérl (395@@ d%@?)61§$ﬁ%r%§%’ée? g??h(a@i tROthass parameter

The e roni cs 20 can ne a
(Meeihd sgdtemfdag v dekizpd Hideh thegivleleteragidue. a stiffness
change (DK) 530 fromthe stiffness parameter (K) 510
and e sdcond stiffness (K2) 520, and can conpare the(17)
stiftnessipehange (DK) 530 to a stiffness tol erance
516. If the stiffness change (DK) 530 exceeds the
stifgnegsptol erance 516, the neter electronics 20 can (18)
initiate”any manner of error recordation and/or error

pr 00@'8;%@%9 moutine. Likew se, the meter electronics 20(19)
can further track the danpi ng and nass paraneters over

t i MeCaidqealyd elediTiess BadnlceaqKY, te SREO Paragiedi® (M), and the
(C2) 521 and a second massw( ), and a resultin

dagepipg peravieserd€) CBTPe Falcula bl\gs@d oplregnpd e(smmates@gt.he Pate (1) and
thgarlérs}fciﬂeg(Rc)hange (DC) 531 and the

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

constant “residual” part of the response. As a result, equation (13) can be simplified to:
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mass change (DM 532 can |ikew se be conpared to a
danpi ng tol erance 517 and a nass tol erance 518. The

WO pwentides can be illustrated with a mat henat i Bel/US2005/033285
nodel . The vibrational response of a flow neter can be
represent ed by an open | oop, second order drive nodel,

ing: Ak +Cx +Kx =f(t) (10) where f is the forcgyg
g&ﬂ@’g‘t ct,hq system Mis a mass parameter of the 120)

system C |s a danpl ng paraneter, and Kis a stiffness
par aedqetion (De), tey H(di) t(ecm‘ps tt&aﬂeasu;ed\z(rij)emﬁ nebpohge function

(FRRe @be%gﬂ%gm%ﬁafstﬁ% dheneyn eg/m@re Fo ViRt TeSRauEND By Bidgivation, Hs
coﬁéé 4 (%?ISIS‘%%HI@H’[%SI r om ?g@bg G%8ce G taﬁcﬁ{fév%t | with the voice

aline Ibrati response,

cotﬂ) Fc‘kbﬁ’s! HicHl STGUSSESlis flGwasterd, it mesuréd FRF (DByaIH@érm) is in
di spl acemment di stance of the vibration, x is the

termalodvietogityfdivided by dotcabdheiefpreacamsion,(2@heanybe tansfasmed into the
accel eration. This is commonly referred to as the MK
forfsdel . This fornmul a can be rearranged into the form
(ms2 +cs +k) X{s) =F(g)p+(nms +c)x(0) + /rcx(O (| 1)
Equat (@n= @ @)y jean ther manipulated into a (21)
transfer function {b?m}“vvhl e ignoring the initial

condj tions he S..= 0ou

F( S;qua‘ggn ((2]1-'51 ﬁ?%ﬁ&?ﬁﬁ? rﬁ%rﬁ%ﬁq#ttooanfoéﬁh #r'88 1%’ {diPitie for the
po bh@mertdkub (R a first order pole-residue

reguency response function form conprising: where |

i's thm peie= jBR s the residue, the term(j) conprises

t he squarnljtoot of -1, and wis the circular

excifrat pon*f pequency (in radi ans per second). The (22)

system parjasmet ers conprising the natural/resonant

fregquen ), the danped natural frequency (wd), and
t he {de rggteristic (z) are defined by the pole.
wd i maﬁ{cf%& z = real W(16) (

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.

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
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
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
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n The stiffness paraneter (K), the danpi ng paraneter

(©5 and the mass paraneter (M of the system can be
walerrvedes rom t he pole and residue. M- -- (17hCRUR00E033285

C =2zwnM (19) Consequently, the stiffness paraneter

(K), the mass paraneter (M, and the danpi ng paraneter
sefidchteBatd dite oad separite polaSd dnd) Resddi@O@®) estitnatont Q{e@f)gﬂillamg that the

pol e (I) and the residue The pol e and residue ar

m@&REsaah@@ % PYRNORD e Qs)dwé seraretg tenidyes(Bs homb @), the two
%%e?lgs dcalﬁl3| & RhiGed | Zlva%@gge%pﬁg t§ ?és‘EﬁHn (aabor%g‘t%})@% pole and

SOolre mann

reﬁ@tﬁ@&lété{&mﬁélﬁ’én rret hod. The response near the drive
frequency is conposed of prinarily the first term of

equati on (111133 h the conpl ex conjugate term
contjryi by %Wzy a small, nearly constant "residual"
R

part of th s As a result, equation (13) can (23)
be sithp |fH}@(§i —gt-T(ZO)(jW-I)In
equdtion (28) 28) H(vv) termis the nmeasured frequency

response func ion (FRF), obtained fromthe three or

nor @quaﬁm(zz)rbah begsb@dse sny homiberi 6f days. VAt dr@embbdiment, the
conposed of di spl acenent out put divided by a force

eqllaipcm is spbwé\i@iougmatmcmﬁwe\l@as& squasey anpreacd s anmeé ambodlment

th‘f gglmtlopés F?}V?%ﬁ}@&v%l?n%g%“&&t Jiqgerg?e?qcﬁg&%ﬁ; 1'5 g% aélother embod1ment

begﬁf‘sreeaﬁmﬁhe BRHAIERRNIsZS a@ﬁlﬁbﬁesahﬁﬂﬁﬁé&fsﬁﬁﬁ skdddard QerR

form H(w) H(w) i wj WR (2 1) Equation (21) can be
detompbsition m:hna;mg@dn bntuzsecé The @- Rr@composasn Ite;chstqueabdlécussed in

f er,rnt on(ag)%l“flfzéqz \ﬁ %ogrgaens 'cgﬁfnéh% 99'1_|, Pren’nce Hal 1, pp. 25‘2—224,
168-172.

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
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
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.

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

frequency responses. In one embodiment, one tone above the fundamental frequency
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Equation (22) fornms an over-determ ned system of
equations. Equation (22) can be conputationally sol ved
WO pooandess t o deternmine the pole (1) and the reRBCTHUS2005R)33285
fromthe velocity/force FRF (Tf). The terns H R, and
| are conplex. In one enbodi nent, the forcing )
regpoase sreyeived andonwivas belfive tis fuodesental frequengyrisespionsais
co ise the drive.freguency and 2 tones abaqve, the
TGRS TP BQUER EORAIm B ST BRr ISR e Lonaiepia! frequency
re?@@é alegdcdiv@middevd sRAABRIVALs hdIEFURS Bhdaheatl iiekhéfey
s 0.5-2 Hz. However, the forcing frequency w can
responpe aeareo@ved.t ones or fewer tones, such as a drive
frequency and.1 tone above and be| ow. However, 5 tones
str ﬂa@egngvgan%nﬁwaﬁ?ws é%@é%tﬁlag]é’&&liuéﬁga%tﬁ}’ tiqged Above and
| [~]
el i AR B RER o e MR I bl
equittistiitRsspced.neasured for a particular drive frequency

and vi brational response. One FRF neasurenent is
obt dnstap §02 mitrpeorden RAlg-residpmBequegry refPeRyT i germejed from the

d - [ ' ) '
R T e R R
taltddRHé forW$Mﬂﬁ@eWmt(23ﬁl MO). In a distinguishing new

feature of this invention, a SIMO technique is used to

bet tlerstapst(3ptheemassepapatnetet (1Y) andeteeined Siogu the(fiRpt order pole-
oY By A O e S TR AR B b el mining

rRFOB 19 0 S0 s R ST ) Then,

naterakfreqreany &, cthn damped mbtunaldregqieacy agemdshy decayr dmrdcteristic (§)
in a npre robust pole and residue determ nation. HLPO
arq defeymigeh fron i) figst grdgpelel &? aw%] resicdvei(By Subyequgplydhe damped
i 0 l. i .
na g el 80 YRR NS e o R B PRt o
eq@féOECT) in bided fObhEM BEReMds afdmetéh@1gquation is
sol ved through a pseudo-i nverse technique. In yet

anotlhetepetfido thenbitnespparamster4Kl) inpdeteteingé drom Hesoiwion of

eqlalzrlt(i”‘or{jl a/ 1%' %le So ultircr)]fllletrn%rllgysutﬁle )fl’a’tuarlalsftrealqull(cjegcr:f;j oa?ar?d the determined mass

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).

