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Material fiows into the ﬂowmeter from a connected pipeline on the inlet side of the
flowmeter, is directed through the conduit or conduits, and exits the ﬂowmeter through
20 the outlet side of the flowmeter. The natural vibration modes of the vibrating, material
filled system are defined in part by the combined mass of the conduits and the
material flowing within the conduits.
When there Is no flow through the flowmeter, all points along the conduit
oscillate due to an applied driver force with Identical phase or small Initial fixed phase
25  offset which can be corrected. As matesial begins to flow, Coriolis forces cause each
point along the conduit to have a different phase. The phase on the inlet side of the
conduit lags the driver, while the phase on the outlet side of the conduit leads the
driver. Pick-off sensors are placed on the conduit(s) to produce sinusoidal signals
representative of the motion of the conduit(s). Signals output from the pick-offsensors
30  are processed to determine the phase difference between the pick-off sensors. The
phasc difference between two pick-off sensor signals is proportional to the mass flow

rate of material through the conduit(s).



rate of material through the conduit(s) 1 16 Decenber 2003 Coriolis
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flowmeter have found that it is desirable to use a digital signal processor to generate
20 the drive signals and process the signals received from the pick-off sensors. A digital
signal processor is desirable because the higher demand in measurement resolution
and accuracy put on analog electronic components by flowmeters operating at higher
frequencies, such as straight tube designs, are avoided by the digitalization of signals
from the pick-offs as the signals are received by the transmitter. Furthermore, the
25  instructions for signaling processes perfarmed by a digital signal processor may be
modified to operate on several different frequencies. _

However, digitat signal processors have several disadvantages as compared
to conventional analog circuit transmitters. A first problem with a digital signal
processor is that digital processors are more expensive to produce because the

50 circuitry is more complex. Secondly, digital signal processors require a circuit board
having a greater surface area which can cause problems when space is at a premium
in a flowmeterdesign. Thirdly, digital signal processors require more power to opérate

than analog circuits. Power consumption is especially a problem when a processor
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30 circuitry is nore conplex. Secondly, digital signal processors require a
circuit board having a greater surface area which can cause probl ens when

space is at a premum in a flowreter design. Thirdly, digitakrf&H8dr 2003
processors require nore power to operate than analog circuits. Power
consunption is especially a problemwhen a processor 2 16 Decenber 2003
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node freqpripoyrtionslitorhe presstire within the flow tubes. In the preferred embodiment, a
20 sum/difference method initially isolates the superposed sinusoids representing the
fundamental frequencies of the two vibrational modes, Fast conjugate radiant digital
filters are then used to rapidly estimate the fundamental frequencies in each of the two
vibration modes. The estimated frequencies are then used by filter chains including
digital natch and band pass filters as well as recursive maximum likalihood digital filter
25  techniqgues to enhance the bending mode and twisting mode fundamental frequency
estimates. The enhanced bending mode and twisting mode frequency estimates are
used to determine the pressure within the flow tubes as a function of the ratio of the
two frequencies as well as to center the notch and band pass filter chains used to
enhance the bending mode frequency of the two vibration sensor channels for mass
30  flow rale computations. The pressure so determined may then be used {fo correct

mass flow rale computations or for other pressure measurement purposes per se.



used to determne the pressure within the flow tubes as a function of the
ratio of the two frequencies as well as to center the notch and band pass
filter chains used to enhance the bendi ng node frequency of 1§ DRcdmdfer 2003
vi bration sensor channels for nass 30 flow rate conputations. The pressure
so determ ned may then be used to correct . mass flow rate. conputations or
for other pressure neasurenent purpose”so p8ense. 3 16 Decenber 2003 Sol ution
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A third advantage is that the computational requirement of the processes is

20  minimlzed. This reduction in the computational requirement aliows the digital signal
processar to run at a clock rate iower than the maximum clock rate of the processor -

which reduces the power consumption of the processor.
A transmitter that performs' the processes of the present invention has the
following electronic components. Analog signals from the pick-offs attached to the
25  sensors are received by an Analog {o Digital ("A/D") convertor. The converted digital
signals are applied to a standard digital processor. The digital processor is a
processing unit that executes machine readable instructions that are stored in a
memaory connected to the processor via a bus, A typical digital processor has a Read
Only Memory (ROM) which stores the instructions for performing desired processes
30  such as the processes of the present invenlion. The processor is also connected to
a Random Access Memory which stores the instructions for a process that is currently
being executed and the data needed to perform the process. The processormayalso

generate drive signals for the Coriolis flowmetsr. In order to apply the drive signal to



signals are applied to a standard digital processor. The digital processor
Is a processing unit that executes nachine readable instructions that are
stored .in a menmory connected to the processor via a bus. A {ypecalbedigbi al
processor has a Read Only Menory (ROM which stores the instructions for
perform ng desired processes 30 such as the processes of the present
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: {requencies, the following steps may also be performed. An estimate of the osciliation
20  frequency of the flowmeler is calculated. The estimated frequency is lhen used to
demodulate the signals from each pick-off into an | component and a Q component.
The | component and the @ component are then used to translate the signals to a
center frequency if the operating frequency of the signals is greater than a transition
frequency. After demodulation, the signals may be decimated a second time fo
25 improve the resolution of the signals a second time.
~ The dominant frequency of the signals is then isolated and precisely measured.
The translation to a zero frequency is then calculated for both the | component and Q
components of the signals. At this ti'me, each component may decimated again to
improve the accuracy of measurement. The frequency band of each signal can be
30 narrowed as much as desired by appropriate low pass filtering at this time. A complex
correlation is then performed which determines the phase difference between the

signals.



center frequency if the operating frequency of the signals is greater than
a transition frequency. After denodul ation, the signals may be decinmated a
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in the foliowing manner. A normalized pulsation of the normalized frequency of the
signals Is calculated. The dot products of the normalized pulsation and the signals
fram the first pick-off sensor and said second pick-off sensor are calculated to
transiate to signals to the center frequency.

20 Anciher aspect of this Invention is that the step of calculating the normalized
frequency is performed in the following manner. The signals are demultiplexed into
in-phase components and quadrature components. The in-phase components are
Ihen inlegraled and the quadrature components are integréted. The in-phase
components and quadrature components are mulliplexed to produce digitally

25  Integrated signals. A ratio between an amplitude of the signals and an amplitude of
ihe digitally integrated signals is calculated to produce the nommalized frequency of the
signals.

Another aspect of this invention Is the step of calculating the normalized
frequency of the signals is performed by applying the integrated quadrature

30  compenents to a compensator responsive to the step of inlegrating and prior to {he
step of mulliplexing.



frequency is perforned in the follow ng manner. The signals are
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per f or med 218“%‘?@ B%Y%ﬂﬁhtﬁ?ggf“ nce between the signals. Another
aspect of th I%&Méf%smtbﬁtrﬁl@nﬁremuahrmaemﬁm Fhhdas gifferelvarechbe
signals fromthe first pick-off sensor and the signals fromthe second

pi ck-of f ségnals fromithefiist pisk-adksriaorandthe §lgnﬁ(ﬁefmmdhe secoRd piok-off sensor.
DL e o A e qlh R 0B A RS B fod SERE By
and the siigmaigh the(mntibﬁt resapmmivqmt@ Idehérfmmegnﬁwfre@«mmdyemf theignals firanitise
| nventi Onﬁg‘s ;;[lc a%ff%g%sgrf artlc;l ?he? Sl nearlé rglsn tlhse srg%ggd fplc?( otrf sensor
Another aspect of this invention is that one of the properties Is mass flow rate
of the material flowing through the conduit.
20 Another aspect of this invention is that one of the properties is density.
Another aspect of this invention is that signals from pick-off sensors affixed to
a conduit that is vibrated by a driver and measures properties of a material flowing
through said conduit from signals received from said pick-off sensors wherein said
sfgnals indicate motion of sald conduit from at least two points, said apparatus
25 comprising:
an analog to digital convertor that converts samples of said signals to digital
samples of said signals; and
a processof configured to:
perform a first decimation of said digi{al'samp les from a first sample rate
30 to an intermediate sample rate;

said apparatus characterized by said processor being configured to:

demodulate said digital samples at said intermediate sample rate;
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of the material flow ng through the conduit. 20 Anot her aspect of this

i nvention is that one of the properties is density. Another aspect of this
invention is that signals from pick-off sensors affixed tov--%ﬁ%ﬁ%& Hoht
Is vibrated by a driver and nmeasures properties of a materi al OW ng

t hrough said conduit fromsignals received fromsaid pick-off sensors
wherein said signals indicate notion of said conduit fromat |east two
points, said apparatus 25 conprising: an analog to digital convertor that
converts sanpl es of @&ﬁ@r@a@ﬁ%wctc@fr@ﬁt@intoaﬁﬁmddlsﬁﬁlsa@plﬁﬁ [xadesicgidgampls and a
processor cpphigied to: performa first decimation of said digital sanples
froma first sanple rate 30 to an internediate sanple rate; said apparatus
characterized by sai deforwiess beqlesicyg! eibnitiog loredid canduil @beald Ifiedt @ickaifd

