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MODAL ¢« SPACE DRI VE CONTROL SYSTEM FOR A VI BRATI NG TUBE PROCESS PARAMETER
"SENSOR Field of the Invention This i rtains to the field of drive
'systens for causing a conduit of amwmmw‘mmu\mbe process- paranmeter sensor
to oscil Iwoegulsmsparticul ar, the presenggigvention pertai nsPCa/Us¥YTeEm

operating in the nodal donmain to drive any nunber of drivers with any nodal

force pattern. 5 Statenment of the ProblemlIt is known to use Coriolis
effect mass fl owRENERALEZERMAPALNEBAGH BRINMAIC ONTROL YOS HEM on for

i scl osed i n U, TR MBRANRE THe sRETESE MARRMET E8 SERYT: %025 "o
January 1, 1985, and Re. 31,450 of February 11, 1982, all to J. E. Smth et
al. 10 These fl owreters have one or nore conduits of straight or curved

configuration. Each conduit confietdioéthe@mventiorCoriolis nmass fiowreter has
a set of natural . vibration nodes, whic y. be of a sinple bendin

t or si onal , radﬁJQfs 'BVeBWbP@GaFﬂS%.th%t\%'H ngﬁtfﬁist'“legqstff’fgg%s'ﬂe equitafe at
resonance ,i G I a terd f o

f I owret er r@%&@ﬂgﬁ%%@?ﬁé@e%ﬁ%ﬁetgﬁg heor:\ﬁlo(;'s{c\llglkedelh%@?%#ﬂ%ﬁéﬁ?ﬁé%r}ter, S
directed triventigh pehteinsaodusysten openatirid in,thameboda! idosndiféo &Hosvemy @unibarough

the outlet side. The natural vibration nodes of the vibrating, material
filled sy8idryersavideanyepdahfgige Paierm-ne combi ned mass and stiffness

charackeristics of the conduiégat %nﬁg‘?tlﬂgtﬁf#;f’émf |l owi ng within the
condui f's. Wien there is no fl ter, ail points along the
conduit 20 oscltlid ki@vn thiesd Conndiisgffddt athsdfiowenetbry toeneasurt maksfidwahd phase

or a zero-flow Phase, d\%gendi ng on the node of the driven vibration. As
mat eri al BEWI isfor@atippyfor martespissliowingelireddl @ sordidhgdampiREs &odirls er ence

he- conaul TR BrEbReRGE0h Qi FERReR 1 A08a RO RRe A AL Fo L Piudia RO 1

t he condul S t he

driver. Pbthamfdry 3en986sand RepBaBh 6fFéhaappntlids @ll28 JPEoSsieh &f Ausoi dal
signal s r%‘ﬁresent ative of the notion of the conduit. Signals output from

t he pil@k- bhese Bowaratersrhaver orve o8 are soaduiss of slsaighborbiaivgd danfigheation.
L1 orencehet el 06 LA by 3oESPAR kS FUBRER P ReR A RS,
of mat erigbrdtidhomeles, WHithmzab e of 4 3iripausdndi®d) dorsioVdP, RidiéH&upled
PCT/ US99/ 00723 A typical conponent of every Coriolis flowneter, and of
every vi blyaei ngachulsenduit is driven to oscillate at resonance in one of these natural
modes. Material flows into the flowmeter from a connected conduit on the inlet side
15 of the flowmeter, is directed through the conduit or conduits, and exits the
flowmeter through the outlet side. The natural vibration modes of the vibrating,
material filled system are defined in part by the combined mass and stiffness
characteristics of the conduits and the material flowing within the conduits.
When there is no flow through the flowmeter, all points along the conduit
20 oscillate, due to an applied driver force, with identical phase or a zero-flow phase
depending on the mode of the driven vibration. As material begins to flow, Coriolis
forces cause a change in phase difference between any two points along the
conduit. The phase on the inlet side of the conduit lags the driver, while the phase
on the outlet side leads the driver. Pick-off sensors are placed on the conduit to
25 produce sinusoidal signals representative of the motion of the conduit. Signals
output from the pick-off sensors are processed to determine the change in phase

difference between the pick-off sensors. The change in phase difference between

two pick-off sensor signals is proportional to the mass flow rate of material through

the conduit A
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-densitonmeter, is the drive or excitation system The drive system operates-

to apply a periodic physical force to the conduit which causes the conduit
to oscillate. The drive systemincludes at | east one driver nmounted to the
*condui ts)w”fgg@wS flowreter. The driver nechani smtypicall y-gRR5a4ghs ONE
of many well”"known arrangenents, such as, but not limted to, a voice coil
where a magnet is nounted to one conduit and a wire coil is nounted to the
ot her conduit j ' ' hi: j hrcuit
conti nuously a%&p?éehslgg erni%gééﬁ%‘?ewg@%"?g&gﬁéﬁu%b?ﬁg{&?%v%&@ghgr?geﬂs?ﬁaped,
drive si giusitbmetdieisdhé dfive 6peXcitaliBhreysiem. Ties aave oystéth apjerafes t6é @pplynuous
alternating magnetic field produced by the coil in response to the periodic
drive si ghBgriesielphieicadrsieatattheagndeit whishetausesdbie ceadu ta asciliedgndhip bot h

battern e sPEe, Bialdte bt BRET ErhoaV e, Bidintgh B AR REMARG) B 8koqni ze
that a1y fReMhéeRr.Capadldrivef nfstharidnh Ngpisallekestains aheséfamahy tveelMReb@Ai cal

force is suitable for application as 15 a driver. (See U. S. Patent
4, 777, 833riadgentents, CohmEmbet nalilimizediog gaicncoit whememagnit ismsownied on)

ol gnal | s pe SRRERRRS e, VI8 GElsRObfe i i Snatar B Ra APPBShBS 100
i ssued t gelKabRiaY t&ihe r%ﬁgné‘tr.‘dA@ﬁ%%@lﬁh&Shtinh_%)ugl@'ca%p‘li@sMp_%ﬁ@dmrogﬁ)l Inc.).

A typical node, although™not the only node, in which Coriolis t ters
are 20 dsinuseidadlywrisqanes sisapdtk drivestigralto tie gtivarecdilenidiraggmirderactioe fir st

t-of - phase bendi de i.s the ful tal bending npde at which the t
Cubed Oof GBR AR BHS BYF ARG HHGRANEH BIa BIoHERR oY (FopRbE PRRRIoste
anot her. lé'ﬂlﬂ@ﬂé%rrivetsﬁgrf%l lafid B ccfﬂk@a%%ﬁ'ét}%é?é p?ﬂd&fc%ﬁ'lﬁﬂh@?r?a@%‘téi, Hofh t he

vibrating structure of a Coriolis er driven in the firs

out - of - plawecdndnids age mitcdly fdtceddo aibratenih aroepmesind sigeoidabpizserd Svioth

vi bration i ch may .be. excited. ere | s al so, as result of fluid flow ng
! hrough_ (HUCTEANERTHEIREH 5t 1158 SHIGOIMA e A1h SEGBIE 0B A0l AT SARREEIe & (1 1 ot
out-of-p T hat.:l i ; : S b e are
al'so 1 n- Bheg/ettiE) alHIE B siort B Rioianftal e, Fulbiee for it
hundriéds aefriver. (Saiel 10)8. Raderst 42T T,8BB yssweditd €hrpentar 8nd iastigsed bavtsdses t hat

is driven to oscillate in the first out-of-phase 30 bendi ng node. Even
within ri M“FTOé‘W?t'%r'ﬂ&)/ Aéﬁﬁ’gé’”éfnqerdew«éiﬁq asinusgidal signgl put rajper apy phase
bendi _ . I L . Con. ]
addi 1 onPPAoHERETRY B aPmap e R B e B R Bain BiUUSROE ™, e

flow 2 istBedtgKiotz0RR 4. sndeassigreden isAacheo axciot Matioentg. vi brati ons
external to the flowreter. For exanp a punp |l ocated el sewhere in a

br ocess line ﬁitmisélg@a@@.a%!@ougbn@t@egqiiw@péﬁginavmﬁp@priﬁ@ﬂwet@&a_{%; a
and ofaedivab s Mhoa. R4 U8 bR S GRS S BURb A, T

when manbéadihy mode isatherfanéaaentat beHEihgtmede hb&hiih thertweltabenbsa dual not
| ocated symmetrically on the flow tubes. This results in the driver putting

eccent r i Bibedeergisi fiavenetas vibratgintepnesitieniocone@naethag  hawevpr éhigbsiegt of

ibratiop. T 0l s fl . t Ll . t th
st oudiespmee Selifiein pifr ot e o efle Gullfiner BBl fRaRig ©n
nmany ot h@fiverpidese firstatitlof-haBsd Beh@ingRodd.r Theielbre 06F dUIRSE HisHdtinedawde.

Meters driven to oscillate in a different node than the first out-of-phase

bend2hg @draispeuhichmeybleexciag. phertosairon asta reault philuid rwingdbradsdes in
ddi tion,to.the intended dri de. Exjst.ing, dri t

f eedbacking ipraing figp e epdsicassanent Caraly otk arataiat ehasg Wit duce
the drivgoslednal is &x¥oftod b Wélpéé/éthfeh@ncsHésverﬁ@egte?é%h%olﬁ-pﬂia&@adfnd%térai ns

responses from other nodes in addition to the sired node of excitation.

Thus, t hmodes o vilratibac KUiimately, thereidre drusdreds ofigtbratidn swpdesactdaivai n
filter to renmove unwanted conponent.s and the fjltered sigpal, is then
anplifi e%?‘%\%& 'prh%é@ﬂf @Oi’vﬁ'équf ﬂVBr’? dr¥GR %ro,scglﬁ& H&GJE%QQUWSFW%%i ner
useds® 0 hdhdi drg i ,,g,q@, i } i &@alsaéd Nng the
Si ng:la@e dﬂseiﬂi,élggl nglc?i?e\ie Err\)l@e‘;vﬁ E@%é%w%’ her }on\%zaeﬁ%gggéggiﬁdgfsegganﬂttﬁi@r{ﬁ%ﬂhe drive
f eedbackout-afrptiase Heedingandé thayé fare eHeastseeeral safditisesl hodes oftvitratiomdes

whi ch are near. the desired de resonance, frequenpcy. There m_ght _al so be
resonant!™ %@%B% & “&‘E“‘P*ree‘a‘egg% ﬁ’@é"%ﬁﬁ?‘@é& Ry ety e&e%’FCr‘téEio'P &égfh%lﬂe}é’
frequency. In any event, the filtered drive feedback signal, i.e., the

drive signal, typically contains nodal content at 25 frequencies other than
just the desired node for excitation & the flow tube. A drive signal
conposed of resonant response fromnultiple nodes inputs, through the
driver, energy to the flow tube that excites each node for which the drive



13 August 2002 4 One problem caused by a nulti-node drive si gﬁ%fb‘u%ﬂtzﬁg

external vibrations such as pipeline vibrations are reinforced by the drive
signal. If pipeline vibrations external to the Coriolis flowreter cause the
fl.owmreter to vibrate, the drive feedbdck si gnhal contains the response to
the pipeline vibration. The frequency 5 domain filter fails to renove the

undesir SRRYER d | I | i A I i W t hin
t he fregggﬁgy pass Jé\n%é‘glg@ﬁ[tsﬁgBP?ﬁ?‘é)}&E%QQE?Ieﬁglggﬁ? if@gﬁ?%{eégbgﬁ(rt si gnal ,
i ncl udi nexarhpleuadasnp docated pisesendre inleepmiopes iline might genergteiasvianglion i ed
and applied to the driver..The driyver, then operates ta, reinforce the

exci ¢ ot DR auRPBIng HeA PR RTORB L IATOR6) Ar Sl CIBHER Sy GBnelbest a
drive sigaabnhaxi 88188l arkPDh@sYiratle MbddPhR ddrRaABEIeRiteaGH SCWrblis
respect to the density neasurenent nmade by a Coriolis mass fl owreter. The

dendd t y flevewatesiemthammanataateling tdle mnees are srchitheidhpriivaisde temds asdret er

Lube. A BB Re SRR R oS o0 B TAEHRIGIhe riEst RS "2 15°

drive siggrahtriwiireéfimg e eal 1008% ehcatexatingi Al BiprDeesiesTdfesistRMPosi ti on
of the multiple npdes in the drive signal can result in a flow tube that is
driven dJffuss@&HRNe dlomrpster Raven je osedlaimnt raspaatrealciiedirst AEt-akpNAEa drive

node. An _.ers i j J : <

pr obi ey o] rise, AAARTREL AR R ARR, h R ot b 308y B 20ERRn. e
t 0 1éxci te the Srsiglud-aipie st Deateiigdedies oMebats driveexciosedlatailint aplifdererdes. |t
is known t se dal fiJter t roduce a drive signal fromat |east two
{ sedbac RN HUeLok el ks PoRHIMGGREE SPPUETSR AP EPhIORT SEM ent
at only of Reuifisiel X@teBUASISS inVAGiAbH 9 th&\iiTBAdEd billé lodes used to_enhance a
desired drive node and suppress one or nore undesired nodes. 25 There are

si tuati ons wifigingnériviastsens rircese afapdbatiesigodl iyrieri vt Ge O4 thie ipiak-si gnal
Pyt tiol . . . . et
of 'ty BBaosbRdlds to adycB e ThNERb L UhIARFRaisR) B BREMBBYE, ™ ' "

modes. Siyerat conpimerazipoeses ¢as0Bsdrahodes i agditonitdtied degiredmelodé oguch t hat
mul tiple nbdes are excited and nultiple nodes are supprzssed. For exanpl e,
a 30 suB&FEREAN i dmusnife@ YR IRsSRRACk SigRal is BreTsAdNIRYGNER SieghENCK ARMENa
nodal c t i S‘ﬁfd) j -GN Vi : I

cont ent ﬂge%retg %ﬁ%%dawgétegﬁa@gﬁgﬁgua ﬁn%dﬂ{éé(%?\??n%ﬂ %Intal?:é% %r?l \'/lg?g%r?gy be
af fi xedapplied fd the diNer. Hmkevdrathaifrdgsengddomdestiltaraisect toefiltdrttbe drive

i h he ad f 13 A . 2002 5 multiple dri .
Ther o alsdpclsangtstis hF e Oet iR A8Ra8hg tad S e UEH s AT RS R g o
hagong gesirmeddépsedonzesteatemtinbé dritkgcbBISRSKk SENAIOITHYEedHH bg drpdal |y

filtered drive signals to nultiple drivers. There exists a need for a drive
cont r ol TeSPERERP rAARONE SfaRM SihaEERdes| which are near the desired mode

resonance frequency. There might also be resonant responses at frequencies
approaching the desired resonance frequency. In any event, the filtered drive
feedback signal, i.e., the drive signal, typically contains modal content at

25 frequencies other than just the desired mode for excitation of the flow tube. A drive
signal composed of resonant response from multiple modes inputs, through the
driver, energy to the flow tube that excites each mode for which the drive signal
contains modal content, Such a multi-mode drive signal causes operational
problems in Coriclis flowmeters. Further, frequency domain filters introduce phase

30 lag in the filtered drive signal. This can result in a requirement for higher drive
power to drive the flow tube at the desired amplitude. This is described in DE
19634663A issued to Fuji Electronic Co. Ltd.