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-
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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deconposition techni que can be used. The QR
deconposition technique is discussed in Mdern Control
wab@any468N | | i am Brogan, copyright 1991, PrentPCEUSRD$/033285
pp. 222-224, 168-172. In use, the stiffness paraneter
(K), along with the danping paraneter (C) and the nass
FRa cagfificEnty ddyideddry jloeont a sarkety-oerer basisend émnpgsearplanns of 1's
statistical techniques can _be used to determ ne any
%@e%on%m Hethsaquptipie é%ﬁp Qﬁ‘&r?é%télﬂ iy Pssgewﬁé{ infq the proper [10x3]
, _ oy hadd o
coniplfy iRk ARTRAANe Kok b7 B TORSOLEF RIERFNAS Thex

vek(dr dugputtolf ehep@Rt sotwdrailodkd 70V ¢oehsiscbalse Ritea@atoht Tagdues Ry and Ry
invention provides a stiffness paraneter (K) that does

angghe p@le;ho%h@te@u@wt@ ererpessdd @i of dhe QRabloeln 70k ey prycessing in
alues. This is in contrast to the prior art, where a

oraﬁro%gep[a% SEPL PAAMGCEY in a factory calibration

opergd. @Ms hhii (ﬁiagraﬁl deneil %Xh@&ﬁ&ﬂgﬁgn bhak 1928, B&i K system

a

used for all futur® calibralion operations. The
paraetets acoptiny tdasembedinidnh of thefavartizne ITHeKmflémentaton
rom vi brational responses of the flow

d obt a;'; gset%ﬁ i\’%: @l y i K @p{stﬁmd?ﬂr%‘@?eﬁs @metgﬁ @ele and residue estimates per

oG (19O ARG B7 A9 Tl RS B fipddihard gy o real
no@fadmsdhheddéio Heeéwrnhetegilbalsialyt bo essic pedlpaet dfe tbbise in the
of a flow neter according to an enbodi ment of the

megppemmens flata andsdusgosnadel iitieg nemerioslerediioatssuanl Therefore, the
bR RIEE of 1 SR Lo Fich HeS Rathildhy st a7 81412 By / per
equBfi&e(107), Mhe@naksihaltiffads 4r& SRenBeR itk IRGJotdgnPresidue per

substantial ly fundanental frequency response and two
equatioms @ 7nid)- Notel gt theat is. a Hreft el \Riglts poass @ad stiffnessei.e., the

R SHEpEssart Solthe FRES s St Drer gad ghe RRQ/Driver.
Tl{e#gg%mtsﬁlfﬁ{%@%%é@ IE’I%? Hﬁ@esr%r%rﬁ rfgfl‘?ﬁd 4iuel 8 4 Flies in the
enbodi nent, two or nore tones abové& the fundanmenta

colls afd engyctsesddnsiee arieture ¢eelfe Changestinehe differ@ices befrs
.bel ow t he fundanental frequency response are received. )
diffprepprrasios dedipeta @ nophenifespechanie i nlgst emstithiasy and can be exploited

equi di st ant .y spaced .abo d | ow. t he, f mental .
o B RO eaBROE TR R0u PR ok SRALTE R Beariy of
the€fbidinsfeant | y spaced. In step 602, a first order
pol e-resi due frequency response is generated fromthe
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.
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.
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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three or nore vibrational responses. The first order
pol e-resi due frequency response takes the form given

WO poogquess on (23). In step 603, the mass par ameCEUSI0N/033285
is determned fromthe first order pol eresi due

frequency response. The mass paraneter (M
ondbe &rmightd Bye GRawbrive’ agd tRawPOs¥ inpmitdane tlp@i'aev taaflinggf the

St SR ALY G B

deBRtHIA fdrieaan g{wn&qre feg fé&&t&maaéﬁme@ﬁ b§thh§t1<§r¥)
are determned fromthe first order pole (I)

su?s;stedmeTh&) Cnﬁlnlgk’émpem(ijd the cbtmnzdnitrﬁ@drmn’m thatis taken from the output
requency,.wd,. t he residue y | megi nary term .
of @joprrgsponisiingdigial drive HiEteme ﬁa\ %v%n ? e%tan%tst%ﬁ Jogical

m}fp))a? a@lﬁg %@ﬁ%@%ﬁ@yﬁéﬁ@ éc?‘ %@%?n(ﬁ%e X o EﬁP’o\fﬁaﬁfbgﬁﬁn algorithm is

acgoglathefrédBhpuiliRehs dtivé frequanyl aysstineediby tl{eedhgltal drive system.
frequency wn and the determ ned nass paranete
It fsripputdo é%e poisignal genergips ubsitstere qu@.theoﬁlf@fst) calﬁulé igfe pubsystem.

to itz WNBysL LA 0SSR PALEPBE Dulitls bt SLERBRReer estimates

MR RUL Eond Ht et a0Peth hHA Frddst.s Thedd £28 tl%ﬁﬁlnﬂﬂﬁj dlﬁ@iostlc outputs

decay characteristic (z), the natural frequency

usaahm FﬁE ded@lcm nE figers afbwmsear freqpliff Wagn b%@ﬂﬁ&sam‘irﬁ freq

TRaCSLBa i RO vk i EeR isbRed ahere by

Eﬁfa @&Wé ﬁleh%?ﬂcﬁy b lﬂ‘%tlﬁl%@d h80rdl ZR4uenkye FRF

are at t eft of t di agram Thesé FRF
[ nleSamhﬁgtﬂlﬂ@FRF\xmlﬂdeiqrmakty exjuat avhireint FiRBsurement, necessitating
coefficients are calculated in this enbodi nment (four
an ttl%’iab%ﬂlog F‘éé}kgé%(%@)a"r?@"?ﬂ%r J#?W%qur‘%éﬁ@ﬂ imemppgses a
ca

el @R e g B o B ol RlcnaP A Bitverter The

CL P SeRREbIGK D06 Hhfthea0l, DlitpuiTefsetidrobloti28)7 inipRnfeRt the
coefficients are passed into the B |nput of t

he
calibtatien algasithmy Olhe crhbratiomgro¢ess L1ges thpé T@}Q Ssgmal é*‘ﬁ Rlerk 901 to

calfiso Ty REFP FRPBA WGt i A GL CROY ARG gt b he

coﬂﬁg%rgeﬁ (fhﬁeﬁp(érﬁﬂﬂA\?" ak Bn& st d)iotﬁe CEsrollih %g’[@t Du¥ingShe FCF

reshaped into the proper [10x3] conpl ex di mensi ons and
vajidss@dlagit statehthe & RFlbmveeﬁ thehfan’QOs ahd ¢hre tinmoknd@iicurrent is

