WD 21) 1) 71035376 PCTI US211116/ 11357116 METER ELECTRONI CS AND METHODS FOR
GENERATI NG A DRIVE SIGNAL FOR A VI BRATORY FLOMWETER Background of the
| nvent i orwo20d7/035376l d of the I nvention The present inverCiras200sl03i7e6 to a
vibratory flowreter, and nore particularly, to meter electronics and
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notion of a vibrating conduit that contains a flowng naterial. Properties
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like, in Sz?g@,@;ﬁbfmeﬁ%@npondwt may be vi ewed as havi ng a set of 20

nat ur al ration nodes i1ncluding, for exanple, sinple bending, torsional,
radi al, and Vd:mamigcbndudessnsohm sach proabhﬁmaSS)ﬂDW melsss efrido‘mbm@gur ement
appl.i C;{I on, a conduit_is vi brati.on des
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act uat or an el'ectronechani cal device, such as a voice 25 coil-type
dri ver ,fléwhaderpaytaud lise tile cawbe determined Wmoabsmgfmsdsummeﬂvawaisl ow rate nmay

be determ ned by neasuring tinme del aé ase di f%ﬁre ces between. notions
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typi cal =Yq10) 'n_ of the flow
condu, ¢ 16 AR Ao IRty BRREHE(oop st R by RELORBIRATIESC! ¢ cam and
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el ectronic instrunmentation by cabling, The instrunentation receives

si gnal scantzned Hereio pi ckof f sensors and processes the signals in order to

derive a nagstyfnljcglv\b(gr%ﬁs IEASHEE TRAL indludes one or more conduits that are

connected inline in a pipeline or other transport system and convey material, e.g., fluids,
slurries and the like, in the system. Each conduit may be viewed as having a set of

20  natural vibration modes including, for example, simple bending, torsional, radial, and
coupled modes. In a typical Coriolis mass flow measurement application, a conduit is
excited in one or more vibration modes as a material flows through the conduit, and
motion of the conduit is measured at points spaced along the conduit. Excitation is
typically provided by an actuator, e.g., an electromechanical device, such as a voice

25  coil-type driver, that perturbs the conduit in a periodic fashion. Mass flow rate may be
determined by measuring time delay or phase differences between motions at the
transducer locations. Two such transducers (or pickoff sensors) are typically employed
in order to measure a vibrational response of the flow conduit or conduits, and are
typically located at positions upstream and downstream of the actuator, The two pickoff

30 sensors are connected to electronic instrumentation by cabling. The instrumentation
receives signals from the two pickoff sensors and processes the signals in order to derive

a mass flow rate measurement.



WD 2007/ 035376 PCT/ US2006/ 035706 In addition to generating flow
measurenents, a flowreter's electronics nust al so generate a drive signal.
The dri veweigimalsszhoul d optinmally drive the vibration ofcrhms2odklossmet er at
or near a frequency that enables accurate flow characteristics
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Sol uti on The above and ot her problens are solved and an advance in the art
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f | owretoperadiods af preolewsictey. system in communication with the interface. The

processj ng syst i opnfigured to 15 receive the sensor signal,
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frequency response of the'vibratory flowreter, and conbine the phase shift
val ue (tBjoughtthe ptovisisen$ e mesérgheitroand antdenghadefosigefitreting edsive signghal i n

order to generate _a drive signal. The processing systemis further
cor igLfP%gvﬂﬁa@éYgPWWé% sensor signal anplitude fromthe 20 sensor signal

d the phasg-shi ' RTARITEY i tud
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based on the sensor si a I've signal ase Is
subst anroaidey atetetdtngcdlantembodlimentsdiths inyeatioph@be meferred¢dumidsamonyeises at i ng

a drive signal for a vibratory flowreter is_pr oviﬁied according to an
enbodi ragrintesface fer TeReiNiRg densamEghal trer theopbrateyiowmsicl pRg 2 TS8R 25

mbod ce e _ . Vg R
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phase- shidive thesRnser sighdNsHase-skieh the Bén¥on gighabatsantisilgfakiegreps td adstef r om
t he sensor si gnal and the phase-shifted sensor signal, and generating a
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conpri ses receiving a sensor
processing system is further configured to determine a sensor signal amplitude from the
20  sensor signal and the phase-shifted sensor signal and generate a drive signal amplitude
based on the sensor signal amplitude. The drive signal phase is substantially identical to
a sensor signal phase.
A method for generating a drive signal for a vibratory flowmeter is provided
according to an embodiment of the invention. The method comprises receiving a sensor
25  signal from the vibratory flowmeter. The method further comprises phase-shifting the
sensor signal substantially 90 degrees to create a phase-shifted sensor signal,
determining a sensof signal amplitude from the sensor signal and the phase-shifted
sensor signal, and generating a drive signal amplitude based on the sensor signal
amplitude. The method further comprises generating a drive signal including the drive
30 signal amplitude.

A method for generating a drive signal for a vibratory flowmeter is provided

according to an embodiment of the invention. The method comprises receiving a sensor
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2 WD 2007/ 035376 PCT/ US2006/ 035706 signal fromthe vibratory flowreter,
phase-shifting the sensor signal substantially 90 degrees to create a
phase- shiwoadomssser signal, and determ ning a phase shipCir/vsadog@3g70¢ from
a frequency response of the vibratory flowreter. The nmethod further
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gener at é(f’&gr%fd éé?erﬁb%ﬂlxerﬁ@%? Helidfhtiba. BAReH08d bRt RESRLeiv i Bbensor

anpl i t ude. drive signal phase I's substantially identical to a sensor
si gnal gped drorddpedbetaly fidvemetergitasoshifimptie sespecsignal sttstantistly ©0
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cor r el afg) @ttt fhe stisaupmay andtrphas-tloftad termqueignyl inlader torgeheieomdhivg i n
order to produce the phase shift value (0). 25 In yet anxﬁt hgr asptfct of the
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Asi oMt beEeMonaRél sl Signal Sfplange.r O dote tiggalgimsets dubetaAtigidmidestjcidrted term
and the Asincot squared termin order to determ ne the sensor signal

anpl i t udeens8osignaly@tasanot her aspect of the meter el ectronics, generating

;Prgl :j{ Lé@p?%gﬁﬁl%ﬁ%'phtaﬁde further conprises conparing the sensor si gpal
In one aspect of the meter electronics, the phase-shifting is performed by a
Hilbert transform.

20 In another aspect of the meter electronics, the phase shift value (8) comprises a
compensation value.

In yet another aspect of the meter electronics, determining the phase shift value
() comprises linearly correlating the frequency response to a frequency/phase
relationship in order to produce the phase shift value (6).

25 In yet another aspect of the meter electronics, determining the sensor signal
amplitude comprises receiving an Acoswt term representing the sensor signal,
generating an Asinot term from the phase-shifting, squaring the Acosot term and the
Asinot term, and taking a square root of the sum of the Acoswt squared term and the
Asinot squared term in order to determine the sensor signal amplitude.

30 In yet another aspect of the meter electronics, generating the drive signal
amplitude further comprises comparing the sensor signal amplitude to an amplitude

target and scaling the sensor signal amplitude in order to generate the drive signal
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target and scaling the sensor signal anplitude in order to generate the
drive signal 3 WD 21)1)7/1135376 PCTIUS211116/ 11357116 anplitude, with the
scal i ng beongoiaszd on the conparing of the sensor signacTamspdosctossies to the
anplitude target. In yet another aspect of the neter electronics, the

i ng. temijs furt . fa dt hi h j i t
Bt ar t uprBRitie Wi msetie Shing B ) BRebPaBRk o okt S P on s,
t he prqg%ﬁé?ﬁgliﬁﬁg&ﬁg\?ﬁs further configured to chirp the drive signal at a

startup o er, wth the chirping conprising sweeping through
two or nore fryeterothyr aspeges thetictertehestioninsniie @roeassing SYstem iy &urthfiot her

aspect of the neter e]ecgtronics, .th rocessiyng systemis further ‘
conf i guredigtEed torfaEPibR TR SIgRT assi%d’ﬁ%(?ﬁilﬁﬂlo%'t?%?l‘anot her aspect of the
met gr el ect roni 65y be s{‘%@t‘éﬁ%ﬁé RSV EPniR, THJrb&ssing ¥ Eteait Sa e
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a Hil bert lﬁ\ ieé%ﬂ%tfgglre 2 esl:po%'tﬁé r@éﬁ&lé'l‘&ftrﬁdégg{e ﬁt)ct%sgﬁxgr@ts@ﬁgi’s fiiBerTet hod

further conp nin sensor si anplitudé fromthe sensor

si gnal @adiffigubel Phaserishifetdtiesepmdr signal, generating a drive signal
anplitude based on the sensor signal anplitude, and jncludin f tEe drive
si gl anpl i Iy ahathehespget efcths ingien cleghtpnics, HFATREFSSHIEHRYELCTHE P HE et hod,

e amp e " | . ect t
Cor m r e BRHTY RO s &rear o ARt G Eng B LR o R e e
phase- sfiihj d?ﬂmtﬁwh@me deddh@ ABSIRGEE, dhardetcanbroatiBarsiding ot empickofind  taki ng

a squareroot of the sumof the Acoscot squared term and the Asinwt squared
term i sersodiithe secdnd emplinwsletinbighendwn the senspr sigptl a@ldudes | n yet anot her

t of the nethod, ing the driye.si i furth
Compr | ses. colpird Fperil Beregion b R B SRR L (2 et and

scaﬁ nguth&ormensor signal anplitude in order to generate the drive signal
anplitude, with the scaling being based on the . conparing of the sensor
si gnal anpl i Tuslet anothehesmaepbf thedeecthad.gbe metlpd,/drthgneemprisessista NS fhe

Fapr osentRg Sens aHuue SPgnEE SOGERaEr H5 R RETR T ELPRTPl S fhe phase-
generating a drive signal amplitude based on the sensor signal amplitude, and including
the drive signal amplitude in the drive signal.

20 In another aspect of the method, determining the sensor signal amplitude
comprises receiving an Acoswt term representing the sensor signal, generating an
Asinwmt term from the phase-shifting, squaring the Acosat term and the Asinot term, and
taking a square root of the sum of the Acoswt squared term and the Asinot squared term
in order to determine the sensor signal amplitude.

25 In yet another aspect of the method, generating the drive signal amplitude further
comprises comparing the sensor signal amplitude to an amplitude target and scaling the
sensor signal amplitude in order to generate the drive signal amplitude, with the scaling
being based on the comparing of the sensor signal amplitude to the amplitude target.

In yet another aspect of the method, the method further comprises receiving an

30  Acoswt term representing the sensor signal, generating an Asinot term from the phase-
shifting, squaring the Acosot term and the Asinwt term, taking a square root of the sum

of the Acoswt squared term and the Asinot squared term in order to determine the
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shifting, squaring the Acoswt termand the Asinwm term taking a square
root of the sum of the Acoscot squared termand the Asinwt squared termin
order to wetesrmissEet he 4 WO 21) 1) 7/ 1135376 PCTI US211116,tTABZMEM3578€NSOr
signal anplitude, generating a drive signal anplitude based on the sensor

signal __anplitu i nel udi ; ' ' bh iy sdshr Libgadri ve
si gnal .se?si&ﬁgnagg%lpﬁ@geageglg{éﬁ%g% (f[irlfil\ge %@%%&E 1?‘%24 brr%tgﬁog furtlﬁer 1%@%” ses
recei Vigheplikde, ABAIEANAINE IS ditpr dgeditanngitbdeinsthasieve siggahl , generating an
Asincut termfromthe phase- 5 shifting, squaring the Acoscot. teen and the

Asi noot t er ip yehriotheraspeiof the wethods theraetigmiether CeMRESELIFCEYHRAIRd term

d the, Asi t dt ; . . : |
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anplitude, e scaling being based on the conparing of the sensor
si gnal ofitiné Atcastet squatedderto andriiic Asidet seuaged teraig ordrstadeiegningdhar i ve si gnal

litude in.the drive signal. | t th f t th
moF hod ot A sl e deuing fiekEhse SChmBRREE to B abDRpRi e, e
f : y i t: | B, b B i hi ft
r equeEgggﬂl%egﬁ%{aﬁ@m%i%fggg‘cmgh%@ﬁ@ bYdd: 16 WeRd e thé afibé @%am arhpleupBaseh shi

val ue e se ignal and theé phase-shifted sensor signal in
order tthe gempdicin@babeil ve thé grapanimetthe saasor signabamplitkde teitheve si gnal
phase in the drive 15 si

f signal, erein the drive .signal. phase is
suB8t arpmpiftige tarast prdncliging e SLiye signghamp h)éj':?ér.l ﬂ%? %“{fg?lg% ot her aspect of
th t hod, L | Wtk o
€ metho Itnz;%é E{?gtzlgr %&ﬂ%&t of ﬁ%g‘ffetfg&% HROTRIHo8 FartRer CRTPRIARS BbleARintAd HE. I N

yet another ‘a ermning the phase shift val ue (0)
conpr i sggst Enéavdlye ()rroeh atfiengerndyerefpegueficye viesporysowmeter foosthiamgy / phase
relationship 20 in order to produce the phﬁse shit%lt val ue (O@I.n yet

anot herthappasa shift velve (Rbwitbdhe sensonagradndihe Rksse hff)f?qa?é@rl Sty

correl ati,ng the fr NG Y- e : ' i in
order. tBaBrSHARgHEETIREY GRFRRE A A REENENE RIRREPREL A LIRS |01 e
(0)15wi tdighdhewnersoihesirpRalgranghisbas sybiseatiatipiiddntidabensensai ggedl phaseor der to
generate a drive signal phase, and including the 25 drive sjgnal phase in
the drive silnydtaneiber aipect ofehemepkod tamplnasgshidevalye COISOMPRISESE | v

identical to a.sensor si gnal phase. In yet another aspect of the nethod,
the met fSBPEEAEALYa¥8nprises chirping the drive signal at a startup of the

flowreter. | y&tansfRt BjecBSPR6 imdhiod, Metampiifiag thd pieasohifioehlfai(@)her
conprises chirping the , _
comprises linearly correlating the frequency response to a frequency/phase relationship

20  in order to produce the phase shift value (0).
In yet another aspect of the method, the method further comprises linearly
correlating the frequency response to a frequency/phase relationship in order to produce
a phase shift value (8), combining the phase shift value (6) with the sensor signal and the
phase-shifted sensor signal in order to generate a drive signal phase, and including the
25  drive signal phase in the drive signal, vx;herein the drive signal phase is substantially
identical to a sensor signal phase.
In yet another aspect of the method, the method further comprises chirping the
drive signal at a startup of the flowmeter.
In yet another aspect of the method, the method further comprises chirping the
30 drive signal at a startup of the flowmeter, with the chirping comprising sweeping

through two or more frequency ranges until the flowmeter starts.



30 drive signal at a startup of the flowreter, wth the chirping conprising
sweepi ng through two or nore frequency ranges until the flowreter starts.
5 WO 21) WorodaB3386PCTI US211116/ 11357116 | n yet anot hePcagseais/06d706 he

met hod, the nethod further conprises linearizing the drive signal. In yet

anot her aspegh of o4 B TR %ft e @BH ht?lg llf]éﬂ’l&? ﬁrgﬂﬁi}) ngéfgsﬁgg%lglgaéﬁ%%ttﬁ g9 2

second anplitude using é ? detect i om,

anpl i t udeivegignak 5 second anpl i tude, and det ecting broadband noi se on a
pi ckof f sensor if the second anplitude is higher than the sensor signal
anpl i t ude. ﬂ)éé’é’friirpltﬂil@frasmctplﬁéhemlathpdgtélemh@@ﬁmheefcewms@ caleging a

th | d lis fl
retor corrEery PHes S B PAUs Been AOPHEPES theps i ATEL A S shone

net ef e's@é&ﬁ%ﬂ&u@&%ﬁ@lef&uhg b%hd%ﬁmpﬁibl@@% a?ﬁclw}?sérﬂ&eﬁtthé)&cong 1G 3
shows a drive mgna portion of the meter electronics according to an

enbodi menpligidetig lghwdtrfmtdlnserl%bfamgnahaan}ahthdmmhart of a nethod for

generat i a for a vibratory 15 flowreter according to an
enbodi né%gcgf’gf’ﬂé’?'tﬁ?/ ﬁf“?’v SFIG 5is a flowhart of a nethod for

generating a"[qllre's‘e{ﬁlesrb&?éﬁcefn%nb%r Yép?élﬁgﬁg}igls%ﬁgg‘@!??ﬁ&ﬁ oﬁ%ﬁ%r%ﬁ%gt 0 an

enbodi nent of the invention. ram of sed | oop

di gital drivélacdoshbiwsat Gommils dotyodietendomapridihg a meedit dseembZ0atkd @etdr Shows

an Il]1 put Condj tion block according to an enbodi nent of the invention. FIG
elgtr PRYFenent ati on of an adj ustabl e i deal Iowpass filter of order

N:100 rrultlp Fini.te | nmpul se
Response (FFE%? %%{)\E}? %%%%\% gss%gg&ldh%nt%eang@ dn% grlrl%vteghggl cul ate
the filter c®GEi3cilewssafdrivet fignalf pdrtion off thel GeteB. elc’f_du@mcjsoac%b Cg&o(ééh' c

I

Fr eq- Mag %I Qck accor ding to an enbodi nent of the invention. 11 shows
a Hi | befMbpdiggenied the BwrRNERor di ng to an enmbodi ment of the

FIG. 4 is a flowchart of a method for generating a drive signal for a vibratory
15 flowmeter according to an embodiment of the invention.
FIG. 5 is a flowchart of a method for generating a drive signal for a vibratory
flowmeter according to an embodiment of the invention.
FIG. 6 is a block diagram of a closed loop digital drive according to an
embodiment of the invention.
20 FIG. 7 shows an Input Condition block according to an embodiment of the
invention.
FIG. 8 shows an implementation of an adjustable ideal lowpass filter of order
N=100 multiplied with a Hanning window to create a low-pass Finite Impulse Response

(FIR) filter.