digital sanple { I.d. i ntenned at e | e rate:.. 611 - 16 Decenber 2003
perform a ggé%%&g%gfﬁ%q ?%’-‘H%Sfp'cgaﬁﬁse&?éﬁr% S@@r‘f@“g&wlﬁs ‘gfe“éf‘f%%" ‘?‘Fpl e
rate; amd dedigdesingl sanfisleedatency of vibration for said conduit at said first
pi ck-of f sensor_and at said_second pjck-off sepsor fromgsaid digital

sanpl es of sai d ARl aspgct of 1Qig; igvertan, isgthah 81k Progessor iarinfigrredsiect of

this i nvent jgfcddatb3ai @mﬂsa@ﬁ;ﬂ@@wcmeﬁm@%fohawz@a freQuerls BPSU b faisai d
digital sanples by calculating a nornmalized frequency of Said signals.
Anot her aspect dinothar aspectehthininverliantiathat spid neensseis further cenfighead to

o mal | zed $7MAEREL) EEudER G ISR KGRBRS¢ o
sai d ndPnal sigrals, sdsalduiating it peidisctsi gfraalidnormatineds puldatidnrantd wid sigedls sensor
Frequency. BoBERETSL RN Sinseh 780 Mhkiee SRS Nt ichent srRstte faid s~ ©"
confi gur ed digndsilocaitariter freqiedcyor mal i zed frequency by denul tiplexing said
Tnfeqrati ng sal APHEERSE CUNRNERon B G PGS A PRI ponent
mul ti pl explsaid memRidd fisyurhastsy saMMRexihg 3418 sgAblE into an in-phase component
15 and a quadrature component, integrating said In-phase component, integrating said
quadralure component, mutiiplexplexing sald in-phase component and said
quadrature component to produce digitally integrated signals, and calculating g ratio
belween an amplitude of said signals and said digitally integrate signals to produce
sald nommalized frequency of said signals.
20 Anolher aspect of this invention is that said processor is configured to calculate
said nomalized {requency by applying sald integrated quadrature component to a
compensator responsive to integrating said quadrature component and prior to
mulliplexing said quadrature component.
Anocther aspect of this inventionis hat said processoris configured to calculate
26 said normalized frequency by applying said integrated in-phase component to a
compensalor responsive to Inlegraling said in-phase component and prior to
multiplexing said in-phase component.
Another aspect of this invention is that said processor is configured to
delermine said frequency of vibration of said conduit by:
30 determining a normalized frequency of said signals:
modulating said normalized frequency of said signals; and
performing a complex demodulation of said signals using said modulated
nonnalized frequency to determine said frequency of vibration of said conduit
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guadrature conponent to produce digitally Integrated signals, and
calculating a ratio between an anplitude of said signals and said
digitally integrate signals to produce said nornalized freqygisteRberSabd
signals. 20 Mdther aspect of this invention is that said processor Is

configured to cangtedt 8spSdti 6f Mok NRLERRsh fis apbeneyd Proddfdri Buceafigured to
i ntegrated quadrature conponent to a conpensator responsive to integrating

sai d quadr detersinmsadimguensy qf vitoatien of paidtdapidedibyy sai d quadrature

conmponent. Anot her, aspect of, this_ invent.i i hat said processor is
configured to c PE'W”&@E’Q saidg rﬂo%tg?ﬁ?éiﬁ@g@sf%é uency by appl yi ng said

integrated in-pRagemfiREPanesinpled dorrERIBANEAISAId si§isl8 oV Betedminég e FHdgg
sai d in-phase conponent and prior to nmultiplexing said in-phase conponent.
Anot heb asgiflererse betweensaidSidhals.s that sai d processor is configured to

nor mal i zed 1 ectinty aroest of gk dorls B3 Saii RRCKaTser i kel SolREbBL8 0,
of said sigeriminesdphass Givfereme: betoeep| sid sighakurarhisaid irkt piak dff$@narand
usi ng said nodul ated nornmalized frequency to determ ne said frequency of

vi br ati on Said$ignalssaasaldeesond piscei5ePSOM03 Anot her aspect of this
invention is th I i [Rellls ] id fr ncy
of vibrati on or Ahaifar dafeARIinehiohTs bt et bibceQSbis Mo Ctritor i ca sty
perfof@r ng a conmbﬂninegjrbpbﬂtasom" said geaterislifipedng throughtsaidtoraduit [@spsasive

di fference between_ said ﬁi gnhal s. Anof her aspect of. }hi S, | n\ﬁ\ti on is thgt
sai d proceesdntemining - said frequency of eaid danda frormsait isppigkomtpensarandesal

bet ween sadignsis9 aid" SURorAl slek-bfisdigmiick- of f sensor and said signals from
sai d second&piﬁlck%§ sensor, ﬂnot hergaspect of this invention is that said

processor is fuhndtber aspedtelthisinvention @s thet eneiofisaidruppertiesds ofassdiaw rate
material fl.ow.ng the h.sai,d copnduit re nsive to determning said
frequency f%@ﬁ@‘%’i’%i‘gvﬂw ?Wﬁﬁgﬁisg"# ??'ﬁtﬁgi ck-off sensor and said signals
fromemi d seconghdthekaspdctufgnis inveiohlie thatsaircsdf sdidtphopertiay dndeasity.s t hat
one of said pr o;E)ertl es is mass flow rate . .
nother aspect of this invention is meter electronics for a Coriolis flowmeter.
Description of the Drawings
The presentinvention can be understood from the followlng detailed description
and the following drawings:
20 FIG. 1 illustrating a Coriclis Flowmeter having—a digital transmitter that performs
muiti-rate pick-off signal processes of this invention;
FIG. 2 illustrating a block diagram of a digital signal transmitter,
FIG. 3 illustrating a flow diagram of the operations performed by a digital

transmitter;
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of said material flow ng through said conduit. 15 Another aspect of this
I nvention is that one of said properties is density. Another aspect of

this invention is neter electronics for a Coriolis fl oweter 16 ﬂ%?nﬁﬁr%b?n
of the Drawi ngs The present invention can be Understood fromthe tollow ng

detail ed description and the followng drawings: 20 FIG1 illustrating a
Coriolis Floweter having a digital transmtter that perforns nulti-rate

pi ck-of f signal processes of this invention; FIG 2 illustrating a block

di agram of a di ﬁ'pci-a*l’“%ﬁ“gh%ﬂ a flpw Aizgiar aprocepgdor genaralingtdasa (rerg séigrialsow di agr am
of the operativedfoRaidksineshsby, a digital transmtter, 613 16 Decenber 2003
FIG 4 illust rj;én% a flow di agram a process for generating data from
signals recei Va@ T MeiHiaing & pigessdeipegpanings decigatiqn ol gpal gamples frMocess f or
per f or mi nga gicdetit mati on of signal sanples from a pick-off; 5 FIG 6

il [ f | cul ati | I ] f f th [ I
ecorvad 11 om FRG Blanere EPoRtdl (e B bR sEresh BORELEGRnalr  or i

hi gh- | ow fieeguehtrgmdied pick-otist for the received signals; FIG 8 illustrating
a process for gggos e i | | S, 10 FI 9 il lustrating
a method for deter mﬂlﬁﬁ\d&ﬂ%gipﬁ&g%%ﬁof p’rg’?%w%{ﬁ@g@.’%‘fﬁ%”&ﬁ s’recq)%"rﬁnglf1 % recei ved
si gnal s. Dee&eqeiMedPigsglsi ption Coriolis Flowreter in General - FIG 1
Figure 1 shows rig @ilbalifg bl BF oemSQRIng T @ cBivePE LM, SnfEL e assenbly
10 15 and transrrit_lt er 2"39 ransrritrter 20 {n'g conﬁec‘:’t edbll?gqé'fra&ggr assenbly 10
via | d8ds 100 FG Hlusiptrg yestiod jor dgtesginngsatarabost floygpegdbmlionfremt e,

t enper at urfe rdceivaliisgpdisiiess flow, and enhanced density over path 26. A
Coriolis flowreter structure ig described  although it should be apparent
to those skilled in the art thdEAIREDSSEURYAN | nvention coul d be practiced

I N conj undigriplis Flowmeteryin Geparadt BIG. mavi ng a vi brating conduit to
Figure 1 shows a Coriolis flowmeter 5 comprising a Coriolis meter assembly 10

15 and transmitter 20. Transmitter 20 is connected to meter assembty 10 via leads 100
io provide density, mass ilow rate, volume flow rate, temperalure, totalized mass flow,
and enhanced density over path 26. A Coriolis flowmeter structure is described
although it should be apparent to those skilled in the art that the present invention
could be practiced in conjunction with any apparatus having a vibrating conduit to

20 measure properties of material. A second example of such an apparatus is a vibrating
tube densitometer which does not have the additional measurement capability
provided by a Coriolis mass flowmeter.