The Xx_vector oufput of the QR so| ver bIo
g4 %@%CQYH"&W{EEX ﬂ&rfawrﬁomn%%fl cqurdsrert. ﬁﬁ&%ﬁ%ﬁs to give the

F%@ﬁ%%afgﬁhwhgpg%%e%% uts_ are passed out of the QR

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

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
(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
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order to generate the system paraneters. FIG 8 is a

bl ock di agram showi ng the cal culation of the M C, and
wK2®ymsEns par anet ers according to an enbodi meneCDUS100%033285

i nvention. The inplenentation determnes the M C, and

K system paranmeters fromthe pole and residue )
added tontheabigipa drivgusagriabn$he drivd signakibicr gorsists a theictosed)loop drive

ﬁ%gg{ye%%g Fasndaégégg%t%gqqleﬁgtﬁﬁ{aﬁgpgé§§ tl%rgﬁl %ﬂgerrirl%lgﬁnple filter.
par ITHUeCE Qall@htith prdcbdife TPASHABRRRInsaeA BNHe diife bfstem. In

nmodel -fi1tting nunerical precision issues. Therefore,
oneleentadalimbni, ¢heviabtusderolls steeemesedifren the e fswhieoburhagad

simlar effect as dividing by/ per equatign, ((17). Th
5 fromuenciin spphiesstinate loRfhe AlaseddonR A+ &BISE}B Fl_)en%wa*% a set of
nchAEREMS (i R e AT et didRlof IR WAL MM B L s
and sabitet Ba®odiadathetpeie-fasiine tapprdah s an Emiphsy a second-order pole-

_LPQ' Driver and the RPO Driver. The mass and stiffness
residue friepensy raenpnge funstion i prder §hachievq apetigyesilly A second order

asymmetries.in the I It :
pole EYRTARPLRp ol O ek DS AP RO G B g e’ ol pple-resicue
10 apprétichf anRERlelFt IS gicafd GaiRridaln@Amlekityoidd HloAase] prdcessing time.
mass or stiffness and can be exploited to give )
addi TheoW&IK dirbgdusentofitng siffiress estinaidan begiangéh astmpleesecond
FCF or the integrity.of the flow neter,. Two ot her
e 1o Pgdep enaneyt i priaion R b PR SineR Do RAEFS pripe flow
m?t%frﬁieﬁ&lr‘é Qf%fc;c'i‘#' M posf Rttt eqhatiGi s diff8rdh@biddaind then evaluated at
requency wn. This ‘enbodi ment” gives a nore
a pardtuldefreqmémed or better estinated set of gl obal
paranmeters. The estinmate of wn nakes a good quality
check fégG)thK(s) osed lloop drive system If the drive
is ind Oopger af T Ng.2at nance, the drive frequency
shoul d agr eej?t(g?t wir‘htg %_ncgje ewmlliHertz to the natural
frequenc e_le( te. Ifsthe difference in nore than a
K]

15 few m W'WEWI ag can be set, indicating (2
that the dri ys em |°[s]gnot operating properly or
that the cg;r(rggeyt stiffpess estimate is suspect. FIG 9
shomé{ém)% #W i ffness estimation system
accordi ng enbBdir feft T 6f the invention. There are
seven distinct inputs to the stiffness estination
subsystem indicated by pentagons that are signal
sour giase {He gl Aot Jobvd 0P M, & tanddQ Gronvaeasirbmeh@rof drive current

right). The "RawDrive" and "RawPGs" inputs are the raw
(or dengehaysl pitkefierophgkrivelasity hdlels canvenient targwete equation (24) to

isolate t gtun' knTgV%ISlSe. fﬂ@%%&uc%g Sqéja%‘g";‘{(i?)'?p led to 2 kkz by
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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deci mation, for exanple, and are then fed into the FRF
coefficient estimation subsystem The "CndmA" input is

wao b@7oervsended current that is taken fromthe PCL/ps100©633285
a correspondi ng di gital drive system The
"StiffnessEnabl e estimate is a logical input,

al | t fre d| esste to control when the
Ex gﬁgf) %ﬁ b, 8P|(?ﬁjrr? eyrc?w "%he "freq" input

is the drive’frequency, as estimated by the digital
drive system Féi Fput to the test signal generator
subsygt gm,an % ) fness cal cul ati on subsystem The
FRF Stiffness :Egrl(g,zf ation block 902 outputs the system
par anet er esti M& K Lft and Rt as well as Zeta Q7
and FreqEstwRE H g@)are the primary di agnostic outputs '
used i rCd on. The figure also shows a freq
di ff Warn bl ¢dked03 and a freq diff Error block 904
that inplenment the drive quality check di scussed above
by Thepasondgquiordisinesy & saqplealgetiraictsotutest iInairée to further
natural frequency. Measuring the FRF vvoulcfl normal |y
simplifyithectisst part pEHie sagion.dhe measwsé eesonan §rivg famuency is
addi ti onal anal o-digital (A/D) converter. However,
5  emphiysde Sirsei opn sitanayalpé fuadéleatc onmanded current,
obvi ating the need for an additional A/ D converter.
The CL I nput bl ock 906 and the CL CQutput
Cor rrectki/on m i mpl ement the calibration
al gori F[-Ig,@ll brati on process uses the "Test
FRF" b k

Si gnal 901 to calculate the frequency

r espofige_f2 Ctd)h’ﬁ{ (at)he actual (RawDrive) current to ‘
thek CndmA) at one state of the (28
cont rol 19ng/I oglﬂ( ring the FCF validation |ogic

state, the F ween the raw PGs and the commanded

cur rent %@I@ L(H ted and corrected by the raw to
co nded Ccun [ért FRF coefficients to give the FRFs
used foPr Y Brocessi ng. The FRF stiffness

so fnshe %2& Soikking OBk BRia g aRioBot he T Wi g for M. C,

4 st Sl outgO ggnt ai ns ex0|tat| on at the four
eg} &d@ﬁ@?‘g @2} are added to the drive command
i mredi at el ef ut put. These test signals are
added l“ﬁ@ti’ﬁi‘l y@%\) drive signal when FCF validation
is ena I 1%[% £ is such that when the FCF
val i dat i n"|s he digital drive signal passes
right throfj?h & switch or other device, where it is .
upsanpl ed nits base rate (typically 4 kHz) by the (29
interpolation filter to the appropriate output rate,

typi cal |g=8Re{ (@ 2)}
7 ()