25 FIG. 9 shows an enabled subsystem to calculate the filter coefficients for the
filter of FIG. 8.

FIG. 10 shows a Calc Freq-Mag block according to an embodiment of the

invention.

FIG. 11 shows a Hilbert Freq Mag block according to an embodiment of the

30 invention.

FIG. 12 shows a Hilbert Frequency Estimator block according to an embodiment

of the invention.



30 invention. FIG 12 shows a Hilbert Frequency Estimator bl ock according
to an enbodi ment of the invention. 6 WO 2007/035376 PCT/ US2006/ 035706

FIG 13 swowso7a3E¥7sve Feedback Control System bl ock accecaiusgotsco3zne

enbodi nent of the invention. FIG 14 shows a G oup Del ay Conpensation bl ock
accordi ng to @ efogi,grn t | ' shaws .an Aut omati c
Gain Control (AGC) bl ogﬁ %C%{V& gge ngggéb@pn%}ogiy%% bé?ok[ ﬁ&c?rﬁ%gntt?o?f? FI G
16 showsnsbddimpardfitbealventibegral (Pl) controller according to an

embodi ment of_the inventign. FIG 17 includes three drive signal plots that
are representldt V& shpwy a Grupubelay {iprepsasaiqroblock ageerding toransgmbodingnt 18
shows a J¢i I drive control block diagram according to an enbodi nent
of the idr{\gle%ﬁ?llrvgﬁt?&h G 19 conprises graphs of the linearized drive control

accotdi ng to KG. Ekbdiveemt Afitohladici GYBRNG @0l ]@@Cﬁlblg& %H&fd’i@f% ggaphs
(0] a r

t hat show t he setpoint anplitude independence I neari zed ive | oop.

Det ai | edosiEneptafdhe gIventen) nvention FIGS. 1-20 and the fol | owi ng

descri ption ict.specific exanpl.es to tegch,those skilled jn the art how
to make and gﬁ@t?@ Eﬁ% Snﬁd?%‘?rg%b?ﬂéamﬁ?&ﬁa}i gﬁb I’—‘:(S’Ptrpﬁ%l pa(ﬁc%é%g %0

t eachi n@nibddanént\ef thé ifvehbes, some conventional aspects have been
sinplified or omtted. Those skilled in the art wll appreciate variations

from these exdfplldsinchales fthitee driviet $igmlt fletssthepereofeptrésentative nifi 0 flowThins e
ski l,l,ed in L[.he.art Wi | Iqxgppreci ate that the features described bel ow can
be mbioREHIOR W I Whys to formmultiple variations of the invention.

As a result, gibe 19v%BBK0R 1 | &0 t . fic les, 2
descri bed bel ow, but onlsyabgﬁﬁgfe%%l %I:Nn%secglr} 81[ r@??légg%r%}é’l eag%%gg&lgl %) a% shows
a Cori olemdotlimentrofitles insenbomr i sing a neter assenbly 10 and neter

el ectronics ter assenbly 10 responds to nmass flow rate and density of
a process néﬁ@ri CORBYISPS eFraRtisy 85i%§ beearized offiet tceBtreb afeardmgadecdibl y 10

via | eadsiphd@néf of the invention.
15 FIG. 20 cdmprises graphs that show the setpoint amplitude independence of a
linearized drive loop.
Detailed Description of the Invention
FIGS. 1-20 and the following description depict specific examples to teach those
skilled in the art how to make and use the best mode of the invention. For the purpose
20  of teaching inventive principles, some conventional aspects have been simplified or
omitted. Those skilled in the art will appreciate variations from these examples that fall
within the scope of the invention. Those skilled in the art will appreciate that the
features described below can be combined in various ways to form multiple variations
of the invention. As a result, the invention is not limited to the specific examples
25  described below, but only by the claims and their equivalents.

FIG. 1 shows a Coriolis flow meter 5 comprising a meter assembly 10 and meter
electronics 20. Meter assembly 10 responds to mass flow rate and density of a process
material. Meter electronics 20 is connected to meter assembly 10 via leads 100 to
provide density, mass flow rate, and temperature information over path 26, as well as

30  other information not relevant to the present invention. A Coriolis flow meter structure

is described although it is apparent to those skilled in the art that the present invention



provi de density, mass flow rate, and tenperature information over path 26,
as well as 30 other information not relevant to the present invention. A
Coriolis woammssas structure is described although it PCS/imp@anssTet o
those skilled in the art that the present invention 7 WO 21)1)71035376

PCTI US21 “i‘%géé%ﬁ% g%cf]%ﬁ a 5 %tgi bQ Eigﬁstlfo qela@lttﬁ()u\f'tlt?é’ Q&Od gg%él"hl?@a Ql%ﬂ"fél tc omet er

wi t hout“Y asurenent caalll rovi r|oI|s nmass

flow Weéa?ﬁbmwww@aw@wﬂms el ﬂdw&n@te@alr of nani f ol ds 150 and 150°
flanges 103 and 103" "having flange necks 110 and 110', a pair_of paral el

flow tubes 18Gteanssenddy 10dn¢lydes aspmeﬁmanﬁﬁidﬁé@ and 585 Alenges WBrandr 190,

and a p of, vel oci t [ 0L and El o d have

two ess aYng?llé‘P%%P ?elqﬁ @? Hjlégg pfglo Powvﬁgggg?? &‘?81}%;@%&{%4 and
134's whinG B 06 @ngeﬁ@wﬁh%@ S8R 190 hafa @%)alf boWeIbeibe serRbft 1709, HIdOCHR. 120
and 120" . Fl ow t ubes 130 and 130' bend two symmetrical |ocations al ong

their | Elugt tubesihdD amdel Y havie tvad Bssep’aalw $teﬂlg1uthnbt|§ig@df51tahéllr31'l agganlet Br ace
bars 140 and, 14 rve to 10 defin and. W__ab ach
f1ow tuls€s égi ?’P‘%)é%‘zé"’hlﬁlﬁéo%‘fea%e foé@asrgﬁ%af% %% atﬁlﬁav 185 mougl i qlﬁng%t ubes
130 andyJ3P3Akhnf (6Eh Y0 ol § 36MRA Pl QYinfithReaIRIAbAGaIGhO Gl bARANG
120" an ese Inturn, are fixedly attached to nmanifolds 150 and
150 TMdSamre@sandeBy panaﬁal nhmuglmut:t}msddngtht Brac quaﬂhO anthd U ghrvedei ol i s

met er assenbly 10. 15 \Wen fl anges 3.and 103 aV| ng holes 102 and 102
ar el(bonﬁ@‘é:ftee@e agisaVigadel’ akém“%mh R ke &shilai%4' into a process Iine

(not shown) )f'ﬂé(s\'llaeggéfoqusrlﬁ?eanﬁrlgﬁef 4 oFRLGS fuBs iﬂ}?‘%nd ?3(5’%&@&(6@ sur ed,

material entéers en rreter hrough an orifice 01 in tlange 103
is Condw@éﬁddt@ﬂ@whbmﬁﬁhglbﬂcﬁﬁstlQOfah@\MO uine theseriflockg, himmkai@ﬁxediaw ng a
surface 121. Wthin manifold 150 the material is divided and r ?d t hr ough
20 f1 owettasbed tagenipigs 130'and U58h Biis Pratades cowenippeys qlopechmgier’s: Pa It he

process eco in a single streamw thin mani fold 150° and
i's therggf)'tlé}b%ﬁ]ﬂseﬁle eba%n%bngg 104' connected by flange 103" having bolt

holgs 102" t qyidnerldices €63 ahd 163'( NAting hols ) 02 EhOWOR Ube solBRtaindialiBlt are
sel ected and appropriately nounted to the flow tube nounting bl ocks 120

and 120enéd04snd outiived d0Bsinime pmqeys linee(noh powRsEhigh SaFTiasRE BIPCCSS moment s
of inerti endi

respect qrg,al Mé%%gﬁ%maﬁ‘&egx@é 6618 ?’ﬁ%&&ﬂq@ agﬁh%glre}s/gr?ﬂ% gY 3“%@08

I nasmuchoasy Flsge MBL&@ Qoﬁdﬁ@?@d’ﬁh@ugf niaholid 130 thyhes neangentivigt Blotle hp@r at ur e,
and this change affects the «calculation of flow and density, resistive

t enper ahaviagdauebtot2 (. RMYhid a@nifldbdihthednaterial is divided and routed through
20  flow tubes 130 and 130". Upon exiting flow tubes 130 and 130, the process material is

recombined in a single stream within manifold 150' and is thereafter routed to exit end

104' connected by flange 103" having bolt holes 102' to the process line (not shown).
Flow tubes 130 and 130" are selected and appropriately mounted to the flow tube

mounting blocks 120 and 120’ so as to have substantially the same mass distribution,

25  moments of inertia and Young's modulus about bending axes W--W and W'--W',
respectively. These bending axes go through brace bars 140 and 140'". Inasmuch as the
Young's modulus of the flow tubes change with temperature, and this change affects the
calculation of flow and density, resistive temperature detector (RTD) 190 is mounted to
flow tube 130", to continuously measure the temperature of the flow tube. The

30  temperature of the flow tube and hence the voltage appearing across the RTD for a
given current passing therethrough is governed by the temperature of the material

passing through the flow tube. The temperature dependent voltage appearing across the
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flow tube 130", to continuously neasure the tenperature of the flow tube.
The 30 tenperature of the flow tube and hence the voltage appearing across
t he RTD fwo 2807/35376én current passing therethrough i s governsdooews3ine
tenperature of the material passing through the flow tube. The tenperature

depend \"A i NN/ te for th

P Usa iR e 1458 ARRE Rph rBAhOT By et Rdmeat b iatsate forthe

el ect r ajHafige APelbtiCIABWENS 8f BoWaubeNE30 ShBIRE duetehmsitiangannuflos tafe f | ow
tubes 130 and 130' due to any changes in flow tube te erature The RTD i s

connecttempetnivist dihedi B iy earinesteddo pyetereaectogecs %U?Bhleﬁﬁ dwt ubes 130 and 130'

are driven ver S directd i pective
bendi ng axes 9&3?1 \Wb Fﬂ39ﬁ8§?988 ré?&éf&“ ﬁdnff?/lglr grb fglttgﬁlarécétﬁ endi ng
nodg of aﬂoﬂ?tﬁelnoﬁé’sﬁ@h% beddihg afés WearltEwh am ingia ﬂs&&nﬁ&Mh@ @mrdqumseane of
many well known arrangenents, such as a nagnet nmounted to flow tube 130

and an bampimgmpge obite favuntetat. {This fove meshaigo 1§ﬁd11¢}h¢@nglhse\/dePﬂf’a‘?f

| t t t br at t f t.u t abl
o ve Shangpalaiiait dimeBIRRS: aices Aagte o R I SHEY BB (70 e
mechani @ﬂaoﬂsﬁ% t hehs? t@a%‘&ﬁswuﬁé12@aﬁ@%~bug§whm RTDetQIMRr Aftineisi gnal on

| ead 19 eft and right velocity signals appearing on |eads 165L
and 165pssedfpedbrating iaothl\ml\ercubeel écsuitabledrivosignal daseiediy @eieve si gnal

appearlng on | ead 18 ele nt.18 vi brate tubes 130 and 130
Metldr  epleetioning €& v Flc}ég 1‘f°ri‘%‘e @P%Sf%gﬁgr. ght velocity 15 signals and

the RID si gn@ietéroeh%ﬁgg%ezottja@el{@ssﬁle ﬂﬂt&?%&aﬁﬁg sichfl AERaH 195 0dnd A8

material passing ugh nmeter asse hi s“information, along wth

ot her | RfftoandRtiglaveldcity segfualsl appelymgren éradell 661 raodﬂééRzaspwwebatMem to
utilization means 29. FIG 2 shows_ neter elet%ﬁrg Oacordl t o, an
enbodi neleetremics R@ prosient thesirivepranahapRearisg Sale osfveiomat e,

interf acﬁ?ﬁ%‘gi‘f&gqéﬁ a%%gs Si8Q; %YG%H(SH?C% 98 fpra_&‘?s s4fe 1081 &ld § %C\Iéi&ﬁ‘ 5 20

recei ve$ second ‘sensor si romt e net er assenbl y such

as P Ckgghél\g@h@@hé RTDig®] t6 tgmplite. thél'h&lssrﬂbezrra&i e&ﬂﬂtthedensaty%fthama:owlat e as
a mass | ow neter or can operate as a densitonet er, i ncl ud{,qzi]gl oper, ati ng as

a Cor i obassify dwpughemeler assp@bhiet @r Thisdaforgiatien. Pong Mo SSAGINIRBaPRgE and
second sensor SI n arger to i ristics of the flow
mat er i aPPRISWHE! Pelliregeﬁbﬂmtcﬁ Patﬁ?tggnbufhlz%&ng\gﬁ C}rgeexarrpl e, the neter
el ectronics %@GC@@hcsiﬁé Bletdr repec%ﬁlc@ QOTHéb@rdQ’fg @ fhasodiinkhesthe énvention.
frequency, a tine difference (At), a densMé/]O a mass flow rate, and_a

#

vol ume flhewetert @ectforgen 201@@9&@@15 agmgtﬁaﬁage 20 bandex ArAsEESIng W%@B@Pﬁoﬁf he; e

nmeter el ectrqnics.20 can .
meter electronics 20 receives S8 rs?and second sensor signals from the meter assembly

10, such as pickoff/velocity sensor signals. The meter electronics 20 can operate as a
mass flow meter or can operate as a densitometer, including operating as a Coriolis flow
meter. The meter electronics 20 processes the first and second sensor signals in order to
obtain flow characteristics of the flow material flowing through the meter assembly 10.
25  For example, the meter electronics 20 can determine one or more of a phase difference,
a frequency, a time difference (At), a density, a mass flow rate, and a volume flow rate
from the sensor signals, for example. In addition, the meter electronics 20 can generate
a drive signal and supply the drive signal to the driver 180 of the meter assembly 10 (see
FIG. 1). Furthermore, other flow characteristics can be determil'led according to the
30 invention. The determinations are discussed below.
The interface 201 receives the sensor signal from one of the velocity sensors

170L and 170R via the leads 100 of FIG. 1. The interface 201 can perform any
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a drive signal and supply the drive signal to the driver 180 of the neter

assenbly 10 (see FIG 1). Furthernore, other flow characteristics can be

det er m nesoacenmsi7zag to the 30 invention. The determ narcomns:@c®3sinecussed
bel ow. The interface 201 receives the sensor signal fromone of the

201 cart <GB rDY M Aol Sty G el Bt B nks o " hecossary or

desi red; g 1![>1gﬁ@éuoﬁowff&m@g1 ieRD, ABGBL RSy AINOBUIRGS 10F sfg@hediiditiéhing can be
anplification fering, etc. Alternatively, some or all of the signal

condi t i parfargedan ﬂmiaprope‘rﬁrtgm@m A03.hln gidides shagiejanceitl 268 enpbleaddi ti on,
the interface. 201 ca ni cat bet we t.he e tronics
20 and SREPRER 131%5\/1? %r‘?em?tﬁ]f tg%rgc%ﬁgﬁﬁd &R gﬁg\gﬁ%sor@ tegﬁa%%nanner
of ¢ eCﬁ(F OfirChe Qa?a Fsadf’an rmé(ﬂne‘?b?&%ot@&ﬂ'@%tfb@t 0@ Ryireldsl @ohitngfiéafon. 201 in
one enbo ment can include a digitizer (not shown), wherein the sensor

si gnal corrprTlsemtatﬁa@r%] lag one r@srhodsngna:lan iMdledela gngmm (netelphas, and
digitizes the_ anal og sensor si.gnal g) roduces ﬁlhgldt&)\ﬂl. senso

The di ngPrfgifthééﬁnsoéls%l EPTPBHFRS AMPALA é&&s‘a&&@ it ! %etréfuﬁlp e@n |g| t al
sensor & Qc&%k ey > d&?c‘r}%%fs&dsx Ehljuﬁdﬁ%’ﬁfceéQdﬁgga%@asbpﬁgﬁgplﬂfﬁe AkitkooM

processi g nee tore uce t he process time.” The processing system
203 conge perfone aay neededafectrhationg tvieradh dlot d1grtak:sen§(ﬁ sagchl 1spd€@nmS®éSD fl ow
measurenents fromthe flow neter assenbly 3 gf cestil g gstem 203
exetit egrdgnte whupRIE gmMeEd §§ pighal rmﬂ??sﬁ%%ﬁ eq FIPFOEEPEXSSRE 1 ow 15
nmeasurepents in order to produce one or nore flow characteristics. The
process WS system 203 can conprise a general purpose conputer, a

ni cr opr ocessTHE psyteban sPi¢a08 cohdwds bperatiosooftheteter destenads Juabse or
custom zed processing device. The f?r ocessing system 203 can be distri buted
anong nptacessies flopr meessementa &ivine the flom agiptarssanplygl Us yiehHootFs NSy SieRe | ude

Ny TRge QL8 A0S RSNIRN L S EGLE PN LONAYFRdT UM such as

the sto ng syste rocesses the sensor

si gpal %ﬁe(asuremeﬁa% otr@erQQP@cS(ﬁfcé ofle oﬁifﬂo\t@ﬂ%m&kact@mldg other things. The
drive signal is supplied to the driver 180 in order to vibrate the

associ at ed f Thepredessiog sysibm203ganlsorprishe geneial leéée AF¥OPYAH 2130° of FI G
1. 25 In the enbaqdi nent shown

L 22 Lnythe Subod, renL, shoe: LG, Begecesiig SYALEILANR JRLRLIpER L1
shift 231,d0ah o BSviBE.OFHE Bbcessing system 203 can be distributed among multiple
processing devices. The processing system 203 can include any manner of integral or

20  independent electronic storage medium, such as the storage system 204.