Meter assembly 10 includes a pair of flanges 101 and 101, manifold 102 and
conduits 103A and 103B. Driver 104 and pick-off sensors 105 and 105’ are connected

25 1o conduits 103A-B. Brace bars 106 and 106’ serve to define the axis W and W' about
which each conduit oscillates.

When flowmeter 10 is inserted into a pipeline system (not shown) which carries
the process material that is being measured, material enters meter assembly 10
through flange 101, passes through manifold 102 where the malerial is directed to

30  enter conduits 103A and 1038, flows through conduits 103A and 103B and back into
manifold 102 from where it exils meter assembly 10 through flange 107"

Conduits 103A and 103B are selected and appropriately mounted to the
manifold 102 so as 1o have substantially the same mass distribution, moments of



20 neasure properties of material. A second exanple of such an apparatus is
a vibrating tube densitoneter which does not have the additional
measurenent capability provided by a Coriolis mass fl owreter

assenbly 10 includes a pair of flanges. 101 and 101', manifol 6{%%E§532003
conduits 103A and 103B. Driver 104 and pick-off sensors 1 05 and 105" are
connected 25 to conduits 103A-B. Brace bars 106 and 106' serve to define
the axis Wand W about which each conduit oscillates. Wen flowreter 10

s 1 nsert el Ao RiPflddlies SUSH@ThERG b \WWantV ok, CapELRRY, Ui PrOCesS

material that 1s being neasured, rial enters neter assendbly 10 through
fl ange 101 copivésexdenhedwgibhise the manio inpe cesetalyhsrallel i4EhiP]: directed to

30 enter conduidghadis3AanthsB3Bdrifeh@peritdih odimlbosemd irt&iohd Ao itkir103B and
back into manifold 102 fromwhere it exits neter assenbl %tplo t hr ough

fl ange 1017espegivebppding Gags Xhand (¥sang &1 wiatds teged e WshPebeti BRAsey nount ed
to the 5 MaBbAdMEIMEER of hedffownsatéravierive 68 amityi edngyisé ARy SAERI FRBS well
di stributi ﬁn nonents o 2003, i ner,t Lgoﬁnd | astic. nodul es

f 7 {1}\% Decenber e
about  bendkMIMALBIPAT RS A ELpefrrd i sProih DA A PePosinbend
out war dl y tsionadneel ioeohduit thaBraranhesgrewbickabh gligaatagiceireritas passad @ondui t s
103A-103B ate.driven drivel 04 Ln. | b i | their
respecti vewé'gan élo\éﬁg?(rgaé{mgv g\r‘ég&%ﬁe %ﬁgggﬁ Qﬁ%pﬁ.&&@?@%é@%ﬁ%@i rs'%”gout of
phase 5 bleadilhy tordakerdP4the flowreter. Driver 104 may conprise any one of
many W | knOw;@sﬁn@ﬁ?gg&a,es%%ﬂng%%gigﬁmr&&yW%eraﬁngenmadg 103A and

an opposing coi 1 to condul B and t hrough which an alternating
current i sTpaankld . sespegtivatat TragsBieh CBRdasdne e FanabPRPI PG 8 si gnal i s
$ppl i ed bYIeﬂggﬂ!i afd _Sﬁﬁsfi@gﬁ&{ 204 td/wgrate; @ﬁds 1@:|£A a@damha.vmln&mer 20
ransmtter receives the left and right velocity signals appearing on

| eads 111PRFRFSIS INe leff @E‘E)EE'?‘P’\?I—?FW S'Q’l’aé%g’rﬁot"fpé’fe '%6 "ﬁﬁaggﬁ'égtetﬂfgotg?i ve signal
appeari ng d¢nsity eathelrb8teandpasaingi thgpugdh inveter d34mbly 0. b kit enfouhe®nli®3A and
1038. _Fransni. r 20,~.processes the left and right velocity signals to
corrput{(la“;' th%prg'r%‘tﬁés'gpf bW rate and the density of the material passing through
met er assenbl yltiknowhitsthoaé shilkegtio the arithatGonglsflawseterd ipguite spilanim | s known

to those sfibhffoldVibAndiube dBAditorRidrONittatligQUbBddtsitométerstiidd @ilige M | ar in
a vibrating tube through which fluid flows or, in the case of a sample-type
densitometer, within which fluid is held. Vibrating tube densitometers also employ a
20 drive system for exciting the conduit to vibrate. Vibrating tube densitometers typically
utilize only single feedback signal since a density measurement requires only the
measurement of frequency and a phase measurement is not necessary. The
descriptions of the present invention herein apply equally to vibrating tube
densilometers.
25 A digital Transmitter 20- FIG. 2.
FIG. 2. illustrates of the components of a digital transmitter 20. Paths 111 and
111' transmit the left and right velocity signals from flowmeter assembly 10 to
transmitter 20. The velocity signals are received by analeg o digilal (A/D) convertor
203 in meter electronic 20. A/D convertor 203 converts the left and right velocity
30 signals to digital signals usable by processing unit 201 and transmits the digital

signals over path 210-210". Although shown as separate components, A/D convertor
203 may be a single convertor, such an AK4516 16-bit codec chip, which provides 2

convertors so that signals from both pick-offs are converted simultaneously. The
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structure to a vibrating tube densitoneter. Vibrating tube densitoneters
also utilize a vibrating tube through which fluid flows or, in the case of

a sanple-type densitonmeter, within which fluid is held. WV bﬁé“deg&nl%éf%m
densitoneters also enploy a 20 dri-ve system for exciting the condurt to

vibrate. Vibratij. u ' heal L J 4 '

f eedback spl?r"ﬁf é’@ﬁﬁi:seg% %gﬂg# %’9 %ﬁ%g?%ﬁ Ht %réréﬁﬁgéadslj %ﬁy%%sﬁl!féggé Sp% r?g nt
of frequengy| raBgnizRBaEanyERmbenaipick-6ffnaihd btresensyrs, Sheh adesRTpsenser of
the present invention herein apply equally to vibrating tube

densi t onet ko sletermining \jedemperalpg it owdubg gy be cantecizd toproressar 381 of

the conponents g ar Qiigﬂ;':afsaelrethiraglﬁgﬂméé# ?\?)em 2ath Bﬁ'ﬂﬁwi&ﬂépgﬁ% g/h%jfﬂg?%g ANEithI

the left and ri ght "veFocity si OWTEt er ass

transngt t efp Zthlog gmmaimbtw 202nBIA ceneen@@i2iedommend/baanvedotancmay
(Al D) convertor 03 in_neter electronic,20. AlD convertor 68 nl)(‘/;erts t he
left and rbgRSeRarate A sonvertprQroagthat i F‘éﬁ?g@ﬁjﬁﬁ‘lgsﬁﬁrgﬁl gﬁg? PeliGhng
uni t 201 and, Liapmmiaiias 18! Apbiler SHARG B/R KSRV D ARE PABT 042k IO AR
shown as separate conmponent's, AlI'D convertor may be a single convertor,
such an Akdfdlbg Sgrizils foon EYAaknvertoh 202 aue drdrdbesiited toadriver cicowst 230 viagpath

[ ls f both pi.ck- qff ted simul ly., Th
3003 i g {41 -SDgNE R IHISIE Gwegs T fova snal B FRver foa LBt o gal™e!
skill ggl i g BErriwistsighblsto ﬁrﬁﬁﬂ%idzmbgﬁheaﬁy (ROt wnf which katioW tramndittet Der

sensors, such as an” RTD sensor for determ ning the tenperature of the flow
t ube, mayHde receiedsiada fram pnd cosvey dataito am poperalei.gnal s are transnitted over

path 212 which i t h £ F i Qi a or
D02 b1 A convertigbessa Wit AR gyt BldtebBbr. radfbsRh bR B & prbORscs
convertor thht pRsld ltnictongfregt atertdorynand sixecetesQBREGs truttorss) th pedsma the
standard AKM 4516. Anot her c&mmn DI A convertor 202 is a AD7943 c%..The
anat og si grsoysirBslieothniavseterodn 4 prafeusd Amhediment piocessen<i 1 390
via h _rasie Ri | Hepyt [ legnalrplofufictiv g
104 \F;fl?g a pﬁéqlge%tﬁicﬁ%*g%e%%%r&%@Ugai%gﬁglasﬁ o%lggtmgxgﬂegut put rregnls_ %not
shown) whipenfognedinclugadut netdimitesl tocommadiogeassdlaw fateef amptedal eymattingd t o
an operator, P ' ' . ' | Gk O , oup
of pr oces B I PREOGLH dtefidh ok Corfb il BERGE” 8y iR Rl iy £

I nstruct i ehsret@pipstmctivhdim a Read Only Memory (ROM) 220. Processor 201 performs

operations in ROM memory 220 via path 221. The data as well as instructions for
20 performing the various functions are stored in a Random Access Memory (RAM) 230.