<5 process a plurality of drive feedback signals to produce a 6?@P§V?tt2;90%f
drive signals each of which has nodal content that influences nmultiple
nodes. Statenent of the Solution The above identified problens, and others,
‘ar.e solved and a technical advance acWieved in the field by the generalized
nodal space drive control system 10 of the present invention. The present

| nventlon pro¥dies o ARRETALLASR L Ml SO0 HHOL SRl SNHNORES BbfaiddL the
nodal domai n to produce a drive signal or signal or one or nore drivers
on a vi bsa¢h ag pitelinet vibrtiohbeardrreindorsgstmmheedridies signalll If ipipeingrvibatioesdback

si ghal s) deconposes .t he mMmydal content of the vibrating conduit into
S: ggl e- ?ﬁ)&regéa §rI’i"? g@d@ﬁ?ﬁ’@tﬁ@?teﬁﬁéﬁﬁe ?’é%bBWé'@Yé@f :‘s’l'lbg?tel %bﬁ\é%sses t he
SDOF md@edb@w@@%@%ba%sshﬁeé)r%?oﬁ% t&ggﬁg‘?p% red/igraent ST rreagbnspde, and

i
transforms the results tot physi cal i'n for application to the
dri ver ( siomahuliijerdeailstp reareoge tiee ahdesicedirésponsent thd pipgdnevitoationdalls akent

i nventi on ne._or nare. drive signals are prqoduced tQo exci ne. or r
ariver s eaet B LT G b Sudiailienss FTe B Ie it b B o0 BacRs
struct urggnainirkuddgithé @Rdetined dedpehseot thel pisyisienbaitidmes RrESHIEBY and
invention operates n, and easily swi tches between, nultiple operatin

conf i gur@RnlERsto therdrivganphe, drbies ke operales Ve reiniiae $ne exgéatanmagenst t he
13 AUgU%Ee%QS&n¥¥Y8%hﬁﬁpl8 PCT/ US99/ 00723 present invention during a flow
measur enent” 'operating configuration and an alternative set of drive signals

i's generat ed Ay adaétiopaepestiie myfentirion stial hgvig mvdal cotteas at medtiple ement
oper at i r}{g configuration. The drive control system of the grese t invention
i's used TRAUSSIMIFOPCIUE V4t iasPeet htheotRns lyrmaas IsmR Tt ade Ay fodotiat

i ncl udesnags hig@sieteneTMb *Efe%tswgn%mﬁwe-nmﬁ CYéuJFHl%tfldez%?érL&t\Hﬁr%tim[;ght al so
i nclude additional vibrating conduits or one or nore balance bars That are
not wet ttede iggnshemeter r¢lied obeharasaswanigntidi¢he resenandfrecilesoy of fee

v 2 BHMTEAN e b O SRS BT ER 0N R

st rget urRiveatgeeldorgaihmgt e dar esmaht ANiRItide nodds. brhaguabmusitidreof the
excitation of desired nodes and the suppression of undesired nbdes. In one

embodi mERkltiple MRgep irdmdrivasiangl 6an result saa flownebedBabiskivéariér provi des
a notio i i.ndieat, v n o] j :The
noti on gfgéla eafsr&?riolggltFGé%B%R{aﬁg{r%gﬁ%Fgmr?o%%%réédagﬂ@%méﬁCﬁﬂilé'gor i
associ atileel density deasucemeat oah respiency. Mul tipl e frequency bandpass filters
produce mul tipl e nmodal response signal.s. Each nodal. response signal.is
hssoci at ed wi 15 AP/ OtEPTRRIRES SESGTES 48T are GPRIERDS SRR S Sb AR IvRg
corxdui t sigrzal anendied teaRet aRivgleimbde iPissetd Jo/pat itdxcites rafsle two

f eedback sensors provide notion S|hg'nal s indicative of the novenent of the

vi br at i AP knawe tese éhmedghiltey tRavedree & drdentienal ematieaglitmeal ity
of vibratd j ' re t i 5 dal
filter ﬂéa%ﬁ)d;ag a h%{ﬁ-r%hferggbéﬁ%@%}g’%@e?ﬁiﬁlg@#%&%ﬁﬁ%gfé.%rﬁ,gﬁgéfél)?lgg or
suppr es$ezdjiebiyed hreodir ofvabratioht oA nsoud €ifter Bagded fraamednasf atdesireodhivef i | t er
produces_ a, nodal response signal corresponding to one of the plurality of

vi br at | BIP4fodfed SHPPIRSS A4 e ‘?lél’@p?_s‘\?‘? MRS A drive controller having a
chagnel for eagh M@#tuét%%ﬁ@rezénég%h?ﬁé i@Q%i?éﬁm%lthgePﬁ%ﬁ%%g?@é'

excitation signal corresponding to e vibration node. Tk
exci t at fove signeahaeiogrrespaneiinignt at muliple modasriatreeuiratbdSimuliineauss t he

ext ent Whi t [ de resent i e fi ri i s). A
nodal -t %Q%%fgﬁgoafl t@?} O&Séggf %?Lé'%fgog d?'é%eﬁ'@i%’ f}%ﬁén%gggﬁéﬁ'gﬁep!?} %‘r?ggﬁlﬁxr?al S,

t r ansf omuaiesh@hetomayebpbiraircakbssoniiriradity Quitputisg @BRdON sk enatr i ve
signals for 30 application to one or nore drivers. A further enbodi nent of

the preSeHtPI® MRARS BIF eXGEdART MudiRle M BaAthadP6ESR hEPT BEAPRRIZ fil ters
Lhe pre LS : _ _ _ f
20 her UPSEE LRI G e KerRLAeh R So RS SAARER e & T

a first mode and a second drive signal having modal content at a second mode

produce a dual-mode drive signal. Drivers may be affixed to a flow tube such that

undesired modes are not excited and particularly teaches the advantages of



-PGTNS99100723 enbodi ment of the present invention, a combinat i oAUgyst 2002
frequency band-pass filters and nodal filters are used. The single output
fromeach nodal filter channel is passed through a frequency donmain filter.
The nodal filter of the present inventon is conprised of a channel for

. each 5 vibration node influenced by the drive system A nodal response

si gnal thr?ﬂblytlp?re @ri@@ﬂ\?tﬁﬁ‘éﬂeaérbynos%nﬁ%)naﬂ% chitrBr §ieed bebrenediny Whivat i on
that is influenced by the drive systemof the present invention. The

conf i gur atigoalsdfaving dasided nfddal epntemdmhettiplermoedespr fatew@dnsingpaodally-
reconfigured even when the drive systemswitches froma first operating
confi gur?ﬁ@éﬁ&t oVE sé%@:%ﬁéo gﬁ‘g¢@?iq§éeé%nfi guration. Likew se, 10 the

nodal - t 0- physi Tiaéref &8 PROE@E0L dlise €ORIrbDsYRemareosaditaiamableud
nmet hods di scl osed herein and need not be reconfigured even when the drive

syst ém sviiroedes aftleility of drive eeaback sigradhta gIacaCREhPiLGaly Sécbivg sigrealat i ng

configuratjon LiVie C roll.er Lves an input of
one of tﬁ%cgﬂﬁ%gaﬁgwggghg%m%gw}lténfﬁﬁgg%o@%}lslﬁeééggéé signal is
conpared to a nodal 15 responsStatetreeit i the Jylotdvee a node error signal.
The node error_signal is anplified by a galn stage to produce a noda

I
excitation si gmf 2beye Eenifiag dsoblemuEneethBis, Bhe saMeFeaR atlemiEak he
resent i i : : i i . it afd i S
PorT coporidt ahe dinicla® ihihriekFaf Iy bEHORILS hiudTaaa0e Sl A op o
whi di9 a @if wes prexint doventicbutBee peesene ineinten girgvides p @hgratickit ddvdy t he
resent drive system For exanple, if a given vibration de, . an
Pundesi ré;gmtr%a%s,te%th@é OBEF%G% g’?f_s@@,da{ _a@'ﬁ‘aﬂrfﬂé) Hﬁ?(ﬁd&lceraeggﬁﬁégr?épboi nt for
the corr e idib RIS B0 S 'alg}ﬂ?r‘atihﬁ s%r_ﬂuesulregh@mé 868 b fiermRAdives

excitation signal is transfornmed to the physical domain) i.e.) an applied

for f:e, dbyntdﬁ@!eadri»@wfe@ﬁbahb signaid, -desopipasiesdhe roeda gendgreicafdhe VT'ItPTéﬂEQr ge is
2hot em oP SEHOT I SRbeSebittroh PSR Wifel HRERhsERRE T e

confibgur atomsses Tha SD@FCaod sl respbhsywighars tof e @xbeplesredtarhoantspft he
drive system of the Cr)resent i nvention can alternate between various

oper at i n§2EBARPYRrald GARSIGHPA the rafHiisrortaqphyesahdamait I RPRIFA@N to the
met hodol gayer(§ONSHES! us; e 7 bt i prRehet i Ng
configurati %rr(];QOa cgj‘réf g%lﬂ@&ﬁ%ggﬁ%ﬂ&rﬁggﬂé%y hgﬁ Skﬂ[gsi {Dabl ep%}r%d t herefore
suppr essewebjionhenelor morsyiversighals laee predsred ionexsitei ore oHOWEg alrivers a

second operating .configuration, the sane vibratio de be 7 13
Agust 2850 estBd S Rt be7e8 st dhites SREMRE slRS2E e ntanced by
t he2@lr i vadayishemeofiritd oM &1%§Bterh Y &M pRisenT ieplibl opeaagesnt and bestyi ve
system of the present invention fromone operati 2‘[9 configuration anot her

| , . , t
oper at i n§VEeAS BeWRaTL M diRlerIRerAtinarorigwaHeRS s iYRXRMPISr cBa Skt @Eannel of
the dri V@ri@@@@'ﬁ%‘é Ergen%rg@%kﬁ ot abl e contains the appropriate 5 setpoints
for the variods operating cornfigurations of a given Coriolis flowreter or
vi brating densirneter. The drive systemof the present invention tr
ansforms multiple notion signals fromthe tenporal domain to the nodal
domain. In the nodal domain, the notion
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~signals are deconposed into a SDOF nodal response signal for each vibration

10 node to be influenced by the drive system Each nodal response signal' is
processed to produce a correspondi ng nodal excitation signal. The nodal
‘excitati o &d/a49p represents the magni tude of the corresporriTiysdsrdorat i on
node that is applied as a conponent of the drive signals) to bring about
the desired nodal response setpoint. The npbdal excitation signals are

t r ansf or medséntoinveniormudaing1s fhevaneaswemeat tapepating cdofiinativo anddarce a

drive signals). tha sults in.a forc plied to a driver(s). Brief
Desor | pt (LA ERE: o e iR S oairefRbine Regseuitp EntoGaiba b
associ at g @Eﬁw?as%'ré’r%h%b&%’ﬁn lBnfigudgiBhct s a bl ock diagramof a
general i ze(? nodal space drive ontroT| 20 system according to the present

i nvention; Fl Gheldrilapicohksolsydtemkofdiregpasent imvahtioneisaiseduia castror ieng t o

the present invention; FIG 4 depicts a frequency response function of a
r epr esentVAIAGRN Wéﬁﬁpﬁsy'tfrée%a@ﬁcfgr@mt ’%ﬁbé] ileaghone ibiagne kepdribsponse

functi onsy. td - & i : Stk vicbrat | des
o the f abianEd stfabir ey S e A A g el R halh o B8 e
modal fi Inee baleocelibystthat laee pictswatted e the diuid b Ghe Gmdaguredsbq timedal
response signals processor according to the present invention; 30 FIG 7 is
a 1 owchdPywmaternstAlgei fep tirappe cEekctuiee pyghbindvimJepers gy 52888l 7™ nodal

excitati Lanale- f i Q rQj ' egLor: ust
2002 Wo 8P TRG18 S&?f’??ﬁ%@%"%dé%épiaé’é??#%%ﬁagwiHﬂrﬁ%?(rsﬁfﬁégt he
procedgs sibegthg Dructeepatdargingitdahe pidseatinvenhtdv,i tddbrireeibdout trenéscifaitiohr i al
and error; FIG 9 is a flowhart illustrating the process for selecting

modal fi Pt @esites GRERA@NEJBESUBPERRSIONDYT updesiiesimadeshe i nverse or |
i ve. cont ror ey phdi B AR FERbefR Benanadt et 878 Epdudih fersdr ' @
summar i zpRgiddiea ARRIOALJiGTal GhdiEAB L6 RRBHoVSMERE bftRe ti&ind dofl@pt.CtrRea nmodal
response signal generator according to the present
motion signal has modal content at multiple modes each of which is associated with
15 a certain frequency. Multiple frequency bandpass filters produce multiple modal
response signals. Each modal response signal is associated with one of the modes
of vibration present on the vibrating conduit. in another embodiment of the present
invention, at least two feedback sensors provide motion signals indicative of the
movement of the vibrating conduit. The motion signals have modal content at a
20 plurality of vibration modes. The motion signals are input to a multi-channel modal
filter having a channel for every mode to be influenced, i.e., excited or suppressed,
by the drive control system. Each channel of the modal filter produces a modal
response signal corresponding to one of the plurality of vibration modes at which
the conduit vibrates. A drive controller having a channel for each modal response
25 signal operates to produce a modal excitation signal corresponding to each
vibration mode. The modal excitation signal corresponding to a given vibration
mode indicates the extent to which the given mode is present in the final drive
signal(s). A modal-to-physical force projector receives the modal excitation signals,
transforms them to the physical domain and outputs one or more drive signals for
30 application to one or more drivers. A further embodiment of the present invention
utilizes frequency bandpass or other temporal filters in addition to modal filters in

order generate modal response signals for further processing. In a further



sinvention. 10 Detail ed Description of the Invention Coriolis ﬁ%%%%?ozl n
General - FIG 1 Figure 1 shows a Coriolis floweter 5 conprising a
Coriolis meter assenbly 10 and neter el ectronics 20. Meter electronics 20
‘is connected to neter assenbly 10 via | eads 100 to provide density, nass
flow rateyovokame flow rate, totalized 15 mass fl ow and ot RE&T/USHOOTREL i on
over path 26. A Coriolis flownreter structure is described although it is
apparent to those skilled in the art that the present invention could be
pract i cecermbodiogntatthie@nesgnt inventivbracomyinatioe oficeguemydiand-pashbitarst he

addi 1§ on N EORPLERRE arauinees ofs Mo o8EH éapath neesal TS oralieer 20 |

or densi tRIRELthiBHA% ﬁ@q@sﬁcp%nqaiﬁiﬁng}_e driver or nore than two hick-off
sensors. Meter assénbly 10 1 ncludes a pair of flanges 101 and 101')

mani fol d 102 drng rhbdai filtebeftheq8asemtdnidd8Bn iCoomedsed of e cheomeltfobesci03A and
103B e driver 104 apd pick-off sensors 105 and 105'. Brace rs.106 and
T gbr vibrelSuatatedAte o e v sBUR WA CRBRA F BTRk HELis 3

oscill at %ﬁbﬁ%ﬁti%@dd@%ﬁéﬁ% gi@ddc“ed' fB?‘éFxEﬁ@idré‘ﬁd?w PiPRALEScY g&?ﬁé( not

shown) which carries the“process material that 1s belng neasure mat eri al
enters neriee s\ssembbiy tHe) ptdvent ghvdritimnge Thel copiarseaton fof atvghmaelail ffiled 102

where the material is directed to enter flow tubes 103A and 103B, flows

t hrough thanelgpeceisesnesdof 68ecaiovsrkeyanwheriherdsive system switchpere it
exits nmeter VA . : I e = ] 1 103B

are sel e?:'?é?jgzlﬁsgr@gﬁ?@&é%ﬁ@ﬁgﬁ%ﬁ)g%%e g gdgo %éragggic%\gﬂflgtl%%n.sg_?ﬂgésﬁ{%%, have

substtant tiee Modahieo-paysicardssedirafeictdrus configuredertserdiig B vadsus\w@tised2002 WO
99/ 44018 PCT1US991 00723 inertia and el astic nodul es about bendi ng axes WW

and W - Wiisclasegeberioieiapd merd mobwer (aresfigitashaveiutwizardithye farye syigtemani f ol d

ar vor - 180 PhE EBEF Tt aPrra PR ol B i oot & i PR BRAEE e’ w ana
W and at whaEakh chahABibftthe drive TonfbliedlecBRas @ninpeistidie sote SDJMHe
flowreter. Driver 104 may conprise any one of many well known arrangenents,

such as EQfgyRespansensigaeiso Thewadabseamarseasignahnisoppopaneg oafmedaht ed to
flow, %ube 103B an t.h{]g(g%h aé\:/lni ch an,alternati ng iHrrent is cg_assed f or

vi bra i nP O TR ro °§u?t'88?% &F"E98R!gn a1 o8 TS BP 3t er

el ect r onpffpliféd bY/ é‘daﬁ?‘gtajg%ot,o bRtk Ve mddit ‘exfeatitRt SdnabRiteeiiniRRcr i bed
herein 10 in noré détail, the present invention is suitable for use with

any nunbisfluefcett by éhasdrivEheysdemafitipe praseot infvedionl. The peletiveleohplitudeeokl y an

I f th t of Coriolis.fl ter di t .intended t
Fimt e BRI msebRiameopBseRtesRRRaing B SeREinfusncel YERIoD B5%ecei ves

the | ef tingchtéd ghd ex@r1OblWhigh S Yiverh PRRRS EBStrithés?&ﬂ%elHlivé"'ﬂgﬂtéﬂ's)

respectively. Meter electronics Z0 produces the drive signal 1b appearing

on |20d prdiuaad bydbe iprepent diee sysamt & ariaxampde tid giyenodxation meis an
“undesired” mode, is to be suppressed, then the modal response setpoint for the
corresponding modal response signal is zero. The resulting modal excitation
signal is transformed to the physical domain, i.e., an applied force, by operation of
the modal-to-physical force projector. The force is applied to the vibrating tube to

25 suppress the undesired mode.

