SI GNAL PROCESSI NG METHOD, SI GNAL PROCESSI NG DEVI CE, AND CORI OLI S FLOW METER
[ Techni cal Field] [0001] The present invention relates to a
Coriolis flowreter for detecting a phase difference and/or a vibration
frequency proportional to a Coriolis force acting on a flow tube to obtain
a mass flow rate and/or density of a fluid to be neasured. [Background Art]
[ 0002] A Coriolis flowreter is a nass fl owneter based on a point
that a Coriolis force acting on a flow tube (hereinafter, flow tube to be
vibrated is referred to as flow tube) is proportional to a mass flow rate
in a case where the flow tube through which a fluid to be neasured flows is
suppor tEENRL RRACESEISNGNE TVHODY, a SILONALs PAPPEF8ANGhBHY IEE 5 Lo rGAOREIIES i n a
direction perpendicular to a flow direction of the flow tube. The Coriolis
flowmeter is well known and a shap&owf METERow tube in the Coriolis
flowmeter is broadly divided into a straight-tube type and a
cur ved- Irdxmiypel  §O003] The Coriolis floweter is a mass fl owreter
for detecting a phase difference signal proportional to a mass flowrate in
symmetrical pasjdijons between both end support portions and central portion
of a nmeasurenent tube in a case where the nmeasurenent tube
The present invention relates to a Coriolis flowmeter for
detecting a phase difference and/or a vibration frequency
proportional to a Coriolis force acting on a flow tube to obtain
a mass flow rate and/or density of a fluid to be measured.
[Background Art]
[0002]
A Coriolis flowmeter is a mass flowmeter based on a point that
a Coriolis force acting on a flow tube (hereinafter, flow tube to
be vibrated is referred to as flow tube) is proportional to a mass
flow rate in a case where the flow tube through which a fluid to
be measured flows is supported at both ends and vibration is applied
about a support point inadirectionperpendicular toa flowdirection
of the flow tube. The Coriolis flowmeter is well known and a shape
of a flow tube in the Coriolis flowmeter is broadly divided into
a straight-tube type and a curved-tube-type.
[0003]
The Coriolis flowmeter is a mass flowmeter for detecting a
phase difference signal proportional to a mass flow rate in

symmetrical positions between both end support portions and central

portion of a measurement tube in a case where the measurement tube



t hrough which a fluid to be neasured flows is supported at both ends and
the central portion of the supported neasurenent tube is alternately driven
in a direction perpendicular to a support line. The phase difference signal
is the quantity proportional to the mass flow rate. When a driving
frequency is maintained constant, the phase difference signal may be
detected as a tine difference signal in the observation positions of the
measur enent tube. [0004] When the alternate driving frequency of the
measur ehentighubéick aadéuequab be tikesnatur dl1ofvse que oy pofr tihie ave asurrenent
tube, a constant driving frequency corresponding to a density of the fluid
to be srpasused tise abirai meld poand drengethbesnpas Ut edend a $wbendrmy therdrigven
with small driving energy. Therefore, recently, the measurenent tube is

gener abﬂie@hb\t@m%ﬁ&iri‘h@n nat ur al r & equensyrgih i el Phasea ddd s enae nd .gnal
is detected as the tine difference signal. [0005] The straight-tube

type Copkobhastl owrekeenhas sa 8hnuckurg el BuwhitGh.y ip&o?)o%%%n‘é(‘lert%f Wy ation

is applied in a direction perpendicular to a straight tube axis of a

cent ra}naggrﬂfe‘w Pl Sty 'trgt@L gﬁéy@ PgUPpggagggggi%%ﬂw%ﬁoﬁ Sc%' Shlagement

difference of the straig h Is cau y a Corio orce, 'that

is, a PH%g PQEU 8;%?%%@%9”3&%{13% ﬁﬁéefi %ﬁgdélt?éc‘!\@&‘ afé‘ea Sclﬂl%o.rdtifgg@ei ‘?!?eda”d

centra ron o rarg a nmass flowrate i's tecte
based gn th hase difference signal.. .The straight-tube t riolis

[l owrereP 4 HieEPoBd 25006 (R CRcei it e, Hompaoto = Ha Tatgh ST uct ur e.
However, the §ﬁhi?lis fl owreter al so has a problemthat high detection
sensitivity ¢ ¢ be obt ai ned. [ 0006] In contrast to this, the

curved-tube-type Coriolis floweter is_superior to the straight-tube type
Coriolis fl o?)(%@fle‘ih? AU ESin Tt Hat Ial SR AP FOrr e F PECRT VRIFFRRRT rg5ut t he
Coriolis force may be selected. The mass flow rate may be actually detected
wi th hi§hm3efspaivgilt §O the natprednBirssticds Yol fa 16 Measd reeagn il e
generally used as driving neans for driving the flow tube. The coil and the
magnet 2 Pratle dabIvy ngt § erEieN ¢ Cpggicsiromns! vt th sadenabt v offf ske flnitche

vi bration direction of the flow tube because a positional relationship

devi at tonbbergwenrefel cgildtaimbd hendagrece shei neasuedneTherdformrey ibe a
case of a curved-tube-type Coriolis flowreter including two parallel flow

t ubes, drheethwor plaln alsihvell If | dwi vithes careercat t acHé@ redoas ,t orsasdnd gh ttiee coi
and the magnet. Therefore, a design is nmade so that the two opposed fl ow

t ubes aresseparatedubeois epoteathiey dati vam iant eheahat orsanthve ety leaabst t he
coil and the magnet. [0007] O Coriolis floweters including two

f1 ow t ubhepHnead edf ¢ ne pas 8k bak 1 pladese caefakitld sihd amiebeenbadingha | ar ge
dianeter or a Coriolis flowreter having high flow tube rigidity is required
to increase powesjof driving neans, and hence it is necessary to sandw ch

| arge driving neans between the two flow tubes. Therefore,

The straight-tube type Coriolis flowmeter has a structure in
which, 1n a case where vibration is applied in a direction
perpendicular to a straight tube axis of a central portion of a
straight tube supported at both ends, a displacement difference
of the straight tube which is caused by a Coriolis force, that is,
a phase difference signal is obtained between the support portion
and central portion of the straight tube, and a mass flow rate is
detected based on the phase difference signal. The straight-tube

type Coriolis flowmeter as described above has a simple, compact,



a design is nmade so that an interval between the flow tubes is necessarily
w dened even in a fixed end portion which is a base portion of the flow

t ubes. [0008] As illustrated in FIG 28, a Coriolis flowreter 1
which is generally known and includes U shaped neasurenent tubes includes a
detector 4 for two U shaped neasurenent tubes 2 and 3, and a converter 5.
The detector 4 for the measurenent tubes 2 and 3 includes a vibrator 6 for
resonance-vi brating the neasurenent tubes 2 and 3, a left velocity sensor 7
for dededticggla vibration. veloeaisyr ,geher abed odn sa fllekinesiedeadkot has a
measurenent tubes 2 and 3 vibrated by the vibrator 6, a right velocity
sensorpBob Démdeh £Ct hNgh ad¥tOE 8t bANs¥eL OEi vyt gesenabedpenoprkight . si de of

t he neasurenent tubes 2 and 3 vibrated by the vibrator 6, and a tenperature
sensor 9 for[getecting a tenperature of a fluid to be neasured, which flows
t hrough the neasurenent tubes 2 and 3 at the detection of the vibration

vel ocity. The, ihratol 6o e | bt Melosiiyusensphe botikg iid ghtwyetaei ty
sensor 8, and the tenperature sensor 9 are connected to the converter 5.

[ 0009]. - The, £1 uj a d [ - h
reasur et T ihee 2 andh o Pt RE oty ol LU Surerers 1 P RHSE=F S FRE 1 g
side of t sur enent  tubes d_3.(si .on. whi.ch.right .vel.gci.ty sensor
8 is p?%%?ﬁé%§£¥c§t%§? %ﬁﬁégﬁﬁéiégkiﬂﬁ) f%%iggbﬁuﬁthﬁ ?8F%O$éﬁogf¥§esensor
7 is provided) .. Therefore, a _velocity signal, detected by t right
vel oo S Hh e g ant PRI E S § e BPEE oY Syt Bt CheSrrq s B bs
nmeasur.ed flomjng into the neasurenent tubes 2 and 3. A velocity signal

det ect BHIBYSERBLFEFL Vel ocity sensor 7 is an outlet-side velocity signal of
the fluid to be measured flowi ng fromthe neasurenent tubes_ 2 and 3.

Each of the 4 eftRAEIVEt Y SersdroiZ aMd eh&adngit aF& GEPeyadénsyres #fi ch
detect the vibration velocities may be an accel eration sensor. [0010]

The cofvkYied Bis thr CBrivoINs thicowreteFUhas alb? ot stengctiicemagnet

illustrated in FI G 29.
are preferably attached to positions which are not offset in the

vibration direction of the flow tube because a positional
relationship deviation between the coil and the magnet isminimized.
Therefore, in a case of a curved-tube-type Coriolis flowmeter
including two parallel flow tubes, the two parallel flow tubes are
attached so as to sandwich the coil and the magnet. Therefore, a
design is made so that the two opposed flow tubes are separated
from each other at an interval to sandwich at least the coil and
the magnet.

[0007]

Of Coriolis flowmeters including two flow tubes located in
parallel planes, a Coriolis flowmeter having a large diameter or
a Coriolis flowmeter having high flow tube rigidity is required
to increase power of driving means, and hence it is necessary to

sandwich large driving means between the two flow tubes. Therefore,



The converter 5 of the Coriolis floweter includes a drive control section
10, a phase neasurenent section 11, and a tenperature neasurenent section
12. That is, the converter 5 of the Coriolis flowreter has an i nput
and output port 15. A drive signal output terminal 16 included in the drive
control section 10 is provided in the input and output port 15. The drive
control section 10 outputs a predeterm ned node signal, fromthe drive
signal output termnal 16 to the vibrator 6 attached to the neasurenent
tubes 2 ardignt 0 sr esorarce-wtidr ate {heeneasubeneaent uhes f2oanduBes[ QG11]
The drive signal output termnal 16 is connected to a drive circuit 18

t hr ougheansanapliilfi @i ddhedThecdr iive aCiffiGeidt e¢h@ gerernatesha odr iive asivgnral for
resonance-vi brating the neasurenent tubes 2 and 3 and outputs the drive

si gnal pbettiba ampkhti encd7+ubhe anplifier anplifies the input drive signal
and outputs the drive signal to the drive signal output termnal 16. The
drive signal[@gbggt fromthe anplifier 17 is output fromthe drive signal
output termnal 16 to the vibrator 6. [0012] A left velocity signa
nput term nal 19 hocpdich sndetection siamaloofs e Mdyationuelogidy
generated on the left side of the neasurenent tubes 2 an vibrated by the
vi br at LS1N IS oV i he | rt. 15. -The left
vel oot £5Sreaky Pistr B A hEFtHe, ¢ P D e A e Al
section : Aright vel ocity signal . input ternmpnal 20 to which a

dot ect PO oo B ONE T B TP e e £y Cgaerat 8000 THoS e Herde of

t he negsurenent tubes 2 and 3 vibrated by the vibrator 6 is input is
provided in the input and output port 15. The right velocity signal input
termnal 20 i s included in the phase nmeasurenment section 11. [0013]

The phase meaShre&REREISECT it N HECPSIFETRID EHREEr ¢i didon e WATST &t i on
signals of the pair of velocity sensors in the case where the predeterm ned
node sV4RAPTPE But Putr FTVRNIR Hrd RAL g idle BeRguEerent habe16? tand e
vibrator 6 attached to the nmeasurenment tubes 2 and 3 to vibrate the

measur @neritt Yebes1y &rd sy fomedsl ¢riatng 26,1 e tivey ebyopeE ¥ eramediagiecal
conversion processing , and then obtains a phase difference between the
conver pedasilgihal side of the measurement tubes 2 and 3 vibrated by the

vibrator 6, a right velocity sensor 8 for detecting a vibration
velocity generated on a right side of the measurement tubes 2 and
3 vibratedby the vibrator 6, and a temperature sensor 9 for detecting
a temperature of a fluid to be measured, which flows through the
measurement tubes 2 and 3 at the detection of the vibration velocity.
The vibrator 6, the left velocity sensor 7, the right velocity sensor
8, and the temperature sensor 9 are connected to the converter 5.

[0009]

The fluid to be measured, which flows through the measurement
tubes 2 and 3 of the Coriolis flowmeter 1, flows from the right
side of the measurement tubes 2 and 3 (side on which right velocity
sensor 8 is provided) to the left side thereof (side on which left

velocity sensor 7 is provided).



The left velocity signal input terminal 19 is connected to an input
termnal of an anplifier 21. An output termnal of the anplifier 21 is
connected to an A/D converter 22. The A/ D converter 22 converts, into a
digital value, an anal og signal obtained by anplifying the vibration signal
output fromthe left velocity signal input termnal 19 by the amplifier 21.
The A/ D converter 22 is connected to a conputing device 23. [0014]
Further, the right velocity signal input termnal 20 is connected to an
i nput term ndheokfancanplidlierit2d sighalodepettedrbyndle ofidhte vainplkiifiiyer 24
is connected to an A/D converter 25. The A/ D converter 25 converts , into a
di gi t abenabues iarmranalleg-sigaale bt at pwed ghy lasplihkyf ngi d he weé breatsierdsi gnal
output fromthe right velocity signal input termnal 20 by the anplifier
24. flowihyr tihen, thke rigidrinsgignalbout pubnfirom t hevAibcgepventerni125 is
input to the conmputing device 23. [0015] Further, a tenperature
si gnal deB@EeB%%ﬂ_ﬂ@é 1264 REliuded i Behihe t enperat Wie nRasureeRl 0386kl on 11
to which a detection value fromthe tenperature sensor 9 is input is
pr ovi dggihﬂlt B¢ kARUE13Rd eut pUt nRYLY Lo ﬂla%i&lgm%ﬁt WhE HEASUTENERl
section 12 perforns tube tenperature conpensati on based on the detection
t enper atyuLe Qbéghngq by the tenperature sensor 9 which is provided in the
measur enent tubes and 3 and detects an internal tenperature of the
measur enent S n . A resista type .tenperature sensor is
general |y usﬁegggsoftz%@e gg%grea}toucrlet%%%rs%?rgs %ggrrggslyulrggltav?e FSTANCE VAl ue,
to thereby calculate a t r.atur . The tenperature, signal input
ter m A S o BB T TRl b o RRUG BhBRE L Fe by 3PN s
tenperaturengﬁ535ienent circuit 27 calculates the internal tenperature of
t he neasure bes 2 and 3 based on the resistance val ue output fromthe
tenperature sensor 9. The internal tenperature of the neasurenent tubes 2
and 3 which TESCATCIRATESED By bR CPerper st UrdMiasuRefen? L @F F dliricEnries
input to the conputing device 23. [0016] In the phase neasurenent
met hod2@sithgUEh&E2E68Ai 6ni §1Fl 8fneter 1 as described above, vibration is
applied in a primary node, to the neasurenent tubes 2 and 3, fromthe
vi brator 6 afhachedvestehed nehsrerentieubest ovammt: Wmhmddmre a drive
fl ui dt obemeasuredfl ows into the nmeasurement tubes 2 and 3 while the
vi br at contirs lagspltiied 10, phelses erode siug epreodusedt ion f he arghs treewenta thudees 2
and 3.

measurement section 12.

That is, the converter 5 of the Coriolis flowmeter has an input
and output port 15. A drive signal output terminal 16 included in
the drive control section 10 is provided in the input and output
port 15. The drive control section 10 outputs a predetermined mode
signal, from the drive signal output terminal 16 to the vibrator
6 attached to the measurement tubes 2 and 3 to resonance-vibrate
the measurement tubes 2 and 3.