Processor 201 performns read and write operations in RAM memory 230 via path 231.

Overview of operation performed by digital transmitter 20- FIG. 3.

Fig. 3 is an overview of the functions pe'rformed by digital transmitter 20 to

operate Coriolis flowmster 5, Process 300 begins in step 301 with transmitter 20
25  generating a drive signal. The drive signal is then applied to driver 104 via path 110.

In step 302, digital transmitter 20 receives signals from pick-offs 105 and 105’

responsive to vibralion of said flow tubes 103 A-B as malterial passes through flow
tubes 103A-B. Dala about the signals such as signal frequency and phase difference
between signals is perforrmed by digital transmitter 20 in step 303. Information about
30  properties of a matenal flowing through flow tubes 103A and 103B, such as mass flow
rate, density, and volumetric flow rate, are then calculated from the data in step 304,
Process 300 is then repeated as long as Coriolis flowmeter 5 is operating within a

pipeline.



various functions of the flowreter. In a preferred enbodi nent, processor
201 is a 15 ADSP-2185L m croprocessor manufactured by Anal og Devi ces. The
functions perforned include but not limted to conputing naqgﬂ%g%ga_tﬁogf
a material, conputing volune flowrate of a material, and conputing

density of I S t gh
Nem)'ryy RM& _gi‘ GO SfnABYa A c?r}t‘?ﬁ@‘ib:é%ff@ E1D .hmorcgrhéﬁcoér?gta @nélya
path 221. AreefiblmeationeFIGa4, instructions for 20 perform ng the vari ous
functions are ored in Random or 230. [ 0CLSS
perforns read a'%t'@ il rPo{PFﬁﬁ%S&ﬁWMM%F#e% r\/@%\nfﬂﬁrﬂgﬁa 8heR 3
Overvi ew °J| RSt L}e‘ﬂ R’SFE %@réﬁé:@d@réﬁ'prhk%’ﬂ%@ﬁ@ﬁd 305’ fideméasuredhe 3

is an overvyew o func lons perfornmed by digital transmtter 20 to
oper at® Cagdcillation$ bbﬁtmttebe§ 1091%8«;1;60801&}3 ﬁmgmetenﬁw Etcrqsssdﬂ()mffefs several

ool od | Garepiages 1B s B 5 P HaheTi R Bs il Sy Bt PARest ApbE D
recei ves %h@r’@k?tf Aéﬁ?_zfpéc.gfgjr%{ aeé-pr%ﬁhért‘@eb@ﬁnrte b@lﬁpﬁﬂmh’t%drﬂstealwcﬁmaﬁngf

said flow tubes erial passes through flow tubes 103A—B Data
about the miryr&rltbmeUChTﬂsls allcmara lawaqabﬂrw PRNET pr@@ésar preh e EMIRA

about. 30 iPapeREEEs by fexaarastrunc R BRAGSPRIgs b Sy AT dé’%l‘oss,

such g5 gy $hd 5306x fn%tn%faélafbsdl by Moy plcy Wﬁéctdhdf adwintageis thatthehmemory
calculated fromthe data in step 304. Process 300 is then repeated, agbtgong

as Cori ol ireqairemant tor thej insbrpistians feof MIOCREH 400 is; sTapll eaough toe

AP th
The Pr oo AHEMATTHETRBLY, B uERPafddh.irith Fiiidlo; 18 ARl ol 3 GRIIARFELYT
process f patweertheiprogeskdirarslahedemasmgmadryf The nenwtzitmnad;remmlamtt?@sar&'ed
f k- of f 05 d 10 t hat th 5 | | fo I o]
103 B | n resed b PIIGRRRARQR RGOS Deiptsssar Qs alef SuRimbigbeEsr®
use i@ a cng,? fté‘tnéx"rﬁﬂﬁf”élécﬁfreﬁ@ A first advantage of process 400 is that

there is 0SS o accuracy despite the use of finite point arlthrretlc
i nst ead of fl odrocess pO0nbeginstinndep 401Thy desimating the @amﬂiatrate Stﬂﬂaﬁ

processor suc e TM53205x% t
ADSP21 X TIYeR B R OBt TR B [ EehhS RYEF sarki it
Mot or ol a |m&.préferfioasibadinehfdke Btgnhl%aéretdetrmtmﬂyomraeﬂwt samme rﬁt&roftctﬁa
I nstructions for process 400 is ?ﬂ&_’ 'F ogg §| de i
kHz to a second sample rate o z. Th crma ion© sampie rates increases the
20 resolution of the signals which increases the accuracy of the calculations as described
below in FIG. 5. In the preferred embodiment, the reduction of the sample rate from
48 kHz to 4 kHz increase tha resolution of the sample from B bits to B + 1.79 bits.

In step 402, an esiimate of the signal frequency is calculated from the sampled

signals. A preferred process to calculate an estimated signal frequency is provided
25 in FIG. 6. The estimated signal frequency is then used to demoduiate the received
signals in step 403. A process for demodulating the digital signals Is glven in FIGS.
7 and 8. A second decimation of the sampled signals is performed in step 404, The
second decimation reduces the signal samples from a second sample rate to a third
sample rale to increase the resolution of the sampled signal. In the preferred
30 embodime'nt, the reduction is from a sample rate of 4 kHz to a rate of 800 Hz which
increases the resolution to B+ 2.95 bits. This reduction is perform in the same manner

as the decimation in step 401.
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I nternal nenory of the processor which elimnates the need for a high speed
bus between the processor and an external nenory. The conputati onal
requirenents are reduced by process 400 which allows the progereQhbdr2003
operate at substantially less 15 than its maxi mumclock rate Process 400

begi [ t 4 d ting th f | d f
Che pi ck of < 1 r BRERLI SREPRG rpineatin B HEp 04 Ealhulitionsdie madeiedan et 1
a pref err edrecefieersighats. Tﬁi@ |§|p@fﬂﬁirﬁ1e@r§s pari drad E%&Eg@h%vjd fﬁﬁ §afﬂﬂé’r l{h@t €

of 48 kHz to a second sanple rate of 4kHz. The decimation o
i ncreases tnIsebasbsenueimomedithe ﬁeqsegmaoﬁiha/mgmlals fram eask pickheff Bcr:atmlmlyledf

brmodt mont INses A%, dRrieh 46, 2 BRagh diflelehts bimwhen IiE wBbSt o % festivih-ofse
the resgl utamnies saghﬁl f‘ﬁ@ﬁ’ﬂi& Qed‘dn@l%@r(@fﬁ &etd%tgnfﬁ éd 79hE'érﬁplhﬂFéSﬁBaéH i aqr?eﬂ

estimate of the SI? frequency is cal cul ated rom
preferred (fdeeRr defermingd n step 4 . eBraorasetlGisghan eitheqmmyed asmWaddﬂe

25 in FIG | e is then used to denodul ate the
recei ved s,@%’ﬁg@’ﬁél’i ggé@g%ﬁ Og\BE*%JCS ‘g&fgﬁg‘ﬁemdul ating the digital
sighals is &PvemessnfoF[%:maf?n%gir_@_ll_?] Raﬁ@@ﬁﬂ&:%l@d gl PR kfstNE_ Fanpl ed

e secon

signals is perfg__[g; n ste ecl mat1 on reduces the signal
sanpl es from a Saferd 's!‘é‘ﬁ%tleé & Rrosesy for degimating dherate ofsemples nesaived frone

resol ufg on pk-611§ %@péd?'ﬁee PrRas | u§ E%r F’tgeééi{lﬁl 90&393%8% %EER o?%teps

reduction is froma sa rate o ara

i ncreases #H4, 4@4;mndlndhepmc%f.sZo%etbrmin|n§'flequ6r&£iwf1th@§|ghal Aadaehbftiedde
0,1 16 Decenber 2003 After_the

sane manner, as the de tion H}ﬁqt 401
second decFHES &T"Fﬁ%%g 28 ey g‘?ﬁ $a5alg, komagrch, RickOff) separately. The
recei ved sHpfarbfice EEhﬁeéﬁﬁ@dé&:’iﬁﬁ@n%’%i‘f@ﬁ\e‘aﬁn%aﬁﬁ%‘fﬁ B @Qﬂ%@%ﬂeé@ tﬁg inplf €'

the noise has been renoved, the frequency of the si
pi ck-of f | datievestaisasdeseribaddelaws. I n step 406, a phase di fference

o el apr are: derosebinidlioh gk dacPbBd ' brotel8Idd s, Intefierird Relad & Pl
in step 40ﬂroc|éssmgsmemamm mberzeejﬂtm@rn[gmwmbﬂfsbnﬁg%geﬂQog%aéﬁmaftilbﬁ\ﬁﬁﬁ%er
rocess or Clmatl ng arrp e es

l)fs ISIn operﬁ%?an or IE)I'&%% Oa egds he
gnal s B .§ihg arsowptdhatihg sample fieaueacyisdiriag rediced by the
deci mat i ngdédimatiahe UsinfRSYISSK froeesy ﬁg nhé1RBY is an operational advantage since the
process must only be repeated at an output data rate rather than at an input data rate.
20  The principle behind recursion block filtering is that a state variable representation of
the signals is:

A

X = AT X +B T,
V.= C* +D*u;

Where;

25 A,B,C,D = matrices representing the state of the system;

X, = an N+1 state vector at time k;
U, = an input; and
Y« = an output of representing a decimated signal.