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

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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kHz. When FCF validation is enabled, the test signals,
upsanpled from2 to 4 kHz, areadded to the digital
waleiove4msgynal . The drive signal then consists PET/UR®05/033285
cl osed | oop drive frequency signal and the 4 test
tones, all of which then go through the upsanple )
thefresanent driiveFRERN dlzd sadati oroforgk or MiuThisiis noteartiepsly surprising
. trangparent. to the drive system In.one.e di ment.,
singe BeT BRI gink 3p EEsp Ui r EHHEAGO L R L1 StBpine. One
8RB BoACERRE S ARRUBRRIACANTARR! it hi eheESdrhMBERs EQmdAiBe fr
P osed | 8opH%ri ve. L@Ei s 15 done 1\%\& th a se%l of notch om
leftfaridiréglet plickudtidate atdueccessacily indegerstent efearh dther. tlss is in contrast
i gnal s.. ] n another enbodi nent, the pqle-residue .
to B apﬁa@sldles mEhpt.oyhese semshanefitde gaig SYassiggeng the left and right
. b C . . C.
Pl B d P PSR R Bl M B B RO BNEAE
pr o¥i@Eer) B 4 flovechdri 100000t d@ettedl fofl détarthimiy & sfiffheds parameter
order pol e-residue approach. The trade-off is_a
Kelenflew metserscosding sorpn exiboginag of Hey isysrido r wodeps | (Y , three or
tine. The MK enbodi f the .sti.ffness estimtion
ot iBreiqlfl o R AT eR o P auphYy BT ltel | s
shomnstep 1000181 de0bnd éfder pBRLRWdUSHRGBeAR P HIO i %erféﬁated from
the flow neter neasure velocity, not pdsition, the

thedlpeator amorie iliafibmal eespoasesd Thedetbrmhormienpoketresidae fimquency
articul ar freguency w. X(s) 1 H(s) = F(s) Ms2+Cs+K

resﬁP‘Ese takes the e g‘l\"/ﬁ%ﬁ:@%@t‘%ﬁ(g@'t he goal is to solve

for S : IE A {: ' I .

for %:e te %89%%%%%@&\}5 tage ts og !vlg Idgli:ep?%e,\ﬁ;r(tﬁﬁitfé@wlu&&{ of
equation €29 e rThed solutbon érmplogs tat nataral Béjudreyi G0 tiat @netdranore

unknowns. Thi s, produces equation (25). K-Ad4w2+ Cw=-J
freqyency tongs\y. the ippgIganyROFHOR pkths (e FFpinaganary component of

SR bR S PRI B ST
o L0 PO o BB 05 o ot
resgiye dtdquencyt fesporesas (ihe anass persamdterdiNy B dete@gquisettfromsthe solution of
e.wn it nmay b,? found that: so | an

cquon (Eciadla BN yHRE NisE L BB RHTBRORE (Kkand S amabequency
mnvsol utions forM C,

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
(i.e., the absolute value of H (w)).

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
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
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and K are given in equation (29). M=, 2- (29 &n
Note that given the resonant frequency wn , a
waleiovesod4ps ckof f FKF at one particul ar frequencRCmiS1085/033285
sufficient to solve the equations and determi ne the
paraneters M C, and K This is particularly useful;
diSAhthdFERﬁh@ ae]ecﬂoa birekatsimael it cainot be ssedimdhe M whé K solutions as

| egst - s t ta the data is sinply the average of
deF‘Hg’ kéé?%“ﬂﬁ?é%c%flp@%ﬁscoeffl cient. This is

a good de {]1%‘6 r than the pseudo inverse that
typi ﬁally%&% ve to be perforned. Note, though, (30)
that " the r es t hat w wnprecl udes the use ofthe
resonanf arj g,e)f#&wo)mn the solution for Kor M This is
not particdlaffy surprising since the height of a peak
hesh I
P R e B o (O ehaeolution for C
is tHeatantehiorm aas dine teni eedesolutivat ik qhiaigond @), aaddviris directly computed

pi ckof f dat re_necessari |l |nde end nt. of h .
i s soliis o loRoRe PaEieeing RS et sepalied earbgoetticient

es éng{e. ﬁﬁ?ﬁv&ggﬁ%:ﬂesv%lﬁ i @?ﬁhﬁgn?ﬁl £ grcet bl Bﬁ?re @igs {oeci‘é input data.

O estimate the sane
Fihdl8l, fgndzlnfthé MCetmd K catifpbich,utle defdyGhatibterist (4 @mbla) s
1000 of a nethod for deterni ni ng a stiffness paraneter
copdputatasa fl ow nmeter according to an enbodi nent of the
invention. In step 1001, three or nore vibrational
respansés are received, as previously discussed. In (31)
step 1Q&, a second order pol e-residue frequency

response is generated fromthe three or nore
vi brehs dsay Cﬁ@‘%@ﬁ%‘é(? Thecs DHES uﬁ%‘{%@%ré@ie@a ghan the

ey PRt DB o T el A AbLIev e 0 tiey qpgrhcteristc
(ORI skt BPfHetxﬂﬁasﬁfgn’féﬂton of equat ion (29) The

sol ution "enpl oys t natural frequency wn, the one or
nor &, Qg WBORY tﬁ@@@?aM’FR‘F%sbﬂ@ﬁfﬂ‘i@ds)ésﬁ@hﬁb@ Byfémtde€ording to an
FRF (i.e., an imaginary conponent of H (w)), and an
ematrsliimeutdes the inveatipmE Thereare sixilstinss inpwteto/ Ak gestem, fdicated by
mass arane

petAbis e B S be g corHor P el Hve® cndhs ke righo.
Tﬂe fve TR FRSSPOF fgxﬁﬁf ec{re (}M ra’wsreg& gé E‘o‘ﬂ?ﬁlef iOWB£fs and the

he so utlon of equati i s obtal ned I ng
drt\i&e:umtenf f Tiesss apadawntsemp(eld)to arkHz be thaa]f)aa:miatcﬁrrldqcle h2§1 and then

fegﬁfﬁto the FRF coefficient estimation subsystem. The “DriveDemod” input is a sine
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
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
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In step 1005, the danping paraneter (C) is determ ned

fromthe second order pole-residue frequency response.
wab@7deams ng paranmeter (C) is determ ned from PEEUS2005/033285

sol ution of equation (29) and is obtained using the

one or nore frequency tones w, the real portion of the
“TeRSignal’zoutpat atshe fardefisivieraf thé diagtam) Thisrdstasignal output contains

o e P 8 i SRR BRSPS et
and 1305 ORR b@pulstBrs LRk VU infQkRet6 MMBital drive. The

response from equations (29) according to an
tes sigmdiswratdddd tothe idnve cbmomndihen ¢édipelysbelppeanpasoavdiver

e dp BRIGHD AT VT BO S Pai6 P o crive systen,
B 2B O 401 Y SRR, 3 kS

ensbghaknt with usscofsoten filtefsauned soetht eRagtearayiencies of the test signals.
represented by w test), and the driver-pickoff conplex

FRF heetest Sigial EREahl@%h 52 Qo BF1G.Hdsperformgdemoidalatiops.of he

. Hd . 1 The dri FRE | sdi ded t he.
pilittad 0 Hedl® okf SRR el A oot RS Al Mg e four
gele@ddieboSnAFredaeidied @Hd R driRS freit@clk APt bRZ the complex

conputed as which is an equival ent formof the

desuiduidtion uingtheismesapdatosmedagep fhe fFhbarsbimeagimary compGnents of

is the sane for t he derived sol uti in e tion
capBiZhaL g FIPGA ORR G SOTER ECePrB Ae v Dero NMSHE Fop-4 He. I
is foodir? (bt IAEINE SRR PR thS RO oty kBectral

corqponentowihintad Hy &f the asst siggalawdbndti Hessuppreséeel antpwill appear in the
data. Finally, given and K estimates,

h , , h
v ay h@r?&n&&%@qe'sfﬁpi@n{s fgf &Aw_pgéf%fs gngl EbrpsBITEat asealh frequency
o % 08 RSN A B U5 Rk s SRR BRI B wversea

ovERgmehMe of §4iepleRshdMhe RiwdriraRIER Kestafigtede 6atput.
characteristic z )are the outputs of the neasurenent.