[0011]

The drive signal output terminal 16 is connected to a drive
circuit 18 through an amplifier 17. The drive circuit 18 generates

a drive signal for resonance-vibrating the measurement tubes 2 and



Therefore, the signal (inlet-side velocity signal) fromthe right velocity
sensor 8 and the signal (outlet-side velocity signal) fromthe left
velocity sensor 7 in the Coriolis flowreter 1 are output as a formin which
the two signals are superinposed on each other. A signal output as the form
in which the two signals are superinposed on each other includes not only a
flowrate signal but also a | arge nunber of unnecessarynoi se conponents .
In addition, a frequency is changed depending on, for exanple, a change in
density amod autgputauitthet drbeeneagured.o fB@ldhplifier Ther &her empilt fiisr
necessary to renove an unnecessary signal fromthe signals fromthe right
vel oci &ypsenses Bhantnphe defde vel@oil ywrsenrsoputs Homeverivel bigsavery
difficult to renove the unnecessary signal fromthe signals fromthe right
vel oci tyesenses 8 and bhepheftemel 9g1 tys semser d¥ite cahcil atedfterpbase.
Further, the Coriolis floweter 1 is often required to have

very- high-preci 81 op Measyuremenic andhigh: speed espanseutbitordenihal
satisfy such requirenments, a conputing device having very-conpl ex
conput@gi?g and bighzprecgssing performance is necessary, and hence the
Coriolis flowreter 1 itself is very expensive. Thus, the Coriolis
flowmeter 1 L@gy%yes an established phase difference neasurenent nethod
using both an optimumfilter always fit to a neasurenent frequency and a

hi gh-speed c¢ i ng,method. . [0018 ln ntional i.fference
Teasur oment  NeCHOdS SaP Catctt BT hg g ¥ birraral Y £ vERE D UBLErRy Chet hod
of renovi ng, noj is.divided into a nethod using an.anal filter d a

Tet hod bePAY & dirti VAP T eer YL Oe e R HRT RO uS PR (EhE BHAT G FPFt er
may be rel atively inexpepsiv see, for exanple, Patent Docunent 1 and

Pat entm%EHﬁ@ﬁ?“g)?upﬁgege??gét‘@ﬁ?r%%%ﬁéﬁ{@ie andPPHEnt® BScdRBRE 25have a
limt to inmprove the performance of the filter, and hence, there is a

pr obl eRf PRafeEng! fi1e ePPRE dit oskPHitcPeRrt For the €8FF oI5 H omrererl

input terminal 19 is included in the phase measurement section 11.

A right velocity signal input terminal 20 to which a detection
signal of the vibration velocity generated on the right side of
the measurement tubes 2 and 3 vibrated by the vibrator 6 is input
is provided in the input and output port 15. The right velocity
signalinputterminalZOisincludajinthephaseﬁeasurementsection
11.

[0013]

The phase measurement section 11 performs A/D conversion on
the vibration signals of the pair of velocity sensors in the case
where the predetermined mode signal is output from the drive signal
output terminal 16 to the vibrator 6 attached to the measurement
tubes 2 and 3 to vibrate the measurement tubes 2 and 3 by the vibrator
6, totherebyperformdigital conversionprocessing, and then obtains

a phase difference between the converted signals.



[ 0019] In recent years, a large nunber of Coriolis flowreters using
digital signal processing have been devel oped, and the nethod using the
digital filter has been devel oped as the filter processing nethod of
removi ng noise in the conventional phase difference neasurenent nethods of
calculating the flow rate. Exanpl es of conventional types of the
Coriolis floweters using digital signal processing include a nethod of
measuring a phase using a Fourier transform (see, for exanple, Patent
Docunent 3) and aefrethotbof t ged egha ngirguoptd mumdlabl® ifs tcohaean eidnput
frequency fromfilter tables including a notch filter and a band- pass
filterahoinpasureraiphaser (seeampdifexanpl e, rhatentoudocwrantha4 amd tBat ent
Docunent 5). [0020] <<Phase Measurenent Method using Fourier Transfornme>

A convepber rob rthre i Gardphd scdd @ Wt ar/ hasede phe e phase AEasULeRRAL AMEt hod
using the Fourier transformhas a block structure as illustrated in FIG

30. 22 cohBeFtS 3Qcothedhght svekagiby %hgBﬁ%lb@pgﬁgh%&”b%%b1%%dpb9V'ded
in the input and output port 15 to which the defection si gnal of

vi brat h@gﬁ?b?ﬁgt%é 9%&3%1%%&@5&1"8&%@'&%{ %h%"ge‘%hc %rﬁjé&ﬁ‘% g?la n the

| eft si nmeasur enent Vi br at by t and
whi ch |s dgt g%gd bX %QePIeE%evelo |% sor 7 is input is connectgd to a
Iom#pass Fll m#pass |s acircuit for extractlng,

t hrough a fr ter equ | eft vel ocjt
(outlet-si de 5 Zg?l%{tcip%‘feg%faﬁ W FRE“FSFFgg it e tat de
vel ocity S|gn§ba utput fromthe left velocity sensor 7 detectlng the
vi bration vel @$ generated on the left side of the neasurenent tubes 2
and 3 in the case where the measurenent tubes 2 and 3 are vibrated hy the
vibrator 6. [BodRpr, the et ofepacstyi pLerado Y onheEt Bt 028n 1A/ D
converter 31. The A/D converter 31 converts , into a digital signal, the
| ef t véP66P€§e§ﬁ§h%ml%ﬁPéﬁﬁ%ﬂ%Wﬁi@imwkﬁFE%kﬁ%ﬂf%étpdﬁleéﬁviﬁérﬁéﬁﬁﬁass
filter 30. The left velocity signal obtained as the digital signal b
conver sohhpyamipbl N € cohviet tamr@kties] itepan BdDacphasetdrffer effde A/D
measurenent unit 32.

converter 25 converts, intoadigital value, ananalogsignal obtained

by amplifying the vibration signal output from the right velocity
signal input terminal 20 by the amplifier 24.

Further, the digital signal output from the A/D converter 25
is input to the computing device 23.

[0015]

Further, a temperature signal input terminal 26 included in
the temperature measurement section 11 to which a detection value
from the temperature sensor 9 is input is provided in the input
and output port 15. The temperature measurement section 12 performs
tube temperature compensation based on the detection temperature
obtained by the temperature sensor 9 which 1is provided in the
measurement tubes 2 and 3 and detects an internal temperature of

the measurement tubes 2 and 3.



The A/D converter 31 is connected to a timng generator 33. The timng
generator 33 generates a timng of sanpling Mtinmes (Mis natural nunber)
the input frequency. [0022] On the other hand, the right velocity
signal input termnal 20 provided in the input and output port 15 to which
t he detection signal of the vibration velocity (inlet-side velocity signal)
which is generated on the right side of the neasurenent tubes 2 and 3
vibrated by the vibrator 6 and which is detected by the right velocity
sensor 8 is Anmdidtmrgenngptedetoematone passdr L eyer3kallheubedrpassef il ter
34 is acircuit for extracting, through a frequency filter, only a

| ow- f r egupseytukrghteviebeciot e singhaduld nd etesi deavet ochl e, sicgnahe)ebryom t he
right velocity signal ( inlet-side velocity signal ) output fromthe right
vel oci ty1sensee 8 dehpgethbgrthe vibration velocity generated on the right
side of the nmeasurenent tubes 2 and 3 in the case where the neasurenent
tubes 2 and @h@r@eﬂ%@féﬁﬁgeb¥%§8§lvi@5@%Oﬁeﬁﬁiﬁéﬁxéﬂ is conneldt®d @ pass
filter 34 is connected to an D converter 35. The A/D converter 35
Conver£ém E9%9u?edhgé%@keﬁéﬁga%iréﬂ§tright'ﬂﬁé‘%@ﬂ@éfﬁﬂﬂyg d@yéa}eh%nEh?
anal og S|8na output fromthe Towpass filter 34. "The right velocity signal
obt ain L h (.gital_ .si I rsj co rter i's
“nput | E6% RGP bet T T Ehad el L e Beang iR 45heE £t RAPHKELEnERC S
converter 35 1is nnected.to the timn nerator .33, The timn ener at or
33 gen%?é?«%? aam%lg%ansge 0 nEéﬁpﬁelSr%gsq\ﬂci’ergr‘é‘gﬁ(“ﬁﬂoiutsmﬁlgttﬁrroa pﬁﬁr?beén egrta%(}:l S hput
frequency. [0024] . Further, the righ el ocity signal input, term nal
20° ot oI Bt TROS ABLETEAD DOPBEFCpBFE 0k Y6 NRreh-EHE  dok WBEF dh “Signa
of the_vibration velocit¥ﬁéinlet-side velocity sighal mhich,isuﬁenérated
on t he3r FghtlsideCat CbhatREalyr ERENtSFREES L2 an 83 SWIHFACEd By THe vi'br at or
6 and which is detected by the right velocity sensor 8 is input is
connect&dipBul FPe§lienEPTRESIBLeMEN CENi%S-36. The frequency measurenent
unit 36 neasures the frequency of the detection signal of the vibration
velocity (inlePlsgide velocity signal) which is generated on the right side

of the measurenent tubes 2 and 3
In the phase measurement method using the Coriolis flowmeter

1 as described above, vibration is applied in a primary mode, to
the measurement tubes 2 and 3, from the vibrator 6 attached to the
measurement tubes 2 and 3. When the fluid to be measured flows into
the measurement tubes 2 and 3 while the vibration is applied, a
phase mode is produced in the measurement tubes 2 and 3.
Therefore, the signal (inlet-side velocity signal) from the
right velocity sensor 8 and the signal (outlet-side velocity signal)
from the left velocity sensor 7 in the Coriolis flowmeter 1 are
output as a form in which the two signals are superimposed on each
other. A signal output as the form in which the two signals are
superimposed on each other includes not only a flow rate signal
butalsoalargenumber of unnecessarynoisecomponents. Inaddition,

a frequency is changed depending on, for example, a change in density



vibrated by the vibrator 6 and which is detected by the right velocity
sensor 8. The frequency neasurenent unit 36 is connected to the
timng generator 33. The frequency neasured by the frequency neasurenent
unit 36 is output to the timng generator 33. The timng of sanpling
Mtimes (Mis natural nunber) the input frequency is generated by the
timng generator 33 and output to the A/D converters 31 and 35. The
phase difference nmeasurenment unit 32, the timng generator 33, and the
frequeotytheaslinédent bai hnedBuard.included in a phase neasurenent conputing
device 40. [0025 ] In the phase neasurenent nmethod using the
Fourier trangpormas illustrated in FIG 30, the input signal (inlet-side
velocity signal) fromthe right velocity sensor 8 is first input to the
frequency nmeassrengint, untti Shdd:SRasure adieaguencynnthe skbeguengyal
measured by the frequency nmeasurenent unit 36 is input to the timng

gener at pEm3Be dNend 1 SeREgmehesaPh ¢ pg1 Mt kR (M1 § aRatiial e PUFBeB): ikRe
i nput frequency is generated by the timng generator 33 and input to the

A D CO§¥§£EEr§.3%kﬁﬂQm§§-it is ver&F@HkﬁgkmﬂHh@odﬁéﬁ@&éQﬂm§hﬁﬁébeggak@e

vibration velocity (outlet-side velocity signal) which is generated on the

left s ggngi kD& BAS UL fﬁ%ﬁ i; %R%@ n@ne{{l‘lgr&g@% 13?%1%}‘%%%%& e dig it‘iulé'

si gnal conversi on by 1 an tection signal of

the vibration- velocit inl et-si ve it i l.), which is generated on
t he rig%$£syﬁé08 %¥h8¥ﬁ%8§u§eﬁéngggﬁ gg%f éﬁ gﬂgﬁ "obt ai ned as the digital
signal by copversion the A/D caqonverter 35 are Lhput to the phase

di fference ngﬁ§éggﬁeh$géwf%r%ﬁﬁlsr Qﬂﬂ%;ﬁﬁ nlgi%t§$% %ﬁ%ylredw%o ave
Fourier-transformed by . a discrete Fourier transformunit incorporated in
the ph3SEYalfPBrBAEE ARaBdtEHBh eI | aé‘% M E€GPPREFence” i°¢ S€8mput ed
based on a ratio between a real conponent and_inmagi nary conponent aqof the
conver fedadiigal SUCh 6626] rempRaSe MBASHFEABACNBEI TR TSR A SBYGICCRIP 1N t er >>
Converters of the Coriolis flowreter based on the phase nmeasurenent nethod
usi ng eREPHEEgIEtan F1d héghapecdesei NEEE Wi A e et 8 AEE ISF B YockN I 0 ur al

diagrans illustrated in FIG 31 and 32.
the Coriolis flowmeter 1 itself is very expensive.

Thus, the Coriolis flowmeter 1 requires an established phase
difference measurement method using both an optimum filter always
fit to a measurement frequency and a high-speed computing method.

[0018]

In conventional phase difference measurement methods of
calculating a flow rate, a filter processing method of removing
noise is divided into a method using an analog filter and a method
using a digital filter.

The method wusing the analog filter may be relatively
inexpensive (see, for example, Patent Document 1 and Patent Document
2). However, Patent Document 1 and Patent Document 2 have a limit
to improve the performance of the filter, and hence, there is a

problem that the filter isnot sufficient for the Coriolis flowmeter.



Frequency sel ection neans such as a notch filter or a band-pass filter is
used as the digital filter. An SINratio of an input signal is inproved
usi ng the frequency sel ection nmeans such as the notch filter or the
band-pass filter. FIG 31 illustrates a block structure of a converter of
the Coriolis flowmeter using the notch filter as the digital filter. The

i nput and output port 15, the left velocity signal input termnal 19, the
right velocity signal input termnal 20, the |lowpass filters 30 and 34,
and the A/D coaveiters 31 and 35 as illustrated in FIG 31 have the sane
structures as the input and output port 15, the left velocity signal input
term nal 19, rHheddghtyce@isQcht ya s§gmaimdaiputr ¢er tbnas 20 wiidte dO\Wspass

filters 30 and 34, and the A/ D converters 31 and 35 as illustrated in

FI G 30gigeshecdiqel ¥V prb@@2Eling have been developed, and the method using
thedigital filter has been developedas the filter processingmethod
of removing noise in the conventional phase difference measurement
methods of calculating the flow rate.

Examplesof conventional typesof theCoriolis flowmetersusing
digital signal processing include a method of measuring a phase
using a Fourier transform (see, for example, Patent Document 3)
and a method of selecting an optimum table fit to an input frequency
from filter tables including a notch filter and a band-pass filter
to measure a phase (see, for example, Patent Document 4 and Patent
Document 5).

[0020]
<<Phase Measurement Method using Fourier Transform>>

A converter of the Coriolis flowmeter based on the phase
measurement method using the Fourier transformhas a block structure
as illustrated in FIG. 30.

In FIG. 30, the left velocity signal input terminal 19 provided
in the input and output port 15 to which the detection signal of
the vibration velocity (outlet-side velocity signal) which is
generated on the left side of the measurement tubes 2 and 3 vibrated
by the vibrator 6 and which is detected by the left velocity sensor
7 is input is connected to a low-pass filter 30. The low-pass filter

30 is a circuit for extracting, through a frequency filter, only

10



In FIG 31, the A/D converter 31 is connected to a notch filter 51. The
notch filter 51 selects a frequency based on the left veloc ty signal which
is obtained as the digital signal by conversion by the A/D converter 31, so
as to inprove an S/INratio of an input signal to be output. The notch
filter 51 is connected to a phase neasurenent unit 52. The phase
measurenment unit 52 measures a phase of the left velocity signal which is
obtained as the digital signal by conversion and which is inproved in S/N
rati o byldwef maficindy Leér vdlocity sigharlt heut léheshaecte faditer shgned)
connected to a frequency neasurenent unit 53. The frequency neasurenent

uni t S3rpRaswy esfa Feequengysiafndlheohefiktveligel ty1stghalswWriah bstehtai ned
as the digital signal by conversion and which is inproved in S/INratio by

the noteBmfthéele Pl .velocity henddequenakdrmasiied b the ifbhegdeneyty
measurenent unit 53 is input to the notch filter 51. [0028] Furt her,

the A D.gonYeELes, 3%d § Genaegkedrt o, & oLl dddreh ups 2Ngngot ghy khkter 54

n
sel ects a frequency based on the left velocity signal which is obtained as

the diggééwﬁé @he9¥%%QWQH§Hf@ugggkhgnéhpagg f%fé%e%%?i ﬁé@ib&gtgqprove

an S/Nratio of an input signal to be output. The notc er 54 is
connected to the phase neasurenent unit 52. The phase neasurenent unit 52
nmeasure$ a phase of the right velocity signal which is obtained as the
digital sign?68¥f?nversion and which is inproved in S/Nratio by the notch
filter 54.