From induction, it is clear that:
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10 pick-offs. The sanme process is used for the decimtion perforned in each
of steps 401, 404, and in the process for determ ning frequency of the
signal. In each of these steps, process 500 is perforned for.$4 m
each pick-off separately. The difference between the deci natl??r?g%@%%ozpprgd
in each step is the length of the input data vectors as described bel ow
15 A decinmation as described in process 500 is inplenmented using a bl ock
processing nethod with the size of the input vector being equal to the
decimation ratio. The decimation ratio is the anbunt that the sanple
frequency ig_being reduced by the ecimation. Using this block processing
met hod i s am op Fofrat? a idfce{the process nust only be repeated
at a n outpyt, dat & riat @ rat her thahfat’ aph i nput data rate. 20 The principle
behi nd recursieh ® dck&iltefing-i%fthat|{a state variable representation of
the signals.is.|xiL.!,, = A" Y, + B *Ju.;; [y,= Cx, + D" u,; \Were: 25
A B, C, D= matri ¢e-r@preseni--rig -t heistate of the system )~ = an N+1 state
vector at time k; u,,~ an input; and y.: = an output of representing a
decimated signal. Frominduction, it is clear that: 11 16 Decenber 2003 5
y, -'"C00-1.1=CACBa... Ou, . I CA -1 CA-a8CA-;8... U,Uu.r
-1) Wien decimating a signal by a factor of M only every Mth sanple is
going to be kept. Therefore, all but the |ast output row of the above
mat rBI x canyhe, gédirnlum%ta%ggntapbytangcloialw*,8%@9&3&%@!9&1 Ble i¥ hoind /8% kég{l. - 1B A->B
Therefore, all but the last output row of the above matrix can be eliminated to the

following equation:
5 Xt oM Au IAM—IB Avw 2B --- B
yoou-1) \CAm-r |CAu-28B ChAn-3B - D

From the above, it is obvious that the number of accumulate/multiply operations for

one recursion of the above equation is:
Noc = (N+1) * (N+M)
Where:
10 N.... = number of accumulaile/mulliply operations;
N= order of the matrix A; and
M= the block size which is equal to the decimaltion rate of the process.
Therefore, the computational load for performing the decimation is
R,=F. " N,
1§  Where:
R,.. = the computationa! load on a processor; and
F.. = represents the filter output rate.
The memory needed to perform a decimation is as foliows:
memaory 10 store each filter coefficient which may be read-only (ROM);
20 memory to store the filter state vector x, which must be read-write (RAM); and
an input biock buffer memory (read-write).
FIG.5 illustrates the process of decirnation using the above block processing method.

Process 500 begins in step 501 by receiving m sampies into a buffer to creale an input

12



yk +.r - ' CAM- CAM- 2B CA" -jB .. - D Fromthe above, it is obvious that
the nunber of accunulate/nmultiply operations for one recursion of the
above equation is: N,,, = (N+1) " (N+M  Were: 10 N,,, = nuip@ec@hiber 2003
accurrul ate/mul ti ply operations; N= order of the matrix A; and M= the bl ock
size which is equal to the decimation rate of the process. Therefore, the
conputational load for performng the decimation is R,,a= F. ' N 15
Where: R' = the conputational |oad on a processor; and F,,, = represents
the filter blatiuThaiapet bldtkes tlmomyltipliesidadthe olatevdatonin stegddiZnditieorsiis as

foIIovvs me 1o _stor hf|| f | G i.ch. be,read-only
20 reBryng 6%y ot SFBlerdr b PSR eER M S BB RS
read wite BRabls semendsaftdrispagt 508. ock buffer nmenory (read-wite). FIGS
|IIustrates t he ocess . of . de tion us t he above bl ock processing
met hod.  Prd&& Qwﬁgé%ﬁﬂﬂ%‘liﬁ—g&,gﬁ» QM@%@W—%’%& into a

buffer o creat e giedsHptis ddddsPesertenti’ A8 ihasicy ofife ideBivkd Blgpals 1S

then mul'tiplied by the state vector in step 502. The results outputting
every nth samsies tadempddatedhe signalsip eﬁélbwagentfnﬁ?cmétem Roress & ustat i ons.

Process 50 ncy O
The Recei vgaf %qgﬁg%lgf&jq'lil %tp%:i?%re éhé(gé@ﬁ%ggaﬁ% dgﬁiolgg%g%&%}?@g%%eﬁa%ng t he
frequency afemdéthdalioods destribed balowy aridslomadn FI® denodul ate the signals in a

1'7a ol gnal o calrBeeRBaiPdy e i teadBRl O et B 1 By pea

bel ow amd )OS pmcEés:isoons pEH@rnlmfdQﬁeameﬁﬂtﬁb éfahe reivedsignglst ifeodgsegoency of

t he signal hown 10 6. This progess 600.1.s forrre ei t her

one. of °t he egis S8R EPS RKPEMUKPE L NG T SBRe 4313 B Baasp () and

demul ti pl ey ReadMers Q) @ehbnght alA JigtaRintdgratibnaid lhlénpgﬁtﬂﬁﬁm(eb)oﬁﬂﬁe |
component and the Q component of the signal in step 602. In step 603, a signal

compensalion is calculated on the integrated signal. The signal components are then
15  multiplexed fo generate a digitally inlegrated signal in step 604. The ratio betweenthe
original signal and the digitally integrated signal is then calculated in step 605. The
ratio provides an estimate of the signal frequency which may be used to demodulate
tha signals in process 700.
Pracess 600 uses fixed coefficient filters to estimate the frequency. Therefore
20  no recursive algorithm is needed. Since recursion is not used, process 600 alivays
convergos. Furthemrmoro, process 600 rapidly tracks changes in the frequency. The
estimaled frequency at the end of process 600 is given by the following equation:
Fea=(@ea / 201} x (F3/12)
wherc:
Iea = estimatedfrequency;
we = normalizedpulsatian,and
I = frequencyofsamples.

A Process for a High-Low Frequency Selector- FIG.8

25 Process 800 illustrated in FIG. 8 is an optional process that may be performed
belween the frequency estimate and demodulation of the signal. The high low
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a quadrature (Q conponent. A digital integration is then performed on the
| conponent and the Q conponent of the signal in step 602. In step 603, a
signal conpensation Is calculated on the integrated signal. lg@ecglhgé}agom
conponent s are then 15 nultiplexed to generate a digitally integrated

i g ca |y TN seiebBgEhe eI RERapIR: ull iy dho o i FrinroBss 1 goo

provi des a(seetmeangfcﬁ hecolatelpimddsaesenry syl freqByndieextioits ba estimate
denodul ate the signals in process 700. Process 600 uses fixed coefficient

filters tob%tﬂmf@W?héoﬂV@ﬂﬁéﬁ%y’ thermgreTabized fIRRUSHCY S8R9 ve al gorithmis
needed. Si Ef“ﬁf rg.l on s not used, process 600 al ways converges.

Furt her nor r' 51 [@}65r apidly tracks changes in the frequency. The

esti rrat ed freguency at the end of process 600 is given by the follow ng
equati ® e= (wcu/21|) x (Fs/ 12) wherc. estimatedfrequcncy; w ~ =

nor mal i zedpul r ec Or-@zggfgﬁzusenfc?%gg pgyof an7les. AP ess for a H h-E

ow Ere uency Se oces 800 illustrated in FIG 8 is an
optional pFrooesiss tehaahmy:tbseapparfeut thedl théo proesss toheietemqmegdlgecaancyas eadnd

d dul at f ot The  hi De nb 3. f :
el octor | Seybetanivars UL Sanpien@ts Kot KHE Fnrs T animeueiine Bianal At ad
(SEE FI G {@hasibwes ﬂmw FRk¥s§BOS HRedikEhi! éif‘u%'tuoﬁ&@‘é"@ﬂ%o@% mcm@Be

estimate bias and sl ower convergence in the normalized frequency range:
EFG 51@5u ugedl overs lGgahipard of frequencebi ZEusfis etprenby determuynglw elhernllnﬂm S

h f d
acour at e IBRETHBACARRe & AT oP ripRafigabay ricf it Mk MIBRIE per
measured P@cass BOW&:@|ﬁ£|dftepm%6§da%1ﬁlﬁm&§ei tHesedtintatad ifeyuemcglis ow

process 1000 to be 10 used over a_ large band of frequencies. This Js done
by det er nlessianeseaur! toreferegse Feavgngy. dpantetered emhp@mam thergigrence

frequency gmgnk] id BRod&) t9950%1385¢ Hz is chosen as it is a frequency between the

15  normal operating frequencies of conventional flow tubes and straight flow tubes.