FI G Theometgo aksctrpeice ard lethqdRrrcperday totthe inwestion can be employed
estimation system according to an e di men f the . .
acE U gy Chfis PRSI B b B PRR e g adfntatSs, if desired.
. r )
YRS LR i 3 9007 0k B Bl ARMES B9
flovitghe ytiffidss of Raafdowunétenntihe Ravafisri praovidessa siffheshparamwter (K)

readi ngs fromthe pickoffs and the drive current. ) )
thaftrf@@é ngt relyenmtosetip wealies! calibrption values fop genaiptien. pl g javention

pr&@i(a(]:s A0rchS "barameter (K) that is obtained solely from a vibrational response of
the flow meter. Likewise, the invention provides a mass parameter (M) and a damping
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
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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fed into the FRF coefficient estimation subsystem The

"DriveDenod" input is a sine and cosine signal at the
waleiove4dssequency that is taken froma digital PCT/US2005/033285

system These signals are conbined with sinusoids

generated at the test frequencies and fed into the FRF
We gkt ci ent esti rmti on subsystem as bases for

du The ffhess est
1. ghee le%lhpiee G0 Tos tlogy BRI b1 g Rieamogt Flretepi tafcomprising an
mt%PfQ&é @o IY{EAP&‘}eE&%n&td {ibPaRRhaPREpSRE IR MOk &), with the
active. freq” itnput is the drive frequency, as
vilrstioma tregpolye tdraprdsigg taatspinsey ® 3 yiraton of the flovnmetert(d) at a

he t signal, generation bl ock 1204 a he .. )
suémtfaﬁﬁfsrgsmne fredpensy; Bfll‘g% RIOESEHS %ﬁéem 'r%gﬁép’ “njcqpyRUIigation with

th Elgﬂ{fﬂg%@{’o I?he ﬁ%%%@g%t{}?lgcgc 2@ ectl on ﬁi’%ﬁ{fizw
The tHfRErc&Ewifﬁg’lejmerﬁ@G)mng nomtﬁgaed tdraceiviethi sibiriitdonal response

ystem paraneter estimates, as well as the"TestSignal"
frqm fdpmmtqf%@ 20 Pa feteamineds fequsncy fao) of deg wibratinmakrospense,

R B P07 LB 5 ] G5 reponse

m&ERIFRNEecal RBaR ctRHUE § %)@ﬁdh@ﬂbﬁf%étef @)”hﬁd‘@et@ﬂhﬂﬁe @he ﬁtﬁ@ness

interface to the dig drive. The test signals are
pazatoletar (k) o the rﬁvequ@m{ma)j thewespionse slojtage (), éhodtipeicurrent (I),
t.o a_ driver devij In order to nmake this FCF
anggﬁl‘? Q%ﬁap’ aWE?&"é“’ﬁﬁr(@ transparent to the drive system
it is necessary to renove the test signals fromthe
pi ckoffs. This is done in one enbodi nent with a set of
2. ibiecihefer keleetronicu (2@) dfccldie] exitic thef meapueingithes defaytdheracteristic (£)
test signals. The Test Signal FRF bl oc #@08 of FIG
furtheromugisiee alkovsing the vibsationpheesppasestirtha Hgvwdmpips () to decay
ch of five input
doﬁrg%a&eﬁgaéetgng %rgfﬂ&gaéﬁgg ‘ed test signal
frequencies, and the drive frequency. After doing the
conpl ex denndulatlon using the sine and cosine bases,

3.t ee meter ehmtronwa@%arfwla;mrbméh]t@ prpCQ,samg Sé(ﬁfgﬁa{iloéb being further

copfiEiER g8 St shfgtear ol RBE TRy RS BRI Sgion ot the
fIRE G @2 &1 glﬁfs ﬁilg'tﬁe Rffﬁrﬁlffrﬁgké% onSOfAnNY ﬂ%a%ue@b) to decay

componen of the test signal wl
do&uptpraméeteanmednvlﬁbra‘ammé aargetrwhiteneasyputg thEhiecm,}odpﬂraaotensnc

coefficients for the pickoffs and drive current at

each frequency are then used to estimate the FRF at

SR [ S, RRERE IR, 05 B O oo

—gﬂaBp;y(g*B]jg;{e‘qﬂ)e/tﬂVel ectronics and nmet hods accordi ng to
the 1 nvention can be enployed according to any of the
enbodi ments in order to provide several advantages, if

5. dESI étﬁod for determining a stiffness parameter (K) of a flow meter, the method
comprising 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
resonant frequency, and determining a frequency (w,) of the vibrational response, with
the method further comprising:

determining a response voltage (V) and a drive current (I) of the vibrational

response;
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The invention provides a stiffness paraneter (K) that
is substantially related to a fl owtube stiffness of
w0 b@7/0k@es met er. The invention provides a stifPeCEES2005/033285
paranmeter (K) that does not rely on stored or recalled
calibration values for generation. The invention
pr ovihekssring stdetdyneswagemstioetCe of (he)flavh atetérs andt ai ned
sol e frama vibrational res e of the flo er.
ettt B ot om e boGansi e tigpsponse
j e ki h onal
Vo SV EIRPYRE: AR Dind i decauhan
detection/calibration process without the need for a
6. F'Red @ethoddfichiiat §,avtlpiiraasssuriiiehd depichancaitio €1)fforther
a stiffhess/FCF calibration process in the field. The
compyising dipviiag theeyibortinngl mspenssed she-pwonetepadecsl down to a
cess at..any tine. .The invention can performa
Pf%ﬁ??‘i‘“ﬂa%‘@@&[]‘yoé&}@%ti on process without the need for
a calibration test rig and/or known flow materi al s.
The invention can perform stiffhess/FCF calibration
7. pFecmsted affeddimdstveithrheenedsanige she decayichraetesisté (§)Horther
flow nmeter over tinme.We claim 1. Meter electronics
CoOpESHer a flow neter (5), the neter el ectronics (20)
co . J.gceiving a
bR B e R R et er (9 with the
vi braffomdngtherdbiations! respmist of g fow esgiensalccay down to a
vi bration of the flow neter (5), at_a substantially
predefermzined vibsginnak{areedvehile pesvising;the decayt dwaractastic; n
communi cation with the interface (201), with the neter
el ectronics (20) further conprising: the processing
8. SV RtHoAGT e widh Hetite@ss Parb@efir (K) E:Bx@xfrising K=
vi brational response fromthe interface (201),
(I'tBlLer Blne* @)/ 284uency (w0) of the vibrational
response, determ ne a response voltage (V) and a drive
current (1) of the vibrational response, neasure a
9. (ETEARUL S (el e (NI 1A fglor, Betherhod
cohipeipireneyeiiintd) 3 vibbaetionab pepseseviodrh dlgefl(W)metehevith theevibrational
current (1), and the decay charafcthe\rd stic (za}T.é 2. The
resRONE? CRINBHEBING Bi1eEPNSD IO BV iksptagHehthe fovymeki afa gubstantiplly
r I .
rel P SERELRAISE TR o Eholobel 05D GORPYHRM e ssporse, it
thé Methcd ALGay célaphisihg: a predeternined vi brati onal
target. 3. The meter electronics (20) of claim1, wth
t he dstwodsisergesyasenolaBs)V nsid v eurent (1) of the vibrational

response;

measuring a decay characteristic (C) of the flow meter;

determining the stiffness parameter (K) from the frequency (®,), the response
voltage (V), the drive current (I), and the decay characteristic (0);