The low-pass filter 30 is connected to an A/D converter 31.
TheA/Dconverter 31l converts, intoadigital signal, theleftvelocity
signal which is the analog signal output from the low-pass filter
30. The left velocity signal obtained as the digital signal by
conversion by the A/D converter 31 is input to a phase difference
measurement unit 32.

The A/D converter 31 is connected to a timing generator 33.
The timing generator 33 generates a timing of sampling M-times (M
is natural number) the input frequency.

[0022]

On the other hand, the right velocity signal input terminal
20 provided in the input and output port 15 to which the detection
signal of the vibration velocity (inlet-side velocity signal) which
is generated on the right side of the measurement tubes 2 and 3
vibrated by the vibrator 6 and which is detected by the right velocity
sensor 8 is input is connected to a low-pass filter 34. The low-pass
filter 34 is a circuit for extracting, through a frequency filter,

only a low-frequency right velocity signal (inlet-side velocity

11



Further, the frequency neasured by the frequency neasurenent unit 53 is
input to the notch filter 54. [0029] In FIG 31, a clock 55 is used
for synchronization, and input to the A/D converters 31 and 35 to
synchroni ze the A/D converter 31 and the A/D converter 35 with each other.
The notch filters 51 and 54, the phase neasurenent unit 52, the frequency
nmeasurenment unit 53, and the clock 55 are included in a phase neasurenent
conmputing device 50. [0030] FIG 32 illustrates a bl ock structure of
a convetgeal pff ddetLordigjhtsvel onwmeterigisd ngihhetbandepasioditt et ghBPF) as
the digital filter. The input and output port 15, the left velocity

si gnal ohpput Febmi BRE 19ghtheclbght yvekaebtygstgnaktiAputhteribrakida, the
| owpass filters 30 and 34, and the A/D converters 31 and 35 as illustrated

in FIl G32o8ave LbhRe$aMBISLRUEHEI 83588 theel BpUthaNdecgULpUReROr kubls bhe
| eft velocity signal input ternlna? the right velocity signal input

term ngha29.; 1 hed ouspagse il el %é’a%@@ne% (38dt hea M B convetbersodl and
35 as 1llustrated in FIG 31, respectively. [0031] In FIG 32, the A/

conver%g tﬁé b§bgggggc%ed to a band-pass filter (BPF) 61. The band pass
lter ol CIrCUIt for extracting, through a frequency filter, only a

| ef t Ve|OCIt¥ ?g havi ng a set frequency (outlet-side velocity signal)
fromthe |ef city signal (outlet-side velocity signal) which is output

fromthe | ef ocity se 7 detectin bratlo veIOC|t erat ed
onthe et SPeor Ea%%s R e BB eb e 8 4 R T e o
the digjtal nal nger5|on by the A/ID conver@ 31 in the cas% wher e
the ne %r%ﬁBn OPVBE e? a dC§“¥FEt§va8F8dab919ﬁéa BLgfgrt ethe rig

velocity signal which is the analog signal output from the low-pass
filter 34. The right velocity signal obtained as the digital signal
by conversion by the A/D converter 35 is input to the phase difference
measurement unit 32.

Further, the A/D converter 35 is connected to the timing
generator 33. Thetiminggeherator33generatesatimingofsampling
M-times (M is natural number) the input frequency.

[0024]

Further, the right velocity signal input terminal 20 provided
in the input and output port 15 to which the detection signal of
the vibration velocity (inlet-side velocity signal) which is
generated on the right side of the measurement tubes 2 and 3 vibrated
by the vibrator 6 and which is detected by the right velocity sensor
8 is input is connected to a frequency measurement unit 36. The
frequencymeasurement unit 36 measures the frequency of thedetection
signal of the vibration velocity (inlet-side velocity signal) which

is generated on the right side of the measurement tubes 2 and 3

12



The band-pass filter 61 is connected to a phase neasurenent unit 62. The
phase neasurenent unit 62 neasures a phase of the left velocity signal
which is obtained as the digital signal by conversion and which is inproved
in SSNratio by the band-pass filter 61. [0032] Further, the
band-pass filter 61 is connected to a frequency nmeasurenent unit 63. The
frequency neasurenent unit 63 neasures a frequency of the left velocity
signal which is obtained as the digital signal by conversion by the A/D
conver yebr3teand, whi 6Mbirs tiorps avieldvH e St N deatd car dayb ¢ héchainghtpassotiikter 61.
The frequency nmeasured by the frequency neasurenment unit 63 is input to the
band- passsbil ger 61. [0033] Further, the A/D converter 35 is
connected to a band-pass filter 64. The band-pass filter 64 is a circuit

for extractifge #hsQuah @ d-equenend bhterssan ¥oanktdhl velo tynshgnal
having a set frequency 7(inlet-side velocity signal) fromthe right

vel oci ty si-gpal 44 nl %th'esifgéq%iﬁléeg:r{\)éfasﬂl@é@*b& VAL G d g QUEPRE 2B 0BNERE 1T ght

vel ocity sensor 8 detecting ration velocity generated on the right
T s S e SR e R e
Pand- PSELPPPL &Y B8 7o ot GerEa Wo  He. PRASe Yedeay et AT 62" e

b ch FBeobt B HE=EAE T git AP CSPOREP by CclATerdPor Ha ST ch s STpr oved
in SIN_ratio by the band-pass filter 64. [0034] The band-pass filter

64 is éannected to the frequency neasurenent unit 63. The frequency

measured by the frequenc¥ measurenent unit 63 is input to the band-pass
filter 64. Thephasedifferencemeasurement unit 32, the timinggenerator

33, and the frequency measurement unit 36 are included in a phase
measurement computing device 40.

[0025]

In the phase measurement method using the Fourier transform
as 1llustrated in FIG. 30, the input signal (inlet-side velocity
signal) from the right velocity sensor 8 is first input to the
frequency measurement unit 36 tomeasure a frequency. The frequency
measured by the frequency measurement unit 36 is input to the timing
generator 33. The timing of sampling M-times (M is natural number)
the input frequency is generated by the timing generator 33 and
input to the A/D converters 31 and 35.

Further, the detection signal of the vibration velocity
(outlet-side velocity signal) which is generated on the left side
of the measurement tubes 2 and 3 and obtained as the digital signal
by conversion by the A/D converter 31 and the detection signal of

the vibration velocity (inlet-side velocity signal) which is

13



InFI G 32, a clock 65 is used for synchronization, and a clock signal from
the clock 65 is input to the A/C converters 31 and 35 to synchroni ze the
A/ D converter 31 and the A/D converter 35 with each other. The
band-pass filters 61 and 64, the phase neasurenent unit 62, the frequency
measurenent unit 63, and the clock 65 are included in a phase neasurenent
conputing device 60. [Prior Art Docunent] [Patent Docunent] [0035] [ Patent
Docurent 1] JP 02-66410 A

generated on the right side of the measurement tubes 2 and 3 and

obtained as the digital signal by conversion by the A/D converter

35 are input to the phase difference measurement unit 32. The

detection signals are Fourier-transformed by a discrete Fourier

transform unit incorporated in the phase difference measurement

unit 32 and a phase difference is computed based on a ratio between

a real component and imaginary component of the converted signals.

[0026]
<<Phase Measurement Method using Digital Filter>>

Converters of the Coriolis flowmeter based on the phase
measurement method using the digital filter are described with
reference to block structural diagrams illustrated in FIG. 31 and
32.

Frequency selectionmeans such as anotch filter or a band-pass
'filterjjsusedas1ju3digitalfilter. An S/N ratio of an input signal
is improved using the frequency selection means such as the notch
filter or the band-pass filter.

FIG.31 illustrates a block structure of a converter of the
Coriolis flowmeter using the notch filter as the digital filter.

The input and output port 15, the left velocity signal input
terminal 19, theright velocity signal input terminal 20, the low-pass
filters 30 and 34, and the A/D converters 31 and 35 as illustrated
in FIG.31 have the same structures as the input and output port

15, the left velocity signal input terminal 19, the right velocity

signal input terminal 20, the low-pass filters 30 and 34, and the

14



[ Patent Docunent 21 JP 10-503017 A [Patent Docunent 3] JP 2799243 B
[ Pat ent

A/D converters 31 and 35 as illustrated in FIG.30, respectively.

[0027]

In FIG.31, the A/D converter 31 is connected to a notch filter
51. Thenotchfilter51 selectsa frequencybasedontheleftvelocity
signal which is obtained as the digital signal by conversion by
the A/D converter 31, so as to improve an S/N ratio of an input
signal to be output.

The notch filter 51 is connected to a phase measurement unit
52. The phase measurement unit 52 measures a phase of the left
velocity signal which is obtained as thedigital signal by conversion
and which is improved in S/N ratio by the notch filter 51.

Further, the notch filter 51 is connected to a frequency
measurement unit 53. The freguency measurement unit 53 measures
a frequency of the left velocity signal which is obtained as the
digital signal by conversion and which is improved in S/N ratio
by the notch filter 51.

The frequency measured by the frequency measurement unit 53
is input to the notch filter 5H1.

[0028]

Further, the A/D converter 35 is connected to a notch filter
54. Thenotchfilter 54 selectsa frequencybasedonthe leftvelocity
signal which is obtained as the digital signal by conversion by
the A/D converter 31, so as to improve an S/N ratio of an input
signal to be output.

The notch filter 54 is connected to the phase measurement unit

15



Docunment 4] JP 2930430 B [ Patent Docunent 5] JP 3219122 B [ Summary of the
I nventi on]

52. The phase measurement unit 52 measures a phase of the right
velocity signal which is obtained as the digital signal by conversion
and which 1is improved in S/N ratio by the notch filter 54.

Further, the frequency measured by the frequency measurement
unit 53 is input to the notch filter 54.

[0029]

In FIG.31, a clock 55 is used for synchronization, and input
to the A/D converters 31 and 35 to synchronize the A/D converter
31 and the A/D converter 35 with each other.

The notch filters 51 and 54, the phase measurement unit 52,
the frequency measurement unit 53, and the clock 55 are included
in a phase measurement computing device 50.

[0030]

FIG.32 illustrates a block structure of a converter of the
Coriolis flowmeter using the band-pass filter (BPF) as the digital
filter.

The input and output port 15, the left velocity signal input
terminal 19, theright velocitysignal input terminal 20, the low-pass
filters 30 and 34, and the A/D converters 31 and 35 as illustrated
in FIG.32 have the same structures as the input and output port
15, the left velocity signal input terminal 19, the right velocity
signal input terminal 20, the low-pass filters 30 and 34, and the
A/D converters 31 and 35 as illustrated in FIG.31, respectively.

[0031]

In FIG.32, the A/D converter 31 is connected to a band-pass

16



[ Problens to be solved by the Invention] [0036] In the phase
nmeasur enment net hod using the Fourier transform as described in Patent
Docunent 3, when the input frequency of the input detection signal of the
vibration velocity is constant, a phase neasurenent nethod havi ng

very-hi gh-frequency selectivity may be performed because the Fourier
transformis used for frequency sel ection. However, in the nethod
using the Fourier transform as described in Patent Docunent 3, when the

i nput fiegeend®pProfel he Thepudindietesst Eontsirgral s efcitteivi boatkomavehiogi,ty is
changed according to a density or a tenperature, it is necessary to change
t he transbogm aef hoguency hei seap) il y at d eftTherlefarts, stiheadomputinggacycl e
or the computing nmethod is changed, and hence a neasurenent value is varied

and t hygst unsdabiddzedut[1@@3 i de velocl Byaddidd on.friom the netthod1usiing the
Fourier transform as described in Patent Docunent 3, when the input

frequepeynol e iaput; detraldan s5apah19fwhhen vidoatbor YebRGiHy 163t
changed accordi ng
velocity sensor 7 detecting the vibration velocity generated on
the left side of the measurement tubes 2 and 3 and which is obtained
as the digital signal by conversion by the A/D converter 31 in the
case where the measurement tubes 2 and 3 are vibrated by the vibrator
6.

The band-pass filter 61 is connected to a phase measurement
unit 62. The phase measurement unit 62 measures a phase of the left
velocity signal which is obtainedas thedigital signal by conversion
and which is improved in S/N ratio by the band-pass filter 61.

[0032]

Further, the band-pass filter 61 is connected to a frequency
measurement unit 63. The frequency measurement unit 63 measures
a frequency of the left velocity signal which is obtained as the
digital signal by conversion by the A/D converter 31 and which is
improved in S/N ratio by the band-pass filter 61.

The frequency measured by the frequency measurement unit 63
is input to the band-pass filter 61.

[0033]

Further, theA/Dconverter 35is connectedtoaband~pass filter

64. The band-pass filter 64 is a circuit for extracting, through

afrequencyfilter, onlyaright velocitysignal havinga set frequency

17



to the density or the tenperature, it is necessary to accurately
synchroni ze the sanpling rate with the i nput frequency of the input

vi bration velocity signal, and hence a design is very conplicated.
Therefore, there is a problemthat, when the tenperature of the fluid to be
measured is rapidly changed or the density is rapidly changed by mxing air
bubbles into the fluid, the neasurenent precision is extrenely reduced.
Further, the nethod using the Fourier transform as described in Patent
Docunenin Be hasi @e preliloemtiyhat i hel nunfeim ot heonpighing verlecessi ngsgbetones
very | arge because of the execution of the Fourier transform [0038J

I n the etbods: @8 vealestiyng: §he1 pphiicum ¢ abkeutitrdwthberigipuveioequency
fromthe filter tables including the notch filter and the band-pass filter
to neasure-the &H@é&cﬁﬁ% descri had i rPatanic iPac yeeRrlr a4 candnPakhent 1 Pagunent
5, when the sampling rate is held, the design may be sinplified.

However ; 485, ¢ f%htehﬁegﬁh%ﬁe&&%' RgpLbe; RO isebntir aASERr M ahdesdd hedtha

Pat ent~ Docurent 3, the phase neasurenment nethods using the digital filter
as desgrib i . EFQ§ - (IpTel r-equi a y

| ar ge %b gglo$l$$%fgéy52 e§H%3$?e pon |28ﬁ%g§%%an95359gpgﬁ F?gqﬁéﬁéies,
and hence have a probl emthat e Y. C ti f i pLce is
ar ge. Mhe =8 e R G e B ace SHiacur Bre it et e TS g CRG a G t a
filter as described in Patent Docunent 4 and Patent Docunent 5 have a
probleﬁTthat it is difficult to select the optimumfilter in a case where
the i nput frequency rapidly._changes. Furthey, the phase neasurenent
met hods usi ng*% A& A diaSa fgﬂF?érg%ésd%%%???ﬁﬁﬁﬁﬁ9'Eé?éﬁFi FGRERE SARhd

Pat ent Docunent 5 have a problemthat a vary |arge nunber of C%QPE%%%ions

is reqeniteddo TRErRVES T FEGRHEIE BREFdir %‘@@F& FENt &N q5038] ¢

velocity signal which is obtained as the digital signal by conversion
and which is improved in S/N ratio by the band-pass filter 64.