If the actual estimated frequency is less than the reference frequency, an
estimated frequency of zero is refumed in step 803. If the actua) estimated frequency
is greater than the reference frequency, the estimated frequency is calculated to be
the actual estimated frequency minus 120 Hz in step 802.

20 A Progess for Demaodulating The Received Signals -FIG. 7 .

FIG. 7 illustrates a process 700 for demodulating the received digital signals.
This process uses the estimated frequency that was either calculated in process 600
(FIG. 6) or in process 800 (FIG.8). Process 700 begins in step 701 by calculating a
normalized puisation, which is expressed In the following equation;

25  wa=2M(12F )/r,

Where:

®, =the normalized pulsation;

F. = the estimated frequency;and
I, = the frequency of the samples.

30 The real valued ‘twiddle’ factor is calculated In step 702 according to the following

equation:
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Process 800 begins in step 801 by determ ni ng whether the estimted
frequency is less than or equal to a reference frequency. Ina preferred
embodi ment, the reference frequency is chosen to 250 Hz. 25965&&@&%5?”
as it is a frequency between the 15 normal operating frequencies o
conventional flow tubes and straight flow tubes. if the actual estimted
frequency 'tysdlersmt han the reference frequency, an estimted frequency of
zero is rettit FE¢*'n step 803. If the actual estimted frequency is greater
than the refierence frequency, the estimated frequency is calculated to be
t he act ual xesHimswdd #)r equency nminus 120 Hz in step 802. 20 A Process for
Denodul ati pg.-Jhe Received Signals -FIG 7 FIG 7 illustrates a process 700
for dem)duI]gtri,c@gt.‘;j}ﬂ;;,,ﬁ,g,gﬁ}wyed digital signals. This process uses the
esti mat ed fr_e ueg:yjh%"was either calculated in process 600 (FIG 6) or
in process"’%@'c(" 8y ™ Process 700 begins in step 701 by calculating a
normal i zed pul sation, which is expressed In the follow ng equation: 25 rrau
= 211 (12 Rr) / Fr Where: rod =-the nornalized pulsation; F. = the
estimted frequency;and V. = the frequency of the sanples. 30 The real
valued '"twiddle' factor is calculated In step 702 according to the
foll ow ng at i on ‘ LXualT igrig is Yélcllated ihatép
cos(r k + EF‘?)%OE aﬁg’r”&}f’li ﬂ]g Q@g?gﬁ%ﬁ%%ﬂﬁn@lﬂ? 2?@???}%}9@1&{?&5 nc~pi ck ép
of f censor s70F B¢ iHefollowiag etjualionthe “twi ddl e factor' and actual received
signal is calculated in step, 703 by the fqll owi,ng equation;, Yp= Krp(k) =
(A& 2){cos(f,w W,_gﬂ)k?t._ ())ﬁ19_§>it§qg{{m H ) K+ Nc&s((d) -slyalk & ;H))a} noted that if
s to r

process 800" vyi el the lo equency node | ow node

5 it should be noted that if process 800 yields to the low frequency mode low mode

where the estimated frequency is equal to zero, ys(k) = xp(k). Otherwise the

modulated output signal has two components as shown below:
o= (1%/ lZ){(m + wa) /21 } .

However, this can be remedied by a dual decimation as described below. The first
10  component corresponding to the - sign in the above equation is the signal of interest.
The second signal corresponding to the + sign in the equation will be filtered cut in the
next decimation process in step 905 of process 900 (SEE FIG. 9).
Process_For Geperating data from the received signals- FIG. 8
FIG. 8 illustrates a process 900 for generating data about the signals received
.15  from the sensors. Process 900 begins in step 901 by calculating an adaptation of a
notch filter parameter which is calculated in the following manner. It is known that a
notch filter parameter is a single adaptive parameter represented by:

1+ ez +27°

H(z)= 1+ aaiz”t +a’z™?

where a <1 is a convergence parameter adjusting the bandwidth of the fitter and a,
20 s the parameter sought after through adaption. Assume |a,] <2 and then note that:

a=-2cos(w)
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where the estimated frequency is equal to zero,yu(k) - xpr(k). O herw se
the nodul ated out put signal has two conponents as shown below Irt=
(1,/12){(@60d) /211). However, this can be remedied by a dualg gRei AR 603 as
described bel'ow. The first 10 corrponent corresponding to the - sign In the
above equation is the 5| nal of |ntere age second signal correspondi ng
to the + silyA ﬂefﬁoﬂ‘?é“%&u (Zdr?’wgl"lerbtéy 9@¥aA®out in the next decimation
process in step 905 of ocess 900 (SEE FIG 9). E!'pg_qgftsgJEoLQ engrating
data fromthe re”Ge‘?@éB ghs- FIG 9 FIG 9 illustrates a process 900 for
generating data about the signals received 15 fromthe sensors. Process
900 begi ns\Amergt ep 901 by cal culating an adaptation of a notch filter
parameter which is calculated in the followi ng nmanner. It is known that a
notch filter paramnet &Z&rg P@'@ﬁﬁngl e adaptive paraneter represented by:

| -Frr tz Z 1}(z) L+t 2 where a <1 is a convergence paraneter
adj ustgng the bandwi dtth é@jf.'gt?ﬂe afehdlzt and a, 20 is the paraneter sought

after through adapti emn éﬁ§¢|lmﬁa]sigdal<2 and then note that: a,=-2 cos(to)
15 16 Decenber .2003 The zero points of H ( are ven by the equation:

zt = exp(] aT)leRMelreePolesZsztéEcSl@m|ﬁt3§8 espie&sed l@&i}%l%élﬁwmelﬂw@%‘en od of a
signal. Therefore, poles, of the signals are expressed in the follow ng
equation: it @ ex > 3o 1) In step 902, a, is calculated for each signal.
a, i's cal cuI ated using one of many 10 conventional algorithms such as RLS,

RM., or stggﬂ ﬁo@ |l i'§‘ éfeulafed bOBath seg“rmgm. i§ reafdutated0&ing lomes bf nadny

frequency sighal is determned. In order to
10 = conventional algorithms such as RLS, RML, or SGN This minimizes the signal

energy. -
In step 902, the signal frequency of each signal is determined. in order to
determine the frequency of the signal, a normalized frequency with respect to the
decimaied signal is determined using the following equation:
15 Fo = (1/211)arccos(—a/2);
Where:
F.,= normalized frequency with respect to decimated signal; and
a, is current adapted value of the notch filter parameter .
The frequency of the signals can then be determined in step 902 by multipiying the
20  normalized frequency by the decimation frequency ( Fi= fox Fi). In step 903,
quadrature demodulation is performed on the signals. Quadrature demodulation is
performed by choosing the demodulation signal as shown below where the signals
dominant frequency is shifted to zero. In process 903, the dot product of a
demodulation signal and the received signals is calculated. The modulation signal is
25 represented in the following manner:

o, = 201F,
Where:

@, = a pulsation of the modulation signal; and

F.= the frequency of the normalized signal computed above in step 802.
30  As noted above the received signals can be shown as:

.-).'ﬂ(k) = Acos(wok + $1); where f = each signal from a pick-off sensor 105-105".
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determ ne the frequency of the signal,.a nornalized frequency wth respect
to the decimted signal is determ ned-using the follow ng equation: 15 Fo
= (1/211 )arccos{-c:i12); Wiere: Fa= normalized frequency vvilglbe?g.ﬁg&%ogo
decimated signal; and a, is current adapted value of the notch tilter

paranmeter . The frequency of the signals, can then be determ.n in step 902
by mul ti plﬁjﬂmhﬁrﬁ?OVQ(?Q%uﬁ*HPi"i@ooqtal%ﬁ?fet%ﬁuﬂg“ﬁw@ @%Eﬁoﬁﬂ{%ﬂ{}ﬁ?% equency (F,
= Fo x Fs ). In step 903, quadrafure degodul ation is per{yorned on the

si ghal s. Quadr atafk® =dedrordd)at i&hQ{%pWﬁﬁﬂ@i—b&@%dasﬁﬁ)L}ot he denodul ati on
signal as shown bel ow where the sifgnals dom nant frequency is shifted to
zero. In process 903, the dot product of . denodul at L on. si gnal and e
Cecei ved i graardoifunibel ereasahertignAuaseRlipRas Sepaptar s PATImEL LRy | &
the foll owsng : bodim Hecimion i irR&ticf thiatis pEpfdeinedi on
si gnal ; aygaFBﬂTgPE&g‘E??é’gm&ncy gpt'?ﬁﬁgdﬁglrrﬁrf%opzlgaskgpggtg'ﬂ%%ﬁ{puj ed above in
step $02. oniitheniadeQabmporants obtheireeeivad signals. ddms decigiatian reducssdhie) =
A cos(ty olc + om a pick-off sensor 105-105'.