The processing system 203 processes the sensor signal 210 in order to generate a
drive signal, among other things. The drive signal is supplied to the driver 180 in order
to vibrate the associated flow tube or tubes, such as the flow tubes 130 and 130’ of FIG.
1.

25 In the embodiment shown, the processing system 203 determines the drive signal
from the sensor signal 210 and from a ninety degree phase shift 211 that is produced
from the sensor signal 210. The processing system 203 can determine at least the drive
signal phase angle and the drive signal amplitude from the sensor signal 210 and the
phase shift 213, As a result, either a first or second phase shifted sensor signal (such as

30 one of the upstream or downstream pickoff signals), or a combination of the two, can be

processed by the processing system 203 according to the invention in order to generate

the drive signal.
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fromthe sensor signal 210. The processing system 203 can deternm ne at

| east the drive signal phase angle and the drive signal anplitude fromthe
sensor siwoabo7aB837and t he phase shift 213. As a resul t pceiusb@e/0as7hé r st or
second phase shifted sensor signal (such as 30 one of the upstream or

downst r eanpi [N I Tagey | twq,, can be rocessed
by the pr g}(::) e?;li%;%o%gg? Zg%é%lo%ﬂa%agg r(glgir?é) %e%ggfaﬁ@%‘%sia\é\ﬁ diaf‘?’ 87 \é’?reltoo

gener at eoutihe, densiant sarea) andlribl2@Mds0 36 376 cREbARAA00AR3 180y sThE
stor agesﬁ%s.tﬁéanM can store flow neter paraneters and data, Software
rout i nes;” CBAYHENOWAPYEE argrikegied Aite Macesig ssteamd02nbodiarent , t he

t i i hat t by. th i
Syt om So ot A e ROl e UL RS0, R phase st

rout Sne @AGitioairsy Yodhe 32 ¢ onphdse ARERGHIME 270 add hn abrgMiGRErRRGL 925 OUt i ne
222, and an anplitude routine 223, anong other routines. I'n one”’
enbodi meEHEONE HBEISOBHARe system 204 stores data and variabl es used to

t fl s the Corioli.s,fJow neter 5. The storage system
204 none  atsREERbodtHED. B8 olfecHisdn ol rlol® e SeeRibles gditonto.
whi ch | speegek Yoty merm ek f Lity4 pi 0L and
17:)R, :anglye sto’ries a 90 gg&rgg%éﬁggléagsh?ﬁvqgéﬁ% !to Eg%gﬁgé%e:ﬁ’g%%%%éﬁénn@lthe

sensor STedimentetorpsv les sueh astiee ssneoaggnad P4 0ewh2Bds eeurivedtfena odeSensor
si gnRgl e al2. a drive si h 13,. a sensor _ signal anplitude 214,
a d? ?ve%gi %en\é%i?%ﬁ)’icﬁﬁgggﬁfg TZ%%@?%%&}%&%@ §r98é¥eg2t@ﬁ?l}améhlﬁﬁdsllg shi ft
routinet @1k BB H S0 L i.e.,
on the sensf)rg signal 210. Tﬁgéﬁ%ge?Zﬁi ?tér%%@ggggiefgﬁénsygﬂﬁ%@ﬁ)%% ment

i pl enerstase & seidobeignat plaass 262 (dive sigaalgthabel BBy sehber phas anplitide T1aut i ne

220 can enerate the 9 gree phase shift 211. The signal conditioning
routine az‘g&"eﬁwgﬁwﬁgi‘%r&%n% g PBHIN teiget AkO-sensor  si gnal 210. The

si gnal condi ti@RiLAge S8R rbig ' I deci mati on, 20
etc. The signal rij'(lzlond?qt ?5h%y?%)u?§}%0erﬁ§gl |%é) %é gﬂﬁ}fﬁ%ghgﬁb?%fl?w SigPRk phase
angllé r dat,ioneh@&hsdesignati 2ids Theeplmensidrt rsignal2Phose ddBodfnchhe sensor
signal 210, In addition, the phase angle routine 222 determ nes a drive

si gnal phRlaesis Hilhert dranstore (@iscyssed bgleay). prhesthasa shiftgostibs22thedral | y

i denti cabyd9itife L .S - hase 212. The phase angle routine 222 may
t her ef o%jgnargtg orgggggﬁgﬁmg@plgs@l‘shi ft 25 value (0) to the sensor signal

210 in order The signat boridigomngseutdfe I01&erRIER i HalBMdifdfng on the sensor
signal 210. The signal conditioning can include any manner of filtering, decimation,
20  etc. The signal conditioning routine 221 is an optional routine.
The phase angle routine 222 determines the sensor signal phase 212 of the sensor
signal 210. In addition, the phase angle routine 222 determines a drive signal phase
213, wherein the drive signal phase 213 is substantially identical to the sensor signal
phase 212. The phase angle routine 222 may therefore add or subtract a phase shift
25 value (0) to the sensor signal 210 in order to match the phase of the sensor signal 210.
The amplitude routine 223 determines the sensor signal amplitude 214 from the
sensor signal 210. In addition, the amplitude rouﬁne 223 determines the drive signal
amplitude 215, wherein the drive signal amplitude 215 is based on the sensor signal
amplitude 214. The drive signal amplitude 215 may be greater or less than the sensor
30 signal amplitude 214. In one embodiment, the sensor signal amplitude 214 is comparéd

to the amplitude target 216 in order to determine the amount that the drive signal

11



The anplitude routine 223 determ nes the sensor signal anplitude 214 from
the sensor signal 210. In addition, the anplitude routine 223 determ nes
t he dri vewseixgoral3s37anpl i t ude 215, wherein the drive signacraspéociossies 215 i s
based on the sensor signal anplitude 214. The drive signal anplitude 215
may be aigatt J Liwde 214. I n one
enbodi mer?t@l?l t?ﬁ%@g%%}l?gl?d E?génhélé&gﬁgfgtéu é%%fﬁéf%ﬂgg?rap%lgg&e f%l%tnﬁgzgrrpl i tude
target Xeterimnerttedrive sigatkbampliedt ¢S domiipidrivbaignkhe drive signal 11 WO
21) 1) 71035376 PCTI US2111 6{ 11357116 anplitude 215 shoul d be scal ed up or
down. Ther ef of ¥ SCRHE SigRS] Phaeel [ois pitAraspizd orgalcalaiecthplase koghirafitbe sérgnal

it L: i ; . Si h 212 i
robsur ad BT 2 o P N8 HERa R 12 I SRORRL TG B 3ot TmelbBies o
si gnél phassighb?phased®dBerTherdgthd di %ﬁésetﬂ3%&1‘6@01‘9&@&%@%@1%11%t?élé?lgicaIScloldri ve
p

signal phase 213. The drive signa ase 213 therefore is substantrally
i dent i caP® pYsor signaghasi 253.gnal  phase 212. The sensor signal anplitude 214

i ifyde of th i gnal, 210.. Th
S analanpi 1 cigsefifh Sl ShpRRl A0S s PediliGa R EARAle SN hes et gl
anpl i tud;ens?)lﬁign'ﬁhﬁl(HYTN@sdirisQf\ﬁgnﬁ'H%i_ItH&’eeis_%%@rfBﬁ%%;i?x%d%otz gerﬁq%?é e 10

signal anplitude 214, although the drive signa itu can devi ate
from t hellivesigst amplivge 24 Ap Theuttevexsignal Thplifiniel 216U basedrqyethe 2dfsors a

desired Vi V1S or.,amplitude for normal or referred operation of
thell?l oW #é! g@%&%%%h@%&dﬁ%&ﬂf’? Sltgﬂa @éﬁgiﬁ%ﬁ% Stiatg fom gnpri ses a
m ni numsaﬂ%&is?gparhﬁﬁ@agghg_, wherein the sensor signal anplitude 214 15

wi Il be scaled up by the processing system 202 if the sensor signal

anpl i tude 214 h¢geeplitnds taegat @44 i heesingd vibratierytsan@e anpludeTe hefsleor t he
drive si I | itude.215 may be de greater than the sensor signal

anpl i tué’g&%ﬁg 5?“@@%8? ﬁ?i%@%ﬁfpﬁ-i 1 Qi ombpdamest, thrpamphipde dareet L 6ni ni num
anpl i t udgnipbiceshalis A h ' target 21 conpri se
an anpl i t_lJIcIl)eSr ange, m\)ﬁ%?@?ﬁﬂ%dﬁeﬁﬁé |h?/1tg’ g’lhgna {l{aelrégﬁ?qr%@%fglp@%%ées a 20
scal 2d- wylldre sselatl ed-bydhe preresiing spdtenl02 9 tsaensirgnadal amplikideda 42b4s FIG 3
shows a drive gidgnal portion 300 of the neter electronics 20 according to

an enbodPh&ticed s Harlitide reer? 1 oThkhegetoves the v sigeal pingitedo2 Lamay depr i se

i it i | | ti . f dat
Fecel ved'Ey RLE T, Ble Bl BB A BB Ve R R T 9300 can
i ncl ude nat exaedd thio minignih aetpli3de theesAORIS EABdthAtively, the amplitude target 216

can comprise an amplitude range, wherein the drive signal amplitude 215 comprises a

20 scaled-up or scaled-down version of the sensor signal amplitude 214.

FIG. 3 shows a drive signal portion 300 of the meter electronics 20 according to
an embodiment of the invention. The drive signal portion 300 can comprise circuit
components or can comprise processing actions performed on data received by the
meter electronics 20.

25 The drive signal portion 300 can include a conditioning block 301, a phase shift
block 303, and a processing block 305, among other things. A sensor signal is received
in the conditioning block 301. The sensor signal can comprise either pickoff signal
170L or 170R of the meter assembly 10 or a combination of the two signals. The
conditioning block 301 can perform any manner of signal conditioning. For example,

30  the conditioning block 301 can perform filtering, decimating, etc.

The phase shift block 303 receives the sensor signal from the conditioning block

301 and phase shifts the sensor signal by substantially 90 degrees. The shifted sensor
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bl ock 303, and a processing bl ock 305, anong other things. A sensor signal
is received in the conditioning block 301. The sensor signal can conprise
ei t her piwbabéd7/ssygral 170L or 170R of the neter assenblPgTAG2@6/085706

conmbi nation of the two signals. The conditioning bloclc 301 can perform

. f signal it i:0ning. i 1ioniAg.bl ocl
301 cart R FEPIRFRTY P PEADC B el oo B TR By R abIS TR | pRGeS! Oc! ©
recei vegitfiEcSapsnt sdpasshtddrnad (Xsieef) dérin, artidng wbik dlgksenSOrlfraqnphas e

shifts the sensor signal by substantially 90 degrees. The shifted sensor
12 WO 2B)iiEn3 (eb3587dorPL el 1116/ 11357116 signal conprises an un-shifted

t ted,.b ) t d .ph . if t
Fepr esent ed Byoap el HeRt 1 e SquerbEabT e thayp et e ey T "
radisansy ﬁéﬁ%b@ﬂ%&%ﬁ?ﬂﬁaeri‘%ﬁh@}fﬂe pﬁd@e%ﬂ_lﬁ:ﬁggr@l_‘?éyaﬂ&ﬁ‘b%' dehgimhdseesdorf t bl ock

303 conprises a Hlbert transform | bert transform perforns the
phase- stigfdliby Omeregtivatenbio Aetlegreen(or vae spasarof the yaue PEEOd). ti me
equi val ent tgo 90 degree r.one quarter of the . wa iod)..The
processi ng bl BeRIosS “?geg]é?f('gégg {Efe! ﬁE%FGQPbﬂgpaléﬁé%ﬁgﬁﬁaﬁﬁéﬁg -%dr:?efltg%ld
sensor s ' ' i ny dsi:; HIABKBOS cdihe
processsllg{ég%? gﬁﬂgﬁg%m@fﬁ%@r} g{déﬂ ?%? %ghnsﬁi(%ér)]al Eéc;lﬁl?gﬁt%%gqual to gnl
E é\;)u'él cggdmpdté@)?r%ﬁasﬁ{naq se‘@uieemmﬂh_ t@an &Ac{utﬁeh(MI}?)_) ttdrth (E'Izg i@mlsﬂel X I’qefCtW)vthue
et erm nes the phase matchi ng. an e anpli t copprises the
dril\e sThnahaseppift v Ellélé.(G)T‘#éerﬁ"rlﬁ%se@%ipgés%mé@ﬁwtétq[ﬁ%?@ﬂgg&%{%c‘ggt det ermi ne
both th i: ' ampf i n is i Hinkhe
or ocess AP BTa Rt 803 sRRL R RAR, it Dock e b RRDS SRR R o or
si gnal Béthtthe deve vignsl gnplitufle eadierecdriveAdyied phgwo udleysin theeproressawsblogk bl ock
305 substantially locks the phase of 15 the drive signal tqQ the phase of
the seng@t sahstpmdially Tagintains the deapsyiof|the b‘%flst)%%g%ﬁé‘%gle F]‘fefstlg??g operati on,
wher ei n.t he phase. angl ot i : I idly
dot er i Hediery. 2 BBEhepo Ny GpREES e et 3os SRR AR Tb LK ADPERRE ¥
trapk the BRasgenAneliR sHasé bEtheeeasr siirahalhisuherde possislediyithe pragral s
mai ntained in a substantially linear relationship with the_sensor signal.
Thi s ensitiftateg oprratiest, svhestin dhe pldse engle afghersansonsgnd Can Rep§larIGEDIHY {1 ow
net er and enabl.es, t he ter el ectroni,cs 20 to rapi j Ldrive
si gnal fFeEBHE if\cﬁ%feéﬁﬁ%ﬁﬁﬁ dgjxe ﬂﬁlﬁf PESG, A0 AR ggr}ﬁ{}?;%e??%ﬁg% g{ef%a\%g :
enpty-f Hﬁ%l‘e TR ?’en@&t § %ﬁdlgwhéﬂeﬁy\th@&ﬁ%is 1 isnehiueiing ani fudispadaly tineat c.
The processing bl ock 305 can determ ne the sensor signal phase angle and
can condlatidnshipewithithessisgnsignaln Thislerables thebwtersd¢caionicsa0 igimelse dri ve