[0034]

The band-pass filter 64 is connected to the frequency
measurement unit 63. The frequency measured by the frequency
measurement unit 63 is input to the band-pass filter 64.

In FIG.32, a clock 65 is used for synchronization, and a clock
signal from the clock 65 is input to the A/D converters 31 and 35
to synchronize the A/D converter 31 and the A/D converter 35 with
each other.

The band-pass filters 61 and 64, the phase measurement unit
62, the frequency measurement unit 63, and the clock 65 are included
in a phase measurement computing device 60.

[Prior Art Document]
[Patent Document]

[0035]
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The phase neasurenent nethods using the digital filter as described in

Pat ent Docunent 4 and Patent Docunent 5 have the follow ng problens. (1)
The net hod cannot follow the change in input frequency at high precision.
That is, it is very difficult to realize nmeasurenment in a case where the
density of the fluid to be neasured rapidly changes because of air bubble
mxing. (2) In order to inprove the frequency sel ection perfornmance, a
very | arge nunber of conputations are required. Therefore, it is difficult
to realize hiphtspeedocesponse] andOhedéeéloha nethod is unsuitable for

bat ch processing for a short period of tinme. (3) The nenory consunption of
t he conputi ngrde¥htcepbsuharnge?] and benrese3the design is conplicated.
Therefore, a circuit structure and design are conplicated and very

di sadvant agepust At COStuntRO40] Jp 2790¥henpal | the factors are considered,
in any of the conventional phase nmeasurenment nethods including the digital

filter processhpgntapheisenefsd fpegyepgyoband other than the tube
frequenci es of the neasurenent tubes 2 and 3 is renoved, and hence the

swi t ching of[gggeg%lbgguﬁggke5]tgg §§§9%920g the conputing nmethod, and the
change of the sanpling rate are required to always follow the tube

frequengj e a - ubes 2 and 3. Therefore, there is a problem
that i gpgﬁ%g&eégaFggtzHggg?g%ﬂbconputation which is very conplicated and

| acks high- speed, performance. Thus, when the neasurenent tubes 2
and 3 é?gogigWEtgg y Fﬁgv$|ngtBPGGFnWFn?%ogéry likely to generate a
conputing errgé %aheach variation of the input frequencies of the vibration
vel ocity sigﬁ g ich are detected by the right velocity sensor 8 for

detecting the vibration velocity generated on the right side of the
measur enent tUbeRe PHARE FeafyEHeTIePE TR oRF Y9 s 01 191 tdeSciAy t he
vi bration velopit% generated on the left side_of the neasurenent tubes 2
and 3, 2antehehteet Hey £aitend pPeBIleRtt hatfthstice BRE T pE ERIEPBAY iSE F&BY | ow.
[ O 0 41] An obj ect of the present invention is to provide a signal
processnAgtneeheatiansrgaak lppécéssi NgPapparat ¥s .l ogad Ya 1€oCopISita 1, oinet er ,
in which even when a tenperature of a fluid to be neasured changes, even
when abhabebbkesuarmenixadthptoheenfl vied vt-bibe-Hegsiueady e levanWiien t he
fluid to be nmeasured rapidly changes froma gas to a |liquid, neasurenent
may bemakweypepépfoedetewiude torsi@ntigr éciesisdormphase edebsurfersmenaiyt h
high filtering perfornmance is realized, and a conputing processi ng anount
may beseeducednto an extrenely small anount.
However, inthemethodusing the Fourier transformas described
in Patent Document 3, when the input frequency of the input detection
signal of the vibration velocity is changed according to a density
or a temperature, it is necessary to change the transform method
orthesamplingrate. Therefore, thecomputingcycleor thecomputing
method is changed, and hence a measurement value is varied and thus
unstabilized.
[0037]
In addition, in the method using the Fourier transform as

described in Patent Document 3, when the input fregquency of the

input detection signal of thevibrationvelocity is changedaccording
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[ Means for solving the Problens] [0042] A signal processing nethod
described in claiml1l, which is provided so as to solve the above-nentioned
problens, is a signal processing nethod for a Coriolis flowreter in which
at | east one flow tube or a pair of flow tubes which is included in a
measurenent flow tube is alternately driven by causing a vibrator to be
actuated by a driving device to vibrate the at |east one flow tube or the
pair of flow tubes, and at | east one of a phase difference and a vibration
frequencytipe operntsionabr tttha Cordaatdtsufor ce dadt inrgeorsatriye tat akeasttedg 1 ow
tube or the pair of flowtubes is detected by velocity sensors or

accel egahthRosens ol ise Wanh iaerat paiircrothei biigh i drcdeteectyi on Sendapsit

provi ded on a |l eft-hand side and a right-hand side of the at |east one flow
tube o¢ibhetpahrvofodl oywdivpes,, badthenedy abkaigh as Jaastoape iehtadrass
flow rate and a density of a fluid to be neasured, the signal processing
nethod conprigtP@rore, thefefid St pSbeneaf taQRYVELkENG B RARIQG 8l nadlf,
which is output fromeach of the pair of vibration detection sensors, to a

digit idor at i i ! ; i t he
Vi brat e Traguendy orEne et T eab X T b o TChe pdi T et t e
t ubes; i.rd step. of ti. a t . S g r..al
contro???ﬁaeg ??ég%@%%§§o$lfhgg§?g% aﬁ%%PbFgg?o%9+%%hugﬁ%yB%FS%é%ﬁ%%géined
t hrough_t he conversig@ri% ?herfir%%dstep to be 1/ N of the frequency thereof
based BhEThE Higital*VEBFELY of SFI'&§dency signal output from one of the pair
of vibration_detection sensors, which is asured in the second st.ep;. and
a fourth step'd ﬁEﬁbj T %Fﬁ%ua%aﬁparf&?ﬁ?&f?bﬂf?Paéaéﬂévs§F5&§P§P ai ned
t hrough the conversion in_the first ep t orthogonﬁé conversi on hy using
t he coh?rBPt§P§n3PC§@ﬁ€Fa§e5aFn3tﬁéog © tg@&thFonP F&by fo RN T 1Y
frequency signal that has a frequency thereof set to 1/N of the frequency
of t hePEPEFEALNIEHSRAGT Y EGhEReEF Rsicgae bt P Fed M olight Fhe FCoiéitsi on
inthe first step, wher eby the phase difference between detection
si gnal srfngiAPtAe pair of vibration detection sensors is detected by using
the frequency signal obtained through the orthogonal conversion in the
fourth step, [WABEH has the frequency thereof set to 1/N of the frequency of
the digital vibration frequency signal.

In the methods of selecting the optimum table fit to the input

frequency from the filter tables including the notch filter and
the band-pass filter to measure the phase as described in Patent
Document 4 and Patent Document 5, when the sampling rate is held,
the design may be simplified.

However, as in the method using the Fourier transform as
described in Patent Document 3, the phase measurement methods using
the digital filter as described in Patent Document 4 and Patent
Document 5 require a very large number of filter tables corresponding
to changed input frequencies, and hence have a problem that memory
consumption of a computing device is large.

In addition, the phase measurement methods using the digital

filter as described in Patent Document 4 and Patent Document 5 have
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[ 0043] A signal processing nethod described in claim?2, which is
provided so as to solve the above-nentioned problens, is a signal
processing nmethod for a Coriolis flowreter in which at | east one flow tube
or a pair of flow tubes which is included in a neasurenent flowtube is
alternately driven by causing a vibrator to be actuated by a driving device
to vibrate the at |east one flow tube or the pair of flow tubes, and at

| east one of a phase difference and a vibration frequency proportional to a
Cori ol asptobptemachangiton ¢ hel Bfidelstt @rse ifd ow tthebepdari rure fpdite rofinf bow
tubes is detected by a pair of velocity sensors or a pair of acceleration
sensor sawbi ehecaeetMiebiablionfdet@ehconrapnsdyschhagtber eby obtain at | east
one of a mass flowrate and a density of a fluid to be nmeasured, the signal
processing @&B@ﬂegpr&a@pﬁa‘s&measurem@f@@ﬁ@thagsh@qn@M@@i@ﬂt&[@qm@@@y of
the at |east one flow tube or the pair of flow tubes; transmtting a

cont r ol s ¢§gnali Rased poR chhep MBgsat €d %@pgggge I RAUEACY have a proBEEROT M Ng
conposite frequency conversion based on the transmtted controF signal on

each o f r oht-a t
£h%%0a Low @59g§egﬂabar nghgﬁguggggggg_@%efgﬁﬂxgea'ee QRp-BRY

si gnal s havi ng the at ast one ce and the vibration

frequegﬁgqgég rgggggk %g Fggfggébglls force acting on the at | east one

flow tubé-or e parr SWhi ch are det ect ed by the pair of

vel ocity sen QBE 3r the pair of acceleration sensors, so that resultant
signal s almai % e a constant frequency; and measuring a phase from
each of converted conposite frequency, signals obtained through.the

conposi te frEéﬁeﬂ@?s80%9@?§F8WegFom?ﬁE g%yuéﬁpgl%g ﬁ§§5a3 %ﬂ%&@ﬁc@ssignal
conponent. [ 0044] gnal processi ng net hod descri bed |n claim3

whi ch ?§55F69F6é@%&F%EFP%CE%FUE4ﬁHEi%H&ﬁ¥ ﬁPWSHE@Wﬁ%ﬁﬁ%ﬁEO #?Wénglgna
proceSS|ng apparatus for a Coriolis flowneter in which at |east one fl ow

t ube oPTAPP8&ME-of flow tubes which is included in a measurenent

(1) The method cannot follow the change in input frequency at high
precision. That is, it is very difficult to realize measurement
in a case where the density of the fluid to be measured rapidly
changes because of air bubble mixing.
(2) In order to improve the frequency selection performance, a very
large number of computations are required. Therefore, it is
difficult to realize high-speed response, and hence the method is
unsuitable for batch processing for a short period of time.
(3) The memory consumption of the computing device is large, and
hence the design is complicated. Therefore, a circuit structure
and design are complicated and very disadvantageous in cost.
[0040]
When all the factors are considered, in any of the conventional
phase measurement methods including the digital filter processing,

a noise of a frequency band other than the tube frequencies of the
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flowtube is alternately driven by causing a vibrator to be actuated by a
driving device to vibrate the at |east one flow tube or the pair of flow
tubes, and at | east one of a phase difference and a vibration frequency
proportional to a Coriolis force acting on the at |east one flow tube or
the pair of flow tubes is detected by velocity sensors or acceleration
sensors which are a pair of vibration detection sensors provided on a

| eft-hand side and a right-hand side of the at |east one flow tube or the
pai r ofebbowetghéstubest heaedy3 obt aremated pastid drenaaf tdhamasd tfdhowg atfe and
a density of a fluid to be neasured, the signal processing apparatus

conpri shagfilter tabAkD) converdrefsof ath«cenxentiing et @y, shanehs chatticgh are
output fromthe pair of vibration detection sensors, to digital signals,
respecbift@leysampling ratbbe@uengy MRasHEeRRE Wlillow e BBBS UlicRhed AMicky at i on
frequency O of the at |east one flow tube or the pair of flow tubes;

a trangm therpbasugenenat tiged Hregyency signatohaving a firequency ther eof
set to (1-1/N) of a frequency of a digital frequency signal output fromthe

freque : r it j art: I
quepgynRasy n%@ae@sailiﬁ)g’%e gggggrm CO e@%@@ién 9&195_1@9?98 cofrr{ Shek Qcé\ﬁ

converters for convert on t requency signa enerated by the

transn%%&g%acﬁgeggggggggegfp%@%oghakQ%.digital signals corresponding to the
of " Vi

pair ration detection séensors, which are output fromthe Al D _
converters, SERBSCHAYEI RS S9NSLAN pRLo Lol o anal 5 i g (L sauen es
At T LR A R SR R AT
[0045]variationcnftheinputfrequencies<IEthevibrationvelocitysignals

which are detected by the right velocity sensor 8 for detecting
the vibration velocity generatedon the right side of the measurement
tubes 2 and 3 andthe left velocity sensor 7 fordetecting thevibration
velocity generated on the left side of the measurement tubes 2 and
3, and hence there is a problem that measurement precision is very
low.

[0041]

An object of the present invention is to provide a signal
processing method, a signal processing apparatus, and a Coriolis
flowmeter, in which even when a temperature of a £luid to be measured
changes, evenwhenairbubblesaremixedintothe fluid tobemeasured,
or even when the fluid to be measured rapidly changes from a gas
to a liquid, measurement may be always performed with constant
precision, phase measurement with high filtering performance is
realized, and a computing processing amount may be reduced to an

extremely small amount.
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A signal processing apparatus described in claim4, which is provided so as
to sol ve the above-nenti oned problens, is a signal processing apparatus for
a Coriolis flowreter in which at | east one flow tube or a pair of flow
tubes which is included in a neasurenent flow tube is alternately driven by
causing a vibrator to be actuated by a driving device to vibrate the at

| east one flow tube or the pair of flow tubes, and at | east one of a phase
difference and a vibration frequency proportional to a Coriolis force

acti ng[Maabthefat beastingnehtl| 8woblbmsdr the pair of flow tubes is detected
by velocity sensors or accel eration sensors which are vibration detection
sensors, to f{heaeby obtain at |east one of a nmass flowrate and a density
of a fluid to be neasured, the signal processing apparatus conprising:

a frequency measgheleptobBksLihgrmaeasdr yagcaibeaquaney a0f theyat cheast one

flow tube or the pair of flow tubes; a transmtter for outputting
and transitHthngo & desi sed vkr equensysigoal 1 based, on, tdigs f requengynagasur ed
by the frequency measurenent unit; frequency conversion sections for

per f orgi-nge L £ €AYEREYHEQNYEE Sk O, DY, CONAULE |G- one 0f 1adg)] taitoﬂe%%q one

subtraction between an output frequency of the transmtter and respective

| nput £10nal s hawi ng,dhecat el spstyne.of hhe. phase ilf {erenes and e

vi bration frequency proportiona I'i's force actin

| east flow tube or the pair .of flow tuhes, which are, detected t he
vel oci EySecnlhs §4on et b HraPen P REAEY o Vi 2h - R G S TEaeh
constant frequenc al ues; and, a phase difference asur enen

cecti R 1B SHRBLt i VoV ERE HRACH TR 19 el BRAe T ddOenCr L Graree

det ect ed, by %h vel ocity sensors or the acceleration sensors, which are

obt ai ned*fh? ughov h‘é“]??%qu%rh VoA SiVIF B th&Asgqendy Fedmre PSR
sections. [0046] A signal processing apparatus described in claimb5,
whi ch YsPprbyPRer G eRCY @ LOBIVE e labove- Glorfed oprebrerEng i &hsi gnal
processing apgaratus for a Coriolis flowreter in which at |east one flow
tube ortalpaPr 6Ref Foart tBes @k ERSi Bailiicddéd oin tabreasddr erErctedowyt ube
is alternately driven by causing a vibrator to be actuated by a driving
devi cevebogi by stee stiolvs @t afeaseraneofsewstonsevivich heeparai e f vibwatdlbes, and
at |l east one of a phase difference and a vibration frequency proportional
to a @etettsohoseesacti pgovndeHeoat al éast -bnedf kawet abe ar rtih@tpaiandof
flow tubes is detected by velocity sensors or accel eration sensors which
are vi btati ofi detesti beasensos sf1dw tilier ety Wbt giani mtofl gdstv aneesf, aonass
flowrate and a density of a fluid to be neasured, the signal processing
appar atusrepbnpobsang: at least one of a mass flow rate and a density of

a fluid to be measured,

the signal processing method comprising:

a first step of converting an analog signal, which is output
from each of the pair of vibration detection sensors, to a digital
vibration frequency signal;

a second step of measuring the vibration frequency of the at
least one flow tube or the pair of flow tubes;

a third step of generating a control signal for always
controlling a frequency of the digital vibration frequency signal

obtained through the conversion in the first step to be 1/N of the
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a frequency neasurenent unit for measuring a frequency of the at |east one

flow tube or the pair of flow tubes; a transmtter for outputting
and transmtting a desired frequency signal based on the frequency neasured
by the frequency neasurenent unit; a first frequency conversion

section for performng frequency conversion by conducting one of addition
and subtracti on between an out put frequency output fromthe transmtter and
an input signal frequency obtained by converting a signal of one sensor of
a pai rfoégtbecyithrateon et onohhsedsei sal ntidaa tdi @i tfale gsiegegd sbhynalfir st
A/ D converter, to thereby always obtain a constant frequency val ue;

a secoadtpueqgient oreorerdicopasecdt ondort pat fdrtdaig i egueneys , canyehsi on
by conducting one of addition and subtraction between the output frequency
out put i §resxshectir ansohkt eecand agephnpuahdsi gnal frequency obtai ned by
converting a signal output from another sensor of the pair of the vibration

detection seaspis-ip a Y gict alipsbgpahgbyna sepand AliBcenver teequbacther eby
al ways obtain a constant frequency va?ue; an a phase difference

measur enent 1 $8¢Li AR dftg{]rcﬂﬁfrﬂi'ﬁé ngnthe sphase, tfierencs e%%éﬁ"%?@h@g%héit

frequency signal, whi IS obtained through the frequency conversSion by and
out put fi fre VEr Si j d - quency
oi gnal SRR Ry B b S e P on ST e PP SUUEney Convars on By and safput
fromt ec f requency .conversion.secti on. 0047] A _Corialis