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 (K5) to the stiffness parameter (K);

and
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configured to neasure the decay characteristic (z) by
renovi ng the excitation of the flow neter (5) and
w@bdoomawaes t he vi brational response of the fl oweEUS2005/033285
(5) to decay down to a predeterm ned vibrational
target while nmeasuring the decay characteristic. 4.
The detscting dhessififmass chargeN\KOfil Bleaenorid stifingss characteristic (Ky)
.Stiffness aneter (K risi K (L* O BLDR* w0
aifféss g e AHEER biFaptsicr By 2 s Dl FFRdeed toletance.
paranmeter (K) of a flow neter, the nethod conprising
receiving a vibrational response fromthe flow neter,
10wiTHe rhéthod iolf chtiindh hirthersponssingdgiedtsigrthe atiffesysahsegd GK) if the
a vibration of the f ter, at .a substanti al |
sefendaEST ReeetrEyic (Ead AT Froth R LR SRR (fbfy more than
aﬁ%@d&éﬁniﬁb@%ﬁ%ﬂn@é@%leﬁﬁgpnse’ with the nethod further
conprising: determning a response voltage (V) and a
drive current (lI) of the vibrational response;
nmeasuri ng a decay characteristic (z), of the flow
11pekthermethad of sladm, Avertoempsising gressifyag hgstfnesyhange (AK)
fr requency (w0), the response voltage (V), the
ﬂo&?%\{/‘geé%ﬁ?%énr% (1), and the decay characteristic (z).

6. The nethod of claim5 with the neasuring the decay
characteristic (z) further conprising allow ng the

12viTheanttbodiof ckpdh vetiothetrneastiingthredasay chardetongticlGuiurther
coﬁ)r@ir%rﬁfogli%% egxel %iq%gée:ﬁsgﬁla c{fﬁlréeqﬁtg%zég}éte;r Ji‘oederl% *218%11 toa
prédAhE] {/ﬁ)tr;%t?oxﬁﬁar%éﬂt her conprising: renoving the

the f

excltation o ow neter; and allow ng the
vi brati onal response of the flow neter to decay down

to a predeterm ned vibrational target whjle neasurjng
13y Heheqaethpd of gladm: % it the mepsuripg thredacay chpragierisly &) Tither
.Lh. the stiffness paranmeter (K) conprising K =
Coﬁp&g}f‘ﬁg*&mm) /[ 2zV. 9. A nethod for determning a

streibhiRgshe Baciggiondfthé flow rheteyy aEt er, the net hod
conprising receiving a vibrational response fromthe

f labwwieg the, vibiationaliespanse af therflow metgrdasiecendpvnée Ag a
to.a vibrati f the fl t o
oo ntaripey sEAL Peg Rl b Mg chgragteristic.

frequency (wW0) of the vibrational response, with

14. The method of claim 9, with the stiffness parameter (K) comprising K =
(I*BLPo*BLDR*COo) / ZCV

15. The method of claim 9, with the generating the second stiffness characteristic (K,)
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
interface (201) for receiving three or more vibrational responses from the flow meter
(5), with 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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the nethod further conprising: determning a response
voltage (V) and a drive current (I) of the vibrational
WO e®pOsEEs nmeasuring a decay characteristic (zPCDUS100%033285
flow neter; determining the stiffness paraneter (K)
fromthe frequency (wW0), the response voltage (V), the
provessieg sustermr(203) i, coamdunmethztewatia thé aﬁeréa@r(ﬂgt), avithythe meter

recei vi econd vi.brational response fromthe flow
el??gpépség&ag‘g@@{)h‘gnﬂl%gtz generating a second

sti tﬁé‘ﬁﬁﬁa{s %& &h (503 Ooe(dgéorﬁ‘fg%{’@dﬂ&%e%w@ﬂﬁ three or more

vi br at onse; orrparl ng the second stiffness
vmﬂaaomitrmpoaasescfraémble trertfie @01y, fgae@stemapdeﬁfesadue( ﬁ):quency
i ffness change if the,secon

reﬁa%?lgg SHou s &éﬁe&tqrmr@ Bafprdreinapis frd dctomine at least a

S AR ey et e

conprising detecting the stiffness change (DK) if the
second stiffness characteristic (K2) differs fromthe
175t Thermetss el;gaﬁrgws 630) (@Krladg Ipvath uhﬁlpr%peﬁw@e sy (383 being

ol ood PRl FERRE T AP R ERRESC ) FRELER Bpispsiaue

fre(q%},c;fe@ ﬂslaq:uﬁ&mharl ng. 12 The met hod of claim 9
W th the measuring the decay characteristic (z)

further conprising allow ng the vibrational response

of the flow neter eca wn.to a redeter
1) B Gecrarige 20 & Sttt B i SH e o) beine
fubdl& O ﬁ%ﬂfédr}g &t@nﬁ%@ﬁl géﬁﬁfe%r' &) f?or{l%l)le ?b‘l’étﬂéﬁﬁue frequency

conpri's renoving t citation “of l ow neter;
reqmilsaﬁirmwong the vibrational response of the flow

nmeter to decay down to a predeterm ned vibrati onal
target while neasuring the decay characteristic.

&fh n@%{p&? gleg{ﬁoﬁlﬁ?kjﬁ) géfyé%%gﬁv%ﬁ@fe;pfr%ﬁng g&&ﬁﬂ%s) being

fuﬁﬁéﬂf&ﬁ’lf fireel t@ld@ihﬁ)ute/\a bblet (bu;, ag@ﬁeéﬁﬂud’lg{ﬂ)hﬁlcﬁ@ﬁgh‘ﬂremdue RR)
sti ffness characteristic (K2
from the pole-residue frequency response funct10n

20. The meter electronics (20) of claim 16, with 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, with the three or more vibrational responses
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, with the pole-residue frequency response

function comprising a first order pole-residue frequency response function.
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fromthe second vibrational response conprising
generating the second stiffness characteristic (K2)
wo e@mog4second frequency, a second response vOoPCHUS2005033285
second drive current, and a second danpi ng
characteristic. 16. Meter electronics (20) for a flow
23mgtherm¢ts) electnenins (24)) ofickaimrldnMath the Pplectesisive fadyergy response
interface. (

oA oG bt s s st 9P rapfsg fungtiqn comprising

ethre romere-yi brational responses including a
H@ﬁbs%&h‘?“?%%&%ﬂn’él’nent al frequency response and two
or nore non-fundanmental frequency responses, and

aprocessi ng system 8203) in comunication with the
24i rihermheterelee®anics (@0 of cheamnidy, evithethe potereisise (egpency response

G S SO oot R SHTES PR 7 b Shs
SRR AT Y SLBSE MR PRAFRAS i compin

paldh&8r @), BRd the\th 3ok 8hGkr (T RBRERSmiANHa Rt @hFt d'hcBdquations
| east a’'stiffness paraneter (K) fromthe pol e-residue

Mft BiRen & =r(es pdhsedfQrdliogM. 17. The neter el ectronics
(20) of claim16, with the processing system (203)
being further configured to determ ne a danpi ng