5! g%‘ | ggcausrgte{yodrti\bee thsee os{zg{neter and enables the meter electronics 20 to rapidly adjust the

drive signal in conditions of non-uniform flow, such as multi-phase flows, empty-full-
empty batching, flow materials including entrained air, etc.
The processing block 305 can determine the sensor signal phase angle and can
control the drive signal in order to substantially align the drive signal phase to the sensor
25  signal phase. This is done without any feedback from the phase of the sensor signal. As
a result, the frequency of the drive signal substantially tracks the frequency of the sensor
signal, with no need to control the drive signal frequency. Because the drive signal
amplitude and phase are rapidly determined, the invention enables a flowmeter to be
driven very close to a resonance frequency, wherein changes to the resonance frequency
30 are substantially instantaneously tracked. As a result, the drive signal responds faster to
changing flow conditions. This also enables implementation of various flowmeter

diagnostics. For example, the drive signal can be rapidly changed in order to assess a
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25 signal phase. This is done without any feedback fromthe phase of the
sensor signal. As a result, the frequency of the drive signal substantially
tracks thwoferussstey of the sensor signal, with no nee#ctrase@watossihe t he
drive signal frequency. Because the drive signal anplitude and phase are
rapi dl term j Nl I 3 driven very

cl ose %IFolgg' é%@gﬁtzﬁ%gggrg%{]%t%tg%@rggﬁﬁ @Rgﬁtfé%lg ’&ﬁ‘%lcéttffr%)gggbf;r]%nce frequency
30 are guRsicanrbabhyddte@tordaukade fusk Yn b FRGKEEE, ddermines dblv, mategialri ve signal
responds faster to changing flow conditions. This al so enabl es

i mpl emesvrting emopnt o theoingide lodwriaverbe, ¢tagnosti cs. For exanpl e, the drive

i | i dl i der. t - 3 7/ 1135376
pCT Us21 1116706805 tne PRER A pit b Rag 3RO il A A AHEe oot ube
sti fs Negser€h @five 5|2 bbBlineRe bRl ATHIRIseRIR RigndPh@plineEATRS pabcdsia

ina
fl owtube, deternmne a flow nmaterial coating anount on the inside o?sa
f | owt ubtdocleB @3 catheoppacdbs sengobsiged aBRBitedmtocet amplitide tageidswdoes &l gnal

litud 5 t drive. si | | i t d he .
S nal S FRLORPOTKE! BF ACBLBHIA el BBR 50 o el par e EeeSBALbREF gnal
anpl i t%ggneﬁ%g%?d%m idpdacgarget (such as an. anplitude setpoint or an
ude op

anplit rating range, for exanple) and can scale the drive signal up
or down as nEedsmhsoiignaldos picksffgimlal, B9) @indleakpresémjadby (RGquationbe

repr esent ed ?ay the equation: 10 PO =A;,,Cos wt (1) Were the coscnt term
denldt es the e AdP§Phg nature of the sensor signal and the A term
represents the anplitude of the sensor signal. The phase-shifted output
(PSO) of theieEsEeoset t%wi?klot?éﬁh%%mfaé’ﬁ UZRPREC B thFﬁS“Sé’c‘,iﬁﬁF’iagﬁr?‘y PSO = A
o SIn 2 ugle B¢ &R dMal eRhEPRILSHIMAG! HRBSE- Shi ft ed
ver si onﬁ%f‘&‘ egmseﬁ%fgﬁtgit%g]n%éﬁugg?ng%gﬁ%wé 0 Sut, 1t ﬁe pr ocess@hr}g bl ock 305

can gen@s)eofahelphye shifybbdckaah petrefrbsnted e thedwsatiophase del ay adj ust nent
term O, where the phase delay adjustnent termO is adds to or subtracts
fromthe senddf 3idgrel PO, As a result, the drive signal corrpri( es: Drive

signal =A ,,,cos(w +Q)=A0,,[cos ) cos(B),-si n(wt) si 3). 20 By proper
sel Bt | whersrthe (Hinsia meﬁ@’réﬁﬁ“%%? ﬂ%?%gllliﬁgg’ﬁr(ﬁé{lﬁfﬁﬁgé%r)sgﬁ éﬁﬂa an
subst antj al .y. ! i Lopnadl j A0, ,, can
e der 1 engttis At O P RE tRARERS ekt fo BHiE BB Blphe R 10 20
be det ef¥luded afphase déley adjudtnhen term 0, where the phase delay adjustment term 0 is

adds to or subtracts from the sensor signal PO. As a result, the drive signal comprises:

cos(at + 0) = A, [cos(wr) cos(8) — sin(wr) sin(6)] (3)

Drive signal = 4,,,
20 By proper selection of a 6 value, the @t+6 in the (A, cos(ot+ 0)) term can
substantially match the sensor phase.
The drive signal amplitude A, can be derived from equation (2), where the

sensor signal amplitude A;, can be determined from the equation:

A, =+ 42 sin(at)? + 42 cos(ar)® 0
25 The sensor signal amplitude A, can be scaled up or down in order to generate the
drive signal amplitude Ay ‘

FIG. 4 is a flowchart 400 of a method for generating a drive signal for a vibratory
flowmeter according to an embodiment of the invention. In step 401, a sensor signal is
received. The sensor signal can comprise an output of a pickoff sensor that generates a

30 time-varying electronic signal in response to vibration of one or more flow tubes of the

flow meter.
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A,, =A;, sin(w)Z +A,, cos(w) 25 The sensor signal anplitude A, can
be scaled up or down in order to generate the drive signal anplitude Ao

t. FIG Awo=oe/dssrachart 400 of a nethod for generati ngpaTdiseawe/osizgnal for
a vibratory flowreter according to an enbodi nent of the invention. In step

401, a sensor %n@j [ r ' he .s Sl _ncﬂb can rise an output
of a pickoff Ig(?rt] or % lﬁlgetreéglﬁ’g!rig esr %-1@12%} lggﬁ%{e\/%ﬂl% yéﬁ%@t%?)gfﬁ%ee& 3‘91al n

r espons ereemtiddiratntotheqfhag@shidingop&afidrol derfdeme@histiie HfthOWIBEEm, 14 WO
21)1) 7/ ]f135376 PCT1 US211116/ 11357116 In step 402, the received sensor

si gnal 18T pradRIes HoweYaT. iy shayddibe gndateige@ 8t other phescesthfitignaethodd b

h - shid ti ti i rformed using a Hil pbert t.ransform_ f or
a0 HTaPRSEE" TRS ahd R bRhBRSeBh Pn e tseiain pREGBIEM M i ng. et hods
can Sal sddhinatphonedsoiibfn PRRIEekintd thBYeRREERHLON can generate an Asinwt
term in 5 addition to the Acoscot termthat répresents the sensor signal.

In step 403, Iasteprdds a seuposisiganbiipliide issdedansned ﬁedlﬂfe(km)lidﬂ%igﬁﬁhélgftﬁi g?il
h hift, i.e., USi the (Al.sinwm) term an e X
f",”Sostw? )th?qg(r) rghg%egﬁhgse%%e iy upng {hg (étnélamggt&{‘mtaﬁé taerSigoset)gaan (seepl i t ude

i s usedeypatgpirate a drive signal 10 anplitude. The drive signal
anplitudg is based on the sensor signal anplitude. However, the drive

signal anpl i tudepdd, the ssusdrexignap amplitioleris tsddabigeaeitage 4 Hﬁv§§i@§@l{ . si 9“?! i

| . ..Th ling i. odiments i s constrained, an e scaling
ggﬁllbt)g%fel}prlrﬁcgedﬁa% ‘ifg‘%eslﬂg%aﬁ%ﬁ? Pagsn thg seeinigignabamplifndst ep 405|, t he
dri e bt oS 4 : i r ignal .. 1 nsequently,
the et had 400 Gennr af Go oL TEUtAge B kifedhd HEaSMPIRecv o BRESHY ve

si gnal . sipel @bphtadeeThedcalary iesohtcamatiddiabivts a0 E6rtrafidds hiaMiheablng can
conti nuqusl y. rformed jn order to substantially continuously generate the
drive si Si’é#lt ‘ilRH?Hé?d)Pﬁéo‘ﬂ‘?rl sealingbeyleriggpl i t ude can be rapidly

det erm ned, izast Y I . i.tude .i.s 20.substantially

i nst ant aneouyl{lstregégg?@?ecgwelfﬁ@ﬁ g%isltugdgﬂ M"rﬁ%ﬁmé%d%‘fe dEHt hod T or

gené$ at iGogsaquanily,ehs ingsihdd #00 generatbs AFAE ¥nd hERWE LB AGEOIH 4w an

enbodi mrent of the invention. In step 501, a sensor signal is received, as

pr evi ous1gPali scussed.

The above method can be iteratively and/or substantially continuously performed
in order to substantially continuously generate the drive signal amplitude. The drive
signal amplitude can be rapidly determined, wherein the drive signal amplitude is

20  substantially instantaneously generated.

FIG. 5 is a flowchart 500 of a method for generating a drive signal for a vibratory
flowmeter according to an embodiment of the invention. In step 501, a sensor signal is
received, as previously discussed.

In step 502, the received sensor signal is phase-shifted by substantially 90

25 degrees, as previously discussed.

In step 503, a phase shift value () is determined from a frequency response of
the vibratory flowmeter. The phase shift value (8) can comprise a compensation value,
such as phase advance value (i.e., + 6) or a phase delay value (i.e., - 0). The phase shift
value (6) can be determined by correlating the frequency response to a frequency/phase

30  relationship. In one embodiment, the frequency/phase relationéhip comprises an
empirically obtained frequency-to-phase relationship. For example, several frequency-

to-phase values can be obtained and stored, wherein the stored values are used to derive
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In step 502, the received sensor signal is phase-shifted by substantially
90 25 degrees, as previously discussed. In step 503, a phase shift val ue
(0) is dewerrmmss37br om a frequency response of the vibratrarsgoskiossmet er .
The phase shift value (0) can conprise a conpensation value, such as phase

d i e. ..oh | l i .e.. - 0). The ph
S Eroe bt Eroeded Mk SRR Rt G e et Bhiefig the Gy fesponse o
a frequesnyibntias eodPris& @ﬂfe@fb%ifébpl=eldltilf@)n§lﬂg ﬁ@&pﬁ‘?ﬂ%{lﬁgﬁ%@_ 1%_@% jpcy/ phase

rel ati onship conprises an enpirically obtained ase
rel ati orfsdtugncyresluexanpl e, several frequency- to-phase val ues can be

bt ai ned and st int. t oy ed val u . d to derj 15 WO

21) 1) 71035576 750R ke PETBFE S8 (B FoimBiporateins et Bhise shift

val us ( Qucofht)esradtdnvehy pll&éaesllﬁﬁ&gééﬁg&ysji%%%ﬁ (Aﬁln }%@?chﬁﬁm | Ses a
h df 8 p an req

theoretical relati'onship forne rom predi cte ase uency val ues.
| n st ep g804rate the dpivasegnshphaseval ue (0) is conbined with the sensor signal

(the 5 (Acosco r nd the phase-shifted sensor signal (the (Asinw)
term) in ord PSE‘%P go‘éeﬂz?r‘ﬁ'ﬂ‘@ figeal gm ’éu‘ifi 1gaagludacbiadhe dpve signab oy, thishe drive

hase of TRty phig iy 6F LEAE Pttty A00en b RS dE Shsothe”

sensor ssgmphal . 10 The above nethod can be iteratively and/or substantially
continuously perfornmed in order to substantially continuously generate the
driv8 signal ve sethedanobpsiteratigely and/os qubshandiadlyiopatispepsdy ppterseedcan be

idly . n in.. ] Si .._ph I bstanti al |
ot ant A EbER S0l TR AgSEY el e POERT s ARl Hoo and
the met RiystuSeQ. e dkbreadmanpagaasine BEidTPIREREH I WREESR theQreRamat € both

a drive signal ghase and a drive signal. anpli tude. The conbi ned net hods
400 and Phese ispubgnartidlybosienieneeusepenrcitted. a conplete drive signal. FIG 6

i bl ock di f | | di.gital. drive 600 ding t
enbodi ot oflt A b ufiRot s 6P piek el Bl S FE eSOtk "var o
fungsi ora@,kzhﬁtbg@ous%%eit %@hbiﬁé@ it BRRE RPE@BHe bBt &iee Bgﬁn%eﬂﬁﬂs@ Gnfyatigg 203 in

thi s enbodi nent. ital drive output to a driver 't f1 er hardware

(anpl i f isegnahemphwolen )l hesoatbingdmmethogde#00 end 580 deswmhe embollingente genbhnaeslr i ve
current aacnoqnp gtievderiv\é%ligtn%ge are input froma
FIG. 6 is a block diagram of a closed loop digital drive 600 according to an
embodiment of the invention. The block diagram represents the various functionalities
20  that are incorporated into the processing system 203 in this embodiment.
A digital drive output to a driver amplifier hardware (amplifier not shown) is at
the upper left side of the figure. The drive current and drive voltage are input from a
sense board into the Input Condition block 601, along with the temperature from an
RTD circuit and the two pickoff signals (LPO and RPO). The Input Condition block
25 601 can perform any manner of filtering and decimating.
The digital drive features are implemented maiﬁly in two blocks, the Calc
Freq_Mag block 611 and the Drive Feedback Control System block 613. The Calc
Freq_Mag block 611 in the embodiment shown uses a Hilbert ﬁ'equenéy estimator and
can use a single or dual amplitude estimation arrangement. The Drive Feedback Control
30 System block 613 generates a drive signal according to the invention.

The Input Condition block 601 can perform filtering in order to remove higher

frequency components from the pickoff sensor signals to insure that the closed loop
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sense board into the Input Condition block 601, along with the tenperature
froman RID circuit and the two pickoff signals (LPO and RPO). The I nput
Condi t i orwbl20ek03s26 601 can perform any manner of filtercmgrsasd/osksos mat i ng.
The digital drive features are inplenmented mainly in two bl ocks, the Cale

Freq_Ma ock..611 .and th i ¥e Feedback ntrol .System bl ock. 613. The
o 6 PeutyeRRgicdh 4 R oRmenfe Phidife RESHRRIN VORUHY T ET b Bt dhgency
esti mat gilteRing cafidR désiendd & RANR W scdbidd hamidid Hiea RS ChiRdho Afw@ngenent .
The Drive Feedback Control 30 System bl ock 613 generates a drive signal

accor di mgpdeoredquency viom thersenstreignaput Tidenah bé dondivithlené@justante fravfass m
filteri i t hi gh f ts fro t he pi ckoff
sensor Sl Beqbier RUGTEbiEnCY FT RS BAEd Aoy WHEEh OIS DR PPRaRE.
PCTI §S211116/4&35%hd&s 15 g @zsf;aih@ﬁ b?ocflé’émaa[&f}fcﬁ‘%g Fbeﬁp%ﬂgo&fﬂ%gﬁ ggth{ege

vibratory flowreter. In particular, the filtering can be desi
renove aneationd MG fodditicanidy shews thadocativn\of tike ddjusthblerfodpadsriteprarichinf r om

t he sensor_si l5... Thiis ¢ be done with an adjustable | owass filter.
The fil £8% W @%Pa’ftw@&il%ﬂ%@&cw 93%0 pveyths sampling atenused inyarieupe peri od on
air. 5 e ki : r.qi .

enbodi h&%sﬁg%@\?gﬁ? ?gﬁ)fnb&?%ﬁ(‘i@}.%%&@%g??yegﬁg%ﬂé%gt%t%c%@%aﬁceof t he
adj ust abheuphwipasStgt il Deimaiiéhblock! e ohe puibodiamgit tthe badd @ekis@Bdsand t’l SO
showa the sanpling rates used in various portions of the Input Condition
bl 0éR 6@pOUt

k7 5 dhaf aconar/decoder (CHRDEED ds anprapuiaiely anditaliasethr ShgRtaghe

Stage 1 k | . 0dj t e erate is. ¢ en to be
10" aboutt Sre ot Bt o BB ARAE Rlana 18 4001 Fhelshocd P

ant i - al iZadjedablENevs PageFilidr. dEGtoBIID ik MPsedbhek sighsls ARV Pasked alifithd kHz,
and the 4 kHz rate is used until the Adjustable Low Pass Filter. Three 4

kHz pi chlepyt cpaeidioaditod afrfhe & PA endBEOesignls, asfwellhas the mpadal §baidtR@n bl ock
the LPO RPQ si | s, L | th dal filt P i |
(Gest gnatedir Glestamaisn S0ngr ctpb o Sp bt AL B O BRBEESBST t Ol abel ed PO
15 d ' i _ i -
12, Epcctacloph dicriaboRih PROghRe 1O e IRl fUbiatusarate

vect or afethéd.5]100%d ermbodibent) sedimphified nedhkfiher weesrage 0,0 Sheah BOuasaditodRPO
signals, for exanple. The lpi ckoffs are passed out of the block at a 2 kHz
sanpl e R 8 pesrapaskingd-FQ RréRER sipraladionsxapple. | ow pass filter. Both