The drive system of the present invention provides for multiple operating
configurations. Thus, a Coriolis flowmeter, for example, utilizing the drive system
of the present invention can alternate between various operating configurations
each of which requires a different drive methodology. Consider the following

30 example. In a first operating configuration, a certain vibration mode may be
undesirable and therefore suppressed by the drive system of the present invention.

However, in a second operating configuration, the same vibration mode may be
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- The present invention) as described herein, can produce nultiple drive

signals for nultiple drivers. Meter electronics 20 processes the |eft and
right velocity signals to conpute the mass flow rate and the density of the *
materi al wpeskdlg through nmeter assenbly 10. This informatiporiusseqeps ed by
meter electronics 20 over path 20 26 to a utilization neans (not shown). It
is knowmn to those skilled in the art that Coriolis floweter 5 is quite
simlar idesirhblChid ehdrafcreVartanbbdByttHBIrlRNS stommdfahe plebémtihtentidme
densitoneters also utilize a vibrating tube through which fluid flows or,

in the cddwe ofly shgagps mmpkiveaysietnmgtr@rpreﬁmﬁhnewrﬁrt:ﬁomlQnedom%raﬂeg d.

Vi brati ng t ube enﬁito ters also %%RJ O¥%t25 a (%él ve lstemfor etxci ii ng the
{1 ow t ub&THOVAIPE R arorer i Mot gl L Bp JTOd R B3P RYPLBF PP oni y
singl e fff&d@é’(%}kcﬁér%@bf?rﬁé‘Bﬁv@cé’rﬁFb‘?le.YArTsaﬁlﬂJbetEB@ caREsRS aggkabrralf@

measur enent of frequency and a phase nmeasurenent is not necessary. The

descr igpt isetpointt fohthepvarmrst opanatery canfigueateins afpgiveediaidlis floovméter at i ng

tube densitoneters. Those skilled in the art recognize that where an

exi sti ng VSRR A8NI0 &€ wnet er al ready has two feedback signals avail abl e

to input to a fol ISt ) br-at d ; I has

only one feedggg%qéliegs:){g{eﬁ égﬁggﬁ%ﬁg@ggpgﬁﬂfﬁﬁfﬁﬂgéE}ﬁgﬂfﬂge t%ﬁl ﬁ'sovi de

addi ti onélont tredieagdoral dprabm tonhemadat dbinat. 10 the hlodal gicshaig b2 rhotion
Substitute sheet - 12 July, 2000 tube dens~toneter in order to apply the
present SigRatk RBGhdeermPoFe HitP fgSY mMQgAL [espoese SiOnaltar casayltraigs | n

e gerldy alddeClo pelirfusfoc iy cle A isiefl 2HAR Bod® (BhoSNGENIRAL 55\ 1"
drivers gefndssedO@Mprodued aMcarresponding\tragesl exeigdtion shymal.omhe Madar

el ectronics 20 includes nmass flowrate circuit 30, and drive circuit 40.
Mass f | oexeitetionsignalifeprasents themeagiitudesf thexenresponging ybragipngzadathat i ng t he

mass flow rate of a fluid thr h, a vi.bragi t.ube ba , i,fference
" phase SATIEE s Ssoptichebt B e Rs sididlinge elipd BobPR L PRy atmtvg of

f eedbackr&ppnak SeddAnt 2074 nivdal akditativs efhidys BRSHahdforneai@nttHemodaB0 to
produce mass f low rate information although feedback sensors used by drive
ci rctbt domaitytoribedempostleddmaimte peativseia dave sigoaliskinabyesuitsdn fifelge at e
circuit 30.|. gﬁ@s f.l.ow g)i rcuit 30 produces output to a utilization nmeans
(not sho@mylies,©ra A% (Ds. "The utilization means might be, for exanple) a

di splay. The details of IRrigppssddi f dfehéEiDraWings0 are well known to
those skilled in the art an 0 no ormparf o e present invention. See

U.S. Patent REI®11] dbpictsa Gatiolis flanmeterand\assodiaied 109¢tet @8 traniEsassi gned on
its face to o, \btion neg..or U Patent. 4,879, 911 issued t | ock on
Novenber 14, i6ee RHCR PIRE oM & 2 HERER=RA SlpAoeren T RcoRPT LS
Pat epg %“fﬁgm%oi@wq@ltﬁ@p@gleqpiﬁvgﬁﬁmgust 3, 1993 20 and assigned on its
face to Mcro Mtion; Inc. for exenplary information regarding mass fl ow

rate circuit Bi®B. Ddepicts arijock diggrara ofiaveriveroirtuinastqydimigstodiierprgaemis
204A-204L from feedback sensors 202A-202L, respectively. Drive GCrcuit 40
gener at OVRtRTve si ghal s over paths 208A-208Mto drivers 206A-206M

respectively.pf@ef ?%bi@fé @freab@n@{r\%gs%sﬁsé m%%gbh%'ﬂa%béésé%%at% flodpfipet WO

notion signals 25 om at | east eedback sensors sensing the notion of
two di f ffeedhaclpeigra and additibnalt frequencydieisponSpdurdtioms Epresentimgethent
| nve%i Ocr]or{tﬁgl.lljtllornegf ggnslti?l.?esr;[t v(l)br}gticgjnr rin\é%g's to the feedback signal;
FIG. 5 depicts a block diagram of a multi-channel modal filter according to
the present invention;
FIG. 6 depicts a modal response signals processor according to the present
invention;
30 FIG. 7 is a flowchart illustrating the process steps for transforming a scalar

modal excitation signal for a physical force projection vector;



2
- The remai nder of the discussion herein focuses on the oper ati1c?nAu@I'UStdzrqove
circui,t 40. Modal Space Drive Controller in General - F1GS. 3-4 FIG 3
depicts drive circuit 40 including rmulti-channel nodal filter 310 and 30
‘modal response signals processor 320. Vibrating conduits) 302 schematically
representgs gg/mkjgts 103A-103B or any other single or nulti pcrnessodotzt
geonetry. %\s ed above, vibrating conduits) 302 may be part of a
vibrating structure that 13 August 2002 WO 991 44018 PCT/ US99/ 00723
i ncl udes ot herpid Iy @td fivéh SIR0LSati fﬂ%ﬁeewst%ggrf@p%xaeﬁﬁg hivdaehied bed
W th rsspect to vibrating conduits) 302 as the total vibrating structure,
it is undeeghting coaficientety &fmaed grivt vi brating conduits) may conpri se
just a portio f a.vibrati structure. Force 304 fromdriver 2§) A- 206M
use vl br at | G dhdbia Spwsgar YISFETE 1 Pracess fabsRGURbsaIsY 02
vi br at e, i 3 ESes@N$Sd O b ; r -120 e Kk
sensors 2 @bg@%L&gerﬁéaFo%a? dcgt u%ﬁﬁge%t'ﬁg%?%t gr n tﬁéq\%/%%rrsgt ?’ﬁgtﬂ%
st ruct 8ir egigeneectordnkfrizr ent poi nts on vibrating conduits) 302, and produce

notion signal s_aover paths 204A-204L which are ingut to drive circuit 40.
The motion si gi&- 40 iGth G altesn ativer drivencatieallenptitie Rresest ingantion;

Muf ti - channel L 411 ter n . t he

noti on signal sé'&oqgﬂgéuf%’é”‘%{?%#o a m%@%@@ﬁ@é%?gé%%n%@%rp?%%qislﬁ\@e%n E"312N.
FIG 4 ill ustrrges2dapictps hiddabrespbnsa bignatderurelor sededdidd iottre ptéserf& aphs
401- 404 have vertical axes representing the log ratio of conduit response
anpl i t uddN¥RMEioN; nput force anplitude) Graph 401 illustrates Frequency
Respopnse Function (FRF) 6 'lfrD ch. brating conduit such as 15 vibrating
condults) 302. A FRF chafacterrzes-theayrants ®en a force applied to
a struct ursriclc PPORMetSah iGehatald Ele qresul ting notion of the structure at
anot her | ocation. us, 105 1's) Tor exanple, the FRF at the |ocation of
one of feedbadligwerishowsxgodalisfidymetard coonptisings Ca0iRlis FRe@B ey nodal
content at. nodes, A, B and C w thin ertail, frequency, range. Each of the
ot on s QARETRIs sisrupRieR by MPLE elertorid s SOHBSARY b Tl S50 Y cont ent
simlar 4@ e 4ddq Mkﬁ]rp'rd\%‘é@@ﬁkitﬁqgéés fibivirate, 3HAB AL Rt ! YofdRsEAPOSE

t he nodal content of the notion si'gnals to produce substantially Single
Degr €6 Ofma&sseiiaio mnf SR indouzdtionesyanath A6y nal Gorlisrflowaneter 3124482 iI9N and
having FRFE' s .as, il |ustrated in graphs, 402-404. G aph 402 illustrates FRF
406 whi ol ecTis UREGSH &' & ppRale d8,bise Sa1es fhEf sier et BT or mode
A or the jdydntibn WHulPbePPRtficE® M BRI HORRARERL visfatihBrttRSdefdiRiphetdP3
illustrates FRF 407 which corresponds to a nodal response signal over path
312B, fowithode tBe cadditiend!i measoremerit- papatlitywpsividesddyc anpornield masFRF 405.

R AU R e e
conmpaRentyr gbni mé‘t@?usiﬁgtﬂﬁ@sretzthgn b;bgtg_leHﬂv%ﬁhé%@ﬂ?&oﬁﬂ@bﬁ%bh&@ﬁs. 310 is

L notion signals over p 04A- The out put from nufti-channel nodal
filter 310 isMet@ha¥samblsl 10 eshidesa paigoafangesi0panks! (Bl 2@adikaiN thitre 12

F pr esen@SOHA HBAST 0RO CaDeRTs GOAUBBRAUPA & COOB e e ¢
mode.  WiioirRI9AELIBSLe 144 81 38 BB PLEANTEUHEIOb AO OSBRI

response signa or an es present 1n the frequency range of Interest.
the axis W and W' about which each flow tube oscillates.

25 When flowmeter 10 is inserted into a pipeline system (not shown) which
carries the process material that is being measured, material enters meter
assembly 10 through flange 101, passes through manifold 102 where the material
is directed to enter flow tubes 103A and 103B, flows through flow tubes 103A and
103B and back into manifold 102 from where it exits meter assembly 10 through

30 flange 101'".

Flow tubes 103A and 103B are selected and appropriately mounted to the

manifold 102 so as to have substantially the same mass distribution, moments of
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-5 The nodal response signals are input to nodal response signals processor

© 320. As described in nore detail with respect to FIG 6, nodal response

signal s processor 320 processes nodal response signals to produce Mdrive

rsignals 55/ ?s 208A-208M I n the sinplest case there isporgosenoe2idri ver
and there ore only one drive signal. 10 Mufti-Channel Mdal Filter - FIG 5

FIG 5 is a nore detailed depiction of nulti-channel nodal filter 310.

Ml ti chameefia 88delastic/rieduldd Bbbst seraMid ek Wwiwmdah fV| ietpesi@mer ke

500A- 500N. Modal filter channels 500A— OON are identical but for the gai ns

of their flewpekes easteadmutiasdly foonthes0eNifol808 ansasRntialy BoeielSashionas

descri bed herej S of the anplifi i n_nmod ilter annel S
500A- 500N ar e gg’tw é{?@ﬁg@'ﬁt é@?\%ﬁr%ﬁ%ﬁm ?Y??‘éerf%Q?fé’ﬁHBPO%g‘b%lr%%BN Wht's one
nodal r espeisesséana béwrgépégw é‘r&j o aﬁaet Whﬁf@ttér%bdm@%ﬁrcﬁﬁ 8hhhose

vi brating conduits) | y one of | ter channel s 500A- 500N is

descri 5)edbenﬂnu@mde of treeflowemeter @nmrpmﬁreragz@mmala any dree abmanyheell
on of multiple channels th r filter

oo Htgin HscaRieradnss o RUCH 1 31 wBdnar avreetrS ot kb 3034 ahd @t ¢ o
ampl 111 o1 o0y G0B Ao REPREAY Bl 10NPAAA 250 30RAIGERY SRERLERaRYBHTDer of

addi ti ona rers or recelving notion si fromany n

addi ti onak p&aeeeldbém:ﬂwxbmmgrmtﬁﬁla\& taﬁék Ammlablfeuﬁwefﬂgmlhsaapph@hbymtdteﬁﬁ
anplifier 505A has a gain A and wl i fier 506A has a gain ACGE. 25

Gai ns AG SlaeioniFs 20evidrpad 1t1<9 fsdrivRr PRgdraRavErand@pIcrbeddieratial

filtefg chanish r out put s
of anp |p| ers S%S%ﬁgbgg%%\%%@m 'Oﬁéggg‘lt%gx élrsgq&gf gfé@mﬁ%géggdct\{?

wei ght ed Treedbsaript @ngsfe 6. tharm:dghtammfe@ﬁba@mmme\af theapgerationesd 2y
sumrer 510A to produce a SDOF nod response velocity signal over path

511A. Th&orlisfloygm ?@éﬁ@ﬁé%“@@mﬁﬂdﬁﬁ tailigtdne tﬁﬂ@hlqsaqfﬁhemﬁenyrwﬁptj@nt 0

i ntegrator 51 t It

i gnal “over _patss B po e e e Rl Rk BCRy S BRERAER BB Y over
pat h 3124eads3111 BhdAMpUstespeBtvely IS8/ é{é@tl&nl?@b@@d&&&&&e&ﬁlve%z%ﬁal of
Modal Filter Weicthting Factors - FIGS. 8-9 Selection of the weighti

fact dibs fEpPeadng Ahiaadel 1®enehaaupingn@nives| 1 Otogaiibrele tubes3tieBA end sed in

one. can ddis 75s8Hf BbRiHE ETerPa8 e pRERR oG bR ™™ T
appl i ed tmguigplérdrivesre] Matek elettranicd 200 roBesBRrS3hé IaTvemd Aght VdIScitegigRaldy Whi ch
the weighting factors are determned is not critical and any one nethod or

conbi nat t@opiptietthedsass flow reddleadahe eematyenfém maerdainpasiing dirosehect i ng

il and P eSSBS ol ReEpn e dfleBluhe SR Rol AU AT o

of mpbti oehannetilizidalméahs giotIhBwing. t O produce SDOF nodal response signals
corresponding to the vibration nodes present on V|brat|ng condui ts) 302.
i

FIG 8 is a flidwkehamntoithose skikad lngnelaettbate@ermnnéloweetef isguitesi al
filter wei g n oef fi CI ent a.sin nel chann nodal
fiiter 3thSurfe 187 vhfaioe e tippaas R B 08 egmtoa}%errse%éat od
until thetifaps Utsiadhg t%@gﬁlwméhrﬂeﬁoﬂm@oﬁnsmﬁé chSe @PEAIAIRMedypan
output from for exanple, channel 500A. Steps 801-804 are conduct ed usi ng

an act uatedsitarogtes, Withinvenieh fluigris petd. Wlbrﬁmgunbemedmtomneiem/alae enhpioy
Cece o b B AP BRb g el BoTa i b (SRR e
]‘: gf?rgf‘?kg?éé&r?tg'_gggﬁi’ber@?snhﬁﬂeofe%gacli SlgnBKaRRY § defisfy MedishAlméNdeguitare
only the measurement of frequency and a phase measurement is not necessary.
The descriptions of the present invention herein apply equally to vibrating tube
densitometers. Those skilled in the art recognize that where an existing Coriolis
30 flowmeter already has two feedback signals available to input to a modal filter, an
existing vibrating tube densitometer has only one feedback signal typically

available. Thus one need only provide additional feedback signals in a vibrating

10



.20 to the nodal filter drive circuit with each pass through s?%ﬁ‘é’g%ﬁf-o%A
Al ternatively, steps 801-804 are executed using a nunerical nodel of a
Coriolis flowreter and associated drive circuit. The process begins with
step 800 and continues to step 801 whiete a fBubstitte sifeetei htiuly 2000

. coefficients are selected. During step 801, one can select a conplete 25

new set ?%b%(‘%'e%&égﬁ%%t%dﬁférbg &L lggﬂ%:}ﬁeé“&tﬁ\%\‘ntqﬂ"totg%&r%ﬁ Lb ha””e'

500A) eac 'S execu one can select a new ting
coeffici eﬂehsftomejtelrst one feedback signal each tine step 801 is execut ed.