25P 3 RATRLET el(f@rolﬁi%g EQ n(@ R cRnSrd, SAttfHe p%)&%ik‘éfé#ﬂl%ﬁé&ﬁ%ﬁ%@ponse

function. ter electronics

funétion domeprivige & Ssdond @it ike-(&B)e Hequeacy wshbrse function.
configured to determ ne a mass paraneter (M fromthe
pol e-resi due frequency response function. 19. The

26y e ERE O 65 ARG M1 T B Ak ooy response
fus @AW & sédohd @déxeédle-f@mme@h&y répense fuheiidén

residue (RR) fromthe pol e-resi due Trequency response

function, 20. XIla® meter glkectronics (20) of claim 16,
CopPrgingh r‘eq;@r ‘_rrgrﬁa)xz/th}rc’;}(;;r al responses

conprising at | gst one tone above the fundanental

frequency response and at | east one tone bel ow t he

fundanmental frequency response. 21. The neter
27el'Ertmeter eleclrddirs (F0)alf zlaimlid, witl the tpote-tidne foaquendyeresponse

vi brational responses conprising at |east two tones
fungipRcCapEISing § SeromdOrden raterashadiic fseisRS v respan et fupetian

two tones bel ( he funda]ment al frequency response.

ising B ectron/fs (20) f whRbIRAS stifhdsh phfeneter (K

Cog%llre- rgezjﬁ(gﬂgl fR(equendyof esitbns& P &)

is determined according to K = ((0,)*oIm[ H (0)])/((®,)*-0%)| H (®)), the mass
parameter (M) is determined according to M = K/(@,)*, and the damping parameter (C)
is determined according to C = Re[ H (0))/| H (0)[*-

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

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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function conprising a first order pole-residue
frequency response function.23. The neter electronics
W@ 20y/0of468] ai m 16, with the pol e-resi due frequetiiys2005/033285
response function conprising a first order
pol e-resi due frequency response function conpri sing
H( w) geneftif w-gole-residyanfrequengy resphesenfinefior frent therilngg or more
of claim16, with the pol e-residue frequency

‘d&@§BBﬂ§8“¥Eﬁ?¥|8ﬁ conprising a first order

pol ede”t@r?d ﬁiﬁﬁ ET&@P@%&&W f KA bR E PIRLASHRS frequenc

H(w) ' %a (Jw | an%l (Lv%wbereln tge stlffnesg 4

reﬂmmﬁﬁnrmtm(rK) the darrpl ng par aneter (C), and the nass

paranmeter (M are determ ned according to the

equations M=I/2jRwd, K= (G n)2M and C = 2zwnM 25.

T ¥ 4
2 PRSP b el bt 0
fréahd golerrdsidup Glequersyi rdsiponke Ggiceiony response function

26. The neter electronics (20) of claim 16, with the

pol e-resi due frequency response function conprising a

B(f(e’f%n 8} ng é: (?é’ ﬁﬁ}tﬂﬁe%)\%p%%ﬂ}eg?@\%eﬁf w&&agjﬁ%aﬁg&r M)
ﬁaﬁ%@sbwmﬁhﬁ@%@ﬂé@ fedfns@Furfkidhm 16, wit h the

pol e-resi due frequenCy response function conprising a
second order pol e-residue frequency response function

5 FRE LR i O S b SRS T e
RNZ%%{rd% Pri]‘%)(}%gééi%%ér éﬁ(}ﬁ% I\t/llgé_po ?@sﬁﬁ@ ﬁreﬁ@érfég‘?& gﬁé%\%uéﬂcﬁon.
paranmeter (C) is deternrned according to C Re[ (wW)]/]
SN AT LW LR L L -
leeﬁc ol \é?@.gabooﬁ}[ﬁ Elger g,{nv ﬁ al h%gﬁédcgr}@%)ogmgg Qx?% gflﬁ%stv&ﬁ: Rone below the

ﬁ@gg§bﬁ@1ﬁa@kmc§@&@@ﬁ§ntaI frequency response and two
or nore non-fundanental frequency responses; generating

a pol e-residue frequency response functi on fromthe

3%%#?%15;5%0?%{8 cilar\\l %%gt | ‘@Aﬁ‘fﬁé{ 2 ponser%fvrﬂgﬁf 1o trgsrprgnses c%mprlsmg at

1eRR R0t ESdsdibBvE ﬂ%ﬁﬁ%eﬁﬁ?ﬁ@@lﬁcﬁl YEaPoh§and at least two tones below

the fundamental frequency response.

34. The method of claim 28, with the pole-residue frequency response function

comprising a first order pole-residue frequency response function.

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

comprising a first order pole-residue frequency response function comprising H(w) =

R/(jo-\) + R /(-2 ).

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

comprising a first order pole-residue frequency response function comprising H(w) =

R/(jo-A) + R /(jo- A ) and wherein the stiffness parameter (K), the damping parameter
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29. The nethod of claim28, further conprising
determ ning a danping paraneter (C) fromthe
wp@oioe/smss due frequency response function. 30.PJmNEs2005/033285
met hod of claim 28, further conprising determning a
mass paraneter (M fromthe pol e-residue frequency
(C),emgddhe enaksiparaineter (B4). ard detemmirtedhcodrdingiiorthe 8qudtipns M 1/2jRwg,

conppl si ng conputing a pole (1), a left residue (RL),

Kér(g’g)ai\iia&at&ng%l\ég (RR) fromthe pol e-residue
frequency response function. 32. The nethod of claim
28, with the three or nore vibrational responses

37c diermsthod ofitldim 8t withethe poke-mbulve ftaqeediaynespese dinction

frequency response and atf | east one tone bel ow the
CORAMEoSPY ngea R r%@‘ﬁé@@?ﬂ%tesmf@erﬁé@%@- of
claim28, with the three or nore vibrational responses
conprising at |east two tones above the fundanental
38f rEruastyd oEsRONDS, aith the pbeaskiduadrdqoass leepase thinection
fundanmental frequency response. 34. The nethod of )
conlpaising2Bseonnd krden ofsotesiduedanuendy wapenseyurdipareseprising H (o)
function conprising a first order pole-residue
_ #r@juency rédsépbonse function. 35. The method of claim
o)W thrphe joob ek esi due frequency response function
conprising a first order pole-residue frequency
response function conprising Hw = R (jwl) + /(jw
36. ' The nethod of claim 28, with the pol e-resjdue

39 )r@w@ﬁ@?d & slgimad Piithcihe HRIcCEHsiUe TaqyeRest TepRans fopgtion
cofitvie ettt i PRI FRAEE R REPURR TR iefitisine # (@)

nmeter (K), the danping paraneter(C), and the mass
= gg;agrfel—e:—ggﬁake—d emndrwheareid the stoffoéss gpatamdtere(K) is determined
dq@at i oddoMHiICH REMd, K = (wn)2M and C = 2zwnM 37,
The method of ¢lai m -resi due

, 28, with, the .pole _
acwrlémgeﬁ@cly ;r(é@?dh%[ H @ehi(em) c@r?bﬁ?@i)]rbg the mawdganeige M) is
oo SOl [N BRSO BE B BT grermines

5&3;}%1@ Eungta Psing a second order

alcpoI e- eg:due rg@g@nc@ )L esponse function conprising H
(W =Xw =j wFw - M2 + OwK ' 39. The method
of claim28, with the pole-resjdue frequency response

40¢ Fhermethod of claim 28, further comprising:

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;

comparing the second stiffness characteristic (K;) to the stiffness parameter (K);
and

detecting the stiffness change (AK) if the second stiffness characteristic (Kj)

differs 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 (K,) differs from the stiffness parameter (K) by more

than a predetermined stiffness tolerance.