2ot ot o o LA e SRRCBRL Sy, Sl Ay al8, g 10 Dl ock
appr opr itliogh iteegtjpabbie 1ywipaestiliwhiBdth weislofpeclaff aphdls ain begdallgre to one
ski |26 ed plagsed through a scaling block to convert them to millivolt levels. All signals are scaled
to the appropriate fixed point values, which will be a familiar technique to one skilled in
the art. The resulting pickoff signals at both rates are fed into the Calc Freq Mag block
611.
FIG. 8 shows an implementation of an adjustable ideal lowpass filter of order
25  N=100 multiplied with a Hanning window to create a low-pass Finite Impulse Response
(FIR) filter, shown at the right of FIG. 7. The dot-product of the filter coefficients and
the N buffered samples is taken to produce the low pass filtered output. The filter
coefficients are recalculated in the enabled subsystem to give the appropriate cutoff
frequency whenever K; changes.
30 FIG. 9 shows the enabled subsystem to calculate the filter coefficients for the

filter of FIG. 8. The normalized cutoff frequency is calculated from K, which is the

tube period in microseconds on air, by the lowest signal chain, The tube frequency will
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the art. The resulting pickoff signals at both rates are fed into the Calc
Freqg _Mag block 611. FIG 8 shows an inplenentation of an adjustabl e ideal

| owpass fwbt2es7/038376r der 25 N=100 nul tiplied with a HarnPog/useevdoss7e create
a lowpass Finite Inpul se Response (FIR) filter, shown at the right of
FIG 7. The dot-product of the filter coeffigients and .the Nbuffered

sanpl es aivgabfsﬂase?ﬁaagtw&a%@a% e FiepERsy £9 Rzt pipice afipargmetesto

coeffici : 0.t i

appr opr Potes ERRE FIERLERES o1 B B Gl 0SB Ry BeblBhoy
enabl ed catrbgyomidary oK calusud ag thetdneoft fetj@encyoeitdraatendy the tutobffreduehter of
FIG 8. The nornalized cutoff frequency is calculated fromK1l, which is the

tube perbdepAiUTiedrbyaEBerlly Rasedirpon by drive fresnesey.-sTamapinehhiniiliahe t ube
reayency, il by 10,200 370 GTLUSE0BATRTAN., 3L URYS, e ool o

| ess”than the air freguency, a goo ers to pick

for adj uyisd fingr gie at O eSSqidnky @ 1. I n one enmbodi nent, 20 Hz plus the air
frequency corresponding to Kt is used as_ the cutoff frequency.
Al t er nat i vel Yo inperestarsir of dlkespnegigythe dafubdl avijlue tseichyredni isat the based upon

the drive.f . Th in of the filt tarts to.fall off. bef th
Cotort HralsEREgRoEy o By 98i4B Rinbhe borBlred Rt el el e g Tl T or
gai n at gubf @k proép@adentive fot the act@alisBgddr ethe tsehidod Rvilfstitliskarfensors, the

default K1 value is such that it is at the highest frequency of any sensor
it APght be dd6GnéQskaws the Gilic $remagiblo¢let Uk eccofdinggo to enphotliimenttofi¢hepr oper

KI | for. th t ual oo £.1 will ill. start. 10 FIG 10
o e Blioh” R ke VS S b b P e e 2 Flgina
i nventi gip 1015&1@1’*-&&9%??& Wk Eﬁeﬁlﬁte%rlﬁ!iﬁgseggeﬁb set é}ﬁ%lﬁu@&d e tgggh in”

and the "eta and ow in" Inputs) are to cal cul'ate two I ndependent
set s of PaapDetect bbockTH® ltapthe Rddle detae tatbbousedltohlonbate e dgidtz si gnal s

For oxanBGHdRRGGheE » DAY SEEOF TBe MERPIEt Ok 1250n BoIPetdel dine Plreks
S| ) Hogeseal ImBBRTSARI 08 LA dukith 51885 oyt Syfabeytakmgpr ol uce
f r equeneynplifiddestineamptlidt idmonosptdlattd atheamueidaeheptigdeantheadriveut by t he
mul tiplexer (MJX). This two pronged anplitude approach allows the neter
el ect r oATegendy. tithe asplitade campisaiign eancikoseleadedpnrd quipptby te mpelbiplerst ect
anplit UQW)?),Si mlar to the Hi | bert anplitude,
This two pronged amplitude approach allows the meter electronics 20 to react to
20  noisy pickoff signals. If the peak detect amplitude is similar to the Hilbert amplitude,
then the noise level is acceptable. If the peék detect is higher than the Hilbert
amplitude, then there is broad band noise present on the pickoff sensor signals. In this
case, the meter electronics 20 can decide which amplitude signal to utilize, can set a
warning flag or error condition, and/or can rescale any preamp gain values.
25 FIG. 11 shows the Hilbert Freq Mag block 1002 according to an embodiment of
the invention. A Hilbert transformation shifts the input signal 90 degrees in phase. The
digital filter block at the top right of the figure implements the Hilbert filter. The output
of the digital filter block is the phase shifted input signal (i.e., the Re signal). The
variable integer delay block shifts the unfiltered signal by one-half the order of the FIR
30  Hilbert filter. The result is two signals, the unfiltered delayed input signal (the In-phase
component Im) and the input signal shifted 90 degrees (the quadrature component Re),

with a delay due to the FIR Hilbert filter. The two signals are then combined into a
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then the noise level is acceptable. If the peak detect is higher than the
Hi | bert anplitude, then there is broad band noi se present on the pickoff
sensor siwoabe/0353716t hi s case, the meter el ectronics 20Pcansd@siosszoshi ch
anplitude signal to utilize, can set a warning flag or error condition,
and/ or can rescale a reanp gain, values. 25 FI G 11 shows. the Hil bert

Fr eq. Mag BIER 1166 abtorAEH P TR BB AURDSG S ESItSRBhEPBHNAR H | ber t

t ransf orwRith ke Riubh Syt JFenieRRY Fordir8RaonR0). dEQ £6 1311%{%@&‘%%0&?5*&%10&&% tal

filter block at the top right of the figure 1nplenents the H |l bert lter.

The out piem tlod carhpeled ingintbesk, diidl it detatibdbiloivs Nate thdtabe nsdginftiéelandput si gnal
(i.e., the Re signal). The variableinteger del ay bl ock shifts the
unfi | t erfERAVSnErAF WH! asrfBe Rupdratie tesmg of allfhnep signpls BROHRPPe prd i feer . The

resulet i [ filter del ay [ {_signal.(the In-phase
conpgnen 1#%(3%%}?%?%%%& t? irg%%?tugﬁﬁlfgpgﬁ ng bae%gggéaze‘??%%loéﬁ%&?tgtaﬁr e
conponenieele), typivhlthdewal &b ayod SO0HY, fheuskliiiid dhed tordtid]! ghe fEABed®asSi gnal s
are then combined into a 18 WD 2007/035376 PCT/ US211116/ 03570 conpl ex

nunber . afdgioralrivseditordhe densityomdl flow ealewetions t he si nusoi dal anplitude,

which is the i of. int.er for drive control. The frequency can al so
be cal cul at eﬁ@?gﬁb%(Wé ﬂ&%ﬁﬂg%‘gﬁ?ﬂ%’éﬂ E%FHBa‘iOE Bi?é;gél 1lold‘°8%rld8& 088t e t hat
the magninhiemeRcfthe ARG, %ﬂi@qkihb@fsweaﬁe@@tﬁﬁ%@bﬁo%k 80 Pfindl hnd hr ee
signals LPO, RPO, and rl, are 5 calculated. The frequency and magnitude

si glél s Qaignbls adeviceinted draro tize tighte Theatigahss dal@edd; oneygingEt byd down t o
about 500 , for. use.in the_drive contral. The frequency i additionally
oed 1 orCOrRELEEREREE i GP Rt AP CRPgrstonhe peinal STRBs e B Ber
Frequen i : j i

nvent | onr TR f L S PAE fok i ZREChE MR o CTREC TR B MR s 10 o
si gnal s the éwo eeebise d Her orpld between fite. twbheecsorg mals sivgptieltayved theysaapde tarpl e
and its conplex conjugate is taken. The dot product of the original conplex
nunmber afﬁdgjlﬁ@m& thewngka by sevmiaigae éandedu) gives hedregvaptex nunber whose
angllg is the r_lgI]e between the two vectors. The angl e between @Be t wo
vectors was s “pﬁ’ out over the sanple tine dt. Dividing the angle by the
sanple time (and;2t) gives the frequency. 15 0 = wTl (9) ruT (10) f2~ (11)
The Hil bert cenmpensation filter is used to snooth out the fi-eqléhcy
estimate. The ab%olute val ue of the frequency is taken, since the angle
function may retyrn a

=7 (11
The Hilbert compensation filter is used to smooth out the frequency estimate.
The absolute value of the frequency is taken, since the angle function may return a
20  negative number. For the signal processing of the Hilbert Frequency Estimator block
1101 (and also the Hilbert Freq Mag block 1002), the digital drive 600 may use either
the RPO or LPO frequencies.
Referring again to FIG. 6, the eta I and Q signals go to the flow measurement,
and the frequency goes to both the flow and density measurements, as discussed above.
25  The frequency and magnitude, at the lower rate, and the feedback signal, at the 4 kHz
rate are fed into the Drive Feedback Control System block 613.
FIG. 13 shows the Drive Feedback Control System block 613 according to an
embodiment of the invention. It should be noted that the Drive Feedback Control
System block 613 can include more than one sampling rate. In the embodiment shown,

30 there are 3 rates that are employed in the Drive Feedback Control System block 613. In
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20 negative nunber. For the signal processing of the Hilbert Frequency
Estimator bloclc 1101 (and also the Hil bert Freq_Mag bl oclc 1002), the
di gital dwoweo#B8376my use either the RPO or LPO frequemrciras200eeszns i ng
again to FIG 6, the eta | and Qsignals go to the flow rreasurerrent, and

the fre t nents, di scussed
above. qH@Q%‘”?e éretgg%‘g@ tg% ﬁ% Af%lg Jaglde g§§ﬁﬁéxﬁ6?%ﬁ ‘taélell%ﬁln he feedback
si gnal , magdituee4dithatior, amemmmdfor Meorebituclosiongl B 8(#9@8 E;g g{» System

bl ock 63@{2t FIG 13 shows the Drive Feedbaclc Contro ste %

accordi o an enbodi nent of the invention. It shoul d be not ed that t he
Drive Feedbac 0 n e more than one sanpling
rate. In the thngé) %Ie tﬁlle Hé%% g%f 5?&? é‘ Sﬁggg illﬁ CHHSRCY A TBRgHBNlEd i n

the Bri \eetlﬁa%@laa@tlﬁd@@@élr alatSHpst Rabhenktoldey
PCTI US211116/ 11357116t he enboa, rr@ntjgésqght@ ,klﬁgllt/%ﬁse/ggf g‘%%ésl?%ﬁj“%ﬁlﬁzssoo He

rate forioxthe amtéiﬁwtm clheasegondringnit isutie deist itarget, onsetpdiat, AWz r Bhefihgr t he

feedbacklg?sdg %f and t he og u%] rate of 8 kHz. There are three inputs into

the AGCHGIK PPN, fATTeR Hﬁ’é‘ cy and magnitude 5 estimates are used to

cal cul ate t herrpeAgalv | | Wl C its for
alb108ak3 ¢ 1on RS SpiHs! ’['él?éﬁ'ivrgettscédt‘ﬁmt 1%\/?1116 ]@nﬁﬁ% 5‘5@ arFl

the anplitude. The second input Is't or se nv/ Hz.

The fi nautputydetusses bdt@wn(Tr]mersad:orrcwutpmls tlrepUéop CEBﬁh EE Sih vz ﬁaaﬁf-bhlégs 2
out first ou(i put_ is the Enabl e Kickstart output, discussed bel ow

The @ec&l?“Fd gﬁ‘?*}ﬁlﬁto iPEOGUge ﬂll_fb@pV@Bﬂalo dthsutrivedhedrackieg sapedtes, theanodedly

f eedb The, d dback | | ect |,

the- moa i eiedHERYE SehaR Rbk e RyflEPossivie oo (o ceP posed B emisees. (LPO
RPO,  angk § L‘ﬂtusdﬂi@l s‘i@fa‘lrhtr the clcsed 1@613"%}?\% ﬁi@ipen Qﬁ(ll wqth \;ahﬁ%l la%?’]%ﬁf%%ﬁll oop drive

fi-equency and with varying anplit ’sensor' s

anpl i t ud@peﬁﬂmgupmr@nﬁragtuah;ﬁnsbn]slemphﬁrd&l Meds \Mrlyhlg etri‘]@lltﬁtlé tdophbindd @ek,
produce provides a differing control 15

a g onse, -
aut hori ﬁ%}a §e H)r]%i}’% ulfié’au @%1IF?%6%SPOBF%I élaﬁfg?rPVlle ajdi §eramgprontide
r oggice tf enc t with. unit, anplitude. The
5ni gyam% I tO 51 e@éﬁeﬂaﬂlﬁ OBQRG Q&H@ﬁd I |]5nl§1 Wg p)ﬁygifjnaggplgtHg Pb@dlﬁgt%?( is at a
faster Bmheolﬁfaathddwrebpﬁﬁqmlc? but ﬁ)@th't@@@alﬂ;ﬁltﬁde U?Eé uﬁtt %ﬁ'gﬁtﬁc{eaé?ﬁﬁﬁll?ﬁg bl ock
prior to the nultiply to insure signal conpatib output o he

mul ti pl yhpneeitinearityhSieke the fesdyaclt 1saat atthgermte man th’ter eqpeniy tleenibop 2@in
roup del ay through the

gggl A Uﬂ&s a r%tte transhtlonhtgalolclg %lolglr i tthe %‘rt]t%tslglydtg?nstu?e tsggalgcompatlbﬂtty
The output of the multiply block is the drive signal at the correct frequency and
20 amplitude, but with the incorrect phase due to the group delay through the DSP
hardware and software. Correcting for the group delay can be accomplished in several
ways. However, the novel way presented here is computationally efficient. The drive
signal is first passed into a Hilbert filter block 1302, similar to the one in FIG. 11
(discussed above), but operating at 4 kHz and with a smaller filter order to save
25 processor bandwidth for this less demanding application. The output is two drive
signals in quadraturé with the correct amplitude and frequency. The quadrature drive
signals are passed from the Hilbert filter block 1302 into the Group Delay
Compensation block 1303, along with the drive frequency.
FIG. 14 shows the Group Delay Compensation block 1303 according to an
30  embodiment of the invention. In an offline, one-time fashion, the group delay through
the DSP is characterized experimentally with an offset and slope. Alternatively, current

sense hardware in the current amplifier can provide an option to calculate the group
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har dwar e and software. Correcting for the group delay can be acconplished
in several ways. However, the novel way presented here is conputationally
ef fici entwobhe/ds376e signal is first passed into a Hil lpertustoostoes7odl ock
1302, simlar to the one in FIG 11 (discussed above), but operating at 4
kHz and with a smal|ler filter order to save 25 processor bandwi dth for this
| ess defAeladicABIPAPEAtIcBAT-BRe. Tirephnge galeyirsquingsl @roomspensate den te roWuadr at ur e

bassed TrBMT Re IRl HRRREY o pEITRTSI e g THE Pl Bt o i@l = are
Conpens @élb@l@t@ﬂl@@'gqtﬁﬁ&ﬁgrogﬁb aelgy voinpehdagiodr(i. ¥ aht pRgieanely valnb @)) 14 tighows t he

G oup Del ay Conpensation bl ock 1303 according to an 30 enbodi ment of the
i nvent i &moup Pelay Gemperrationhtockilde3 s usng tie, expremsntally desgraynadylepgy#nd t he

DSP | i zed i tall ith f.f d sl .
At ef nablogh v Hedi (oMo T e Al 2 R L he SO RO RBRne oT 0%y pr ovi de
an opti eayRdSARSHHARP cbRBethAYP aRd sMORAO TIHRARAAE FPET HSRORRLA35TREn del ay

conpensation on-line.” The phase delay required to conpensate for the group
del ay i 8 daivesignal tat bhs theeguesighasa drgsiueneyn wol pmpilgedestoattiveTthe s¢nspuriat
frequency is used to calculate the required group delay conpensation (i.e,
t he phas®°8#i¥ value (0)) in the Goup Del ay Conpensation block 1303,

using the ex@{%pfér?ﬁ@t}ﬁlzf( Ythlﬁ?.elrSPicﬂ?:e&iV% é?g@hl%‘%dﬁnﬂ; § s@tteh IR ehedkh\sRie of

guadrature signals are then multiplied the sine and cosine of the

reqlid r ethepfigize. de haymelopeeaimatthe swaold psisasrac. driMessigna pubugli a fheitallioe bl ock
results in, a_drive sj | that has the _correct. phase, freque ,, and

anpl i t ude3ieg GPRYR e RDALDed A corrent s iGRCEn ‘ﬁ@fT%t%Vﬁ%tlﬁa%%’eEg%él(@e 13, the
drive siggnaky i i i e i i . In
nor nal gggi g 'i%ﬂ&t%ﬁ%ﬂ’ g{vvlﬁllte %ﬁﬁ’\gg{s@%g%? Rggagljiegé;fsé?%lg2‘11(9{1%?%181&&9%CE]C gﬁ% -to-
Anal og Goaveaatles a KiAS)arafedtuee. cUonseqtiersthy Mitfenahe pivitoffl dnmptitiéd falls beidweadri ver

180 (see FIG 1). However, in _the enbodi ment.  shown, there is_|logic

i ncl udegeit@nisEcentaEcisewont bty Bl cesam abselude ¥plucstealegien @srfg‘é(%fuent ly,
when:t h hckof f ke . cert aj G oi nt,
or %I o{%lé;ékcééﬁtagf n a%s%#%’?%f@é{sﬁ%@% 1’%38?%@@ n{%@%&%@&ﬁi@gﬁ]@%k?@g{% assert

an " Enalskstiircistiardnersi i@ igjkcted Wiohe tHenghidpBlocl hethkilek sipasitthentidare. | Thd he
ki ckstart node, energy is injected fromthe chirp block at the left top of

the fi gghep bloak owpits s signed kt dosepatthe maxiygna cuatent megpiteds e engrilRam
cur et AL 40y SRR e AR O HOGHE o USARLAANED |
def i ned «pyrivheypick ko8 dtiRany the gRLexCAeslit08e bR clingkat ’idkstapttolet. The
20 frequency ranges are based on last previous value of drive frequency, the range of
frequencies corresponding to K, and a frequency corresponding to a density several
times higher that the corresponding K, density, and a wide range covering a broad range
of sensors. These various ranges insure that the sensor will start even if incorrect sensor
parameters are input into the meter electronics 20, e.g. if the electronics is initialized
25  with a master reset.