Duri ng sgﬁg 885 the,feedgack Si q:nal s are applied to the channel 500A where
each nod ¥ ain set as determ ned by step 801.
During step 8G3at beyddibises bra%krmé%f%‘n%@'me%@r bﬁecmﬁw@cﬂfwgéﬂ@%lct%e

Processi ng conti nues from step 8 to decl sion bl ock 13 August
200250 9Sieqa OnSrerDE" L tmmmmw@%n 202ckndd4 doperaee8Atr-c@erlni ne

if the filter channel . output SI i e SI nal  for the
appr opr i 598%0@6?5{5 dﬁtq%a%reqxtpr n Q”ﬁet @%F%ISCHBQ'%%@?'&Ff a&écd%"?’ on

bl ock 80ftetdiriuittdte axid0ddle SHtRLED bma&eﬂéwlré@rc@mts bse %lﬂbﬁé@y‘kh@b\)ny a
SDOF nodal res&rnse signal for the desired vibration 5 node, then

processi AECHENIOr waklatinaiths miash flavote 863 fiwidileraughi & viksa bhgrivteel basegher e

oot f1c; 808 Htetehlelid Batéy perfBRE Mo A srin B R R LRt i,
the1di | t ef fechtidank|seinsorOR0BART2AN itk by LmeSYFMaRddlow etpaieeits3@ml for

the desired vibrati ogn node, then I’OCGSSI n urns to step 1. .A new set
of wei ghP'iQ%‘C@dBPP?glPé’nrtaée |‘r§°§"@PB adh ?Bgﬁ%f?i%a%%%‘%ﬁi “éﬁes%i gp¥e 802- 804

are pr Ocﬁﬁﬁﬁ%é‘gﬁéWbé%ethé\ém S%Séd@éck"@éﬁéﬁrb ”u%e%g%f fridis8 Mot FAXd! cipipduce a

SDOF nodal response signha process Is repeat for each of channels
500A- 5008). biasspibowicironit 80 mrediusénputdwidk s8alizatinnirheaas n@ifshavamneyar

500A- 500N nodal re onse Si naI COrLr n

Vi brati oo, et RE R R hBUS o S e B e e TR e BUF Rl ent s
f or1gachmalaneel raaé ordLiit i3ocdrennel kAewaltofthbsLEkIBZE in the artealddbaie foha

i nverse or pseudo-inverse of an eigenvector matri x. As noted above, a

vi br at i AR CHIE DmSEst invendpnol $ee Hl-dwiatast Fh%lé”pdrw:@s@ﬁtieﬁ te SBith&N on of
vibrati %o@ﬂ%ﬁr 28naby 3 ing és@qrﬁ%ﬂ)% |t‘ébf‘|§c§% NABrd 1 g%slr@lor@gr aﬁéﬁ?s

e.g. the singular tesponse vi dual "points and directions 2
fl ow t ubef7e&ui usesedh@Zan‘mjkym Noa’bnmjp‘llded 98§Land sssignad cin itk fams tcea3| | y

ield u fuI i,nformatio of the \, one
Yo use WA JRer St tererbs A e D iRa B Al ot AT He%honses
to dghe @ﬂ:ﬁhséx@ﬁ@@@ﬁﬁ% fycerradﬂicr@Wtwrﬂaﬁ@%eéxém@l@y%f@maibﬁ rebangiagd
nodal transformation is gl ven by 5 (1) x=mr|l where: x is the vector of

physi calMags Hewsate stedit Alt e@l’@@ qr;cunté feeeiiagemelen §I9nas PVRT PEHE col urms
of m'%cﬁ&?zbﬁg drﬂ‘ﬁ*’e{e SeiEd rE%tO%rASZ éLsr%sgSEWeﬁ €diQe lrémg%P vectors)

of i nterest ~1s vec response coordln
ei genvecgemreramerMrc@r‘slgaalsmrplaltthbeAGBMBMeo deivetsopegiAfadenny Coriolis

35 fl ovvrrEt er F.'v!g%i bperanon of twgaysrle%%lnt 1\6%%% onu l?zesbgt Itehoygf% moc]:non 5|grr]1als
i nput, 5
25 from at least two feedback sensors sensing the motion of two different points on a
vibrating conduit. Operation of the present invention requires at least one driver.
The remainder of the discussion herein focuses on the operation of drive circuit 40.
Modal Space Drive Controller in General - FIGS. 3-4

FIG. 3 depicts drive circuit 40 including multi-channel modal filter 310 and

30 modal response signals processor 320. Vibrating conduit(s) 302 schematically
represents conduits 103A-103B or any other single or multiple conduit geometry.

As noted above, vibrating conduit(s) 302 may be part of a vibrating structure that
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filter. Therefore equation (1 ) is solved for rt, the nodal coordinate '
responses) as follows: (2) rt = ~tx 5 Putting equation (1 ) in the form of
Jequat i onwo2p/4kRqui res taking the pseudo-inverse of the ei gREWEEIE073atri x
~. 1f the eigenvector matrix is square and non-singular then the inverse of
the eigenvector matrix (~'') is used in Equation (2) rather than the
pseudo- i ringudes offfer Whrgéing edemenisat Aitholugh Stisiemboainienbis- déswibledrwithen t he
10 nunber of feedback signals framthe flow tube equal s the nunber of nodes
cone! der daSRaR & HE AT RS B Rs e iy b PR Tk S YRR PG ng
exanpl e i g iJ; : : Ry iacﬁi s the
pseudo- i r?\%’ertégéed %%8\?;8'?7@8 a\)lltl)rlrégbé ?é@%ﬂg@gg%ﬁﬁ?@%ﬂﬂw g rﬁ?ﬁg@%kfgﬂ?ﬁ ents
for one chlaoived. ofcreaerlfldt fromhdriveed 2004P06M chese vibdatind cdridrit(s)CBB2 ¢wul d 15

use a physical or a nunmerical npdel of the flowneter to build the

ei genvect aﬁ%t'&w.lbrﬁﬁn@ wgnfﬂsqtqggaﬁ%g"@ﬁw@h% AtFds isearedrbudeedbagihe

fl t i . i ng h&~bUj . CVF100
model - CoPehiors ZRen 203 b ey IR TR0 RoABA 2BpD Ul focBlad X0l plings?

Boul der, ofichentstaling Bhectipdel.e.f disedtpaneund vibatiagdsorfuitidesdl, amd ubes
that, on a physical tlowreter, connect to 20 the floweter nmanifold. Finite

el ement cenpotien RignglseaveimretiieR04ARO%k which Bos Bpskite Hede ciictihdOart and
d t f f. th i ion, T | fini.te el t
A e P e Lo T

el emgot ARfRI AEH 3 BPHEcA POy dPRbaRbdAIdorestitl Fithe MMM Sihalk el g'rduddee finite

el ement nodeling art recognize that any finite el ement code 25 coul d
al t er nat Nvapgaliyespenrst sigheis|ayeapaiba s 18A-3 heN 1 Ekeihitikskatesdhe operatiarndel ed

| ocot + ongl mAtE Rl RoBRE Rt 1Py S aaio 208 HaE VBRIl Bxpb e e Rt e
ri ght pifHeled tatid bcaHduteedpshdenampliifie @i/élkinﬁgﬂc forcE'@sslitugedlra Fﬁqiont s" are

a standard techni que in advanced dynami c analysis. See "A Finite El ement
for the Nusirates bnequeroyfRespeinsa FEngiich FRF)ADRHgT agibTatingseandud sBehas' . { Al AA

oo by of TR AR AR e e 1
ei genval gspieaahfd §!r_§<|5’ch?e ﬁi oh8%dalvbA AR dREebs@tify FtRrEeth el dtAMIAReat Ni te

el ement nodel to build the following 3 row by 10 col um eigenvector matrix
for the @nthedosalisor Thds, FROE0HIN) f@r examnBe the FRRB8t the 18cdtBn eforecf~ 0
35.39 0 0000 - 55 Q 25.08 0,00 3.0.0 Q 36.78 Each row.in the
full e JERTcesenaR 552%&#”3399éauﬁwf(ﬁhé&%) F@Sr@%sma@dﬁﬂwgf%ﬁi cal

| ocat i onm@Re$ e & hAWd WhRin 4 Q@rtéihrfﬁéqdem ﬁgﬁ&&?ﬁgeﬁ%ﬁﬁe HhGidredignaisck- of f

| ocati on, the second row corresponds to driver location and“the third

r ow 20r rgsneratgd bydeetizaaki semsops 20242021 baatrodal cBatant shitaro FRR4G6.f ul |

ei genvectoor. matrix ~, ~~~ corresponds 10 to a node of vibration. This matrix
i s used VH t'acq%mmoé’@hiﬂgﬁr QQSHP@@FW? decPrEpaae t%d@‘PdchFQ‘Pﬁ%@IOftt € signal s

gener at . Iye ke ok f ; s A ri bel ow,
to deveﬁgga‘fy%%@agﬁgﬁﬁrﬁ%u%%er@%@?ﬁ?%dg?bggﬁ%é ?Itlg?me or@ﬁ?@éﬁ?@% circuit
nodal f iresponselsignalslovensathisidd@s)3 12N bnd éeoieg ARF'S las iludttated egraptitor

matri x ~, ~~~ are_"in-phase nodes". This neans that there is no relative
mot i on 1@%@9‘5‘@&rapnép%lb@rqs%ﬁ%éo@dmcfﬂ GRESSRRETOA MpdAl [aFPORESsane

specsh andiget bath 3 N or i AL s BEtlof ultepd P pebaningnal o,

velocity Sensors’iIn IS exa thenselves act as a filter
by filt eofi FigFo4Q5.al Grapgre 408pitiasteate® KRE 40Ye whidh cefrgepoedd &6 ampiddad ~r~" s
reduced by renoving al ( the inphase colums. 20 25.1 -40.3 36.8 reduced =
35.4 0 -'8BP@SE49ion8l averpadh $5 28, for mode B or the first out-of-phase twist mode
component of FRF 405. Graph 404 illustrates FRF 408 which corresponds to a
modal response signal over path 312N, for mode C or the second out-of-phase
30 bend mode component of FRF 405, Thus, the input to multi-channel modal filter
310 is L motion signals over paths 204A-204L. The output from multi-channel

modal filter 310 is N SDOF modal response signals over paths 312A-312N where

12
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.17 13 August 2002 WD 991 44018 PCT/ US99/ 00723 Equation (4) i &3 AHeste80% ed
ei genvector matrix ~reduced~ Equation (1 ), the standard nodal
transformation, is rewitten using the reduced ei genvector ma'crix ~~educed
-as follows: (5) FSA25.1 -40.3 36.8~nFSB=35.4 0 -36.6FSL25.1 40.3 36.8~zb 5
where rtbwpagtidigsfirst out-of-phase bend node nodal coordi matERUS®RPDIISE, N,
is the first out-of-phase twi st node riiodal coordinate response and nzbis
t he second out of - phase bend node nopdal coordinate response and FSA is the

physi cal pgsponsealf f3pohesdIged Sprentéd\ thESRotsl chatdityof aak viesdtiise from
Feedback Sensor B and FSL is the @hﬁSl cal response from Feedback Sensor L.
d

| f the piekusiuit(s)B02aiposiBele made.r Hulicehrraiehmodathitar 3k earbacenkaeras t he
nodal cooydi nate resppnses can. be determned as in (.6), b remul tiplying
Fauat i on PoORycs EUBhRPoRSS Sogsisdbehhukrss Resdhiar InlieBleBRytarkel of
matri X. off idferdst-40.3 36.8 1 FSA nr 35.4 0 -36.6 ~ FSB nzb 25.1 40.3 36.6
FSL (6) 15 The reduced ei genvector matrix is inverted by inporting the

mat ri x5i nt o a Bieamddetresponseesighalk anairpatit modbl reepposasigonaisgarokagsorsuch as

Mat hcad iljzin f the. standard i [ do- i [
Funct | onciafs o S6FEeR 1 EE EBR TG PREKAGIC: STOUALEGTTANRs SHOARI on i s

o 28005, 15BLE4IP B2k Dacdsbs Hibda) lespbiiBk Slonite EuSde MaA%: Snan A&t
7. 975764. dAihé 208A2VBEE. [Hdhe simEIESHGae1hbte IPCTIYIBROM 00T 281 RBArdToR: 618y The

nunerical coefficients in Equation (7) are the weighting factors for the
modal fi |9 dA@$igR@lers in a Coriolis flowreter drive circuit. For exanple,

i f ongy dagifieshd s MdREEjlldhe Ffigrst out-of - phase bend node fromthe

f eedback : for channel 500A, then the first row of
t he above noddiGf bli$ emoreadeiailetedapictiansofus@t-caanfiel thoda! fil{ed)3 10, bviaiti-

8. 2389(FSA) + 16.5795( FSB&_ + 8.2389(ESL) 10 The first_out-of phase bend
mode modANapagaedal dEer P19 isramrised cr?unn@ciaéﬂit%ropwnfwf@%sﬁor%fi Mod&uat i on

o et 10" SSRE e e OAROPN ey AR BLE el ot Mercircetet, >

Feedback shepifiers F)4A-g04N, BIEA-E85K ahd 506 A6 B AL déwcrivedaierdinl, tHeygaiast or
coefficient correspondi ng to Feedback sensor B) and gain AGE is set to

8. 2389 (ahéharaanniifigrsiin sodpbfiljerahgnnels FO0ACPEON arpsetsiisbnibrhgash madaiback

Squati on ekl od A 8pRRA oS BRE oddt Rerdfsg Saal e dRssnaldialtefin
respect i wiratiorT tsde dedkeplt sHhaubretlng 6Ok PBOZUCEAIyRoRDET Mudril fitesponse

signal corresponding_to one vibration nbode present on vibrating conduits
302. The chengelisiSR9A-a0AN is deserihadiatatyil singk dbergsiscagrpRigte conwuonildyi de a

modal 1 e$RANSSh HelHrigRYRlorPS Ruitdiz/endRKERY the proper anplitude for
20 With reference to modal filter channel 500A, motion signals from feedback
sensors 202A-202L are input to amplifiers 504A-506A, respectively. Amplifier
506A represents any number of additional amplifiers for receiving motion signals

from any number of additional feedback sensors 202A-202L.. Amplifier S04A has

a gain of AG,, amplifier 505A has a gain of AG, and amplifier 506A has a gain AG,.

25 Gains AG,-AG,_ are referred to as the weighting factors applied by modal filter
channel 500A to the motion signals over paths 204A-204L. The outputs of
amplifiers 504A-506A over paths 507A-509A are referred to as the weighted
feedback signals. The weighted feedback signals are summed by summer 510A

to produce a SDOF modal response velocity signal over path 511A. The modal

30 response velocity signal over path 511A is input to integrator 512A. Integrator
512A integrates the modal response velocity signal over path 511A to produce a

modal response displacement signal over path 312A.