[r); [ = h si i
16 16 Decé%ﬁ‘rofztbrégoﬂml%SH@d%ﬁ%gd%%bgpli%hﬂgﬁo‘t he output of the quadrature
d dul at i : = Ky = A/ 2 ' + - j(2(&0k + O))j
Iﬁngrge? !tzﬁ?'?t%tWeMénQ&Qﬂ)‘(%e)si gnal re{sgrg'gji g?\? a S)éf:)l( ma!t i('og ios )]
f d i t 904. |. f ' | S; i el s 'a x40
Geci mat | ofAer e Peciiiation fabridiss BI-REARMRERS opbik Sgial Ferined if >

recei ved §ilﬂﬁgb§.- i RinSeg@apiRY iepbddigient she iphaseadifiétence i waladatetien the
guadr ature denodul ation_to: z, r the d? I mati.on i s

k) =.(al,2)cxp(j,op) .Aft
per f dOnedfollewmmB@naerf.f ik e, éspmm@%twgﬂgmshﬁé&-a SegsPm of edgeeiyed |
an exenpl hadi W I ted in the 10
foll ovm'rrﬁgg%ﬁ%&?%ﬁ%&%‘n@?e%%ﬁﬁHrl\ﬁé'?htsMﬁ)lme;‘ﬁ? @g&;gt}.liggght pi ck- of f sensor,

of the re(;‘.e,i,,g(q‘q= gMgRay exp(cglpgated in accordance with the fol |l ow ng
equati on:

Then, the signal is multiplied with the second signal to perform a complex correlation
between the pick-off signals in step 905 and shown in the following equation:

15 qk)= nn(k)Zama(k) = () expl /(g1 - fru))

Therefore, the phase difference is then determined in step 906 and given by the

following equation:

#(k) = arg(g(k)) = o= gana.

The phase difference can then be used to calculate mass flow rate and other

20 properties of the material flowing through the matenal,
The above is a description of a digital transmitter 20 for a Coriolis flowmeter 5
and the processes for determining data about signals received by the transmitter 20.
It is expected that others will design alternative digital signal processors and

processes that infringe on this invention as set forth in the claims below either literally

of through the Doctrine of Equivalents.
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z'17" " (k) = (A k. / 2) exp(- j$, po) Then, the signal is nultiplied with the

second signal to performa conplex correlation between the pick-off

signals in step 905 and shown in the follow ng equation: 15 ﬁ??ﬂ&e‘mberz_om
er

zi,,(k)zz,cr(k)= (-)exp(j(~ii - 2 d)) Therefore, the phase di ence is
then determned in step 906 and given by the follow ng equation: O(k) =
arg(qg(k)) =0in - 0, i . The phase difference can then be used to

cal cul at e neMbat lsovlaimed isind ot her 20 properties of the material flow ng

through the materjal, AT i 8&ding bigRAIsOecaiveld gidnila firsBpiRkAokt er
20 for a Corioli s1‘f I o&n@%@@%vﬁgmmﬁﬁg%préc%sggs sf o?_ <\1I,et,er m ni n datf&j' about
si gnal s r ecesersdr (\05) edta seconiitpick-ofp gensor (10%) mepswingvipRieno e FRNAHY |

desi | t ' L gital .si-anal.. i i
on s 1 nvelBphrfoaB) Ul a3 il BRRASIcT QOf) LPLAGRE NG Jtoue ehoe
through tdhe fRagiial fitavieg tHroughvedic ooreduit 70341088k sdidmetbod (AR comarigngitheed

Is: 1. A nethod (400) for processing signals received froma first pick-off
sensor (105)5t8%°fa second pick-off sensor (105') neasuring vibrations of a

conduit  (103A- 1G3&iviHG (TUR)Bamipliistclsighiatyriaim said Gest piok-offZ@bpor (405)Landsaid

i nformati on about a 5 materi aqufé)l owifn t hr u?t\ said conduit (103A-103B),
sai d met hod serony pickrgif sanseg (10n) atd érgtss%?pe @Eei ving (302) sanples of

si gnal s from sai dydonding firkt @dimaterser (401P%id sadpeaifiom sad Girall spinple-rafef
sensor (105') at 'a first sanple rate; performng a first decimation of
(401) sal@ stargn istermediate aampleirad sanple rate 10 to an internediate

sanple rate; the | gteps of: denodul ating (403)

sai d sanpl es at éﬁ%ﬁbﬁﬁ?(&épﬁrg%ﬁé%gﬂp es%gfg; perform ng (Aég_g% a second

deci mation of said samemesiulaling (483)i saitisampleppbsaid intempgdiatessapiie Faleini ng

(405) a frequency of vibratio | | Jriaat i ' toPa alssipdd

sensor (105) and at s&® 058'5'8%6%{ 8Esj%gg?ggggt“oérm?lo()fzﬁ)'&ifég{%ggaiod sa?rlpl es of
: sample rate; and

15 determining (405) a frequency of vibration for said conduit at said first
pick-off sensor (105) and at said second pick-off sensor (105') from said samples of

said signals at said desired sample rate.

2. The method (400) of claim 1 further comprising the step of:
20 calculating (600) a normalized frequency of said signals.

3. The method (400) of claim 2 wherein said step of demodulating

comprisas the steps of:
calculating (701) a normalized pulsation of said normalized frequency of said

25 signals; and
calculating (703) dot products of said normalized pulsation and said signals

from said first pick-off sensor and said second pick-off sensor to transtate said signals

to a center frequency.

30 4, The methad (400) of claim 2 wherein said step of calculating said

nommalized frequency comprises the sieps of:
demuitiplexing (601) said signals into in-phase components and quadrature

camponents;
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said signals at said desired sanple rate. 2. The nmethod (400) of claim!l
further conprising the step of: 20 calculating (600) a nornalized :
frequency of said signals. 3. The nethod (400) of claim2 wh ' ' ep
of denodul ating conprises the steps of: calculating (701) aﬁig?ﬁgﬁﬁgggé§
pul sation of said normalized frequency of said 25 signals; and cal cul ating
(703) dot products of said normalized pul sation and said signals fromsaid

first pick-off SARYRAtNTE0BREAL FeSRRE dponehfs; sensor to transl ate said
signals to a cen%gr fn?g ot The nmet hod (400) of claim2 wherein

) f guency. 30 4,
said step of caliBtpoRtingd6Q2)siid AYAdraIYS EIMPPRYURNCY conprises the steps of .

demul ti pl exi ng (@Gﬂibleﬁﬁlbﬁingi gml)sséi@t P-pHaseha6persme Namd Ssaid dyuadeatuse ur e
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produce said nar mal i zed frequency of said signals. 5. The nmethod (400) of
claim 4 whe?'8®sai d step of calculating said 10 nornmalized frequency
further conprises the step of: applying (603) said integrated quadrature

(s 1 ) . ; i~ by ;
Cand prior to sais ot ahemetned PRI A it AP el cdlouldihgamd ! no
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6. The method of ciaim 4 wherein said step of calculating said normalized

15 frequency further comprises the step of:
applying (603) said integrated in-phase components to a compensator
responsive to said step of integrating (602) and prior to said step of multiplexing (604).

7. The method (400) of claim 1 wherein said step of datermining said
20 frequency of vibration of said conduit comprises the steps of:

determining (901) a normalized frequency of said signals;

medulating (902) said normalized frequency of signals; and

performing (303) a complex demodulation of said signals using said modutated

normalized frequency to determine said frequency of vibration of said conduit.

25
8. The method of claim 7 whersin said step of determining said frequency

of vibration of said conduit further comprises the steps of:
decimating (904) said demodulated signals; and
performing (905) a complex cormrelation of said signals to determine a phase