The output of the switch, whether in normal drivé or kickstart mode, goes
through the interpolation or upsample filter, typically to 8 kHz. The drive signal is
updated at 8 kHz, with a final output rate at the codec (DAC) of 48 kHz. One skilled in
the art will recognize that the choice of rates for the input, feedback, update rate, and

30  output are tradeoffs based on performance requirements and processor bandwidths. The
particular choices of rates can be optimized for selected hardware and for required

performance. The particular filter implementations, including the filter order, the cutoff
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20 frequency ranges are based on | ast previous value of drive frequency,

the range of frequencies corresponding to KI and a frequency correspondi ng

to a. dernwotommssasal tinmes higher that the correspondiPpog/us2ood@ssng y, and

a w de range covering a broad range of sensors. These various ranges

insure that the sensor will start even if incorr%cagiensor paraneters are
bshy

i nput i MTSIVPRYY> i &F° designadgpinalclyiic cogen faesy ff bf BAdersiopd thaiithq al i zed
25 with . It / i . . i rive
or 1'ci CRaT Rk Rhich TREL ordl, OB fretontiod 0 Pty Al B kbl Y i ol

t ypi cal lojaitns aBe kbizlimitheé betrany @f Hieggia¢n exampipsdat ed at 8 kHz, with a final
output rate 3{1 tEe ﬁodec (gAC) of 48 kHz. One skilled in the art wll
recogni ze. t hatlG He SBAWS e AptomatieGaip Conlel (At blede it aecoiditmtosry at e,

and 30 ]%La%-lﬁ s b rg@gﬁﬁ ui.r and processor
band?vi d%#é, gﬁteopfgl?g@%ﬁ]g@n'c%g?%g@ 6%%5;\;5? 83 TeAS E%Oaglﬁ%a?@%% for selected
har dvar eligistehomt aeglituded copeinios Aibo aenplifidespand tHeWetdoitt didRicement (in

i mpl ementations, including the filter order, the cutoff 21 WD 21)1)71035376
PCTI Us2 119/Hg) 1 Th52AG6 blegle iy twetoipuds, andisibimBirkspriatowt anddhe hosen
rates. I understood that the sanpling rates, filter orders,

cut - of f Iforoz)%%ﬂr%muggl,t' etc., are given for exanple only and the clains are

not limted Iy teefirsdhbiddieofdhy AGEKRIRI1801, the Gputdafhaubed fagifwpomati c Gain
Control (AGC) block 1301 according to an 5 enbodi nent of the invention.

The 1AGC disdedeveent percenipge o a Mden thardtuahdistacedicnp baeadsthetsetpupiti thede

tainj ] litud th t pai nt_.di.spl t (i [ Hz) .
The Acc 18t B tesd (TG s fu bis Sptie, BOPE RS B EGE FURTAIAOR he
Loop Gaiffr fetvakibus hitplifRie defpdint®! PR siRfralib&d ﬁ@%igﬂd@g\kéﬁg&ecﬂﬁﬁbél{ﬂ Ryts are

ratioed to give a 10 di spl acenent percentage, en the actua
di spl acdrintRRQuaidn) he fedtimoiantAmphiwde &icvlaldiagabstieblodt $ 0 BCEMEMIodks 1. O.
This scaling helps with |inearizing the control loop for the various

wi.th
anpl i t ud@e@@ttﬁ&e%ﬂ%‘? thphall sixarpplithésdyieldnonsisgas nypbas thattee neasll Gand f or

LPO,; <RPQ, . . ar Lot - i . dl.agnost i | ock, 1501.
T 5o Qee il of e8P ShP LR AP bR SRR e Bl osR el b
number s Ylbet aled GeteeRiif theQeddtsl o¥Brshedts Bfc StMGEhTTHNG1 PI%ENT &, thik dbdkffebdte
di fferences exceed certain preset percentages. This block also detects if

t he sengbe ovwahet dofosmptien sethgdiinksty/ Overdwot l9ggoblogk, this bl ock feeds
th hoot I t to the Kickstart/ Over. t | ogi | ock., Th
e, e oot O B RIS TS | o

or exceeds the overshoot threshold. If the amplitude is low, the Enable kickstart signal is

20  asserted. If either the kickstart is enabled or if the amplitude is overshot, this block also
sends a reset signal to the PI controller, discussed below.

At the mV/Hz ratio block, the signals for amplitude control are selected. For
example, the LPO and RPO peak detect are selected. Alternatively, an argument can be
made to select the Hilbert LPO and RPO amplitudes or the modal amplitude. In another

25  alternative, the mV/Hz block can include logic that performs a selection based upon
differences in noise, etc. In any event, the maximum of the LPO and RPO are selected
for the control.

The output of the switch is-fed into the Kickstart/Overshoot logic block, as well
as being fed into the difference block. Since the setpoint is now normalized to 1, the

30  error is simply the difference betwee'n the actual signal and 1. The error signal is fed
into the PI Discrete block to determine the loop gain. The output of the PI Discrete

block can be fed into a summer, where the nominal drive current is summed with the
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exceeds the overshoot threshold. If the anplitude is |ow, the Enable
kickstart signal is 20 asserted. If either thelcickstart is enabled or if
t he anpl iwoaeowmssiréer shot, this block al so sends a resecTdaisgovalo3i7os t he Pl
controll er, discussed below. At the nV/Hz ratio block, the signals for

anplitu 1.0l ected. . For I t he LPQ and RPO peak det ect
are sel g"?&tﬁg% fth@f el §1e %%Hb%%l?ﬁgﬁﬁnﬁaﬁe‘a@n‘faﬁlﬁag ?%1%@ BEOTHPA Hi | bert
LPO and drRe@ cﬁlﬁféht dfoles s@fulﬁtl'&l BRER ok 'tﬁé‘lqﬁxmluﬂn%ﬂ? Bfmém o%@ rnative,
the nv/ Hz bl ock can include logic that perforns a selection ba upon

di f f er errsiesnisriromithesunsmed ontpuangsidiiegin thetfmahodprgain.of the LPO and RPO are

selected for.the contro The output of the tch is -fed into the
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D screte bl océ< can be_fed into a_sumer, where the nominal drive current
i s sunmEFeaiYdirgraons o Ting afloyvs)the dnivseamiqbdy prage the lemiuEgsdusingout put of
the Pl Blvagkool & 0Aé GBROSRRAL of HBE JTR SRARLAL hgn defaul ts to a nom nal
drive current saturation ocC oI S lhe maxi mum and ni ni num

out put curreEiGslB sbanwm@rcspm‘tmdalqmdglﬂl (Pf)mtrbllélgadcﬂldlﬁgtcf hpal | oop gain.
The urr t anplifier can enploy a linear anplifier. The output current can

g qfﬁh%m’fﬁ%% alhe gmehsigralimtaceivied imfiotpork2 &Qm ’élntA(ECm t, for

exanple I i n_4.quadrants can ive and
absorb (P u(?-érj(gln}'?)er T}{? 1§ ﬁ/er fe?}p g)'h%é g“e e 5’8’ a\/%roafn‘rtlé)@?l %ﬁﬂgP aﬂ% gas%ﬂs ws the
drive cantorade rode BFf ﬂi@eﬁﬂieﬂ Suinn@ing biresks )In @Bﬁhﬁ]l%é)e@éftﬁﬁﬁ heotyiRh N8R dratoge
amounts of flow noise excite the tube. FIG shows

Pr oport |f6$?éﬁlgpﬁ1tlé@ﬁh4lssemq acsmmp}eoths@ﬁteantsgraﬂvm@edowharehﬂtlmmmlgmit1s of the

i nventi T e rror _si | S rec i.ve or.t ock

Do rRRupd REmEpiod ARBra bl P HERA, Ty SNt it e Gl by Sheg

pasws l1ﬁtegiam%@mqn6t RQH& ﬁlhltuﬁli%dfuynmb s%ﬁ’[@tﬁﬁe RiBGKmal8s ﬂh@ Hi% eration,
e., when t he int eg rat or reset 'si gna is not asserted rrp e discrete

i ht egr atr @ﬂpou&uﬁdepm@peﬁ of thheample tm1gnEbllow111geHﬂamimd cotithsilep Idesagm) gsod
e S AU B b Sl LSl
i M L R ST T
t he "antas woiuhdibgdpeblindie cabbio$ ehieained eir, for example.
20 The integrator reset signal in one embodiment is high when the kickstart is on or
when the tube overshoots the high amplitude level. In these cases the integrator output
is set to zero. In the first case, the integrator does not start to wind up while the tube is
trying to start, minimizing overshoot. To assist in this, an off-delay is used to hold the
integrator off while the tube is coming up to amplitude. The reset during tube overshoot
25 lets the control system drive the tube amplitude down more quickly than if the integrator
had to wind back down. This feature dramatically cuts down on the overshoot when the
tube is highly damped for a period of time, e.g., by entrained air, and the damping is
suddenly remover, e.g., the air is stopped. Without the reset feature, the integrator
would be at the full current limit while the tube was damped. Then when the damping is
30  removed, the integrator would have been putting out full current and then integrating

down at its time constant to a smaller value. The tube would be at too high of an

amplitude for a significantly longer time without the reset on overshoot feature.
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keeps the integral fromintegrating to infinity if the en-or signal does
not average to zero, as would happen in the case of entrained air, for
exanpl e. WO 20¢70353T6egr at or reset signal in one enbodi nerCTIGS2006@857061en t he
ki ckstart is on or when the tube overshoots the high anplitude level. In
t hese cases Lntegrat.or ok [ £, ase, the
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cantly out

signifi onger~tine wt he reset on overshoot feature. 23 WO
21) 1) 7/ 11353K6tRGT 4952 1l dbvd dRBTdd6n therGis dvevendbogesimewn stritwe tignal
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dowps t hedifist & RRBYRNL ANBBAs hbid dad fHal Slugfwb phnse 16wt bieddsigit dtabges
start-up. Sone of this involves the sonetines quite long tinme constant of
the fl owhetdives emdpick¢8ee bel ow). The slow startup fol | owed by an

hoot i h teristic. of -1, . j [ f
The PID | oop Ackrpdeois Gt Ring abHRH SO E LhabE "ar post

the tuni ' ancatifsisies LRI at GRNBLIBRR vefocynonnliipleibysthet em  The
end resm}%tlgﬁélléugﬁll%@e corfyflgl | oop that is not veryy15 robI?}st to

per t ur bahinorBy defudtionshinoivdtiplimsionlinnen-lisbarg/Runbhephersetiel RokofgFesgarsegn
© ha%:) ©s acttir?g gshgned(r)fi‘ t\lllg rrnualltrllglicpalillcc:ils(,oge&)%ﬁds upon the sensor dynamics, making the non-
linearity sensor depeﬁdent.

The second non-linearity is a bit more subtle. The standard equation for a linear
sensor response is given below,

[HI{F}={x} or [Dl{x}={F} (12)

25  where H is the frequency response function, D is the dynamical matrix, x is the |
response, and F is the force.

What is typically left out of these equations, but is an important assumption, is
the fact that the equations are linearized about a nominal operating point. The equation
for the linear system is given more precisely as:

30 [HY{F —F,} ={x—x,} or [Dl{x—x,}={F-F} (13)
where the  subscript refers to a nominal displacement and a nominal force. Since the

standard control loop does not account for nominal forces or nominal amplitudes, the
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A typical flowreter drive control loop is non-linear in tw respects. The
first, nost obvious, non-linearity is the fact that the feedback velocity
is multi pvoadoysizhe gain. By definition this multipli ®eariuspotc®3s706
non-linear. Furthernore, the pickoff response, 20 acting as one of the

ltipl d d h d th - linearit
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{x} or [D {x} = 12) 25 where His requency respon e#unc ion, D
is the dbmmass;ahfﬁmassn alxd dampmgtdiehe flewpursestriende fasiveell frethb BIC eensithaty i s

typi cal l f.t ou of . t hes S, but is an inportant assunption, is
t he factc)(/’?’%"rE Rth e g}?ﬁ%vecﬂquéﬁﬂ@?{?% ari zed about a nominal operating point.
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a nom ndtedbiaskp Icameasﬂﬂnbp emlinemm he@tstenor TaereSird 6@o bieps tetiddgialt went r ol

| oop does not account for nom nal forces or nom nal anplitudes, the 24 WD
21) 1) 71638876 2e8HNIBG fq_rltilemqst-imarm@%%ﬁgbe@abqu Fithes ot bodle) sesilie as t he

Cot poi ne s ARl R RARBER SR BRSO Ry (ol imitBohudrdtmt Bn e

mass, Stailfifeaessntralndosiampidtasoy c@ﬂi’cﬁolfs NI I InSAdAUES U KRS 111@§nt¥@1|| as the BL
sensitivity coefficients of the drive and pickoff coils. 5 The neter

el edfr omnéérl%ﬁsdhﬁﬁpméoomwwmu@mmﬂﬁ n@@oun@@gd@ealmﬁf@wcmm fe@sor

f eedbac 0 the system There are two steps to

| i neari gi ng H? lna{%ﬁptgﬁ]%e%{ ‘ﬁ’ﬁr\sfﬁod apgrgl%/% okt i nearities described
above. Eit he'THe@ﬁrstﬁébhzﬁ@éh Renoves ek ﬁﬂlt?;%é@ﬂ*«@ﬁ@n-‘hﬂeér zHyrfBF %%ed“ ve

f eedback system of the invention. The result is | i near “contr | oop t hat
r obust | yeS@@nwtﬂ‘@e wihity. dFhere ard amedben mfonaysttheiccmphm this, 2. Jisivgga i zes t he
control | o0 aut o ical l.y accounting for an dlfferences i n sensor
dynan ¢ SR NRHI ol B LR Bt SO i 0 B9 S Heur TGShgHAl SR | T o
l'inggri Zv@é\ﬂeQﬁ‘lvree%V%etrH@chHEﬂ‘ Lidv beRYy) IYé%s @l?é‘alkéa@?acfalctul'atpd' al]tn?flﬁ!d@%l%ﬁ?
response to be unity. There are a number of Ways"to acco

usi ng a to oormalizei the féeibade toamﬂtyvm]i‘mme;hemgnﬁﬂere manueirmumhbmtum opurati@guar e’

wave for it uare wave_ drive, etc. The nmet hod shown bel ow uses
the al ré%‘a f:}’glP E}’a]t Gsﬁ%arq%t%%@ -Hnemyy

FIG. 18 shows a linearized drive control block diagram 1800 according to an

embodiment of the invention. In the figure, the pickoff feedback is normalized by the
20  amplitude in the “PO Norm” block at the bottom of the figure. Note that variations in
any of the sensor dynamics are automatically accounted for by this method. The second
linearization adds in a nominal force based upon the setpoint. The amplitude setpoint is
multiplied by a “Nominal Gain” block, and added to a Proportional-Integral-Derivative
(PID) gain in the “Total Gain” block. Adding the nominal gain output to the PID gain
25  results in a sensor system that offers an effectively zero damping, i.e., it is marginally
stable. In control terms, this linearized system is not “droopy”, i.e., the PID output is
zero when the system reaches the setpoint. No error is required in order to produce the
nominal force. While the nominal gain is a function of the sensor dynamics, the control
system is now sensor independent. Consequently, an optimized set of PID gains will
30  work for a very wide range of sensors.
In the standard control system, which is quite droopy, the error multiplied by the

proportional gain plus the integrated error multiplied by the integral gain is used to give

25



to normalize the feedback to unity. Even though there is still a

mul tiplication operation, nultiplying by 1 does not add a non-linearity.