13
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.-input into nodal response signals processor 320. FIG 9 is a flowhart

illustrating the process steps for determning the drive circuit nodal
filter coefficients by calculating the inverse or pseudo-inverse of the
Jei genvecias ogidbid X. Cal cul ation of the inverse or pseudo-i EaEEY80728he
ei genvector 25 matrix described above and with respect to FIG 9 is known
to those skilled in the art of advanced dynam c analysis and is a useful
tool for Si¢eion ofi Madaiteltelr WetghtinodiddtorsodaliGd.i8-ger coefficients. The
flowchart of E1G 9 begins with el enent 900 and 19 13 August 2002 - WO
991 44018 PCT/ Steptooi3he weighiing festoss &y ereh channehgf Mpc@@mq mo dal
ei genvec I f t he
. 3@% 5?(5 @ﬂrs_l&@ss!%ﬂ i ?noré‘%e%ﬁ?éfo@%‘t’r?%esﬁs i}%‘ss" 8- ?I THe Q

ei genvec e 'elgenvec mairix Is ing a enent
nodel of viRetytdf avetRbes oiﬁé eah Ve edsdibét the wwmtgqéétoaé orexd ﬁ@abﬁﬂter@)ot her
approach is to use experinmental nodal analysis to_determne the 5

ei genvdectapplicdita écirlvF gircorhof qoﬁpspmmaﬁrﬂ@wﬂ@ﬂert Haermeaneyrwhigh feei nent al

nodal anal vvntothoe in t nd it.s t hods
ond use EtPaSery e R ERrhE i e E e R o Belide Ao gaTRR ot <
are obt abpﬁ@tmdsa,g;guﬂggre%d g&@,vg@hhod) t he eigenvector matrix is conpil ed.
Equation (3) is an exanple of ‘a full eigenvector matrix for 10 nodes of

vibration at ©Omeemefuichobseactimg the wwightingulastors Ractheciodanfiltgr(e)as a
ei genvec nts a, different ewh le t

f
the ei ge?R?é'8FatPr”Hétcrr“% {tﬁé 1A €MQEg %R0 ‘P’P@éﬁ%‘?cﬁﬁeﬁﬁ%ats’e rOWS °
matriy i aeglwe@@ﬁﬁpﬁqltﬁ&érﬂﬁl AR sfilic? 370 l§ folﬁrsﬁl?éje sboF ﬁn'&@aﬁ‘é&ﬁ@rﬁ‘ée exarrpl e

this is done by elimnating the colums wt s as coefficients. For the
exenpl ar ylgsahmmoad@gﬁeﬂbew&rd@cmolded memantron \tnhzatuczglamdsxt((su)rﬁaas) Wit h
15 coeffigle S se nodes ces r fromste

501 to sl B fweniy Mebuplob B et Aanses o Ssecldelriitr deigitite. <

ei genveckokneBhid for b%@é%ﬂhﬁﬁadof R e PinohBeriler DS RIA] aRaARy | Nver se
of the elgenvector trix contains t ter coeffrcients associ ated
wi th a pearrbr eppraachodtepd 1804-804 afe mpmae&!;edtxhthemopmaﬂeySlE@EamMal (2) and
is shown for the above exanple by Equ tII on . Processi n? next roceeds to
st ep1903respansH §igfebis diangd @sAhe Wt e, Fﬁf&éﬁ”‘fﬂ'?’t‘%&a”\ﬂé gteps

coeffi ci t SDOF
modal 1 cooa0d e SehAEkEdL @cﬁﬁﬁﬁyﬁ‘;%fﬁﬁé’?ﬁ%mﬁ?”?P%*ﬁr:é‘fﬁ’“f‘*%ﬁ lter.

25 Modal toRasmdBSBe Heansdpy feibiagk algnals dlond Avithl Ldrive’cidayit thasalfovihe esponse
signal s generator 1200, Modal response S|pqnal s generator 1200 is an

al t er nat $RANGING RLRS QéWérﬁféﬁermaﬁiP‘ filter anPldiEDs. 1 Avtepnalyedy. 1he ieelatiesponse

signal s [ uses
frequenc%} éls %ys% r? &%é ?5%6%9%165@%5@@@%%@%%& ésr?&nr%l eaa;m'?il on

si gn20, fbrth@hfcmdmw@rw@mmtmthreathlpasemanglestepem1rmmlAltm@mmty: signal s
where each nodal response signal corresponds to a node of vibration present

on vi br a3tERg 8L brid4 2re)exeopteditsing Betwnened medatiofs. quzolérf&pmet%@dlaass 20
associated drive circuit.

The process begins with step 800 and continues to step 801 where afirst set

of weighting coefficients are selected. During step 801, one can select a complete

25 new set of weighting coefficients (gains AG,-AG,, in the case of channel 500A)

each time step 801 is executed or one can select a new weighting coefficient for

just one feedback signal each time step 801 is executed. During step 802 the

feedback signals are applied to the channel 500A where each modal filter amplifier

has the gain set as determined by step 801. During step 803 the filter output signal

30 is measured and recorded. Processing continues from step 803 to decision block
804.

14



WD 99/ 44018 13 August 2002 PCT/ US99/ 04723 filter 1202A is confl ol SH?3%
pass frequency A shown in FIG 4. Likew se bandpass filter 1202B is
tonfigured to pass frequency B and bandpass filter 1202N ~ is configured to
.pass frequency C. Integrators 1206A-1206-N i ntegrate the bandpass filtered
si gnal s waemy/gaaishs 1204A- 1204N to produce di spl acenent si gR&TU$¥EAI2Bhe 5
vel ocity signal output by feedback sensor A Those skilled in the art of
tenporal donain filters recogni ze that any one of a nunber of different
filtering techecinmsblosttf4mpeansted to detrimipaddhe ffilteeeranmd patpansighal

i ncl udi ng, Linited to,.digi i gnal i hni .
Fur t her  BrBotREnroBr! 1areopresii Sasprare Be VERANR S Y e hi
10 12 ar gelss@hdd) byUpeiatdr 81dedidion bitekBU4, ithahRBRpndTeRbut By iR filgd, FI G

5. For exanple, bandpass fitter is 1202A applied to the output of anplifier
504A, banbigesa i substantial2s SO appddatdespondeesignalpior the desiped fvibmratis@5A and
band pass fjtter 1202N is applied,tq t.he outpu f anplifier, 506A. dal
Respoﬁse%dlﬁnineé‘ PfP&€é§'§8er?‘%PHe%3é%§F%ﬂF'°D épg%ggl"ﬁh I'% fﬁgﬂtzﬁﬁme dal
filter 3ifire Qe Mdr@LABRAIS!Y tHEHBI-SHRTPRNEIESLONA|CH WEIRREAS ‘&beﬁf?ﬁé}ntg
produces N nodal response signals, as just described, Over~paths 312A-312N.
Circuit paetexuBtaAlBit28Ndatermimglithat thersigakl cetppbbydheififeathapnelcisgsxr 320.
Modal response. sign rocessor 320 processes the N rodal response signals
to’ pr od e Rrdialy S SPREotE Birpdenspabie e ssErevsatupmads ahen oce

di agram i I f : : kgnal s

or oacascl CCRe SRS I 1) 0T B R el el A SR 1 or

604 40d duningestes8ayendlbepd 302380k am prodesseal agaih tololcate £68t sfaeaighdagt he N
nodal re%g)nse si gnal s over p s 312A-312N and, for each mpdal response

h
si gnal ) f@?iﬁ?tﬁégattﬁfédﬁ‘é@/?%%ﬁ\"&da ISPRBASE S'GN8s PoNs Rrases s it ranastied

ool Lo . r b S " od
crror - si ohefi Bciahe 50 JIRRE by o RRABTEqgkin Rl Uit sgfn 8, ™
(GA- QN ¢hametdior-500ddadodares 8 SDOR modalabspdvade sighehcapadiadiindtough

drivers) 206A-206Mto vibrating conduits) 302, nodifies the nodal content
of vi br RNYbeXieaUNeds. 302 so that the resultant nodal response signals

S <P o arindiBRE AT L EaRIAE UGB nG PR B SBella i B By oi ol
force praugciHnnePhodsefitdnd 15istdPAQilad.thdinverss ofiesHo2AP2rsBR%H 44018

PCTNS99/ 00723 The nodal excitation signals over paths 618A-618N represent,
in the raigenveasteranatrixexds natedeatoveo avebratipgiflew twoevaftsr Goriaks Bowmsgtes) 302.

However,, vi brati.n ndui.ts) 2 e f _course,. | hysi cal. domai n and
thor of o B HESHE SRR s e BiE ettt Pk Do PEy DRE Bt R BT o
physi calphgsitiat @ddréatedle.§.ah6 emgular FBssoriscadtshdiviati pointsame areplidrshed by
nmodal -t o- physi cal force projector 604. Mdal -to-physical force projector

604 4% «onihei vy tulte, dequives Hreeandysinof coppledsegnations which dmdal easihonse

[ . T i S, t f h | .620A; 620N f h f
ar {ver s I BReB NP A EEborn B BN SARF Ty HRG TV ReS T & or 604
are fed 4 @ogdMBhsfdMnaticio® #88sforhe WHGUSSpHYRIB| MBS nded-tBhynel mabaf or ce
projector 604 are sunmed, as described in nore detail below, to produce M

drive sirgsronseswsmqskal heor20Bueoidhe syxteve T hemtanddrdencd# tr@anséorbration

control l.er. 602 i s conprised of one channel 601 A-601 N for each of the
is'given'by:
25
(1) X =n
where:
X is the vector of physical response coordinates
30 ® is the eigenvector matrix, the columns of which are the flow tube

eigenvectors (also referred to as modal vectors) of interest, and
n is the vector of modal response coordinates.

The eigenvector matrix can, as described below, be developed for any Coriolis

35 flowmeter flow tube. The physical vectors can be thought of as the input, i.e. the

15
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."N nodal response signals. The function and operation of each cha

601A-601 N 15 is simlar and therefore only one of channels 601A-601 N Is
described in detail. The operation of the remaining channels is clear from
‘the foll uhsgsqdescri ption of channel 601 A Description of RIT/U8INGTR3r ol | er
602 is organized into a first discussion of the nodal setpoints and a
second di scussion of the nodal gains. Mdal Setpoint 20 Channel 601 A of
drive confeedbhel sigh2dly, @6 ¢hy esodal filtdal Therdforseqatiyma1)ady eolvedtbr 1k from
mul ti-channel nodal filter 310. Say, for exanple, that t he nodal response
si gnal prigedakeapreinate aRensesl Asdelowsponds to the first out- of - phase'
bendi ng node for vibrating conduits) 302. The nodal response signal is
input to subtragt stage 608A as the subtrahend input. The minuend input to
subt r act stagé 5 608A i s the nodal %&Pdint over path 612A. The npda
setp0|® is the desired level for the correspondi ng nodal response signal.
The node Rutling equeiien (Biigitae fasreof q:ﬁatahoaizweuqudeaéal@sg theepsaudaninvesenhi ch

t he nodal onse s s fromt 0|nt The. noda

setpornt Vs BRRTBEIATER W e 8 g esi TR R e SELE AN ndl I

provi ded th¥n %é/ﬂvtees&eoﬁﬂéear@@%c(d’r%amw) Qi w@amatroet(m eMBEr fHapm 30 a
menory (not shown). The nodal setpoint itself is determned as follows. As

not ed abdhe p&ﬁ!lﬂ(ﬂp-ﬂ‘e@p@%t The eRgmvectorrmatrighs squale arssponsiaguiar vdieratheyst em

isre ted to th 99/.440, 3, Au 002 PCT/ (7S99/ 00723
Fespolibe mRroRt FRRDRCk Hiagels Ty (O 'ﬁ%ivbe shtEds e ol g e
respeneec@hsﬂe%d@t@dte&ﬁtdo@vwct@kfatém e rt. 'e represent ed by EQN.
9: (9) X~ ~, ~rl~ 5 where: x~1s e sca sl cal response at |ocation |j
due to node i The-followinchexempie it ubtﬁzstd'ltn éiugtratsedta)prMIsmy fadvich Imeecol um

of node i the row of | pcation_j ~ 1s the scal . response
of mode FAEES GNP eiRG FVETa Y e qaA maI el delG TR 1861 VBEBR  he

modal SetcB@ff'&ter\“fs gﬁonflehar?t?l‘é?ofa rrokri- Ehé'nz rst&éa'ltq tehm-debrfl%?'y d)rﬂéa?éf@ ts the

desi red physica I spl acenent set pol nt st out-of phase
bendiiby msden tphybneal()oﬂﬂa5nwmehcatmbdeldbhﬁ1e Sewsmidy toRebiEd thengidmmiectas EQN.

20 4) the matrix eléﬂe (~~,) correspondjing to fee?back sensor A (first
row) andAHEXT {1 the BlipwHid rrEReRdMesge! ’(‘PijP]sthtEB iowmetegisesed.  Thus, ~

the nodal set pojf; %%SggngadbltébbfﬂJf'tﬁé{ub%%tchmﬁt‘é@n%%'é?’cgﬂgﬁsnta'asth'S

exanple) is equa
flowmeter (manufactured by Micro Motion, Inc. of Boulder, Colorado). The madel

fixes to ground the ends of the flow tubes that, on a physical flowmeter, connect to
20 the flowmeter manifold. Finite element modeling techniques are well known to
those skilled in the art and do not form part of the present invention. The
exemplary finite element model was built using SDRC-ldeas and analyzed by
MSC/NASTRAN, a finite element code available from MacNeal-Schwendler. Thosé
skilled in the finite element modeling art recognize that any finite element code
25 could alternatively be used. The locations of the feedback sensors were modeled
to produce output representative of the relative motion between the locations onthe
flow tube of the magnet and coil corresponding to the right pick-off, the drive and
the left pick-off. These “scalar points” are a standard technique in advanced
dynamic analysis. See "A Finite Element for the Vibration Analysis of a Fluid-
30 Conveying Timeshenko Beam.”. (AIAA Paper 93-1552), for more information on

finite element modeling of Coriolis flowmeters.
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."Mbdal Gain Subtract stage 608A subtracts the nodal response s1| gn%ﬁu over

path 312A from 25 the nodal setpoint over path 612A to produce a node error
"SI gnal over path 614A to gain stage 61 QA As noted above, each channel of
-drive controller 602 converts a nodal response signal to the nodal

excitati oyodog@ls t hat, when applied to vibrating conduits) P&802jssgae=es

vi brating conduits) to oscillate such that the nodal response signal
approaches the nodal setpointforthe given node. The node error signal over
30 path 614A i Shampédvatde yeffiniaits gdithe TMGE06 THddell arecextiaeesd froi e

i nvariant system 23 13 August 2002 f WD 99/4401 8 PCTI US99/ 00723 t he
nodal resp a%% élerngerrténa%ldotwﬂeﬁae FRIPAYing dciomaby R AHTREIGSIVESHR TRl er s,
i.e., npi ng. In nodal space these paraneters are the
nodal rrassor%ég’fl\ﬁl’g?(?og?ﬁse(gﬁ and nodal danping. For a systemw th nmass
normal i zed ei genvectors, the nodal mass is unity and the nodal stiffness is
the square of the 5 natural frequency. In a systemexcited at resonance, as
is the case with a Corioiipg0f 2ow@set0er0 0 hedmBnOnal 0gaddL780] go from nodal

response to nodal excitatijpn is expressed by EQN. 12: ~2 ~+~~2 ~ ' ~h = N~ (
ere ~' &y danpipg; _ @ fd eagenc rey, _ e nodal response
for rrg@ and’N. is ?gﬁé Ud?i%§exm tatq onld)r?orwrrgdg i 3%1%‘51Usi ng the current

exanpl e mhere t he nodal s ornt desrred nodal response, is
given by EQN. 11, the gain §59§pp| zd be4 & n s9a8e #1068 /i s set as shown
in EQON. 12, as follows: G = 2~"wz = 2 ~ (.000S) ~ (106? ~ 2~)2 = 445.234
sec-2 (12) 15 Gain stage 610A is therefore configured to have a gain of
445.254. The drive excitation signal over path 618A therefore is the nodal
f or ce t haEacemdsinttbe figl eigphr'/mlortmatrim,a,tdfBguatrmd(tﬁ)tebreS@@ndﬂocapiwsrddhat t he

nodal response signal for the correspondin de rra h the correspondi ng
modal set 968%AN O'Tﬂlﬁ ﬂ%ﬁ‘i‘?ﬁ-ngh%g%ft’ GOHES e&tpﬂae aibpigtofflgcatipn. thgist or m

t he nodal tat G ' [ e form
of i ve S selresBbRB Ry Bloily oo Bh'aBing Wik A epitddin B e,
respect taghtipiokaeff |cdtidnofE abh sctumanii tiod Fler ei§&X dctormariatasg cbaespaadis of t he
remai ni ng channels 001 B-601 N faor each of the remini ng nodal response

si gnall@. "te4 mode oAuipratiorz0bhis Wty jsampchinpdawsotasb oy st fnitereiement
Present | BUIBHE AL pah UiAeied BPR kg BH USRI SRRy IRGE ToCes
gﬁje, t hegs ddserieddelcR! ROdMNelbPthd WealgHtidgecoetficiants forlédtsh citdbhatiogttid  at

drive circuit modal filter. The columns (modes) with zeroes in the full eigenvector

matrix O, are “in-phase modes”. This means that there is no relative motion

15 between the tubes because both tubes are moving with the same speed and

direction. Thus, the sensors used to provide feedback signals, velocity sensors in

this example, themselves act as a kind of modal filter by fiitering out all the rn-

phase modes. The full eigenvector matrix @, is reduced by removing all the rn-

phase columns.