37



10

15

20

25

30

conprising a second order pol e-residue frequency

response function conprising H(w) =-- - =r- and
wob@reiet he stiffness paraneter (K) is deter nPCEUSIOON)33285

- M2 + OwmK according to K = ((wn) 2w nf

WD)/ ((w)2-w2)|H (w) |2), the mass paraneter (M is

determ ned according toM = K/ (wn)2, and the danpi ng

2 RrreRee pait A N RSl s e fRehashanee (4%
frd7 AR dothMing SOy KDY a second set of three or nore

vi brational Tesponsés fromthe flow neter at a second
time t2; generating a second stiffness characteristic

435 g) 9 Jrggy?gxgl?rgﬁg at%ﬁtfng%sccg}%g&&} %gé ow r?lgtae},l tgg ?Aethod
ﬁﬁﬁ){ eristic (K2) to the stiffness paraneter (K);

COa dsgg' ecting the stiffness change (DK) if the second
st i frécebeing chige @¢ heore vibrati¢é? respohfeay sithrthertiireor more vibrational
stiffness paraneter (K) by nore than a predeterm ned

regnonsdsapeladinga substangially, Sgdgmeatal ifrpquencyt igsponse and two or more

C [ S] ' stiffness change (DK) if the
no@%{%ﬁéﬁ%&%@%@%ﬁ% ég Btistic (K2) differs fromthe
st Igfeﬁ@félﬁn %rﬁﬂ@ké%[dde@ect%ﬁénﬁsofe% diefuActivreieiahstied or more
stiftness tolerance.42. The nethod of claim 40,
vilbnatioha respompes; si ng quantifying the stiffness change
(DK), from.the conpar,i of Kt 3. A nmethod.fo
tet SetiigEa: SRFPS fHslst hashgi PRy £t 403 PO e frequency
& Jegdpconprising: receiving three or nore
re\#i%g?gtﬁ% onal’ responses, with the three or nore
vi brratdivingla seesipbset @ thrae budiong vibratidist saspomdek yrom the flow meter
fundanental frequency response and two or nore
at A SpcandriEBfiaat al frequency responses; generating a
pol e- s f , i
Fhr SShERHELR Sk Sk Rt PRROSEIAIE) KM Wb bilPset of three or

mbreasbratiopdlirtépreséss; par aneter (K) from the pol e-residue
frequency response function; o )
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.
44. The method of claim 43, further comprising detecting the stiffness change (AK) if

the second stiffness characteristic (K,) differs from the stiffness parameter (K) by more

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.

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

damping parameter (C) from the pole-residue frequency response function.
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receiving a second set of three or nore vibrational
responses fromthe flow neter at a second tine t2;
w@enenaussg a second stiffness characteristic P&RUST0DHM3285
the second set of three or nore vibrational responses;
conparing the second stiffness characteristic (K2) to
47t Adregnéthbd of slapmrisyetidrthe Kptermindngl eowptising futther determining a

i et G BODS PRI Tl U RBHPL e o ftion

paranmeter (K) by nore than a predeterm ned tol erance.
44, The nethod of claim43, further conprising
48d éiheahéthgd ol elasmi 43, methsthe detegminimkfurilfer tthmpsismgrubmputing a pole

stiffnes a acteristic (K2 fers fromt
(M pilef Frsd ep@# righéyregigu et r%ﬁhf‘ap%lpeseaer fieiegpey
ol erance. 45. The nethod of claim43,
re%ur%{]@?l%‘gg{lrprl sing quantifying the stiffness change
(DK) fromthe conmparing of Kto K2. 46. The nethod of
aim43, with the determ ning conprising further
49e| é[ff?@rfﬁ?thpﬁ §f sladgms, mathohe three eF H{O@ vitrehignah gesponses comprising at

Ie#g ﬁe %)%g faggﬁ aﬁ{e Iﬂrﬁgg@@tﬁfﬁg@% &y ¢ %Bhéeoc{h % r%pa}tl Sne tone below the

fuh it dies] fRfuRhSY FisPengd. Mass par anet er (l\/p fromthe
pol e-resi due frequency response function. 48. The

nmet hod of claim43, with the determni ng further

SOag[gPer | St:haﬁ 10% %&{;}n% ‘%Fspmo]ﬂ?rgéq 2‘ ﬁ)é)r% 8% Ia%ggns(ega%)ofnprising at

ledst BAYEIMEY aﬁwsfﬁmﬁ&ﬂ&{tﬁ% Bley @ggoﬁg%taﬁﬁdat asCivi Bnes below

43, wt ee or nore v brdtio responses.

the bmadamshtad) fitjuéreystespomge.t one above the fundanent al
frequency response and at | east one tone bel ow the

fundanental frequency response. 50. The nethod of

SIClﬁ{erHl%%odetcmlﬁl% ‘\Ji{hetﬁ POt 'fgrqﬂéﬁcgﬂr%%%&n%g gkt

rrsin eat’tvvo nesaovet nta

coﬁfp@ﬁﬁ@wﬂrsr B0 poke-ARMS tfrdgaasdy lewsorise Fesctioal ow t he
fundamental frequency response. 51. The method of

cI aim43, with the poI e-resi due frequency response

52t 3 nngS PEBImeR i Bh S s Rt s e fupeon
coftrisel dfitR Brde ped- Fe%idﬂr@%éqﬁ@r%ﬁ%%oﬂs@?@&%ﬁﬁ doriiisi H(w) =

R/(jo-A) + R/(jo- ).

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

comprising a first order pole-residue frequency response function comprising H(®) =

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=1/2jRwy,
K = (0,)*M, and C = 2{o,M

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

comprising a second order pole-residue frequency response function.
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conprising a first order pol e-residue frequency
response function conprising Hw = R (jwl) +
WOR@AIK68 53. The net hod of claim43, wth thePCT/US2005/033285
pol e-resi due frequency response function conprising a
first order pole-residue frequency response function
55¢ aieriethad oFiclgim-43RM{ith/ibe pole-Rsidpp frequencyaigspagise fenaiion

the, stiffnes raneter. (K), the danpin araneter ., .
COmEFisTaRAE AR AEE RO T TPt S B i comprising 1 (@)
iapgrding to the equations M=l /2j R wd, K= K )2M and
= C\@2unM 8% The pethod of claim43, with the
gon- redildlie fGeetdency response function conprising a
second order pol e-residue frequency response
function.55. The nethod of claim43, with the

6L B HERP LT et M e PPRIRS A R Mg
B e T R e S
:zéaﬁgyency r ggponse funbtion conprising a second .order

(

T W el Whekein ihe Stiffrss ParRReiids ds dgtepmined

erein the stiffness paranmeter (K)

ac%‘?%%%zﬁ@%ﬁ&ﬂ%’%k%%@?%@f 5N il Ddfarieter (M) is
deRFATRE Rcofdile te VIS T BN eld BELOIBHIAG pararhbier ¢€f)(WakRrmined

and the danping paraneter (C) is determ ned according

acterdigtoRe F Re[(BM Y| HHOR) | 2.
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