FI G 18 swowso7assi7aeari zed drive control block di agram pc30B2@60837dé Ng t 0O
an enbodiment of the invention. In the figure, the pickoff feedback is

nor mal i - 0 | LN the "PO Nornf . Dblock.at fhe bottom of the
figure. Ztﬁgpg%tuﬁ]ag? o §'r f%ﬁ) %ﬁéllt',ﬂﬁe gl,ﬂ?PB}eS§ eV ¥ Hlh ST g%@péensor s

aut omat i ra&ds| Mim@,mﬁaﬁnﬁﬂﬁg_by this method, The second |inearization adds
in a nomnal force based upon the setpoint. The anplitude setpoint is

nul tiplied bylhe kaydnithislapgedash ibtheslominaidzaatdaldet This value can be found in

Proporti At egral - Deri vat j Pl ain i.n the "Tot al in" bl ock.
Addi ng tlﬁ%@n%lﬁéﬁ% Wgaé'is‘r??%af]b?daYgﬁsegih%@P‘??@%r@%FFHm?g SP9 IaPETOPiSﬁéﬂ%ensor

syst em trivakin@f Jo0h & ' BNy silnBifredidiadidsiEr 9 y
st abl e. 1I n 1f:lonét r ol tlglrp ﬁ%f&?&?fﬁ%éﬂn@ggﬁﬁggg%%% e%h}pglﬁﬁgtdﬁq%ﬁg%%ﬁ{&%cg ,

Pl D out pan biegised by geneihasa theheorsaes valuer &ae hemindiaagetaobaidentiedwithra i S
required.in r.oduce t he | force. Wiile the nomnal gain is

qrder, t nomi n
a funct iGRPISF PiHe %fghg GFVER AT, aﬂﬁﬂ?&f Bt quish and gryde sysignsEhsdpe
i ndependgitinal L 1) I [ il 30 work for a
very w de rlg%g%éﬁig &ggﬁisﬂoér[lsoﬂﬁqﬁée%%ggﬁ:@%q%%% ’rd(:)l)? ggef}s gxdh\l‘fvﬁi ch is quite
dr oopy, Hrbgueacy RespetistiFunicton (FRFYer therRIPDritéisaate, gai ékaﬁigﬂéi the integrated
errqr mul tipljed by the jntegral g%ai nis used to give 25 WD 21)1)7/1135376
PcTI¥s211116/41 S5y Rlsmatie tn 8RitaIThe Bleawired\gain ip éxlet the seneordtasbpp Mes i s

very nmu I [:.S o F stiffness danpi ng. The key
Vo thi's noronaet b, pla kg AepRgtisinyige vHihl sOiEa AE-RE Fatna o

many di fthePHDigainayambdrrint thiodamikageth artlebetChaPED 10k bt GugRASOr approach,
the 5 nom nal gai nis sinply the neasured danping value. A sinplified

di agnosti cs afphdaieschens ay vigsiadon of e PdPagain filven sopmelitbevintigetivarng

i nal i eddentified wwth a sinple "ping" of .the dgrjver at
oo ar tap SR ARRe Rl B b Bin S oo R 1 B ¢RacleBss AP TBA n can
be 15 a lbooteup \ia&ilati@nbﬁﬂ@PM‘ﬁ&iﬁ%ﬁh‘%%ﬁhn%ﬁ?p@@@ﬁW(ﬁggﬂfsiti\é.e Frequency

Response Function (FRF), or the RTD resistance, for exanple. 10 An easy
al ternative tidGgéP compristegrphbsof thd ligainizddsirive domtrol hecosdingds ast art up with

zer o nomni nal,.gai.n nd aff.er eerror is mnimzed hy the standard PID
| oop, tregﬂasoggﬁenttqg 1?3}15e8é?1?1 Irqﬁ?ﬁgg}“e’l Sﬁi‘f)&’sttﬁ@_th%'zl}%’&?“éa&}oﬁlséiﬁEFe?%‘fjs et the PID
I nt egr ats@tuPUinBYbeovdty Antddl $e86 i @?steﬁ'%sg%%@é,aatn'd%alﬁf tht BED R abAidd om
zero will be indicative of “system changes due to changes ih the sensor,

mount i nde amplifudgi d'hedinglire isbongs tiBhtretimprovements according to the invention will

t he

20 increase sensor performance on difficult fluids such as two-phase flow.

FIG. 19 shows that the first linearization dramatically reduces startup overshoot
and reduces the time required in orde; to achieve the setpoint amplitude. Using both
linearizations results in substantially no overshoot and a much quicker startup. The
bottom plot of FIG. 19 shows that the first linearization reduces the recovery time.

25 Using both linearizations eliminates any recovery time. No “if” statements are required
in the linearized loops to get this performance increase.

FIG. 20 shows the setpoint amplitude independence of the linearized loops. At a
factor of 5 increase and decrease in amplitude, the linearized control loops show similar,
much improved performance over the standard control loop. Much improved

30  performance, e.g., faster response, less overshoot/undershoot, faster startup/recovery,

etc., will translate into better drive performance on difficult fluids. The improved

26



15 long termvariation of the PID gain can be a sinple, powerful

di agnostic. FIG 19 conprises graphs of the linearized drive control

accor di ngvoaoem3saabodi mrent of the invention. The fi gurecshsemetobzne t hese

| i neari zati ons decrease startup and recovery tinmes, speed up system
response, ~and _make, t.he Pl i i r] . ¥ i i e shows
thar T ner B PBUEREH iatzabp B B TETEbF N ko8 e 2455 piFalgUas Sor
per f or ngRGRsi@Rerdiofkéital bedmbirits, drivedis asd pioRofthase flow. FIG 19 shows that
the first linearization dramatically reduces startup overshoot _and reduces
the tine reqlhe mgtarelestr@aicstandan¢thedseacchuling tpidie inventignicende empdeyey bot h

U R e R Ry e R e L

r edug esThh g JeREQY BfoXidds TR acéBrabSiret Hghd). IheeavdnRdhiRbeided 4 Biivakighanny
recovery time. No "if' statenents are required in the linearized |oops to
get t hi forpeyfiwmmancpickeffeaswr. Ahainzatishowsstatiallygngantanecushl i t ude

decr easGSPRaRBR FEUBE L heL R MESRT SORroR bl A oRe SO RTMAar - much

| pr Ovegco?l'?a[télgrtﬁ%ﬁg? SOVRE sidifl STRIGAER GPPIN Rles laGkter MiedisibAR s30
performance, €.g., taster response, |ess overshoot/undershoot, faster

st ar t upts éengmieyow edwditions. | The irerestiat provirtes abkrtvtessignil ithed dptectsamdance on
difficult fluids. The inproyed 26 \W) 2007/ 035376 PCT/ US2006/ 035706

per For milloev sty ppemalies s BavWdnateHel drive loop will also result in fewer
constraints : desi f; I ' i and pi ckoffs.
The neter el g@? %%‘%lﬁtégﬁg%cgnﬁésf%glégéggﬁ%vﬁ%mﬁ%é 'Ei ﬁze F%&?ﬂaﬁ% can be

enpl oy egubstaeiatidilset én phaseokith ke erbmdiigmhphasen Tredevertngrroviddeasever al
advantages, if desired. 5 The invention provides an accurate drive signal.

The i nvérive signprwhergiasthe daiveweensl phase is sstaatipllyinked BPhIe BT S8REor .
The i tal bst ant.ial lvy_inst i i i |. Th
Mvent | Sapgy; BRSO byl LRI ey AOLAT AR ik J0R T

sensor shandl) thel ﬁtl‘ﬁ/@ﬁ%h%ﬂvﬂﬁ@yi des a faster drive signal response to
changing flow conditions. The invention provides a drive signal that

detects and Tbefwtdntos proGdesmbishphass compandation thaftadivaaipgeorily ¢aMRent i on
provides a drive_.signal wherein.the drive _signal ph .S stantially
| ocked IPAUPA%ERA (it fredpncy é{?g%m"{%&’ﬁ‘aﬁl}?ﬁ%%: 1%189%“%‘3%86 Cc‘%ﬁl%g?ovi des a
drive sighaleniefsithe BRGe SighiE Bhdnabniitasiovides abeatiflbivalibyrespeisedoi n
phase without using feedback. The invention provides a drive signal that
does notentreintd air conditiorednd to empty-full-empty operation. The invention enables a

20  flowmeter to drive closer to a resonance frequency. The invention enables a more

accurate characterization of noise on the sensor signal. The invention enables a highly

accurate implementation of flowmeter diagnostics.
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15 control) the output frequency value. The invention provides a fast
phase conpensation that advantageously can be coupled to a fast
frequency dgbedswriopdtd on. The invention mnimzes a curr eatr/Us2006/035706
requi renent for the drive signal. The invention provides a better
flowtubew'e onse to entrained air conditions and to

enpty- f ul '*éfBty operation. The invention enables a 20 flownmeter to
drive cl ofeMets cRcEOEENE@OT Corfeperatng ¥ driThisighd) Yard vibmteaydllvesctar (8 e
accurate characterization of noise on the sensor signal. The

i nventi onc®MEBIS a highly accurate inplenmentation of flowneter

di agnosti cs. 0 @@2 Met er
el ectronics (%é’)x?or&g@]@f%ﬁ%g a %?%139125{1%%5 F a %F%?‘%ﬁa%%

f 1 owredt er fig®neter (OMard si ng: an interface (201) for receiving a sensor

| (210) f the vibratg =y 5 fl ter.(5):. i
Syatem (203) | TPCHHARG YRR QRO CHTPHE PRSP dle paa et (P A 1O
conf i gur e&’odﬁﬂgufa%% !réé%nﬁehﬁe SRRSO o1l @ridh, fhadeOahift BhamasEhidal 1he) 3 ensor

si gnal substantially 90 elgrees to create a phase-shift
sensor si ghialantialist ¥ digness éo pitatsen Biwise-ehiftodapeor Bgnal.rdsarERg @E\h@ﬁ et

fot br at
Vel e (8) Vet 1 e & BGiahek T 15 VY eV SRt 8 Bt
si gnaig i NnslafdRe (8)owElg el ehdr digiel 62&0)33.1@1&8&: p]p)daashlf(calssﬂsm d@nehmon&ra
sensor signal anplitude (214) from .the sensor si ?Héﬂ% 0 T%[‘%
phase- shi i gaesina&ivessigm Phasg{d [ e ASFaRIEe éS‘H”rSPR/%g%% gAML Cffr@
b
(215) asg aseﬁ%?@ﬁgg%@{@%ﬂ@ ggg ftegléel@soﬁ 21%1491 aﬂ@@u@fa@eﬁﬁﬁv@&?x\{ﬁ

si gnal stan entical’ to a sensor
phase (2 121)11311&15@ 221 5Thesadetnehe edrmol mgml espliRdy (2)1f4)cWh¢1 mnjthe Wﬁé@ gignalt he

Ol actr oni ebepaep)af str ey pd e rRe LS R Fh ue () -

conpriging a 20 conpensation value. 4. The neter electronics (20) of
claim1l, wherein the determ ning the phase shift value (0)

conpri si ng. Minezattnyelastioniss &Ny clare I whgiranty Phesspiidiagdppeg formed by 2
frequency/}f)ggst(-;cr efl ationship in order to produce the phase shift

val ue (0) .

3. The meter electronics (20) of claim 1, wherein the phase shift value (§) comprising a

20  compensation value.

4. The meter electronics (20) of claim 1, wherein the determining the phase shift value (6}
comprising linearly correlating the frequency response o a frequency/phase relationship in

order to produce the phase shift value (6).

25
5. The meter electronics (20) of claim 1, wherein the determining the sensor signal
amplitude (214) comprising:
receiving an Acoswt term representing the sensor signal (210);
generating an Asinot term from the phase-shifting;
30 squaring the Acost term and the Asinot term; and

taking a square root of the sum of the Acoswt squared term and the Asinwt squared

term in order to determine the sensor signal amplitude (214).
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5. The meter electronics (20) of claim1l1, wherein the determ ning the
sensor signal anplitude (214) conprising: receiving an Acosw term
representi ngo tdeerosansor signal (210); generating an Asipogakzdoe03xvos
fromthe phase-shifting; 30 squaring the Acoswt term and the Asincut
term and taking a square root of the sum of the Acoscot squared term
and the Asincot squared termin order to determ ne the sensor signal

anpl i t ude & Z)met2B8e VB3 (LOBHITAMPCWHIRIR B/ LR86r68R: fhe dINE sTRERImMplitude

el ectroni C.§_ é 0). of claim1l1l, wherein the generating the drive signal
anpl i t ude ¢ t ther FORWEEIN€orpr i si ng: conparing the sensor signal

anplitude (214 mlj : . ' .
sgﬁslor usi ggal gﬁp@?ﬁﬂ%e ( fi%llg%ﬁlglg% eﬁu‘g%ég)é té)%%?aén p?ﬁ'z&%gé’%g@n‘gd%?gﬁ%ﬁl
anpl it dde (215)¢aluigtthe sdisossighdl ampheidag? bhsedrdentd fweonpadiing sighalt he

ensor signal. i.tud 214). to the anplitude target (216). 7. The
fret Zr efé%ﬂpéfmd%@ e%ﬂgftﬁec?a&%lﬂg %Eﬂ@gﬁeﬁp@ﬁ'tﬁ%mﬂmgﬁ%@fﬁﬁ %em)sqwgl&nﬁle
drive Sigﬁﬁﬂlpliﬂide(Q?ﬁl)ati:}%ﬁ@ﬁﬁlfa'lﬁ’tu@éta&é’é@(jllfi?.mter (5). 8. The neter

C

el ectronics (20) o aim1, further cofprising chirping the drive
signal at a startup of the flowneter (5), with the chirping

1 owmot or (S erapr ab @G TS i [ afocr PORPREY OB aT A P el o

furthal cangariupiofghd floeatetezi(flg the drive signal. 10. The neter
el ectronics (20) of claim1, further conprising: calculating a second
anplitude using peals detection; 20 conparing the sensor signal

anpl i tude . y : . '
e e et R i R e L L R B R
sensor si gretdrivamdlthe dden(e®t4y), with. théclngiihg dorfipsige sveceatrigntrangttve er
signal for_a wvibratory flo er, (5 t met hod 25 conprising steps
of:g recei \ﬂl‘?‘}‘ﬁ\ﬁgqgg}%d%n%qséﬁgf&fé]féb‘?%cﬁ?r fRES-vi brat ory m)owr ne'?er P
(5); phBase-shifting the sensor signal (210) substantially 90 degrees

to create a phase- shifted sensor si gnal , determining a sensor signal
anpl i t ude % ZigmeteneleeiraiesdASbefl deighblfuthapmpnigingtimearizing the drive signal.

10. The meter electronics (20} of claim 1, further comprising;
calculating a second amplitude using peak detection;
20 comparing the sensor signal amplitude (214) to the second amplitude; and
detecting broadband noise on a pickoff sensor if the second amplitude is higher

than the sensor signal amplitude (214).