20

25.1 -40.3 36.8
® =354 0 -36.6

reduced

(@) 251 40.3 36.8
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-in the correspondi ng nodal response signal produces a node error signal. If

one 5 desires to suppress nmultiple nodes, then the nodal setpoint for each ,
of the appropriate nodes is set to zero. Likew se) one may choose to excite
Smultiple wodemsbg sel ecting the appropriate nodal set poi nt SPEBUSEHH2%pde

to be excited. Mdal-to-physical force protector- FIG 7 Each channel
601A-601 N of drive controller 602 outputs a scalar nodal 10 excitation

si gnal thqbaﬂms@)betlermded eigenoectov ewtox dgj anakEquation (1etreastandard he m

driver(s). al -t o- sical force projection vector, is determ ned, each
el enont  bMCR EARSITABOY A FEUBIAN Gind BIREHGES CIPINCEERTA T 5 oS
control | efyy .to scale the scal ar nodal excitation signal for each driver

to an appropriate anplitude. The scal ar nodal drive signal N~ is the nodal
force required to drive Mde spo se anplitude. The
actual nodal force applied to f%g se%ig gﬁ%%bgg!i ﬁﬂ ~a~ as shown in
Equati on 13. Nauual ~T~ ~. r V ~ where: is t he physical force
vector needed to excite the d BB d &@de O~ i 366k -qcB) Ar node drive
signal; and is the transpose ppf alsfingle columm of|the dal ei genval ue
matrix. In order to ensure th EsNracys 3~ 4p A, 3@ desiqed, the physica
force vect®r, F~, should 20 satisfy the follow ng rel\at/onshi p, ~~TF~ = 1.

There are nany different physical force vectors which satisfy this
relationship. In fact, any arbitrary vector , A~, which is not totally

orthogonal to ~~, i.e., ~~TF~ = 0, can be scaled to a desired physi cal
f t 13 A WD 99/ 4
b Usbor e U iRl op PP aNAR hert maHe M pSrcing rgredn TR kit ther-) i s

a single gof Wit é@eﬁﬁr\’gtﬁﬁdae?ﬁ ot %Srcgﬁét'é réﬁF% da’ @Oﬁgﬁtetﬁgcgna%?' fic

drive | ocation. SO note needs to rrve

physi cal dfeptedsiedend Mbdes muoaleesodriieatexespanse Andli SAds tret pHysayal tdepdnseat ri X
used for the nodal fil teré&ng dri ve control | er co?fqi@ggr ation whi ch was
reduced tfPMEEe0DaghERSIENsBPEIID e pPhyscal rgonsa f 6efBageSensoed 1 or

done by iy & g Bskel Teppdn; ok PreqledESERgbp o7 (IR BRkerty "boi

si des1®f rE€pbnsds whillredacédreidenvebior miatrs atréuknbwansrh@rmacﬁa'alooocfnrdﬁmt&odal
excitation to physical force_as shown in EQN fi: 15 AN = Fr (16) EQN.
16 is théea@@nqﬁ%a%tbeoﬂeﬁmm@cew@ (ﬁhbwrﬁemso'wnat%qus(%Deay.thg with

vector s gag g BRI LLESSor&RBHASIAAREL] BIANGLORPRERS Of vectors, T is

det erm ne vector I'S eéXpress as sho I'n EQN. 17: ' 20 Ar =
~ 17

-1

Ny) (251 -40.3 36.8 FSA

n|=354 0 -36.8| -|FSB

- n,,) \251 403 368 FSL

15 The reduced eigenvector matrix is inverted by importing the matrix into a standard,
commercial mathematical computation package such as Mathcad and utilizing one
of the standard inversion or pseudo-inversion functions available in these

computing packages. The resulting equation is shown as equation (7):

(7)
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where the | | synbol is the vector |ength operator. An exerrpl1é'13r'§/ugfu

projection cal culation is now shown for the case of a Coriolis flowrreter
having two drivers (m= 2). Wth reference back to EQN. 6, one 25 of the
“two drivers is |ocated coincident with feedback sensor A a pqtohﬁr of
the 26 V@I%IYiSt 2002 WD 99/ 4401 8 PCTI US99/ 00723 two dri vers I's | ocated
coi ncident with feedback sensor L. For the first out-of-phase bend node, A~
is calculated as sho in EQN. J18: (0.039sl (A" 10.0398/ (5 sec Ibf ~ . 13~ (
18) 5 It was shfts)mp i th2888pa0t’ tamsmiostmgzme' datga®t poi nt for
the first out-qf phase bend node for this exanple is .000§. It |was shown

W th respect tg EQ 1112 that .t he nodal galn for the a‘lr{fs@ t - of - phase
bend node for tjhi xah%f‘@ﬁs Q45. 254 8ec. "z 12AHE7{ A npddl tpoint tinmes
the nodal gain (forfthe first out-ofphase bend node in t i exapple, i.e.,

t he scal ar noddl igha h aqual/to 0.2672.
These figures arne S ts7’f§|t7ts(l? esl(lg g@@%sp@toﬂg?m ne’t he physical force
vector F~ for the first out-of- phase bend node as shown in EQN. 19:

0.0398 0.0106 A .1V F,. 0.0398 ~ 02672 = (0,0106 Ibf (19) 15 This result
says that to drive the sensors to the desired first out-of-phase bend node,
a force e ﬂu%ﬂ@au&%ﬁﬁfwb% Emanah '(?ﬂa@th@hﬁenbh@nﬁ'%é’t@@ fortAEeGRodal
projection vectors are simlarly devel oped for each node of interest

i nfl uendét@rlammflema inea @9s@l@rﬂwmem riveseirouiti mosredaomlel i omedeesuecs toptinm ze
the drive,s t.h ntion fo ticular rive schene,
consi der&th %E @?5 %“tffg F3| S@ daming f?ﬁ&%ﬁ‘? Signaly eaﬁ‘ it g@ G356 ecti on
VeCt Orss fol B4 E 5804 mérmﬁé ft?tt ﬂo%«ﬁaﬁaev%o% MBYalliftef VBEISHGHA wxqe%éga
choosing t ape of the vector. First, the peak farce which any drive
must gerasrfatl@/vt;o achi eve the desired flow tube vibration anplitude shoul d
be mnimzed. A further consideration is to mnimze the total energy which
the drive system 25 dissipates in achieving the desired flow tube vibration

other modks. BTG SANFAY RTTRRIRS AL BEB L) ow a n summry of the

present invention.

10 The first out-of-phase bend mode modal vector coefficients were multiplied by 10°
to simplify Equation (8). With reference to channel 500A of FIG. 5, gain AG, of
amplifier 504A is set to 8.2389 (the modal filter vector coefficient corresponding to
Feedback Sensor A), gain AG, is set to 16.5795 (the modal filter vector coefficient
corresponding to Feedback sensor B) and gain AG, is set to 8.2388 (the modal filter

15 vector coefficient corresponding to Feedback Sensor L). Likewise the coefficients
from the second and third rows of Equation 7 are used as the weighing coefficients
for channels 500B-N, respectively. Thus each of channels 500A-N produces a
SDOF modal response signal corresponding to one vibration mode present on
vibrating conduits 302. The weighting factors are linearly scaled as a group to

20 provide a modal response signal over path 312A having the proper amplitude for
input into modal response signals processor 320.

FIG. 9 is a flowchart illustrating the process steps for determining the drive
circuit modal filter coefficients by calculating the inverse or pseudo-inverse of the
eigenvector matrix. Calculation of the inverse or pseudo-inverse of the eigenvector

25 matrixdescribed above and with respect to FIG. 9 is known to those skilled in the art
of advanced dynamic analysis and is a useful tool for determining the drive circuit

modal filter coefficients. The flowchart of FIG. 9 begins with element 800 and
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"Step 1114 of FIG 11, the force projection step) is viewed in nore detail
in FIG 7. 27 13 August 2002 , WD 99144018 PCT/ US99/ 00723 FI G 7 begi'ns
with step 700 fromstep 1112 of FIG 11. As noted above, there is a
-separ at ewlomoeieo1sr oj ect or channel 620A- 620N for every nodal BELPEAER728| gnal .
During step 702, the force projector matrix is determned by reducing the
total eigenvector matrix to the si ngle colum relating to the appropriate

node. PrRseesnsisrig Bep 98K - cBrtingséep P 1slhé|@lg©vznvecmrrm&a@r»stSelpulfito4’>~sJ m@d
i SBOUELA b s B R AE iR 756! LD o ARl b o,

step 70GuilERl.a flSitd slcmdmatodaroftithe flowmetdrrfap@olhieh thecdigenvdotdrs dreeps 704
and 706 have the effect of scaling the force projector matrix to the

cor r ect extiptted.udacther ageragehinta w\sazegwermenuaﬁ abamglysinépdpieoninedbet o st ep
708. t 708 di f h ch | of th

{or ce SpPeReEEBR S s TR aR ey af et gREre BReRRees mttr:
conti Nughakisss 1) khBwand trﬁ@éélmnéoqn%sanléw@n@heﬁh@s ddd UM &hotii@rRNY SI Cal

force propéctor 604 is inplenented using discrete anal og 15 conponents as
descri bedrtv\oft the gwpeent invenhienr e?nad thei eigeoivectors ate. oldirachdtyi waly,

nndal-to S|cal or rojector 604 and the, re of, dri ve CIrCUIt 40 is
ipl e APBAPIE oIRGB F1GE0r PP GeTBR o HREPT() BaMBRRIRe
anal og gphifaMe ?ém@lcf%rtrﬁaﬁixgﬂotrallo RHodfea! & w%ﬂ}ﬁuoﬂ' ] it Jee E)o@rﬂé'o% Mesrdren

processed using digital signal processing (DSP) te ues and th
resull0i tupedr Eaeh soymarh of taeeelgerme@m:redatnmrbpte:smmadg‘f&@nﬁmgdawmleshelg

el ot £ oRVELE! gh v RdES SI9RaGRTTEsE! (B RA O eaTers e aimogTs
di gi t al @éﬁ@-ct&sﬁ}at%gt a{tﬂfggﬁt il RRESSE HO iRl E£TRIE tﬁ@%u[‘r‘%ﬂ?h' ng of

the pres nventl on an emare equivalent and wthin e scope

of equi gxdraplesthisois ddree py esiemtatinyy e c@lomndSwitv e as SoaffeientEl Gor thd he
signal s output from nodal -to-physical force projector 604 are sumed in

summer 8¥efgelapo strustuse itk seapPise d8pEHRA% heodin. 208MoliaaNs oMasies) wigh not ed

abovss EAGHGIRNSY: GR0R GRAN AbERdRl ol abal Ahes L URTR Qe 04

produces as nmany re are ers
nndal-t@emhy5|cal force projector 604 30 outputs corresponding to a driver

A for exarrpl e_are summed by summer 622A to produce drive signal 208A.
Thus, out putD@inmstier Rk Hig lrwsm)w pREURPArsS 20 Kigneigeavaster masix is o

summer G420atelNCEQM P oFthe B se 328 Bodhl RSO eig8R M ct6Pmatrix

contains the modal filter coefficients associated with a particular mode. This is
20 expressed in general by Equation (2) and is shown for the above example by
Equation (7). Processing next proceeds to step 903.
During step 903 the appropriate modal filter weighting coefficients are
selected, as described above, to produce a different SDOF modal response signal
from each channel of the multi-channel modal filter.

25 Modal Response Signals Generator - FIG. 12

FIG. 12 depicts modal response signals generator 1200. Modal response
signals generator 1200 is an alternative to multi-channel modal filter 310 for
producing modal response signals over paths 312A-312N. Modal response signals
generator 1200 uses frequency bandpass filters 1202A-1202N to decompose a

30 single motion signal, from feedback sensor A in this example, into modal response
signals where each modal response signal corresponds to a mode of vibration

present on vibrating conduit(s) 302. With reference to FIGS. 12 and 4, bandpass

20



) 13 u'gustZOOZ
_"WD-99/ 4401 8 13 August 2002 PCTI US991 00723 Drive signals 208B- 208N are

formed in simlar fashion by operation of summers 622B-622M The nunber of
_drlves M can be different fromthe nunber of nodal response signals N which
-can be different fromthe nunber of notion signals L. Miultiple Operating
confi gur adensw018 FIG 10 5 The uni que design of the drive spET/AR90713he
present invention allows for significant and total changes in drive schenes .
by nerely selecting a different set of nodal setpoints. The generalized
nodal  spigsrer20Riavie cenfigueld teyrise frazfudniey Asiesenin FIo.ent Likewise mpipased in
different operating configurations by setting different npdal setpoints for

each oplteit | ALR InfQlicHreddo pays dreamsnsy B 3nd hanepass of ItaspszﬁN dh 10 for

For ' Checuatre o e b o eSO, f2bop-Tod Ry el R oy ' "

bendi ngfiipRee sighabxevdrashtpad 2onhe12cvml@§ pamc@mmgaémdnt 4ighaRarsh the
conflp‘?uratl on for a flowreter IS a pressure neasurenent configuration. In

t he phevslocity ﬁga@lm@ﬁghbyd@ﬂdbaﬁh senss At RBose skilledun g apthefstemperaldi ng

d h b 15, d and oth
Todes aananiess ceEfIRAEY S 3 e EBREeCh B bR T b buB g
oper at 'eﬂﬂJl&‘B@Ws@:ﬁﬁﬁ%‘aﬁﬂﬁa%ﬂltéﬁss‘l wzquagmeﬁrauamgoem AbARAitdPlo, %?gﬁfél node.

FIG 10 is simlar tot depi ction of response signals
pr ocesssign@3ootrasing tdehniguesddi ti on of nenory 1002 and operati ng

Cor ool e IR RHBE SmbadRaey ol gos Preset MatSa dnB A PRsh LSRR Chonn)
The qpded a,%q}s%al.neoﬁjahhﬁor?mhwﬁm. S54nmd nid accﬁ?ﬁ'@éro‘-f @OS“FéréPngl%Ch

operating configuration | owret er . set of N nodal setpoints
i ncl uddsaralpasddiites ¢t pﬁDﬁA &mmledst]moﬁm agtpuod of enmifien &4 A, émmdpaes gitgnal s.

Oper at i n configura io ctor 1004 ides a control sign gver path
25 1006 89'91&) |°é1 WeRfAMPHES g@%’gé&d Bandqpse fi@fp 02N iut put
by ne erating configuration selector 1004 and
menory %Qggg‘?éé?{é%o%‘%gﬁﬁﬁﬁ% A)prret er electronics 20. Operating

confi gdﬂg@ald?leﬁﬁineetﬁanél@%oﬁas&orf—dn @x@aral eFldhes a m croprocessor (not
shown) in neter el ectronics '20 SSWItChIn fromaflrst oper ati ng
g 2fPe g

confiQur at i MMuktirhersebmegrle O aglteraabyrly aNPAE EBFRINFE: AlIGNGHS can be

acconpl 80,

i nvent %eﬂ%?%n} ﬁ]exar%pgﬂ?% [\ﬁ@fﬁ%%%rs teﬁ?]%&g%%]{l ggﬁ@%tlcf;é%tcgé %Ve %fg'gsz could
be conf31QA-8t2 oCHuiit phthe\BI2A-3 TR Ntaye Spubindsode regsonse s‘igrﬂeﬁ‘s pRftessdl August
2002 WO 99l 44018 PCTNS99100723 operating _configuration and a second

oper at i3%9- c MadayugeRonse. Sﬂﬁéf%ﬁm@ﬁﬁ%ﬁgol @Oﬁﬁﬁie%ﬁﬁ At Mefat sRsRQYIRGat i on
sel ect | oAl if St operating configuration
is a d% %,4;19% g@%&??ﬁgdﬁé@ﬁrﬁ’%ﬁg Y%ﬁp%ﬁl‘ AiMa second operating

confaogur at i ANGL $ dl@;ﬁdtsoanlb}oommagrémrofenawl respansis 8igndtppesteesoal3R0i ton 5
(not shown) requesting a pressure measurement fromflowneter 5 Further, a
first OHRHBTEPRPNSSTIRRIPATPOPSSOHINTLGESAYYe pentrellesiiize magato-hysisahd

OPe 3t 0 eARLE AN ERLIAR B LADLGREIGNAISRYh AN it B fhdales

uration s a f‘
of thetldéwmoaan&b@ r@s‘eélpﬁal@ro@éepbthsrﬁm -BOPN aha, Rirepeh Fedal k real with
transformng the p yS| cal notion of a vibrating conduit to S nodal

r es pon§egrmlgiﬁ¢rsmne;ﬁ %@sﬂemaiamquilze ameéfeesppnse Rignabliem agdeeied setpQieher at e

| f h
Todas Bt AR Gha IS dORERPr o 2P8HR Bt MR s S Bt n
To0es. aRSerdA AT 108 viReS Flctlal G (31 QNI IdHCBRERbI S EdPSIGREENA! S 10

the physical domain) 15 map the excitation signals to the drivers) and

apply that, whevepsite;hfé.\lr@ugmdmm(sjraoﬁé\rmwt@v@c@m erndyé(s )39 2wmonlifigsep 1102

when a,Coriojis flo ror en oer n _ste 1104 L
T on % Bielel SapteRt R kBl SO 85 e BT et radd i ihstror t on
of var gm@w}bgcﬁ{r@’rg;oare\é;;eha«wgr&sﬁ@a%tsdals&pauﬁs mhgn%cfa@eié%onN nodal
response signals are generated fromthe L notion signals. Each 20 nodal

r espOnsigreiy@ag ,conypioiabted &roSDOFivei gontrglier (2 $ponddaltto-physioab dercef