{1 owneterodeens sui i E SERLERERBhONE oot dat &b 2SSl TESERET
above-nenti o bl ens, is a signal , processi. pparatus for a.Coriolis
T owmeroF S aheent iy Trehuetsnet BBE hheEr T B R A Gur 84 Shrch 1 s
included in a neasurepent flow tube is alternately driven by causing a

vi br at 9PEE 676 Eﬁfﬁﬁgggt5§ QOHVF€?ﬁ§ndé9iEEet%l§? r &t&Prhe at |east one
flow tube or the pair of flow tubes, and at | east one of a phase difference
and a vi br at YRBRATEPEqUEh &P FFopdEreRaret beavwesti ¢ttt vt & 1 ifg f6R™ he at
| east one flow tube or the pair of flow tubes is detected by a pair of

vel oci Eeseasbraf ofilarpal on cletrelel @t a5 i Bersorde Wi tad &ve weilbgathen
detection sensors, to thereby obtain at | east one of a nmass flowrate and a
densi t yrefiuaney i idnal b tedasyr edrovte Sigrathooeoredstagvapparatiys the

conpri si ng: a frequency neasurenent unit for measuring a frequency
of thefatrtkastepnevhiow talse tdre ttheeqainrcyoftideowwt upes; to 1/N of the

frequency of the digital vibration frequency signal.

[0043]

A signal processing method described in claim 2, which is
provided so as to solve the above-mentioned problems, is a signal
processing method for a Coriolis flowmeter in which at least one
flow tube or a pair of flow tubes which is included in a measurement
flow tube is alternately driven by causing a vibrator to be actuated
by a driving device to vibrate the at least one flow tube or the
palir of flow tubes, and at least one of a phase difference and a
vibration frequency proportional to a Coriolis force acting on the

at least one flow tube or the pair of flow tubes is detected by

24



atransmtter for outputting and transmtting a desired frequency signal
based on the frequency neasured by the frequency neasurenent unit; a
first frequency conversion section for shifting in frequency, to a constant
frequency signal, an input signal frequency obtained by converting a signal
of one velocity sensor of a pair of the vibration detection sensors into a
digital signal by a first A/D converter and output fromthe firstA/D
converter, based on an output frequency output fromthe transmtter to nove
t he i npuba st gMalveflbequensyntorsanptdh el 1fr equencyl daadi on senscr ssetant
frequency conversion section for shifting in frequency, to a constant
frequepey siprakioandefputishgBahsbrequencynhebtaiynedthbyncanveekishgoacsi gnal
of another velocity sensor of the pair of the vibration detection sensors

into acdi gi haksskgnal rhyeaassacandeAPrgonyert enyand teubpuhebkometihe second
Al D converter, based on the output frequency output fromthe transmtter to

move the input signak:freguency boanabherohpequensy band: and a

phase difference neasurenment section for nmeasuring the phase difference
bet ween a fi e ' - ' [ t ai ned. t 0 ant
frequency sié%éfﬁgﬁggugﬁgti%ggﬁ#%?¥ﬂ5£%%u§%§§6€%put ?ﬁbéggﬁ%:??%églow
frequegﬁﬁgconv%kéiog.sec%i%waa@%bgssecond frequency signal, which is
obt ai n

s°the"cohst ant f requency Si'gnal through the shifting by and
output fromthe second frequency.conversion section. [0048 . A
Cor ol i 5 1 oURBPETGBSEFI DAt ROM STAR PARFERTT & O BT e 4§ 43 Bol ve
the abqve-nentioned problens, is a Coriolis flowreter in which at |east one
flow t GBEIBFREYpair of flow tubes which is included in a measurement flow
tube is alternately driven by causing a vibrator to be actuated by a
driving devi BBTfBrPiBPate®NRRS Hie | 4EAUSAEYF | W THR-OF PRESHai P2 oft e ow
tubes, and at |east one of a phase difference and a vibration frequency
propor tirenanitsed oot sipppéecactiche bitwohkl @t Neégst i onel § [(CBWatase or
the pair of flow tubes is detected by vibration detection sensors, to
t her ebghrobuai A/&t coeastséne ofr dnpads sfildowlisatevand dhgendi theasfc @nfd ui d
to be neasured, the Coriolis flowneter conprising a signa
pr ocessifnghappas at usi tHapenseé ngnd the vibration frequency proportional
to the Coriolis force acting on the at least one flow tube or the
pair of flow tubes, which are detected by the pair of velocity sensors
or the pair of acceleration sensors, so that resultant signals always
have a constant frequency; and
measuring a phase from each of converted composite frequency

signals obtained through the composite frequency conversion, to

thereby obtain a phase difference signal component.

[0044]

A signal processing method described in claim 3, which is
provided so as to solve the above-mentioned problems, is a signal
processing apparatus for a Coriolis flowmeter in which at least

one flowtube orapair of flow tubeswhich is included in ameasurement
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Al D converters for converting anal og signals, which are output froma pair
of the vibration detection sensors, to digital signals, respectively;

a frequency neasurenent unit for measuring a vibration frequency 0 of the
at | east one flow tube or the pair of flow tubes; a transmtter for
generating a frequency signal having a frequency thereof set to O (1-1/N)
of a frequency of a digital frequency signal output fromthe frequency
measurenent unit; and a pair of orthogonal frequency converters for
convertiog,tumsed 0nedhetfaipgueneynshgnalsjenes atied dnot he Ha ansoiteer ,
frequencies of two of the digital signals corresponding to the pair of the
Vi brathpng det ee1h@NSENSOT S W £t @renh O Ut pUte fIt0mrih e 1IMDLenRY elrt ehs,
respectively, and generating digital signals having frequencies thereof set

to 1/ N,of freapensi esndf, they two fadihe gl gist al pwiagRabs r reeepee iavel ¥,
wher eby the phase difference is obtained by using the digital signals

gen?fa&§9¥$¥iéﬁef ' er95¥ gsrerggfg);a%%g nd1’ GAUSRGY GANVERLEES. 2 EOPAon the A

Coriolis ownet er descr claim8, which is provided so as to solve

the abgveigggl'zi898%;&?#8%5;8%25’&1%0%%9! b &hgmggesi 0 Whigh 3t gast one

flow tube orf "a palr o ow IS inc I'n a neasurenent flow
tube is alternately driven by causing a vibrator, to he ag% te .
drivin&eggg?ég%ﬁ?aﬂﬁﬁ%ﬁﬁc?%geﬁ? 833?%§%§%Eﬁﬁf G %%Ia% §§B&%F%§#%P1ow
tubes, and at | east one of a_Bhgse di f erﬁqﬁe %nd.a vib%ati%n %&Eg%ency
propor EPbRGF1PB 3°BBPF oI PSCYSPEE 8Bt Pnd Sof TREar FEasf %he 14 be' or
the pair of flow tubes is detected by velocity sensors aqr, accel eration
sensor$19Ai eh BRe IFbteasorrietett oedordte t@%%é}%@o%t%bﬁsat Yeast
one of a mass flow rate and a density of a fluid to be neasured,, t he
Cori ol FBeFEbyneberiBoRhrisihg A8ighat TotessIhg Hpa st & dEaRriYsiog:

a frequency neasurenent unit for nmeasuring a frequency of the at |east one
fl ow tabéloidt he pai meafufkew t ubes; atransmtter for transmtting
and outputting a desired frequency signal based on the frequency neasured
by the frequeheysigaslrerenesaning; apparatus comprising:

A/D converters for converting analog signals, which are output
from the pair of vibration detection sensors, to digital signals,
respectively;

a frequency measurement unit for measuring a vibration
frequency 6 of the at least one flow tube or the pair of flow tubes;

a transmitter for generating a frequency signal having a
frequency thereofsetto6(1-1/N) of afrequencyofadigital frequency
signal output from the frequency measurement unit; and

apairoforthogonal frequencyconverters forconverting, based
on the frequency signal generated by the transmitter, frequencies
of two of the digital signals corresponding to the pair of vibration
detection sensors, which are output from the A/D converters,

respectively, and generating digital signals having frequencies

thereof set to 1/N of frequencies of the two of the digital signals,
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a first frequency conversion section for shifting in frequency, to a
constant frequency signal, an input signal frequency obtained by converting
a signal of one velocity sensor of a pair of the vibration detection
sensors into a digital signal by a first AID converter and output fromthe
first AID converter, based on an output frequency output fromthe
transmtter to nove the input signal frequency to another frequency band;
a second frequency conversion section for shifting in frequency, to a
const apéspeequency,signal, an input signal frequency obtained by converting
a signal of another velocity sensor of the pair of the vibration
detection senserspbiynire ghdkgi daf ret gnad iByoatsesend ALDiagmes teiaad
output fromthe second A/D converter, based on the output frequency output
fromthe aaees@%ﬁée&té@ ktgp\teet Eglkn@ﬂtoﬁﬁmnil’ EQUeNBA 0 cangthelrs .
frequency band ase difference neasurenent section for
measuring the phase dlfference between a first frequency signal, which is
obtai ned as the constant frequency signal through the shifting by and

out put frontﬁ@ 'rst frequency conversion section, and a second frequency
signal, whic btained as the constant frequency signal through the
shlftlng by and. out ut_fraom.the secon vensi.gn,

wher eby t he %has %%%ﬁ%@jﬁ%?%gen tHe $?$§?£¥?§§Se2é§l§ighgﬁ¥(%glch is
obt ai ned as .t he constant f.req g naI hrou h§ Shlftln X_ q
outputhPSngF S?l?%tthﬁﬂﬁy n 5 SFSH $88F o%ro ha't het secc?n(?na
frequency signal, which is obtalned as .t he 3onstant f.requency si naI

t hr ougHrPﬁ%S§F1Pf3t PRGBS “4fd *6Gt fut oFrom'thé 9&@8&&% rlélqﬁ'i’glrt @3 3

section, is obtained. [Effect of the Invention]

measur eRerftl PLiBeP® P It €59 of 17 ERBRAREChAS l@g&p@@g %aﬁeesue@ne&tanm e,
there are a curved tube and a straight tube. There is a type driven in any
of var £609 Hoed S| atteEage Y PRV Lot St 8 SERoNdaF | ontRle Ctas t& hode

for driving the nmeasurenent tube. [0051]
by a driving device to vibrate the at least one flow tube or the

pair of flow tubes, and at least one of a phase difference and a
vibration frequency proportional to a Coriolis force acting on the
at least one flow tube or the pair of flow tubes is detected by
velocity sensors or acceleration sensors which are vibration
detection sensors, to thereby obtain at least one of a mass flow
rate and a density of a fluid to be measured,

the signal processing apparatus comprising:

a frequency measurement unit for measuring a frequency of the
at least one flow tube or the pair of flow tubes;

a transmitter for outputting and transmitting a desired
frequency signal based on the frequency measured by the frequency
measurement unit;

frequency conversion sections for performing frequency

conversion by conducting one of addition and subtraction between
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As is well known, the driving frequency band obtained fromthe neasurenent
tube is several ten Hz to several kHz. For exanple, when the neasurenent
tube using a U-shaped tube is vibrated in the primary node, the frequency
is approximately 100 Hz. \Wen the neasurenent tube having a straight shape
is vibrated in the primary node, approximately 500 Hz to 1,000 Hz is
realized. However, it is very difficult to performthe phase
measurenent of the Coriolis flowreter by al ways the same processing over

t he freguengutbédndqoknsevef dhet enatlzmi ot severdakekpbecinva sipgl eibhawset er
converter. Therefore, it is necessary to separately design several types.
[ 0052] having tAecor digwgtd oriche fstgaabhpsoceisst dugemet odi ithat hebpaes ent

i nvention, the essential problens as described above nmay be renoved by
advant agequsns gnalpPriocessl fe baserb:Oib ams irdebbl décatd @ aheard thascEven
in the case of the change in tenperature of the fluid to be neasured, the

m Xi ngoRE A &w U @3, tae pherréepid shange sof yhhenf vt did:bedeasuned from
the gas to the liquid, the stable neasurenent may be al ways performed with

consta (,Sl e,ph - i L.gh il i perfarance
et B TR BLRE RS FETRII CR B F FOEhes gl

Accordhgg?gg Eggs§ggga%r$hg%§?§:gg%gggargkgs in the present invention, even

when t enperature o é neasured changes, even when air

bubbl es are '¥Fd into.the fluid to be neasured or even.mhenhth fluid to
ag %&edl ferenc?n@asurementsec loﬂfarntasurl T %g ase
be neasured rapi dly changes ' froma gas to a I1quid, € stabl e asurenent

may be  al s perforned with constant. precision, and the phase asur ement
W h rRohtRYERBE R HError e iy BROPEL; SEF SRR BCnarE CoTBaaT
processi ng anount b [005%% , According to %thrioIis_romn%;er in the
pr esenPeTROERt PONENBYVBRCRHERERE™ ERPEPACUr ¥P3F 1t RE Sf PHIEG 6 Ipé "FeaSH ed
changes, even when air bubbles are mxed into the fluid to be neasured, or
even WhBR fRERIPPOFY FenBer fea8ubP¥d th&ptdPIUERENgES TV EEHIA g &S Ctd C&S)+i qui d,

t he stabl e neasurenent nmay be al ways perforned with constant precision, and
t he phase neasurenent with high filtering performance nmay be realized with

a smal | conpuggng processi ng anount. [Brief Description of the Draw ngs]
[(0040]

A signal processing apparatus described in claim 5, which is
provided so as to solve the above-mentioned problems, is a signal
processing apparatus for a Coriolis flowmeter in which at least
one flowtubeorapairof flowtubeswhichis included in ameasurement
flow tube is alternately driven by causing a vibrator to be actuated
by a driving device to vibrate the at least one flow tube or the
pair of flow tubes, and at least one of a phase difference and a
vibration frequency proportional to a Coriolis force acting on the
at least one flow tube or the pair of flow tubes is detected by
velocity sensors or acceleration sensors which are vibration
detection sensors, to thereby obtain at least one of a mass flow
rate and a density of a fluid to be measured,

the signal processing apparatus comprising:
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[ 0055] [FIG 1] A block diagramillustrating a principle of a signal
processi ng nmet hod and apparatus according to the present invention.