11. A method for generating a drive signal for a vibratory flowmeter (5), the method
25 comprising steps of:
receiving a sensor signal (210) from the vibratory flowmeter (5);
phase-shifting the sensor signal (210) substantially 90 degrees to create a phase-
shifted sensor signal;
determining a sensor signal amplitude (214) from the sensor signal (210} and the

30 phase-shifted sensor signal;
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30 phase-shifted sensor signal; 29 WO 2007/035376 PCTI US20061035706
generating a drive signal anplitude (215) based on the sensor signal

anpl i tude wWwadtéhiozaangl generating a drive signal includi pgrhRecetisvye
signal anplitude (215). 5 12. The nethod of claim 11, wherein the

phase-shifting is rformed by a Hil ber transform 13. The nethod
of ol aim 11, VESER R LR R GRS AR LT GpRihe SrR5PT Higers byl
conpri si ng2st)epsl of 10 receiving an Acoscot termrepresenting the
sensor signal (210); generating an Asincot termfromthe

phase- shi f t i ng;2°8¢jaaRg agrivhaispdosdeding terdramdignhkbamitndo2 16kr m  and
taking a square root of the sumof the Acoscot squared term and the
Asi ncot squared termin order to determ ne the sensor signal

anpl i t wde 1@2 Tk mdthod df clahe 1 ipkhaein e gHasd-shilihg MRS A Hilbert

generating the drive signal anplitude (215) further conprising steps

of conpar ﬂ??&sﬁﬁg sensor signal anplitude (214) to an anplitude target

(216); and scaling the sensor signal anplitude (214) in order to

generate the drive signal 20 anplitude (215), wherein the scaling

bei ng based. dietrhehedapelrimm§l ofhdréie dsensmingsthg salsor dgmdl atnptiaide234) t o

the anpli tcude tar %ft 16) . 15. The nmethod of claim 11, further

conpri si ngogfpé]ﬁlélg Pdéter ni ni ng a phase shift value (0) froma

f requeticy reSpQB&@viﬁ% ah@@:oh’dﬁbﬁ%ﬁﬁ%p\‘eseghrhgftlhe}é% %ig,&a'})rg.zdu{;onbl ning the
a

phase shift value (0) with the sensor signal ( he phase-
shifted sensor 2hefahng pih Asingd tertmolreye tee gltase-shiftirigye si gnal phase

(213); and i nClSH?%{gggdt%iQ?\c%%tvt%rﬁia%ﬁxlgéﬂgs?asitgrﬁl?’ in the drive

signal, wherein Irve SIgna p i%substantially

i dentical to atséngasqsdrg i@t oftasam(diRd AcSdht3uAQ ROQ 2h83R3X8nwt squared
PCT/ US2006/ 03570(? 16. The nmethod of claim 11, further conprising qt he
steps of : term in order to determine the sensor signal amplitude (214).

15

14. The method of claim 11, wherein the generating the drive signal amplitude (215)
further comprising steps of:
comparing the sensor signal amplitude (214) to an amplitude target (216); and
scaling the sensor signal amplitude (214) in order to generate the drive signal
20 amplitude (215), wherein the scaling being based on the comparing of the sensor signal

amplitude (214) to the amplitude target (216).

15. The method of claim 11, further comprising steps of:
determining a phase shift value (8) from a frequency response of the vibratory
25 flowmeter (5);
combining the phase shift value (8) with the sensor signal (210) and the phase-
shifted sensor signal in order to generate a drive signal phase (213); and
including the drive signal phase (213) in the drive signal, wherein the drive signal

phase (213) is substantially identical to a sensor signal phase (212).
30
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linearly correlating the frequency response to a frequency/ phase
relationship in order to produce a phase shift value (0); conbining

t he phase skhbhtowadste (0) with the sensor signal (210) argd/Usb®scpixase-
5 shifted sensor signal in order to generate a drive signal phase

213); and jngluding. the dri | _ph 213) in the dri
Si gt . wikds oS o] Sl briaihel5ameBSR T S st ant |y

identical to a 3pRsP E%ﬁ‘élgﬁﬁ?é thB a8 8erlcs teshonskhe a FRGuERE MM sOfelGloatp dilorder

further conprising:  chirping the drive Signal at ‘a startup of the 10
f 1 owret er tbprodut8a phhe shet hadde 6F); cl ai m 11, further conprising step of

the. chi rpi ng comBiTEPRG SRIEEDAHD EHEORGNTE S P ohSay LR bl
ranges guntdplfdd@nid- QUARBE @lord&)to gbidhits a ddi%e &i%nal-ﬁh@semaﬁﬁl}?dn@f claim 11,
further conprising step of linearizi ngl the drive signal. . 20. The

met hod of cl ai mntidingihe fidve Samad phased gl Div e dsive sapk Whetsipgredryesigna
anpl i tude ysin ak Chil OR.. .. Lo si gnal

anpl i tude ﬁﬁ?ﬁ 15 mﬁﬁggégggkdagﬁ%%ﬁﬁgggﬁkg%gn%gﬁg%ﬁ?zgibroadband

noi se on a piclcoff sensor if the second anplitude is higher than

t he sensor_ signal anplitude 4). 21. A nethod for generatj

21
drive signhl mgthod BF geisp ng £ Byrisme: chipangioe Kigye S@alc%%ﬁ?ﬁr%‘ijr? the

steps qf: VAl a sensor signal (210) fromthe vibratory
f I owmret er ?@??k%hggé-shifting t he sensor signal (210) substantially

90 degrees to create a phase- shifted sensor signal; determning a
phase shift_value (0O roma.frequency respons f the vibrator 3

f 1 ownet er E%)fh%’ﬁﬂt 8 O%\_ﬂa‘é’@g%’ %‘gggrf@néeﬂn@é?dglcggg%ghe EHTRING T %%mlp
phase shi f{ryakdenictd (9, Withihe cRigNRLEomheIRg swebbg B ch Reo Phafkee frequency
shifted sensor S|gnal in order to generate a drive signal, wherein

t he drive msingerantibHestowmatey (S)istarisubst antially identical to a sensor
Si gnal1 hase (212). 5 22. The nethod of claim 21, wherein the
phase-shifting is performed by a Hilbert transform 23. The nethod
of claim 219, Pheneihodofelaphasefusthef donvilsitg () ofdemiiiag Og drive signal.

conpensati on
20. The method of claim 11, further comprising steps of:
calculating a second amplitude using peak detection;
20 comparing the sensor signal amplitude (214) to the second amplitude; and
detecting broadband noise on a pickoff sensor if the second amplitude is higher than

the sensor signal amplitude (214).

21. A method for generating a drive signal for a vibratory flowmeter (5), the method
25 comprising steps of:
receiving a sensor signal (210) from the vibratory flowmeter (5);
phase-shifting the sensor signal (210) substantially 90 degrees to create a phase-
shifted sensor signal,
determining a phase shift value (8) from a frequency response of the vibratory

30 flowmeter (5); and
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value. 10 24. The nmethod of claim 21, wherein the determ ning the
phase shift value (0) conmprising linearly correlating the frequency

response towa bdregisency/ phase relationship in order to poraddes e
phase shift value (0). 15 25. The nethod of claim 21, further

conprising steps of.deterpm ning a,SeRAsQr., Si gna ! om
t he sensor si gg%wgiflﬁ]fale 3121 etsﬁlgt V%%a@zy‘%tﬁi%?‘%%gg%r} n8¥ Ejglgg%rgﬁé)phge
gener at i Nghifedl§dn¥&r Shamal oraem:bijgéuaete(a%ﬁz)e shaggdvieril e Gerstmabpigral213)
anplitude (214); and 20 including the drive_signal anplitude (215)

in the drisvabsidly idenpigal tygesepsor pigaalgthagy @& 21, further conpri sing
steps of: receiving an Acoscot termrepresenting the sensor signal
(210); generating an Asinwt termfromthe phase-shifti n%; 25
squarifig eheThenstint of etamandwhireinise pbase-sheting istrmkiomged by e oot

of the sum of the Acoswt squared termand the Asinwt squared termin
order to H&¥PHine the sensor signal anplitude (214): generating a
drive signal anplitude (215) based on the sensor signal anplitude
(214); and 30 including the drive signal anplitude (215) .in the drive
signal . 232 WB 260ipd035R8 2PCTheyspobs pliss Phiét vare (OTRampesihdad ComPEISaith
21, wherei he generating the drive signal anplitude (215) further
conprisi ng*8teps of: receiving an Acoscot termrepresenting the
sensongsignal (210); generating an Asinait termfromthe

phase-shifti ng; 5 %guari ng the Acoswt term and the Asj) Coﬂ:lhitﬁém .
taking a 2fudhemetod brlamelswhrem hhActBEBNRS BE e Y eYAYSY CoRRISING
Asi ncot s r m, i ] 34 :

anpl it ude i coris g o SERhel A BEh eI ey P T ngrder o
anpl i t udeptcangethe phde)shift sadaté (1)g t he sensor signal anplitude (214) in
order to generate the drive signal 10 anplitude (215), with the
scal i ng bei ng based on the conparing of the sensor signal anplitude

(214) 150 bheTRERtidads dAmaat Alrdtblompidng steps of:

determining a sensor signal amplitude (214) from the sensor signal (210) and the

dlyg

phase-shifted sensor signal;
generating a drive signal amplitude (215) based on the sensor signal amplitude
(214); and

20 including the drive signal amplitude (215) in the drive signal.

26. The method of claim 21, further comprising steps of:

receiving an Acosot term representing the sensor signal (210);

generating an Asinot term from the phase-shifting;

25 squaring the Acoswt term and the Asinwt term;

taking a square root of the sum of the Acosawt squared term and the Asinwt squared
term in order to determine the sensor signal amplitude (214);

generating a drive signal amplitude (215) based on the sensor signal amplitude
(214); and

- 30 including the drive signal amplitude (215) in the drive signal.
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including the drive signal anplitude (215) in the drive signal. 28.
The met hod of claim 21, further conprising step of chirping the drive

signal at awebternwgs7e 15 of the flowneter (5). 29. The naidiagabosh@ M
21, further conprising step of chirping the drive signal at a startup

of the fl owretgrmdiRdd i.ng _conpri.si swee throu
two or nore fr ecﬁljencyoy\erlétlﬁlg%gqﬂ% élfl %%%“?ﬁagaﬁr&ﬂ@? Q’E!@ gné‘[) émd‘?@l
The met hodushercbaipnis2ig, sta]:)mofher conprising linearizing the drive

signal. 31. The method of claim?25, further conprising steps of:
cal cul ating a SETHHHES aﬂﬁlcpfcﬁ&@%éﬁpﬁ@?ewh@lé@f@m fignel (2B)conparing the

.sensor si gna| %ﬁﬁéﬁﬁﬁ@% Agﬂiﬂ)} tdr Sy ﬁ_&,ﬁ t}?e(i‘@ﬁ | itude; and detecting

br oadband noi se on a glckoff sensor e secoﬁd anplitude is higher
than fhe senscéAu@ingrt ¢Aan$1bt|tenmdmc(m4®smcﬁzemﬁ met hod for generating
a drive S|gnaltﬁgr a V|brat? (5), the nmethod 30

y
conpri sing steps of © “FECLI gthﬁ Sg@rféfdli‘e AFQsAA PaYaperlipr padtehsinat squared
Vi br at or y t#érhoineé@o ﬁét)ermm%%é/@ng&% %n%ﬁéﬁ%lﬁuﬁ’ 1452006/ 035706

phase-shifting the sensor signal stantial’ly 90 degrees to
create a phasefCERpHRGHESEOROD Elgsaigmajh;tuctbe(ﬂ bt ah agpatleas@eshi §Y;

I 0) f t ff t 5
5 conbi ni ng e ERaaat e ST BRPFuf (i rdearebinate Gnarg sy

and tHE phapitudsiiz f3)edith evsenlisd B98¢ béﬁd@ﬁ@?erco ﬁE?Tﬁ-}eese A58
si gnal ; dete a sensor_ signal anplitude 14) romt énsor

ni n
signal (2%Bf 1%‘148@ﬁ‘@tog’f?&%@ﬂ%ﬁeﬂﬁ@f@éﬁk@ndm gnal and generating a
drive signal apglid naI anplitude 10
(214), wherein the ?ﬁl\?g%;v?)gsr%g?lsﬁﬁ%ggde(@%f g’ﬂl’fs gl al | y

identical to a sensor signal phase (212). 33 The net hod of claim

32, where |ft|n is performed by a Hilbert transform

15 34. Thggnip%}&%ﬁ@ Oélcgﬁ‘%%z é?fém?iﬂ%nrvﬁestﬁiha%@l@mgtﬂuevlamelg(xﬁ)atastartup
conpr ilSi ngf ée CRNRPEASAGH ON

29. The method of claim 21, further comprising step of chirping the drive signal at a startup

of the flowmeter (5), with the chirping comprising sweeping through two or more frequency

ranges until the flowmeter (5) starts.

20
30. The method of claim 21, further comprising linearizing the drive signal.
51. The method of claim 25, further comprising steps of:
calculating a second amplitude using peak detection;
25 comparing the sensor signal amplitude (214) to the second amplitude; and

detecting broadband noise on a pickoff sensor if the second amplitude is higher than

the sensor signal amplitude (214).
32. A method for generating a drive signal for a vibratory flowmeter (5), the method

30 comprising steps of:

receiving a sensor signal (210) from the vibratory flowmeter (5);
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val ue. 35. The nethod of claim 32, wherein the determ ning the phase
shift value (0) conprising 20 linearly correlating the frequency

response towa firyeessency/ phase relationship in order to poraguameoihes
phase shift value (0). 36. The nethod of claim 32, wherein the

det i ni th . Si I | 14) .. i Si t f 25
Fece i ng an ACESEER i aprat Rt K% b iknaly S hedkrp i e fhast
gener at i ngshafledAehiFQlgnbEr m from t he phase-shifting; squaring the

Acoscot termand the Asincot term and taking a square root of the
sum of the Acos¢dtrmigigradatceshifit ymlde {Hdrons i freaeensyuespense af dharyibratory

order to ] t he sensor signal anplitude (214). 30 34 WO
2007/0353g§$€%#%8§9006/035706 37. The nethod of claim 32, wherein

t he gererating ¢dmebidinipvies shage slhiftamhlei (0ah (R1Bhsor klghhihen 0 canriphé shae-
steps of: copparing the sensor signal anplitude (214) to an anplitude
target (218YHCdsTasOT SiERR| WP Etido $aviee agiriymalenaipl i t ude (214) in order
to generate theygLi i i j }

bei ng based on (%%erhl\é%n g%igﬁég r(%%nt r%hﬂé%%%grzi@}%%%ltﬂg %ﬂ%ﬁr:}%%g@(l gil]%}d t%l )
t he anpl i tpldee-slafigetens@lG)nal3éhd The net hod of claim 32, further
conprising step of chirping the drive, sj | at a startup. of the
floweter (5). GHCFISS .a_dng S@hﬁﬁpwdec@?{?ﬁ?a@% o &ﬁ%@%@l‘é@ﬁﬁ%@%@de
step ofo chio @y Rehetdh@iddrie sﬁgrﬁf‘ﬁﬁasé‘@]@% alsabdiRiall9fiadittal b QURLE Eir%ﬁé)phase
wi th the chirping conprising sweeping through two or nore frequency
ranges unt{@i2xrhe flowneter (5) starts. 15 40. The nethod of claim 32,
further conprising step of linearizing the drive signal. 41. The

met hod of claim 32, further conprising steps of: calculating a second
anpl i t ude iBsi Ty 1pethkd détlih BOMwWhaeiiphg pliage-sNEHSER $efoShG R} 2 BBt ude
(214) to the second anplitude; and 20 detecting broadband noi se on a

pi ckof f seHEBI°™ 1 the second anplitude i s higher than the sensor
signaljsanplitude (214). 35

34. The method of claim 32, wherein the phase shift value (6) comprising a compensation

value.

35. The method of claim 32, wherein the determining the phase shift value (8) comprising
20 linearly correlating the frequency response to a frequency/phase relationship in order to

produce the phase shift value (6).

36. The method of claim 32, wherein the determining the sensor signal amplitude (214)
comprising steps of’
25 receiving an Acosat term representing the sensor signal (210);
generating an Asinot term from the phase-shifting;
squaring the Acosat term and the Asinwt term; and
taking a square root of the sum of the Acoswt squared term and the Asinwot squared

term in order to determine the sensor signal amplitude (214).
30
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37. The method of claim 32, wherein the generating the dnive signal amplitude (215)
further comprising steps of:
comparing the sensor signal amplitude (214) to an amplitude target (216); and
scaling the sensor signal amplitude (214) in order to generate the drive signal
amplitude (215), with the scaling being based on the comparing of the sensor signal

amplitude (214) to the amplitude target (216).

38. The method of claim 32, further comprising step of chirping the drive signal at a startup

of the flowmeter (5).

39. The method of claim 32, further comprising step of chirping the drive signal at a startup
of the flowmeter (5), with the chirping comprising sweeping through two or more frequency

ranges until the flowmeter (5) starts.

40. The method of claim 32, further comprising step of linearizing the drive signal.

41. The method of claim 32, further comprising steps of:
calculating a second amplitude using peak detection;
comparing the sensor signal amplitude (214) to the second amplitude; and
detecting broadband noise on a pickoff sensor if the second amplitude is higher than

the sensor signal amplitude (214).
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