\elllrlejrﬂll on g{ %Bﬂtov%ppg{%es %)A%t_]bﬂp conduit. The N nodal response signals
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to an N-channel drive controller during step 1108. ' ' During step 1110, a“

node error signal is generated for each nodal response signal by applying ,
each nodal response signal to its correspondi ng nodal setpoint. 25 The node
-error sionalogisgoianpl i fied by a node gain, during step 1112,PCDURYYWO2ZE a
nodal excitation signal for each node. During step 1114, each nodal
excitation signal is transforned to a physical force vector where each
el enent of t RNdeghydalomcithbiot signatt averqmathes poAdd Shorapnesastt, imtieimeddls) .
Step 1114 is described,in greater, detail in Fl¢ ~~Processi ng.next 30
pr oceedSOMAIR BfFIIPIRS J\%Qﬁea@ﬁ@dntpd’r@@é'”gi‘ij’ﬁ‘glugzséﬁgzap PYveyer ?Y”?rﬁ‘é!”%
drivers ' heg vider at | ' n ' hR fhReef ' es.
Pr ocess ot Pes i oy ey i Plyytieal 5B tah® RS i i
PCT/ USO @kbifatzih Abndie mglst epecorivettedtbdiok remtiedaptysitias ekcitdidnbeorefonces.t i s

expected that persons skilled in the art can and will design alternative
dri veScdhts danslipsmalignt isagcermaplishedi Ry tedaldeprhysical fergeo praeftrg &4ai ns
ith ' I : | . i t 2002
3210 M-y bl r e B0 e imPhosi P BRE PR pte SPEARY AN

appl i esferadaghivheldal Yessorgealignalo Thefl is\Bile dBGINErdnd 84¢h afhénne 620a-62a0Nndui t
(103A-103B) to cause said driver nmeans (104) to vibrate said conduit

( 103A- 163®achirrnedlidrigr(@) d0fte2@iMnal s are generated fromL notion signals

recei ved by i river circuit, ( .5 . ftrom i ns.or -105")
affixed to siﬁﬁd"é’g%%ﬁf‘”g fﬁéigli@ﬂ)%f%ébrg%r?g&éftg’pgg)?as { fﬁgﬁ?o%i"(é‘%gﬁal S
I espeps kg elBDA SIH dibiiRTFoAfmeddldo PR didhl fof DS0jctis 0 mbrerRinimbdaasl M are
i ntegers greater than one, said drive circuit (40

described in more detail below; to produce M drive signals over paths 208A-208M.

Driver Controller - FIG. 6

Drive controller 602 is comprised of one channel 601A-601N for each of the

N modal response signals. The function and operation of each channel 601A-601N
15 is similar and therefore only one of channels 601A-601N is described in detail. The
operation of the remaining channels is clear from the following description of channel
601A. Description of drive controller 602 is organized into a first discussion of the
modal setpoints and a second discussion of the modal gains.
Modal Setpoint
20 Channel 601A of drive controller 602 receives a modal response signal over

path 312A from multi-channel modal filter 310. Say, for example, that the modal

response signal processed by channel 601A corresponds to the first out-of-phase’
bending mode for vibrating conduit{s) 302. The modal response signal is input to
subtract stage 608A as the subtrahend input. The minuend input to subtract stage
25 608A is the modal setpoint over path 612A. The modal setpoint is the desired level
for the corresponding modal response signal. The mode error output signal over
path 614A indicates the extent to which the modal response signal deviates from the
modal setpoint. The modal setpoint over path 612A can be, but is not limited to, a
fixed voltage provided by a voltage reference (not shown) or a value retrieved from

30 a memory (not shown).
The modal setpoint itself is determined as follows. As noted above with

respect to EQN. 1, the physical response (x) of a system is related to the modal
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ineludi ng: nodal response signal generating neans (310) arranbaeéu?% receive

said b 10 notion signals and to produce N nodal response signals
(312A-312N) fromsaid L notion signals wherein each of said N nodal
-response signals corresponds to a different one of a plurality of vibration
nodes of waisd/4dwAduit (103A-103B) and wherein N is greater PHYKSY/00% g
nodal response signal generating neans conprising N nodal filter 15
channel s wherein each of said N al filter ~har=neis is arranged to

recei ve &SHO@ae?nmﬁaavstea]a%yESﬁE&d faﬁd§|\g%fé@ﬂ§ (&b ThgBnysigaeypenEneta

recei ved [ [ t y et @‘J’E‘@#F ybg.ati on of the conduit
at a par Pﬂghlig%t%gg,ﬂje;tﬁdé)ggg ﬁé(g@é(;ﬁg rg?rsal d %%*'bér'esponse signal s as
an out put; means (602) responsive to the production of said N nodal
response signals 20 arranged to produce N nodal excitation signals from
said N nffal response si gnal % '"b?:i Bubtracting each of said N nodal signals
from asm)dal setpoint for a particular node of said nodal response signal
and applying a node gain to a result of said subtraction wherein each of
said N nodal gketd:ati on signals represents the nodal excitation necessary

to achi eve a desired nodal resgronse | evel for a 25 respective one of said
plurality of Xaisdheissalaripbysigab@spoase ahiogason 60ug to axstmisi ve to a

production sajd al i,tation signals, arranged.to produce. sajd Mdrive
si gnal s from@ﬁ?%%ﬁ?ﬂﬁ%’ﬁx@f@?@éﬁw Cg%rgrﬂitlr%f atggeqorl'u@aioénm W/éé Snal s
cause sajoll giflb¥Sior"EaRg to vibrate said conduit in desired nodes. 2. The
drive circuit (40) of clam 1l v~rherein said driver neans (104) includes M
drivet® (206M;20¢N sesler mwglal eespange @dmerdeai. (103A- 103B) and each of 13
August 2002 33 said Mdrivers (206A-206M is responsive to one of Mdrive
signals generated by said drive circuit (40). 3. The drive circuit (40) of

clai m 2 pher 6iig réafiteMRARE foRA4Y EICN PTOEHE B oR@dFoMHY inbRzP&BaInt ni ncl udes:
M drive signal channels (620A-620N) responsive to said production 8f said N

nmodal exfortadéon signals for producing said Mdrive signals. 4. The drive
circuit (40) of claim1l1 wherein said nodal response signal

15

X

T = gj— (10)

J

Say one wants the desired physical displacement setpoint (x| ) for the first out-of-
phase bending mode to be 0.015 inch at feedback sensor A. Referring back to EQN.
20 4,the matrix element (®,) corresponding to feedback sensor A (first row) and the first
out-of-phase bend mode (first column) is 25.1. Thus, n,, the modal setpoint for mode
i (the first out-of-phase bend mode, in this example) is equal to .0006.
Modal Gain
Subtract stage 608A subtracts the modal response signal over path 312A from
25 the modal setpoint over path 612A to produce a mode error signal over path 614A
to gain stage 610A. As noted above, each channel of drive controller 602 converts
a modal response signal to the modal excitation signal that, when applied to vibrating
conduit(s) 302, causes vibrating conduit(s) to oscillate such that the modal response
signal approaches the modal setpoint for the given made. The mode error signal over

30 path 614A is amplified by modal gain stage 610A. In alinear, time invariant system,
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- means (310) includes: N frequency bandpass filters (1202A- 1202N) wherein

each of said N frequency band pass filters (1202A-1202N) receives a '
different one of said L 5 notion signals generated by said notion sensor
~means (1Q&kRRods as an input and outputs a respective one SCTEHHON2Hpdal
response signals. 5. The drive circuit (40) of claim4 wherein said nodal
response signal nmeans (340) further includes: N integration neans
(1206A- 1mmdalaesp¢m@glsaelrat@ teabem@ﬁab@icdahoﬂavth%smﬁ@@asamrs .6, The
drive circuit . (4 Ia| m 1 wherejn said notion sensor ans, (105-105")
i ncl udesMags ﬁ{ﬁ{f "0‘# %’F‘E”\QZCBQWOQGE?BEC%}PE%' B%ﬁ?@’%@rss%f%g% th”‘ $$i gnal s
i ndi cati % n nd lég% 0
attachneér?t% dgf sté(gf:ﬁ ggﬁ gﬁ@mrtnlo g%l ?gn orﬁ‘js) tgbréaal(d conréu?(?}‘vﬁear%l ﬁ%g@%% 0
L noti oneigegvedtsrshaise muxt! ntamstie whitpand dicd nuddad stiffoesd |sttjnecn‘quxardf)oathean
nodes. 7. The drive circuit (40) of claim®6 wherein each of said N nodal
filterd c'Fl%FHFﬁéIf@QQ@GG)&- %QWSIWFM@Q atfpsQRangs, §ads My ﬂ%%enﬁ”tf'ﬁog%m'f%r
appl yin t i g ro~t r f

" AshrRlel) I BT ST 5'acl Pofh iroi3) r2iore, &R SRSt I D00,

34 5 secwmem@byBWMns (505A) for applying a second wei ght i ng factor
to a second one of said at least two of said L notion signals to develop a
second wei ghted signal; and nodal filter summ ng neans (510A) for combi ning
said first wejghted signal and said second wei ghted signal to produce one
of said cfa),fj I77 redpons@l I9i gnal s. 8. The drive circuit (40) of claim®6
wherei n each of said N nodal response signals is substantially a single
degree oWlrereedom nodal response signal corresponding to one of said
plurality of_w £Jjon nmodes. 9. The drive circuit (40) of claim7 wherein
said fi rstgfésr’\éilame&h% wei ghting factors are determ ned through trial and
error (SOOané)mode frddeertbyi;ve circuit (40) of claim7 wherein said first

and second
n, is the modal response for mode i; and

sai d

N is the modal excitation for mode 1.

10 Using the current example where the modal setpoint, i.e., the desired modal
response, is given by EQN. 11, the gain, G, applied by gain stage 610A is set as

shown in EQN. 12, as follows:

G = 2¢w® = 2-(.0005)-(1062-27)* = 445254 sec™ (12)

15
Gain stage 610A is therefore configured to have a éain of 445.254. The drive
excitation signal over path 618A therefore is the modal force that needs to be applied
to vibrating conduit(s) 302 in order that the modal response signal for the
corresponding mode match the corresponding modal setpoint. The remaining step,

20 asdescribed below, is to transform the modal excitation into physical excitations that
are applied in the form of drive signals over paths 208A-208M. The process
described above with respect to channel 601A of drive controller 602 is repeated for
each of the remaining channels 801B-601N for each of the remaining modal

response signals.
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“wei-rghting factors are determ ned through experinental analysis. Il. The
drive-~circuit (40) of claim7 wherein said first and second wei ghting
factors are determ ned through nunerical analysis (900-904). 12. The drive
.circuit (40) of claim1l wherein said nmeans to produce said N nodal

exci t at i owoiogelss (602) includes: N drive controller channRIBUSBHPL7R 601
N) each having as input one of said N nodal response signals and each
produci ng one of said N nodal excitation signals 5 as an output. 13. The
drive circuit Nptrothabthecprasantinvemiongiravidas s diectapansfatinfiuencmeons der

channel s_(601 A; 601 N~ hgl ; al _response_ _setpoi nt, means

(612 6130 ° feocteh A1y (it el et erer e pPRRSS & sai o
pl ural i t yoredin hd R th@n (N Al SotpOMPRIrehAEARSe (CABS: GRBN) afwsigRaM®Pad)l NY

sai d nodal response |evel to the corresponding one of said N iodal response

si gnal s indhproodespondingdaodalrespansmsignaleprdducdsa mepserra09gndb Jaing neans
(61 - 6 esponsi ve to.a productjon of said node.error signal, for
prod% n%esg%nb 55"9%5'5& R |mg %ﬁ't{"i‘lei”o esfr@ﬂgg‘l‘ §?9&°40t eeﬁl?y?\PZ &er cui t
(40) of gt i [ aly ik &8sean ' -612N) for
at | east%ﬁg%%és%reﬁ 'grﬁégcédgr}:?'r o) l*%?'eghgﬁﬁgﬁésy?gg%%%?c%%ﬁ‘@?? I%es a
zer o nodabdegbpereiErting\iké appropriaée orelabsetpainds frreadal mods pobs exsitehal s

correspondi ngt to sai (? at | east oncf: Qf _said N drive controller 5 channels
(601 A- diadajtorphysigal force, grfespondi ng said nodal excitation

signal havin V, i Sat dr 0, ' |

controller Cﬁ%%ﬂé?é%%%ﬁ%%%?%@f ?g\% 'Floﬁga%erri @tgz %FJF%E%% ?ﬁ%?f X’?o%?lai m 13
wher ei(h esaitdtiomsighal whichnmsestdet @giantiedistos (E1SAIGE ) dfive eadh bithetmone of
Saponc gl RepEH oo T ke SRREIRT b e S e SR v
to said ; t ; J i 1 I : =001 N)
ther by LR nE TR P AR R A B ERS I e IR B R R kel
non- zer ¢hé ggelar tiayal eacithtan digasitfooesctofirivsaitd alN approgriaterinislith¢s. channel s.

The scalar modal drive signal N, is the modal force required to drive Mode r
15 to the desired response amplitude. The actual modal force applied to the sensorin

Mode r is N.>"% a5 shown in Equation 13.

NF=glEN,  (13)
where:

F is the physical force vector needed to excite the desired mode;
N, is the scalar mode drive signal; and

@' is the transpose of a single column of the modal eigenvalue matrix.

In order to ensure that N,*# = N, as desired, the physical force vector, F,, should
20 satisfy the following relationship, ®,"F, = 1. There are many different physical force
vectors which satisfy this relationship. In fact, any arbitrary vector, A, which is not
totally orthogonal to @,, i.e., ®F, = 0, can be scaled to a desired physical force

vector, F,, as follows:
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."16. The drive circuit of claim1 further including: selection neans (1004) -

for selecting a one of a plurality operating configurations for said drive
circuit; adjustment neans (1006) responsive to a selection of said one of
.said 5 plwoabisgoigof operating configurations for adjusting RETAISIBERdnse
setpoints. 17. The drive circuit of claim 16 wherein said sel ection neans

i ncludes: a nenory (1002) containing a set of said nodal response setpoints
for each of sag d plurality of operating configurations; and an operating
confi gur A} kon5el ect(d®)(1004) for choosing one of said sets of 5 nodal
response set@oﬂnts fromsaid nenory. 18. The drive circuit (40) of claim 17
wherei n sai d adj ust nent neans i ncl udes: 13 August 2002 36 neans
responsive to said operating configuration selector for replacing a first
set of Malthafé@ﬁdﬁg@'Cs9étf‘bfi§ien\t%7t¢rn(%s)dﬁcﬁ singte e@uawnby & rewsvestemwhesecond

t of 5 _npdal t pol nt [ i ' 4 f.claiml
wner o n S8 dohsHa PRy B e bl AR BRES i 4 “PhefndBa® N
neans ( 688freA8Nhe ercd pheyicadosstichs. iTHIS nakes tied nratid oN dislint @ed tad | on
signals and each responsive to a respective one of said N nodal 5

exci t & ineatrix vgedfer the mastadilien ang drivercondrof engeiiignratitywaich was edirgade

conponent .. signal _representin I at sai.d. driver, negcessary t.q influence
t he cor %g}?of%a&ﬁ%c PP%E roﬁ?t'ﬁﬁgeéwgd‘d&q éa bﬁﬁgyeqﬁg %B%y%é?}g?fceand
summ ng vEERP$F {,6Q0) EQN. 19URBBRGoIE MvBIHEHT Vithis RNSHIEBY fRIIRRES U PAL from
said N nodal -to-physical signal transformati on neans to produce said drive
10 si gnauch @t A met hod (1100) generating drive signals and applying said
drive signals to a drive system (104} affixed to a conduit (103A-103B) in
order to cause said drive system (104) to vibrate said conduit (103A-103B),
sai d net hoq}éllOO?l including the steps_of: 5 receiving (1104) L notion

si gnals pr L. #oli on sensors (202A- 2105}) wherein each of said L notion
signals is generated by a one of said notion sensors (202A-202L) and is

i ndi cative of the novenent of said conduit (103A-103B) at a point of
attachnent of said one notion sensor to said conduit, said L notion signals

havi ng pRftalyifeBoaNsidas of BTN £8 With vakbtor ADkRdr §ReSBe &aRBfbrmation from

madal excitation to physical force as shown in EQN . 16:
15 A4N.=F (16)

EQN. 16 is the dot product of two vectors which means that one is dealing with
vectors and not matrices. Applying certain properties of vectors, it is determined that
the vector A, is expressed as shown in EQN. 17:

20

Y

A =t
0, [lo,

(17)

where the I symbol is the vector length operator.