[FIG 2] Adiagramillustrating a frequency waveformof a Coriolis

fl ommeter of which a driving frequency is 100 Hz and a frequency waveform
of a Coriolis flowreter of which a driving frequency is 1,000 Hz in the
signal processing apparatus illustrated in FIG 1. [FIG 3] A
diagramillustrating a frequency waveformin a case where the driving
frequency of atiheCoriol neatLovnenherunft Wirched her tdng\w Agefinequencly the 100
Hz is divided. [FIG 4] A diagramillustrating a frequency waveformin a
case wheneaktheodeiving tupguercynhef phhe ©grirobivsthibewneter of which the
driving frequency is 100 Hz is shifted. [FIG 5] A specific
structural djagramsiliustr aﬁdﬂﬂgo&bguﬁtgﬂg aPHOGESS] 3¢ aPRay ah Usiekl kust rat ed
in FIG 1. [FIG 6] Adiagramillustrating a detection signal of a

V'bratE?Qqﬁ@h@?'éy?ﬂﬁﬁfgbéédgﬁﬁ%%%t§9e88e§c§Q£éa§ﬁ9§dQ%z%EQSQE%GEQBEPEPGS

and output froma fowpass filter illustrated in 7]
A di ag&@%h%fﬁéh‘&ahh% a signal obtained as a digital signal by sarrpl i ng,
at arbitrary constant intervals, the signal illustrated in FIG 6, which is
out put from an..Al onverter |IIustr

Adi agramil| usr}t rat% ﬁge%u Tansm'ssi o réej%%gln(%%&rg%a]ff? erg(lnrfg g[%’f% gleng}"om a
transn]tteér%&'%Straé dd gtF:éioég of addition and subtraction between

an output frequency output from the transmitter and an input signal
frequency obtained by converting a signal of one sensor of a pair
of the vibration detection sensors into a digital signal by a first
A/D converter, to thereby always obtain a constant frequency value;

a second frequency conversion section forperforming frequency
conversion by conducting one of addition and subtraction between
the output frequency output from the transmitter and an input signal
frequency obtained by converting a signal output from another sensor
of the pair of the vibration detection sensors to a digital signal
by a second A/D converter, to thereby always obtain a constant
frequency value; and

a phase difference measurement section formeasuring the phase
difference between a first frequency signal, which is obtained
through the frequency conversion by and output from the first
frequency conversion section, and a second frequency signal, which
is obtained through the frequency conversion by and output from

the second freguency conversion section.
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[FIG 9] Adiagramillustrating a 90-degree shift signal of an output
signal (cos0) which is output fromthe AID converter and generated in an

i nner portion of a quadrature nodulator illustrated in FIG 5.

[FIG 10] A diagramillustrating a 90-degree shift signal of an out put
signal (cosOXn) which is output fromthe transmtter and generated in the
i nner portion of the quadrature nodulator illustrated in FIG 5.

[FIG 11] A diagramillustrating a signal obtained by quadrature frequency
conversi on byoohe] quadrature nodul ator illustrated in FIG 5. [FIGS. 12]
Diagrams illustratingtimngcharts for the specific structure of the signal
processi ng appag@atalsid IfllustneatteddeBcFiBed5in claim 6, i &5.1 <18} oltdagrans
illustrating timngcharts for the specific structure of the signal

processbngs appasatdisHd husteahedti BnEbprdolems, is a dilJfa1l $4bclBsing
operational flow chart for the specific structure of the signal processing

appara&H?ak5£H§tf@%%pCb@lgh§% §lowmeter'1n[dﬂf%h.%@]l@a@fq§$éQH§ﬁU%Gbe

illustrating a frequency neasurenent unit illustrated in FIG

[FIG 16], Q%QHQCdeHIS&a%bEEU%E@H ng a,priAckpkg of mea%gealen@r @gegsSi ng

appar at us cording to the present invention in Enmbodi nment

[FIG17]4 %Ogﬁtghggggﬁ& %ikﬁ!%é%k”gﬁgsﬁgg%f LG pSLEUGE %ebgf abRGagkgnal

processi ng appara rate

by a driving device to vibrate the at least one flow tube or the
pair of flow tubes, and at least one of a phase difference and a
vibration frequency proportional to a Coriolis force acting on the
at least one flow tube or the pair of flow tubes is detected by
a pair of velocity sensors or a pair of acceleration sensors which
are vibration detection sensors, to thereby obtain at least one
of a mass flow rate and a density of a fluid to be measured,
the signal processing apparatus comprising:

a frequency measurement unit for measuring a frequency of the
at least one flow tube or the pair of flow tubes;

a transmitter for outputting and transmitting a desired
frequency signal based on the frequency measured by the frequency
measurement unit;

afirst frequencyconversionsectionforshiftinginfrequency,
to a constant frequency signal, an input signal frequency obtained
byconvertingasignal of onevelocitysensorofapairof thevibration
detection sensors into a digital signal by a first A/D converter
and output fromthe first A/D converter, based on an output frequency

output from the transmitter to move the input signal frequency to
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[FIG 18] A block diagramillustrating a specific structure of the signal
processi ng apparatus illustrated in FIG 17 using a feed-forward control
met hod. [FIG19] A diagramillustrating an output signal from an
LET illustrated in FIG 18. [FIG 20] A diagramillustrating an
out put signal froman A/D converter illustrated in FIG 18.

[FIG 21] A diagramillustrating an output signal froma transmtter
illustrated in FIG 18. [FIG 22] A diagramillustrating an out put
si gnal anotlaerufteghercyobandtr equency conversion section illustrated in
FI G 18. [FIG 23] A diagramillustrating an output signal fromthe
frequency coB¥ebsHETSREINGIEhVaiss i@t edctNohlfGridhifting in FFEGSen24]
Diagranms illustrating tine charts for the specific structure of the signal

processi ng capRakakUsrbhhustyal 8ghd 1, BlGind8t signal frlfae?R]y ABtapaeati onal
flow chart for the specific structure of the signal processing apparatus

il|UStﬁﬁlfgn@@rgiﬁﬁ1§-signal oft Rt bl pck SIHHEIN @lf the pair of

diagram | lustrati ngthe frequency conversion section of the signal

D oesehOR SRR USSR TLGAS, usiau (BR T A RLagkyy

SignalApﬁogggééPQegpg%ﬁq%&%b&%lf%%ﬁégﬁgjéé&gﬂéiﬁy% converter, based on
the output frequency output from the transmitter to move the input
signal frequency to another frequency band; and

a phase difference measurement section for measuring the phase
difference between a first frequency signal, which is obtained as
the constant frequency signal through the shifting by and output
from the first frequency conversion section, and a second frequency
signal, which is obtained as the constant frequency signal through
the shifting by and output from the second frequency conversion
section.

[0048]

A Coriolis flowmeter described in claim 7, which is provided
so as to solve the above-mentioned problems, is a Coriolis flowmeter
in which at least one flow tube or a pair of flow tubes which is
included in a measurement flow tube is alternately driven by causing
a vibrator to be actuated by a driving device to vibrate the at
least one flow tube or the pair of flow tubes, and at least one
of a phase difference and a vibration frequency proportional to

a Coriolis force acting on the at least one flow tube or the pair

of flow tubes is detected by vibration detection sensors, to thereby
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[FIG 28] A structural diagramillustrating a general Coriolis flowreter to

whi ch the present invention is applied. [FIG 29] A bl ock structural
diagramillustrating a Coriolis floweter converter of the Coriolis
flowmeter illustrated in FIG. 28 . [ FI G 30] A bl ock di agram
illustrating a phase neasurenent method using Fourier transformfor the
Coriolis floweter converter illustrated in FIG 29. [ FI G 31] A bl ock
diagramillustrating a phase nmeasurenent nethod using notch filters for the

Cori ol bethliawaet eeaconveet ef alhassrated tacdFlBR% density [FH @ 32Juid bl ock
diagramillustrating a phase neasurenent nethod using band-pass filters for
t he CoebobksmEbewsrener converter illustrated in FIG 29. [Mdes for
Carrying out the Invention] [0056] It is an object of the present

invention toche abbeidp;al waysymRerd.or mopRasurerent W idhLonghant spriee sion,
to realize phase neasurenent with high filteringperformance, and to be able

to redgggaga@ggpgghggigﬁggessing anount to an extrenely small anount. Even
when a tenperature of a fl'uid to be nmeasured changes, even when air bubbl es

a {eimerature of ‘ nges, even uh
measur od rapt APy RARGEE T Fomes Bad Ta 1 et 8. oFhe ab| Bet’ ey BaDT

realIZ%%bmh?%Bﬁ%!g§Qhu;Li&9% gkn detection sensors, to digital signals,

respectively;

a frequency measurement unit for measuring a vibration
frequency © of the at least one flow tube or the pair of flow tubes;

a transmitter for generating a frequency signal having a
frequencythereof setto6(1-1/N) of afrequencyofadigital frequency
signal output from the frequency measurement unit; and

apairoforthogonal frequencyconverters for converting, based
on the frequency signal generated by the transmitter, frequencies
of two of the digital signals corresponding to the pair of the
vibrationdetection sensors, whichare output fromtheA/Dconverters,
respectively, and generating digital signals having frequencies
thereof set to 1/N of frequencies of the two of the digital signals,
respectively,

whereby the phase difference is obtained by using the digital
signals generated by the pair of orthogonal frequency converters.

[0049]

A Coriolis flowmeter described in claim 8, which is provided
so as to solve the above-mentioned problems, is a Coriolis flowmeter

in which at least one flow tube or a pair of flow tubes which is
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Herei nafter, Enbodinment 1 of a node for carrying out the present invention

is described with reference to FIGS. 1 and 13. FIG 1 illustrates
a principle of a signal processing nmethod and apparatus according to the
present invention. FIG 2 illustrates a frequency waveformof a Coriolis

fl ommeter of which a driving frequency is 100 Hz and a frequency waveform
of a Coriolis flowreter of which a driving frequency is 1,000 Hz. FIG 3
illustrates a frequency waveformin a case where the driving frequency of
t he Corinoludgedliowmetearsoframeincht hewdnibd ng dlrtequericyl vi Sri0onkMzy csudingded.
FIG 4 illustrates a frequency waveformin a case where the driving
frequeacyilpfatbe Corbel asthibhowneber aofiriminl tiheidei vongibregaenny ks 100
Hz is shifted. FIG 5 is a specific structural diagramillustrating the

si gnal 1 pseecesstnglappatiabusri thuspratredri B16WGoubds, Fhfed 8ti seasdi ageam
illustrating a detection signal of a vibration velocity which is generated

on a I@ftaS'Hgs@fdﬂ?@éyéﬁa@nanaugeﬁi@BQtQBBpgge&ﬁeﬂtgtbg@@e@§§oﬁhhteb
0

illustrated in FIG 5 FIG 7 illustrates a signal ained as a digital
si gnal , by, SAMP! 4 Ny r & RIBIdS Y GRNSLaNLaLDLELY A oy B SIGN@h e J[Dg%t rated
in FIG 6, which i1s output froman A/'D converter illustrated in FIG 5.

FIG 8 kld : | S8 fr j I a
fransnd§EabV T Tt £ o 69 o B e e T PR e B e i,

si gnal  f -an, output §.analy(eosQ), Wi Ls oubRule framdhe Al Diconxert er
and ge%e%% ed § n 'an 9 nner Sbrcioﬁ of “a quadr ature modulator 1 Austrated in
FIG 5. FI 10 illustrates a 90-degree .shift. signal. of an output si.gnal
(oSO RE ch T DULHIL 340 Ao 3 PGt F &hd Ljerers: B8 THOEHE S anor
portion of the quadrature dulator illustrated in FI.G 5 FIG 11,
illustrates Bh%iéﬁﬁpigﬂfhi%gﬁwﬁft&ﬁadFaPHFéstgqu%néV' eP§P6A°ByPhe

quadrature nodulator illustrated in FIG 5. FIGS. 12 are di agrans

i1l ustPRPRRGLEFNFAYPERAFRY for the specific structure of the signal
processing apparatus illustrated in FIG 5. FIGS. 13 are diagrans

i |l ustrating2thifgreanes spsenehé WpkeifPirceR PuEt g @ FegRBnSY ghalthe
processing apparatus illustrated in FIG 5. [0058] FIG 1 is a diagram

i | lustaatiagsthenpr fhevprebef orhehsi gaak pfo&ésyi hgomerhod and appar at us
according to the present invention. In FIG 1, when neasurenent tubes 2 and
3 are vi bratedtbpnamvitbeat oroi6, tvahsal t bhnyekodi tdwewenerat ed desithd
measurenment tubes 2 and 3 are detected by a vibration velocity sensor 80.
The defeetiednuiybsagnah heedaticti edeaf eeqoapuly edeasdr pd doe S$ed flrgqaevichr at i on
vel oci tysi gnal conputi ngdevi ce90. The vibration velocity sensor 80
correspeadsrtnehbeuhett velocity sensor 7 and the right velocity sensor 8
of FI G 28.

afirst frequencyconversionsectionforshiftinginfrequency,
to a constant frequency signal, an input signal frequency obtained
by convertingasignal of onevelocitysensorofapairof thevibration
detection sensors into a digital signal by a first A/D converter
and output from the first A/D converter, based on an output frequency
output from the transmitter to move the input signal frequency to
another frequency band;

a second frequencyconversionsection forshiftingin frequency,

to a constant frequency signal, an input signal frequency obtained

by converting a signal of another velocity sensor of the pair of
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[ 0059] The vibration velocity signal conputing device 90 includes a
quadrature nodul ator 92, a transmtter 94, and a phase neasurenent unit 96.
The quadrat ure nodul ator 92 perforns quadrature nodul ation on the vibration
vel ocities which are generated in the neasurenent tubes 2 and 3 and
detected by the vibration velocity sensor 80 when the neasurenent tubes 2
and 3 are vibrated by the vibrator 6. A signal fromthe transmtter 94 is

i nput to the quadrature nodul ator 92. Then, signals obtained by
guadr at heev ipdat advh ode thyc t hen uadrat urientnodubatora92s ageai Nputa tsecomel phase
measur enent section 96 provided in a subsequent stage of the quadrature
modul ahgp 93nvEheephase orasut efEnh Siectd o6 par farms A/dD) Caeysicon on
the velocity signals fromthe vibration velocity sensor 80, to thereby
per f or phdi @it @ht CONURISION RILRLESEBE, t RAOG Ahehiakiad RS AopPbase: dirfder ence
t her ebet ween. [ 0060] According to the signal processing nethod and

appar atygnhh! strakadyl RoFhGorhert &%eiq%%fcysib%@l,- l;$,subj ected to 1/N
guadr at ure requency conversion and t'he phase neasurenent is perforned

f
after the fr%%thir]%?dz‘??g%(gé%%&%1ea%%qe%%%%es@@ti&?gbrfﬂe@%{ﬁﬁ% PﬁQ%Ha%eAS

reduced to 1 sta ase nmeasurenment nmay be pertorne

descr | hed cabaye. ASPOLdlng £.4ne Arasnt, Lven! ofy, Lhe, Phase, and, vel ocity

si gnal |npu5 romthe sensor i's” conv nto the ary
nunber)  frequency, by frequency.conversion and th ase difference after
Conver SPonCP S RatS oy EaT HEY oF bYREL L HEETIFE of Mhatl Ho L Bhrrd DaTera L
al ways _used to ,eali%e t he gresent inyentiogn Even en the E{qufn%y of
the phig8Tand Feirddi tyeINGRaY TX EHahgl S6Y éOBha%b%ai B dendifty Biency
tenperature_of the fluid tqQ be neasured, the flow rate may be neasured
wi t houB1dPAdst WAL FRCS RETEAPET ai'dif SIS THIn L 6RALEREN §HIR T hteriraah
[ 0061] ~ For exanmple, in the Coriolis flowreter of which the driving
frequefitg 8&1fG61Az Pys andl gstpated HoM HING SECAKer BRI FFERIEREPR band
is set to a range of 95 Hz to 105 Hz, it is likely to shift the driving
frequeregtoorsi de the filter frequencybandby the change in density or
tenperature. Therefore, filter tables for frequency bands around the filter
frequency bahéreborthexampsediaf eabheetort weararyef of sB5 rEguEen c¥5 Hnaand a
table for a range of 105 Hz to 115 Hz are required. Wen the filter
frequentychanc ichtwidenedys thiee noobetant tabhesncy seduoedd.thdonerershe
measur enment wavef or nhecones a noi sy phase and vel ocity signal, and hence
nMeasur et ipelsy sincnou 8pst ghidn cant t yr slegradedncy conversion section,
and the second frequency signal, which is obtained as the constant
frequency signal through the shifting by and output from the second
frequency conversion section, is obtained.
[Effect of the Invention]
[0050]
The measurement tube of the Coriolis flowmeter has various
shapes. For example, there are a curved tube and a straight tube.
There is a type driven in any of various modes including a primary
mode and a secondary mode, as a mode for driving the measurement

tube.