30 difference between said signals.
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20 frequency of vibration of said conduit conprises the steps of:
determ ning (901) a nornmalized frequency of said signals; nodulating (902)

said normalized frequency of signals; and perform ng (903) a 0
denodul ati on of said signals using said nodulated normali zedgﬁgeaé@éﬁczy ?o

determ ne said frequency of vibration of said conduit. 25 a. The nethod of
claim7 wherein said step of determ ning said frequency of vibration of
sai d conduit furgher Teapigtsasotdamst bpthebtompaefdrati ng (904) said

denodul at ed signal s; and orm.n - it from $fid Siedtd
signals to deter H?Wé’"ﬁ"%ﬁ@) %g"ha?? %3%2%1%% g@g&%@yggtgﬂg grrlal s. I19I 16
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(910) a pha erence between said signhals fromsaid first pick-off
sensor and said signals fromsaid second pick-off sensor. 5 10. The net hod

of claimcl furthgg CO@‘HEin'%étHQd bheash € Pertiad conprisingitie sigppodperti es of said
materialsflovm'ngthroug '

sald conduit res sive to arm ni '
frequency of sai dlehsirmim'hsPmﬁi@eﬂféa'ﬂi"ﬂ@?'ﬁ)ﬁqiﬁe‘w-"gfﬂi"mggﬂg%@ Og}r‘%hggfigisgggnal s
from said seco Lck-Qf f - 1 LonTlReromesdia dirstipiak-aff serisor ahésaidn one
of said proﬂg g’ﬂﬁ""?’gg%égsfﬁﬁa%\av5¥gftl%l&%]}9n§ai d material flow ng through said
condui t. 12.gidmets frotrhsaid eécaridapiok-0lf seRedei n one of said propertjes is
density. 15 13. An apparatus (20) configured to comrunicate with pick-off
" sensors (105-105") affixed to a conduit (103A-103B thar&j i s vibr Eﬂergeby a
driver (4p4) and y{yreasweengthodef tiaies1dWhereircanarafsRIGRIEAPTHES PHP%%?J@ Al

conduit (103A-103B) fro sigphal s, recej ~fromsaid pick-off sensors
(105-105') veisaid m@@?@@ﬁgﬁgusngﬁggéo\éﬁg%t ion of said conduit from at

| east two points, said apparatus (20) conprising: 20 an analog to digital
of 'sai d_si gnal 5; thd Jhevoetieden DT ERRFIGURED ekt o e st
decimation of said digital sanples froma first
15 13. An apparatus (20) configured to communicate with pick-off sensors
(105-105") affixed to a conduit (103A-103B) that is vibrated by a driver (104} and
measure properties of a material flowing through said conduit (103A-103.B) .from
signals received from said pick-off sensors (105-105") wherein said signal_s indicate
mation of said conduit from at least two points, said apparatus (20) comprising:

20 an analog to digital convertor (203) that converts samples of said signals to

digital samples of said signals; and
a processor (201) configured to:
perform (401) a first decimation of said digital samples from a first

sample rate to an intermediate sample rate;
25 said apparatus characterized by said processor being configured to:

demodulate (403) said digital samples at said intermediate sample rate,

perform (404} a second decimation of said digital samples to a desired

sample rate; and | t
' determine (405) a frequency of vibration for said conduit (103A-1038) 2

30 said first pick-off sensor {105) and at said second pick-off sensor (105') from said

digital samples of said signalis at said desired sample rate.
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sanple rate to an internedi ate sanple rate; 25 said apparatus characteri zed
by said processor being configured to, denodulate (403) said digital
sanples at said internediate sanple rate; perform (404) a s

decimation of said digital sanples to a desired sanple rat e;el%ﬁ eglg?re%oﬁ.i‘ﬂ’ne
(405) a frequency of vibration for said conduit (103A-103B) at 30 said
first pick-off sensor_(105) and at said second pick-off sensor (105 ) from
said digital saffl esToe anpacatds Bl &f Alaimaild wggnerﬂeaa@aﬁfﬂceﬁi%& €0120s 16
Decenber 20 c?eﬂg?cf : +Qf i A RAS [ r
(201) is c%ﬁ |Auurreg28to enl@éégﬁsgécgggggighsﬁ%‘glie? atlgyssarrp'lfr’tgn‘s‘?:rl @ﬁ?:% @ﬁ@ﬁ?ﬁg
(701) a nor feeiqueney offsaidsignalg. of said signals. 5 15. The apparatus (20) of
claim14 wherein said processor (201) is further configured to denodul ate
by calculating (701) a nornalized pul sation of said normalized frequency
of sai d 5ignals, 18nd Thé apparatusd2Qyar3jainot4 whergincsaid proceasal (2@hrigdurtnesd

pul sati on and sai d, signals fr saij L& I GK5 r . from
ti. said se&Bﬂﬁg'ﬁPﬂ kt-oop mEQH'é%rm%B%"';'a?’? t(fdaﬁs? gi%“?ﬁ%hipg Pésr%g@s ?fg&gd
center fr e?ggﬂ)ﬁxlizebofré@#enw&:fa%anﬁs@hfals, I(aiﬁﬂ)caﬁziula:tlngi (m):{)lﬁldmhgmduntsseﬁ shid 1
processor 1) is configured to calcylate .gai d nor i ze u y
el pl ex NRGRABE) PLIHHEN GG T LSi0 e o S Tt AA-TD R LA Ol e o
quadrat ure %% R pidkeESRbH SR8 Phansiatelsaid BighhlRI6 acRAReMRGUency. _

i ntegrating 02) said quadrature component, nutli pl explexing 15 (604) said

i n- phas#0conponent and sai d quadrature conponent to produce digitally

i ntegrated si gnabé_Ej aptly p%H‘h?"tegrﬁg)[ ?f F@ditrP 18eivherih a8ig?prRicebsste (1) Sai d

signals and sai igitalTy 1n ate signals to produce said nornalized
frequency otosfiguted tocaitidate 5aid minmakizastirequescy byderaitiplexng{o04) sad sign#ls sai d
processor (2Q1)

T e el
responsi ve {mphaseaimpontnt (ifRg)atingi(602)paitiquadratera componsnt. muliplskplsxing o
Ul exf g L0, o Ut o Ut COMETETL bl cofondA A0kl Aglars
integrated signals, and calculating a ratio between an amplitude of said signals and
said digitally integrate signals to produce said normalized frequency of said signals.

17. The apparatus (20) of claim 16 wherein said processor (201} is

20 configured to calculate sald normalized frequency by applying (603) said integrated

quadrature component to a compensator responsive to integrating (602) sald
quadrature component and prior to muitiplexing (604) said quadrature component.

18. The apparatus (20) of claim 16 wherein said processor (201) is

25 configured to calculate said normalized frequency by applying (603) said integrated

in-phase component to a compensator responsive to integrating (602) said in-phase
ourhponent and prior to multiplexing (604) said in-phase companent,

19. The apparatus (20) of claim 13 wherein said processor (201) is
30 configured to determine said frequency of vibration of said conduit by:

determining (901) a normalized frequency of said signals;

modulating (902) said normalized frequency of said signals; and
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25 configured to cal ul ate said normalized frequency by applying (603) said
i ntegrated in-phase conponent to a conpensator responsive to integrating

(602) said in-phase conponent and prior to multiplexing (60 i
i n-phase conponent. 19. The apparatus (20) of claim 13 wher eiﬂlﬁﬁé%!e%berzom

processor (201) is 30 configured to determ ne said frequency of vibration

of said conduit by: deterpmnin 01) a nornuli.zed freque of _sai
signals: nodul aﬂeﬁﬁrT@SQ%@é ‘%”&Fﬁ‘?ﬁ%ﬁ”ﬂ‘}%@a%@eﬁﬁ@q@gn@% %ﬁ'ﬁ%saéﬁ’ Ig';"}“i@{”g%edand
21 16 Decemygymmafifd feifedcyitd 8RRk saicheqlcexsy denbehticatdfeaiddorgaitd si gnal s
usi ng said nodul ated nornalized frequency to determ ne said frequency of

vi bration of said conduit. 20. The apparatus of claim 19 wherein said

processor is configur gflethnaPa el RiMe1S NHdrdin aP Peoceston isbtafigoredoo sai d
conduit by: decimnating %&84 sal d denodul ated signals; and performng
(905) a conuetermine saibdtaquency obvbratien ghsaid cedWER¥%r i ne a phase difference
bet ween said signals.. 10 2 T I : | ai m 13 wherein said
processor (201) idgcm?? énéb%%?g%?@gﬂgag&dég@rlﬁl%ne&(906) a phase

di ff erence bet wegarfarhiig(0OSiRd sofple cometitibn of saidpighalotd delemsipe ptAsEai d
signals from.said second piag-_off sensor. 22. The apparatus (20) of claim
13 wherei n Sliffereprebewesn a8 $g¢lier 15 configured to: determ ne
properties of said material flow ng through said conduit responsive to

determ ning said frequency of said signals_from.said first pi f sor
and sai d0 si gnal 21 r okhe #PEAEAEHY) Bl 8@-"6?? W%’Fﬁ%ls?%éﬂoﬁ%‘s.wg@g%pfggg us
(20) of claldgg ' RbihsY GRGEhieBetwWienaal sifnasromtsaiddirstsai d
material flow né"%ﬁ?%ﬁgﬁf@gﬂgggﬁdﬂ, t. 24. The, apparatus (20) of claim 22
wher ei n one pitk-effisengor @parsaicsignals domssaig secandmick-pfSeasYar at us (20) of
claim13 configured as neter electronics for a Coriolis flowreter. 22

22.  The apparatus (20) of claim 13 wherein said processor is further

15 configured to:
determine properties of said material flowing through said conduit responsive to

determining said frequency of said signals from sald first pick-off sensor and said

signals from said second pick-off signal.

20 23. The apparatus (20) of claim 22 wherein one of said properties is mass

flow rate of said material flowing through said conduit.

24, The apparatus (20) of claim 22 wherein one of said properties is density.

25 25. The apparatus (20) of claim 13 canfigured as meter electronics for a

Coriolis flowmeter.
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