An exemplary force projection calculation is now shown for the case of a
Coriolis flowmeter having two drivers (m = 2). With reference back to EQN. 6, one

25 of the two drivers is located coincident with feedback sensor A and the other of the
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.10-wherein L is an integer greater than one; deconposing (110?33/3‘%’%%“%8 %I

content of said L notion signals to produce N nodal response signals
wherein each of said N nodal response signals represents the anount of

vi bration of said conduit at a different one of said plurality of vibration
nodes andve&®M4te$ said N nodal response signals is generat eHC¥f‘{§ﬁ?’%‘{72§L5

| east two of said L notion signals; generating (1112) N nodal excitation
signal s responsive to said N nodal response signals where each of said N
nmodal exeptavesnisdeeRtgr Soirgideriaitlsfaadbastganseslei Farf tmfinsteubehphase

achi eve _a desired, nod Qnse | evel .13 August 2002 37 respective
sai d vi Qﬁaai%ﬂd%és 8%“@%?&&?‘8&6‘ 'B}F@B{)ﬂ%acti ng said nodal 20 response
signal froma nodal set point and applying a nodal gain to the result of
the subtraction; transformng (1114) said N nodal excitation signals into M
drive signal 089 pl yisngz $116) said Mdrive signals to Mdrivers

(206A- 20 I\/L(E:Oaum n Ig%l(d uit t(qui brate where Mis at least 1. 21. The
met hod ("1100)0.6398/) ai m 21 jwhgrei n 'sard deconposi ng step (1108) i ncl udes:

filtering (1110) said L notion signals through N nodal filter channels
(500A- 500N) where each of said N nodal filter channel receives all of said

L5 ti ) _ . ¢ . . se.
si gnars ! 5 SR DifirebRLt araNg S IiRaCHR ouafctoDntRA She FERARSE.
(1112) phaseiesd nmoeiedovihigesamgleNs ndelks. It easahswnsvignaspecitoNE@QRspetti ve
drive controller channels and within each of said N re?ﬁ;%ecti ve drive

cont r ol M&rthahiharadal gain goning firsfioni-ofpha@spgisb Mage IRSdBIeeXaMPE Bnal by

ap. & MDA RS R 10D EORE ST TERs A0F i Mt 8RS e, an
% Al n. ABhad8eAfrtholeyinAhA exaiple AYa, tNd?sdllar M@Baléxoiatidh 'sidndl BVBr fath;
>JY{vql fa\ W ca] ca] cal] c%ca ca]l cRa] ca] ca] ca] ca] ca] calca c_‘ag t%ag calcalca]ca]c

a] cal @ aftéfcisHaa] tnf 28’ ea] tgsefigucas aee Rubstou to EQN. etermine

a] ca] caf Al By 4 ey SRR ey Cap O Ca e T ORI

Wq,,-Y4g:. Op000| w mhc”Y] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] c”a] ca] ca] ca] ca]ca]ca]c
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FIG. 11 is a flowchart discussed below as a summary of the presentinvention.

Step 1114 of FIG. 11, the force projection step, is viewed in more detail in FIG. 7.
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: >uV7, 10%x&M9d a$QtPW&“‘(a§ oycg grapecten %kammr(@ntﬁdwmsqrﬁt@aw@m ()-

rigcl)\l/ééd ?]5}{17&%%5%0 {??‘&ié@%ﬁ &tﬂ%?g%%t\}? me/ ‘? % 8,5) o:f'&c(r):u't 40. Alternatively,

s! 109 & nfod 443y Sick) foréd PPEjEcto) 0% HAYRS tdst bl BfFcicouit @ME%LehQédté@%& ()-
f/#109%& ( (M'109%& () - #10%<&$é6%
&l f%iO%&SWA%QQ‘#@@Q&&'\&%\@HQIQ 'R tp)conyer theyanalog ssetiapnsignaly 10;

3 o [ onbia SR, e dinndSenaa i hen procsssed wspagiviial SonakRinees s | o

%0%& ( YD3OYt&cHNiqss Aot il&ldkirlg 81i084dign |3 -are converted back to analog
20 signals using Digital to Analog Converters (DAC's). Those skilled in the art of

electronic signal processing recognize that many different analog or digital (ADC,
DSP, DAC) approaches can be used to implement the teaching of the present
invention and all of them are equivalent and within the scope of equivalents for the
present invention.

25 Summer Stage - FIG. 6

The signals output from modal-to-physical force projector 604 are summed in

summer stage 604 to produce drive signals 208A-208M, as follows. As noted above,
each channel 620A-620N of modal-to-physical force projector 604 produces as many
outputs (M) as there are drivers 206. All of the modal-to-physical force projector 604
30 outputs corresponding to a driver A, for example are summed by summer 622A to
produce drive signal 208A. Thus, output 620A.,, output 620B,, and output 620Ny,

are all input to summer 622A. The output of summer 622A is drive signal 208A.
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10 140 for aflowmeter 5is a mass flow configuration. In the mass flow configuration, for the

example of the flowmeter 5 of FIG. 1, the first out-of-phase bending mode is excited

and other modes are suppressed. A second configuration for a flowmeter 5 is a

pressure measurement configuration. [n the pressure measurement configuration,

the first out-of-phase bending mode and the first out-of-phase twisting mode are both

15 excited and other modes are suppressed. Flowmeter 5 switches between the first

and second operating configurations and its drive scheme is optimized for each
mode.

FIG. 10 is similar to the FIG. 6 depiction of modal response signals processor

320 but with the addition of memory 1002 and operating configuration selector 1004.

20 Memory 1002 is 2 Read Only Memory (ROM), for example. Loaded in memory 1002

is a modal setpoint table (not shown). The modal setpoint table includes a set of N

modal setpoints for each operating configuration of the flowmeter. Each set of N

modal setpoints includes a modal setpoint corresponding to the N modal response

signals. Operating conﬁgurétion selector 1004 provides a control signal over path

25 1006 to memory 1002 which determines the set of modal setpoints output by

memory 1002 over paths 612A-N. Operating configuration selector 1004 and

memory 1002 are preferably part of meter electronics 20. Operating configuration

selector 1004 may, for example, be a microprocessor (not shown) in meter

electronics 20. The switching from a first operating configuration to one or more

30 alternative operating configurations can be accomplished in any number of ways and

is notimportant to the present invention. One example is that operating configuration

selector 1004 could be configured to switch every thirty seconds between a first
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I n" noo. qqdE_@ocessing begins with step 1102 when a Coriolis flowmeter or densimeter
begins operation. In step 1104, L motion signals are received from L feedback
sensors indicating the motion of various points along a vibrating conduit. During
step 1106, N modal response signals are generated from the L. motion signals. Each

20 modal response signal, typically a SDOF signal, corresponds to one mode of
vibration present on the vibrating conduit. The N modal response signals are input
to an N-channel drive controller during step 1108.
During step 1110, a mode error signal is generated for each modal response
signal by applying each modal response signal to its corresponding modal setpoint.
25 The mode error signal is amplified by a mode gain, during step 1112, to produce a
modal excitation signal for each mode.,
During step 1114, each modal excitation signal is transformed to a physical
force vector where each element of the physical force vector corresponds to one of
m driver(s). Step 1114 is described in greater detail in FIG. 7. Processing next
30 proceeds to step 1116 where the m drive signals are applied to the m driver(s)
causing the vibrating conduit to vibrate in the desired modes. Processing concludes
with step 1118.

30



- 10.#109%&' ()- &Y( ! 109%& ()- &z#10%& ()-9 13 August 2002

s! 109&' () -3 y#10%&' ()-L ! 10%& ()-qrrKssssssdYNC 10 10 10

103=109%& ()-: ! 10%& ()-8 ! 10%& ()- 37#10%& ()- 0s!10%& ()-sssstuvdEYNC 10

1109 ()-,#10%&R ()-,s! 109 ()-"@QO% ()-" &b109& ()-f10%& ()-v3vvvwmwdEYNC
10 y#loo/&“’((3997’4|49_ /& () 31 10%& () PCT/US99/00723
1109 () - S10%& () - @O% () - wx) ygzz{ 3| dEYNC 10

3y8#10%& & 10% Y #10%& (),-9! ! 10%6: )y -3111111
Y Ibc 10rM 100Gyt %%9%%??%%%%6“% %, gingaope Mo s expectestaing | |

|} ‘I%%/&QE;?E%&;@RB%?%?%G@H Eﬁﬁ?/gwé/gl)gélo S#tlér)}eagfn}e dnve conjral ast&ms thatare

#1098 () Wipin ﬁtﬁ%&c@ 997’1(12%& fojlowirgoetams ra‘itthH]terally or under the Doctrine of

10& -s!1p (lEl 10%& () - 8* 10%&! ()- 9l (! 109 ()- &#10%! ()-9 ! 10%& ()- rSuj_@
10$10%@! é@ 10 10Y=10% ()-! DY7#109%& ()- 20! 109%& () -/ #10%&: () - $0@ dEj _@
10" 1 10%@& ()-s@ 10%G&' ()-s! 10%@& () - LLO%GE ()-" 10%@& ()-L, 10%@&& ()-rr dE _@
10 1 10%@& () - 3#10% () - &! 10%@E () - 3#10%& () - L3! 10%@ () - g#10%! () -

M i +b@ @ 10! 83#10% {& ()-S &3#L0%AAR () - SO

31



1004 () -/ 10%@& ()-,)! 10%@& ()-s' #10%& ()- +zuj @ 10#10% () 38820 100
S10%@ ()-f; #10%E& ()- 9! L0%G ()-! &3#10%\ F\ & ()- S0a?j @ 10! k3

$10990& ()-9! p3 $10% *& ()-910%&' ()- 10%& ()- !109%& ()-Fs' 109%& ()- W}[<j @
10 &#109%&' ()-!; &H#109%& ()-3 $109%& ()-3%: 3 $10%& () 93" $100&’ ()- 9! X3

' $10% () Cq%ﬁ;g\_ 10f 10%1&' ()- 10 10 10>10% ()-, 109%& ()-!:/#10%& ()-M ;

/ #10%: ( \= 1010%m&' () - SSLO%T& () -

10%r8; ()- L 307(10%&'/Q)dﬂi%@éarl:m’){mmhﬁb@mﬁét(e)s M @GR essdgfen)s antitapplies said M

Do (VB SIGEE (5 A Sesvaees (104K 13 AR BBA M0 Gause

"109%& (shid & el%éﬁfs((ioﬁ)lt%"/ﬁ&ra(é sxldleﬁhé&mml@%@&mé@“s&@%ﬂ% @10
P1IL10%& () -' L109%& ( L10%& () - 0%<& ()-' L109%& (
109 &' ()s;gta)k&am]ge@rated from L motion sngnals received by sald drlver circuit (40)

ol Toved () PUEERp Mg ) 05 2elueskid g2 chisint (1934 s Be @ 10
% | #10Y8eRe(ate SafDs BN Signats rdspbP¥Basio(dscillations of said conduit (103A-

/{#10%# +#&' () -L10%& ()-")?}vU4 10
03B) wherein L and M are’integers greater than one, said drive circuit (40)

including:
modal response signal generating means (310) arranged to receive said L
10 motion signals and to produce N modal response signals (312A-312N) from said L
motion signals wherein each of said N modal response signals corresponds to a
different one of a plurality of vibration modes of said conduit (103A-103B) and
wherein N is greater than 1;
said modal response signal generating means comprising N modal filter
15 channels wherein each of said N modal filter charinels is arranged to receive at
least two of said L motion signals as input, analyze said received motion signals to
determine the amount of vibration of the conduit at a particular mode, and produce
one of said N modal response signals as an output;
means (602) responsive to the production of said N modal response signals
20 arranged to produce N modal excitation signals from said N modal response
signals by subtracting each of said N modal signals from a modal setpoint for a
particular mode of said modal response signal and applying a mode gain to a result
of said subtraction wherein each of said N modal excitation signals represents the
modal excitation necessary to achieve a desired modal response level for a
25 respective one of said plurality of said vibration modes; and
means (604) responsive to a production said N modal excitation signals
arranged to produce said M drive signals from said N modal excitation signals

wherein said M drive signals cause said driver means to vibrate said conduit in

desired modes.

2. The drive circutt (40) of claim 1 wherein said driver means (104)
includes M drivers (206A-206M) affixed to said conduit (108A-103B) and each of
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N frequency bandpass filters (1202A-1202N) wherein each of said N
frequency band pass filters (1202A-1202N) receives a different one of said L
5  motion signals generated by said motion sensor means (105-105") as an input and

outputs a respective one of said N modal response signals.

5. The drive circuit (40) of claim 4 wherein said modal response signal
means (340) further includes:
N integration means (1206A-1208N) for integrating each of said modal

response signals.

6. The drive circuit (40) of claim 1 wherein said motion sensor means
(105-105") includes:
L motion sensors (202A-202L) for producing said L motion signals indicative
of the movement of said conduit (103A-103B) at a point of attachment of said L
5  motion sensors to said conduit wherein each of said L motion signals has modal

content at each of a plurality of vibration modes.

7. The drive circuit (40) of claim 6 wherein each of said N modal filter
channels (500A-500N) includes:

first weighting means (504 A) for applying a first weighting factor to a first
one of said at least two of said L motion signals to develop a first weighted signal,
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9. The drive circuit (40) of claim 7 wherein said first and second

weighting factors are determined through trial and error (800-8086).

10.  The drive circuit (40) of claim 7 wherein said first and second

weighting factors are determined through experimental analysis.

11.  The drive circuit (40) of claim 7 wherein said first and second

weighting factors are determined through numerical analysis (900-804).

12.  The drive circuit (40) of claim 1 wherein said means to produce said
N modal excitation signals (602) includes:

N drive controller channels (601A-601N) each having as input one of said N
modal response signals and each producing one of said N modal excitation signals

S) as an output.

13.  The drive circuit (40) of claim 12 wherein each of said N drive
controller channels (601A-601N) includes:
a modal response setpoint means (612A-612N) for defining said modal
response level for a given one of said plurality of vibration modes;
5 compare means (608A-608N) for comparing said modal response level to
the corresponding one of said N modal response signals to produce a mode error

signal; and
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selec’uon means (1004) for selecting a one of a plurality operating
configurations for said drive circuit;
adjustment means (10086) responsive to a selection of said one of said

5 plurality of operating configurations for adjusting modal response setpoints.

17.  The drive circuit of claim 16 wherein said selection means includes:

a memory (1002) containing a set of said modal response setpoints for each
of said plurality of operating configurations; and

an operating configuration selector (1004) for chocsing one of said sets of

5 modal response setpoints from said memory.

18.  The drive circuit (40) of claim 17 wherein said adjustment means

includes:
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sensors (202A -202L) and is mdlcanve of the movement of said conduit

(103A-103B) at a point of attachment of said one motion sensor to said conduit,

said L motion signals having modal content at a plurality of vibration modes and
10 wherein L is an integer greater than one;
decomposing (1108) the modal content of said L motion signals to produce
N modal response signals wherein each of said N modal response signals
represents the amount of vibration of said conduit at a different one of said plurality
of vibration modes and each of said N modal response signals is generated from at
15 least two of said L motion signals;
generating (1112) N modal excitation signals responsive to said N modali
response signals where each of said N modal excitation signals represents the

modal excitation necessary to achieve a desired modal response level for a
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20  response signal from a modal set point and applying a modal gain to the result of

the subtraction;
transforming (1114) said N modal excitation signals into M drive signals; and

applying (1116) said M drive signals to M drivers (206 A-206M) causing said

conduit to vibrate where M is at least 1.

21.  The method (1100) of claim 21 wherein said decomposing step
(1108) includes:

filtering (1110) said L motion signals through N modal filter channels
(500A-500N) where each of said N modal filter channel receives all of said L

5 motion signals as input and outputs one of said N modal response signals.

22. The method (1100) of claim 21 wherein said generating step (1112)
includes:
receiving said N modal response signals in N respective drive controller
channels and within each of said N respective drive controller channels; and
5 amplifying said respective mode error signal by a mode gain to generate a

respective modal excitation signal.