[0051]
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When a phase and velocity signal of the Coriolis flowreter of which the
driving frequency is 1,000 Hz is to be neasured, it is necessary to change
a sanpling rate and a filter table, and hence the cal cul ati on precision or

the conputing interval changes. [0062] In the Coriolis flowreter of
which the driving frequency is 100 Hz in signal processing according to the
present invention, as illustrated in FIG 3, for exanple, when a value of N

is set to 4 in a case where a frequency of a phase and velocity signal

i nput from the sensoarl ilsnd@0, HAe the fimeguiercydarss v braver ted aiineg 004 Hz,
that is, 25 Hz. After the frequency conversion, the phase and velocity

si gnal the fdddaretrandubbeirs phaseatat €uliat t orsave pdr kbr nmedior examplel, na
case where the used filter band is a band of approximately 20 Hz to 30 Hz,
even whesntde: didadni@ridrequeneyuks snghangedhdped hebehasgei b e densid y her
tenperature, the sane filter table may be always used outside a band of 80

Hz to d20hkz, Fheeef ehe theuBasureirent, igyiheral yaysomade aynhshabhe
calculatlon preci sion and conputlng i nterval . Further, in the

Cori 0'&1? | PuRELer: e W%kr%?lgtg%tqra' ‘aqH’cgsBEaﬁgufé‘%HxSatjeoOQQ ﬂ'f'?e phen he

val ue o N Is set to 40, the flow rate may be neasured based on conpletely

Lhe sl | Lok Banl B, knst oot Lok Bofl auraLet cgh vhieh, (e driving

frequency fs urther, in the present |nvent|on
illustrated n FIG 4 h rf i n the
phase and ve BT ?r Ji:l%V% V%dgglgulpﬁhd%£n¥g?? é$éy S %P%g%% g |nput

f di vi ded t h the o fl
1 st o B OB T, S HpUi oY Feglshey % TP R A S hgut

bei ng divi ded, and ce there is a feature t the flow
oal o STRHISR RO Bec Bl FPrel fig e ferl bz 1ol S 6 1 & T TR

converter. Therefore, it is necessary to separately design several

eter

types.

[0052]

According to the signal processing method in the present
invention, the essential problems as described above may be removed
by advantageous signal processing based on an identification
algorithm. Even in the case of the change in temperature of the
fluid to be measured, the mixing of air bubbles, or the rapid change
of the fluid to be measured from the gas to the liquid, the stable
measurement may be always performed with constant precision. The
phase measurement with high filtering performance is advantageous,
and hence high performance may be provided.

[0053]

According to the signal processing apparatus in the present
invention, even when the temperature of the fluid to be measured

changes, evenwhen air bubblesaremixed into the fluid tobemeasured,
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Forexanpl e, when the input signal is subj ected to 1/N frequency division
as in the case of the Coriolis flowreter illustrated in FIG 3, a noise
conponent is also subjected to 1/ N frequency division. Therefore, even when
a filtering band is narrowed, the effect cannot be nmuch expected.

Thus, when the phase and velocity signal is subjected to 1/ N conversion by
frequency shifting as in the case of the Coriolis flowreter illustrated in
FIG 4, the noise conponent is sinultaneously shifted in frequency, but the
filterobamdemayhdre trreduCladid ocdl /e resrach Urent e aperdyl veichecigiewe ot er gpag may

be achi eved as conpared wth before frequency shifting. [0064] FI G
5 il ussratesgiihe, speciddapisd mectidirreneht e sibgnall warec essifngmappat ahus
illustrated in FIG 1. In FIG 5, a left pick-off (LPO 7

(correspeading ped Bitovel0E teSERSE WdadSre&paneciecth haga kFewpassgfilter
30. That is, during vibration using the vibrator 6, when a detection signal

of a vhOrabHAAn¥eha6idy rEout bebaitdes gﬁlﬂ@?icto}‘n:sﬁtgﬂ?Qr&‘@é@i‘iﬂ@aﬁ@ﬁﬁ'&at ed on
the |l eft side of thé neasurenent tubes 2 and s detected by the left

pi ck-of f 7, E@f getection signal of the vibration velocity (outlet-side
vel ocity signha ? IS input to the | ow pass filter 30. The | ow pass

filter 30 i SA&F%@&%%S & c%i%%%‘i%i ?ga *«QE%Q%‘% ac\,ﬁﬁ PSR fii’l'&f%?'&?ognl y a

| ow f requency | ocity Signa et-si City signa romthe

| eft vel ocity signa outl et - si el ity .signal ou t fromthe |eft
vel oot E7EE el 8L AR AP RIS K LI X BRhdo QLU e LRl L

side of the measyrenent tubes 2 and 3.in e.case where the asur enent
Cubes SERe B BTTE qre T tha Ay por e of L1 6T oas Tea ke d R ERERNL
filter 30 is connected. to an A/ D.converter. 31. The AID converter 31
conver YReRHd 9 &ft1deiDBPITLIT Yt Tebaciiet CRIBSTY AR 873 G4t ﬁlﬁﬁﬁ&ih is
the anal og signal output fromthe |Iowpass filter 30 into a digital signal
The | efhevaltadiley BeYHATSTdNE | BEYsiRfe veVBERt Pedifgdaod obt & nednas akfe

digital signal by conversion by the A/D converter 31 is input to a signal
pr ocesBFaglappar angsthopghase measurement withhigh filteringperformance

may be realized with a small computing processing amount.
[Brief Description of the Drawings]

[0055]

[FIG. 1) A block diagram illustrating a principle of a signal
processing method and apparatus according to the present invention.

[FIG. 2] A diagram illustrating a frequency waveform of a
Coriolis flowmeter of which a driving frequency is 100 Hz and a
frequency waveform of a Coriolis flowmeter of which a driving
frequency is 1,000 Hz in the signal processing apparatus illustrated
in FIG. 1.

[FIG. 3] Adiagram illustrating a frequency waveform in a case
where the driving frequency of the Coriolis flowmeter of which the
driving frequency is 100 Hz is divided.

[FIG. 4] Adiagram illustrating a frequency waveform in a case
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[ 0066] On the other hand, a right pick-off (RPO 8 (corresponding to
right velocity sensor 8) is connected to a |lowpass filter 34. That is,
during vibration using the vibrator 6, when a detection signal of a

vi bration velocity (inlet-side velocity signal) which is generated on the
right side of the neasurenent tubes 2 and 3 is detected by the right

pi ck-off 8, the detection signal of the vibration velocity (inlet-side
velocity signal) is input to the |owpass filter 34. The | ow pass
filterwBdréstlee cimicuiny foegexhracsdf ngye Chravgh satioegaeacy f ivhtieh, tbaly a
| ow-frequency right velocity signal (inlet-side velocity signal) fromthe
ri ght yelochyyrskgnahc(i nketosi de vel epifyeaignal) output fromthe right
vel ocity sensor 8 detecting the vibration velocity generated on the right

side of the peagunsgneBbetubes & And Fdindihgrease 1whkene tihe tRasugaaent
tubes 2 and 3 are vibrated by the vibrator 6. [0067] The | ow pass

fi'ter?§écé§s995ngﬁﬁggagasamlftgkggegsr&ﬁrF§é= The A/D converter 35
converts the right velocity signal (inlet-side velocity signal) which is

the analog sigpal gyt putaflamid he:lov pass,biLteletdnno & digitak i gnal

Further, the signal processing apparatus I's connected to the AID

Conver%%£r§§ioluﬁﬂ§%%gﬁlwBﬁ%%Q?gk#%m%¥§%§95H%a%%%tpgiégQﬂﬁ?ééPuggﬁgégture

frequency conversio each of "t t” veloCity Signa I'nl"et-si

vel oci signal,) apd the left vel ocit i.gnal (outlet-side.ve ity signal)
and pe#%g?ﬁsaP eoﬁﬂggé ﬁﬁﬁ@u?exﬁﬁfpﬁf¥e?l?§$rfégéﬁgﬁgﬁ%ggn&grgggh,%éo as to
reduce the input frequency band to 1/ N,and realize stable phase. .
neasurenent.[F6%6§ﬂZ*dla rW%lEﬁBSEFGEéPgﬁ?Séggé'ﬁ?%ﬁﬁﬁﬁ%@ﬁ§a%6§}t?ﬁe
signal fromthe AID converter 31 is connected to. a uadraturg nndula&or

110. TReIBBAdPHt BRBPHOBEY aBbr 2120 CpBFF oFRESIARCqhRAFATAr S/ f FEGuENEY2

conversion on the left velocity signal (outlet-side velocity
illustrated in FIG. 6, which is output from an A/D” converter

illustrated in FIG. 5.

[FIG. 8] Adiagramillustratingatransmission frequencysignal
(6Xn) output from a transmitter illustrated in FIG. 5.

[FIG. 9] A diagram illustrating a 90-degree shift signal of
an output signal (cos8) which is output from the A/D converter and
generated in an inner portion of a quadrature modulator illustrated
in FIG. 5.

[FIG. 10] A diagram 1illustrating a 90-degree shift signal of
an output signal (cos6Xn) which is output from the transmitter and
generated in the inner portion of the quadrature modulator
illustrated in FIG. 5.

[FIG. 111 A diagram illustrating a signal obtained by
gquadrature frequency conversion by the gquadrature modulator
illustrated in FIG. 5.

[FIGS.12] Diagramsillustratingtimingcharts forthespecific
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signal). Further, the signal fromthe AID converter 31 is connected
to a frequency neasurenent unit 120. The frequency neasurenent unit 120
nmeasures a frequency of the left velocity signal (outlet-side velocity
signal) obtained by converting, into a digital signal, by the A/D converter
31, the left velocity signal (outlet-side velocity signal) output fromthe
| eft velocity sensor 7 detecting the vibration velocity generated on the

| eft side of the nmeasurenment tubes 2 and 3 in the case where the

measur epentttivbest 2 tonds idyrarle pridueatseichpypdee atider atldusé.rated in FU6t her,
the signal fromthe A/D converter 35 is connected to a quadrature nodul at or
130 . ghe guadrature nodul ator 130 perforns 1/ N quadrature frequency
conversion on the right velocity signal (inlet-side velocity signal).

[ 0069] [FRcET €QUeNGY MBASUT BBt 2 VEh & €1 RBAS WHed thyr d hené kpaueney:
measurenent unit 120 is output to a transmtter 140. The transmtter 140

tr am”é’c?.uétu%?%% eri ned, f1e s Sigpalohased 0n 1hhe dr-eQueney ric.

measur enent val ue output Tromthe frequency neasurenment unit 120.
The output signal fromthe transmtter 140 is input to the quadrature
nmodul at or 110 and the quadrature nodul ator 130. A carrier frequency

i s obtained u the frequenc sur nt-unit 1 e Lteer
140, and the gégdgg@u&%0§§ u%éfg%ﬂgﬁg?wf%%%Fh%ﬁ¥%%Fe %%%51%%%?%§qke t
vel ocity sjgnal go tlet-side velocity signal) input fro E@ | D converter
55 andott FadOREBUR  PEHGERC) " Rae SPEDA LRdUFFARSCL 08 THdo Sre modul at ed
by the quadrature nmodul ators_ 110. A'if5“|t obtainﬁd bg nodul ation, that is,
one of a sumlBfCor>di% PePEkct stk ent LAELFFefEéntt BIUSF CHEER SERE AUt
signal s based on the addition theoremis used for frequency shifting. The
out put URiEqliéhBy teR L ERe Pr BASHi Pter 140 is controlled such that the
nodul ati on frequegﬁg becomes 1/ N of the input frequency of the input |eft
vel ocity si ghBEG( ot Btelsicdediepsemt iyl kigneaing a pringfphe Cfe Slghsdi t t er
140 is controlled as described above, as in the case of the quadrature
nmodul apopcé$6ingl seppars bies quariretdirey nodul 8her 1BOsehhe fIrerjuerey Gt ai ned
after performng the frequency conversion is controlled to becone 1/ N of
t he i npubofiimgquendy of the right velocity signal (inlet-side velocity
signal) input fromthe A/D converter 35, based on the output frequency
out put from thectaansmpieck IdDagfO70]1lustrating a specific structure
of the signal processing apparatus illustrated in FIG. 16.
[FIG.18] A block diagram illustrating a specific structure
of the signal processing apparatus illustrated in FIG.17 using a
feed-forward control method.
[FIG.19] A diagram illustrating an output signal from an LPF
illustrated in FIG.18.
[FIG.20] A diagram illustrating an output signal from an A/D
converter illustrated in FIG.18.
[FIG.21] A diagram illustrating an output signal from a
transmitter illustrated in FIG.18.
[FIG.22] A diagram illustrating an output signal in a

multiplier of a frequency conversion section illustrated in FIG.18.
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A phase difference neasurenent unit 150 is connected to the quadrature
nodul at or 110 and the quadrature nodul ator 130 . The phase difference
measurenent unit 150 perfornms phase neasurenent based on an out put
frequency signal corresponding to 1/N of the input frequency of the |eft
vel ocity signal (outlet-side velocity signal) which is input fromthe A/D
converter 31 and output fromthe quadrature nodul ator 110 and an out put
frequency signal corresponding to 1/N of the input frequency of the right
velocity sighaiG(2nl eh-sidgruzel otitytsaghaly) anhbohpins snpotlf foomt heeA/ D
converter 35 and output fromthe quadrature nodul ator 130. When such
a struerdgrients espleyedonaseotdongil oukbirsteabodi FEGL 18.t he i nput
frequencies (left velocity signal and right velocity signal) are converted

into | ow fregueagy 2andsa§ihhk af1 tha faequepenesonarktheretaires spheiiFmput
frequency bands (left velocity signal and right velocity signal)

beconel { Napdt hentibgroffiddep  babkesnhs g ficant hycrgduged, rkn. addition,

t he phase neasurenent processing may %e nore effectively performed. [0071]

A of K si . h e h
AD conver or 55 ZThael Rk 18D Qynehr oR! 285 Fhe ol buLe o1 {hE AI'D Gonver t er
31 d the A/D. : i gL i | of th

an 0 gh?yg%§8QYeﬁ%gésggipgggpﬁégggpgpH%?ﬁs%?é;gggahaklét@@@ of the

| eft verlocCi gnal conver 1 and the digital

The quadr at uf B RORG! S0HC B1C ¥ RECF? SHUBHE] Hami St URit LE30- LRy
quadrature nodul ator 130 j%Egezéggﬁg;%%gg?%igﬁgiEﬁgpha e dLEég&ﬁgg%ed

measur eRRETGAPE BB AhP ¢ i the

processi ng_apparatus 100. [0072] Next, a specific computing nethod
of phask %F@f Pence neasur enent conmputation in the signal processing
apparatus 100 illustrated in FIG 5 is descri bed,. When t he

neasur enent {EBEs22] dhBL13Ckr BE VB At el By e Vil bratsptengfe & TEGEHCYs

flowreter 1, the output signals (left velocity signal _
measurement section of the signal processing apparatus illustrated

in FIG.18.

[FIG.28] A structural diagram illustrating a general Coriolis
flowmeter to which the present invention is applied.

[FIG.29] A block structural diagram illustrating a Coriolis
flowmeter converter of the Coriolis flowmeter illustrated in FIG.28.

[FIG.30] A block diagram illustrating a phase measurement
method using Fourier transform for the Coriolis flowmeter converter
illustrated in FIG.Z29.

[FIG.31] A block diagram illustrating a phase measurement
method using notch filters for the Coriolis flowmeter converter
illustrated in FIG.29.

[FIG.32] A block diagram illustrating a phase measurement
method using band-pass filters for the Coriolis flowmeter converter

illustrated in FIG.29.
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and right velocity signal) fromthe vibration velocity sensor 80 (left

pi ck-off 7 and right pick-off 8) provided in the neasurenent tubes 2 and 3
are obtained as input signals of the LPO and the RPO as illustrated in FIG
2. In this case, the input signals of the LPO and the RPO are
defined as follows (4: phase difference between LPO and RPO) . [Expression
1] Right pick-off: sin(0)(1) [Expression 2] Left pick-off: sin(0+6T)(2)

[ 0073] The output signals (left velocity signal LPO and ri ght

vel oci {Mo&egnabrRP&rri/tam bhe twwe Semnsarsofleft pick-off 7 and the right

pi ck-off 8) are converted fromthe analog signals into the digital signals
by the AID cppysekters 31 and 35 through the |owpass filters 30 and 34
provided in the converter of the Coriolis flowreter 1, respectively, and

then transfeffeds @ btheest analc Ry geesshngi 3pPRf b B8 able to aAWays
descri bed above, the signal processing apparatus 100 is divided into four

bl ocks,Lpeludi RQ Lhe Guadr af e 889%4:@5@%)1%@5@% 130, tbe;{reayency

measur BRENt . Uni t 120, the transmtter 140, and the phase difference

measur i l4ukRO from
the le plcgﬂébF%g' ﬁigﬁgﬁgﬁ%ﬁﬁfgg %ﬁg Bﬁé%?%ron1t(gH%?gﬁf§%?g%dgkf 8 is
conput ed%?%t?t; DG T rord e n ﬁ gd A9, ow éa’& eﬁéﬂp éﬁ%f‘ g'n(% l QN he ghrequency

si gnal dency nmeasur enent —uni nperature dat a

deteCtsgegyaatggp ra%%%geo%egs%lu%d ko %e measured changes, even when

air bubbles are mixed into the fluid to be measured, or even when
the fluid to be measured rapidly changes from a gas to a liquid,
the object may be realized.

[Embodiment 1]

[0057]

Hereinafter, Embodiment 1 of amode for carryingout the present
invention is described with reference to FIGS. 1 and 13.

FIG. 1 illustrates a principle of a signal processing method
and apparatus according tothepresent invention. FIG. 21illustrates
a frequency waveform of a Coriolis flowmeter of which a driving
frequency is 100 Hz and a frequency waveform of a Coriolis flowmeter
of which a driving frequency is 1,000 Hz. FIG. 3 illustrates a
frequency waveform in a case where the driving frequency of the
Coriolis flowmeter of whichthedriving frequencyis1l00Hzisdivided.
FIG. 4 illustrates a frequency waveform in a case where the driving
frequency of the Coriolis flowmeter of which the driving frequency
is 100 Hz is shifted. FIG. 5 is a specific structural diagram

illustrating the signal processing apparatus illustrated in FIG.
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The detection signal of the vibration velocity (outlet-side velocity
signal) generated on the left side of the neasurenent tubes 2 and 3, which
is detected by the left pick-off 7, is input to the |lowpass filter 30
illustrated in FIG 5. The |lowpass filter 30 outputs a sine signal (sine)
as illustrated in FIG 6, fromwhich a harnonic noise is renoved to
elimnate the influence of aliasing in A/D conversion. The sine
signal (sine) output fromthe |ow pass filter 30 as illustrated in FIG 6
i s sampl edrf®r 6digh ttalagsiagnal 1 conver Shon diteut absl gasy ctonstiamttinher va
by the A/D converter 31 to obtain a sanpling signal (sine) as illustrated
in Fl GreTocand thepnoutpyentramebhenAbDiesnventier c31lmek80#8hent tubefhe
signal (sine) as illustrated in FIG 7, which is output fromthe | ow pass

filter,3Q andpsanpled forofightal rsignal i converston by the A D eaaventer
31, is input ?o t he quadrature nodul ator 110 and the frequency neasurenent

uni t 1%9192tt_»9%e§!Q@Lgﬁp%&%&%@awy?i%@ 5§ 4st naf edidd) FHG %,
Further, a transmitter output signal output fromthe transmtter 140 i s

al so 'QPB%EEQr hgogg@gﬁ@tﬁﬁﬁqugﬂgatgﬁelé9 nal illu@@?gtggeige%%%te%ent
val ue 0 e out put “signal frequenty outpu? from t he requency neasur enent
section, 120 is input to the ransmtter 140, the transm ssion fr ency
signaIwain)l%fn{ éniFgﬁEhﬁPt%48f: Y%f‘E?éﬁs%ﬁﬁgé‘tggpénd§§$ig%'f§§gﬁency

based gn,the asurenment val ue of the output signal fr enc nd_a_cosi ne
si gnal (&giﬁig%aggsiFIE§?P§PéESFﬁnF éfqgeggyoﬁﬁ U?laﬁe%% Sgﬁguﬁr nSH ssi on
output rate as, the sa Iing i nterval g{ t he in§ué signal in tge Al D

conver Bdrr Mt L LUstratggen FRE - 57 gnditCrs? Ad) UgS FAtESst PAFEG IR EFI G

7, which is obtained as the digital signal by sanmpling by the AID converter
31, isShaptt SteneheCfuadrattiret nptitat ofcasV), Hheht AL ERtalt 1e81 h&F from
the AID converter 31 is subjected to 90-degree shifting in the inner

porti oft/Bf CPREeHtadr ahdr ecpsdaltatoi 180 LangenPratdca Sifgralduecsst) ras
illustrated in FIG 9. Wen the signal (coseXn) as illustrated in FIG 8,
whi ch medodepor fibusthetedahsmiGer5 .1401Gi sl nputustorates quadraegree
nodul at or 110, the input signal (cosOXn) fromthe transmtter 140 is

subj ectedftos dgndegrieenshiutpungsignahe(doatein)porttiiabn 1ef ot heu fuadrmattiee
nodul ator 110 to generate a signal (sinOXn) as illustrated in FIG 10.

In thetgquadmature snduyaterata, igualds atuter fpeguent \o T afeersiagiratsire
performed for nodul ation shifting based on a 0-degree signal and 90-degree
si gnal meHut Beoirnputl usitgRaled simeyId r ofn t het@ DL tonvensera8dsand sa dradegr ee
signal and 90-degree signal of the input signal (cosOXn) fromthe

t ransnmpbigh nd40,b5 0q@sd t £t geaerabtguanthNrgnals i(Si negosBXngesesitheXdn) of
the input signal (sine) fromthe AID converter 31 as Illustrated in FIG
11. Thgodenerated 1ustrated in FIG. 5. FIGS. 12 are diagrams illustrating
timing charts for the specific structure of the signal processing
apparatus illustrated in FIG. 5. FIGS. 13 arediagrams illustrating
timing charts for the specific structure of the signal processing
apparatus illustrated in FIG. 5.
[0058]
FIG. 1 is a diagram illustrating the principle of the signal
processing method and apparatus according to the present invention.

In FIG. 1, when measurement tubes 2 and 3 are vibrated by a

vibrator 6, vibration velocities generated in the measurement tubes
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signal is output fromthe quadrature nodul ator 110 of the signal processing
apparatus 100 illustrated in FIG 5. [0077] The phase difference

bet ween the output signals (left velocity signal and right velocity signal)
fromthe vibration velocity sensor 80 (left pick-off 7 and right pick-off
8) provided in the neasurenent tubes 2 and 3 in the case where the
measurenment tubes 2 and 3 are vibrated by the vibrator 6 of the Coriolis
flowmeter 1 is conputed by the four blocks including the quadrature

nodul at emsl 1 50 catet d30ed tyea tiansmitoreve 1405 t § ke npleasel di ffrer dacected
measurenent unit 150, and the frequency neasurenent unit 120, included in
the signalaprecessipgiappar atrds AR uUddusidatmtbids G bp. a TheBrathen
conput ed phase difference is converted into the flow rate signal based on

the fregusncyy siignall @@ﬁwﬁiﬁ?%vﬁf& bpequencyipRasubaRNlo M sédQoand the

tenperature data detected by the tenperature sensor 9. [0078] Next ,
an opegatd ILonalk I p i it LaiFLG 5
is des%?iéb%g%%%&%e?gr encel%%&??%%gﬁgr fggﬁié%#?s%ggt%}gé :{ﬁldl;}?geggltlaglgr%d

Fl GS. &%nsor g ofFkEStegin the lowpass filter 30 illustrated in FIG 5,
when a harnonic noise is renmoved to elimnate the influence of aliasing in
Al D conversig&o5§ sine signal (sine) as illustrated in FIG 6 is output.
When the sin S|g%al (sine) illustrated in FIG 6 is output, the sine

signal (sine) illustrated in FIG 6 jis input tq .the D converte 1. Then,
the signal iS5 Sahpfed-{or ¢ ?b.ys?kﬁﬂﬁl(ﬁﬁﬂﬁgﬁﬁ9%1égvﬁﬁ$ E&bFPF;PéeS
constant interval by the A/D converter 31 to gbtain a sanpling signa

(Yl=si AGU4E FqYRRTPAreat PR /G tlrz‘r(%mlam*‘c%aﬁplﬁm? POAHETRPE IEBAVEFt er
31. [0079 The sanpling signal (sine) illustrated in FIG 12(A),

whi ch #81 u?éut fromthe AID converter 31, is input to the quadrature

nmodul ator 110 and the frequency neasurenent section 120 of the signal
processi ng appar@iadraoore INedefated 35 muEoms quadrature modulation

on the vibration velocities which are generated in the measurement
tubes 2 and 3 and detected by the vibration velocity sensor 80 when
the measurement tubes 2 and 3 are vibrated by the vibrator 6. A
signal from the transmitter 94 is input to the quadrature modulator
92.

Then, signals obtained by gquadrature modulation by the
quadrature modulator 92 are input to the phase measurement section
96 provided in a subsequent stage of the quadrature modulator 92.
The phase measurement section 96 performs A/D conversion on the
velocity signals from the vibration velocity sensor 80, to thereby
perform digital conversion processing, and then obtains a phase
difference therebetween.

[0060]

According to the signal processing method and apparatus

illustrated in FIG. 1, the input signal is subjected to 1/N quadrature
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The frequency nmeasurenent section 120 of the signal processing apparatus
100 neasures the frequency of the left velocity signal (outlet-side
velocity signal) which is obtained as the digital signal by conversion by
the A/D converter 31. When the left velocity signal (outlet-side
velocity signal) which is obtained as the digital signal by conversion by
the A/D converter 31 is input to the quadrature nodulator 110 of the signa
processi ng apparatus 100 illustrated in FIG 5, the input signal (sine)
from t heedBncgnventers3dniansulljeeptedet nebudegere shidday mgrniad e eimner
portion to generate a signal (cose) as illustrated in FIG 12(B). [0080]

A frequenadrsignaly aeaser edobased hemdehen dngut drsjugmaly leut it recomeche A/ ¢
converter 31 is output fromthe frequency neasurenent section 120 of the

si gnal tpr ogessihAg sappaeabus st0feasurementAniBasir ereforvaldue of the out put
signal frequency output fromthe frequency neasurenent section 120 is input

to the transpisthesci2fed Hieotd ANHHIAEM 20 AW shehhel Ortulors) gnal
frequency is input generates the transm ssion frequency signal (8Xn)

satisfyhnget hgqafoll oM ng explessign SXkth=1LM) sbased Qhidie Qutipit,
signal “frequency, and outputs a cosine signal (Y3-cosexXn) as illustrated in

FIG 12(0)1 a4 E@%é%{{ﬁo&w 'aﬁ'bg@)Oykgaﬁffdggﬁg%ﬁéﬁéﬁg'éo@lgzeifgti%rnva' of

the input signal 1In convertér 3 cosi ne si gnal

(Ya=cosguny, as,J ) st Lated L0 LG 12000 Weh.l s oot Tromie.

transmite 1S i uadr atur e nodul en the dosine

i |  (Y3-c0s0X illustrated iin Fl 12(Q) _is_i t. to th dr.at
Podul aEBF TSt ABVaE W SeRa e r VS bebaes e P i g h R B &) ©
whi ch is in%ut frog1the transni_ter 140, is sub#ected(%o fo-degree shifting
to gendPEEBETEOF neErgAAICY YA SinradP s OF 1P Pat A IhV B €1 12 (D) 90082]

is changed by a change in density or temperature of the fluid to
be measured, the flow rate may be measured without almost affecting
calculation precision or computing interval.

[0061]

For example, in the Coriolis flowmeter of which the driving
frequency is 100 Hz as illustrated in FIG. 2, when a filter frequency
band is set to a range of 95 Hz to 105 Hz, it is likely to shift
the driving frequency outside the filter frequency band by the change
in density or temperature. Therefore, filter tables for frequency
bands around the filter frequency band, for example, a table for
a range of 85 Hz to 95 Hz and a table for a range of 105 Hz to 115
Hz are required. When the filter frequency band is widened, the
number of tables is reduced. However, ameasurementwaveformbecomes
a noisy phase and velocity signal, and hence measurement precision
is significantly degraded.

When a phase and velocity signal of the Coriolis flowmeter
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In the quadrature nodul ator 110, quadrature frequency conversion is
performed for nodul ation shifting based on the 0-degree signal and
90- degree signal of the input signal (sine) fromthe A/D converter 31 and
t he 0-degree signal and 90-degree signal of the input signal (cosOXn) from
the transmtter 140, so as to generate, as the 1/N-signal
(si necoseXn-cosGsi nexXn) of the input signal (sine)
(15=si necoseXn-cosesi nexn-sin (e/N) ) as illustrated in FIG 13(E) . The
si ne sPgnahi¢lySsd ndcosedt- tosestmexXntsiln (&) Mz )isagd beuserateed,nifl G
13(E) , which is generated by the quadrature nodul ator 110 is output from
t he quadnretagssamdubatioandd @ sémphéngimgitad apdoz esditrg appae atars! héQce
illustrated in FIG Sand input to the phase difference neasurenent unit
150. [OR83talculatibhrpheeisiont be toe pasputihtenndérivhiiusteated.in FI G
5, when a harnonic noise is renoved to elimnate the influence of aliasing
in Al D convergpoen; a sine signal (sin(0+6p)) is output. When t he
sine signal (sin(0+4)) is output fromthe | owpass filter 34, the sine
signal (sin(et53hd dsidpy feuide A BreoRyent @ 30-1 vENRN signals is
sanpled for digital signal conversion at an arbitrary constant interval by
the Albhgopyerter;3sa1 procesihf SQEEB!I:Bgné' QBaLcﬁ,(eSF%%QD}L QULRYL L rom
the AID converter 35 Is su jecteg to 90-degree shifting in tﬁe I nner
portion.o h at ur dul a gener.at [ i gnal
(cos(Ogrﬁ)%.ﬂngg%?ga tH glgﬁegéogg%eéggg gF’(%ﬁo%e?%ﬁ@%&ﬁ ug rated in
FIG 1260, uhich Ls gHLDUtf Eomthe trapsti Lier 120, L8 Lapyt Lo the
guadr atur e mnodul ator 139 “wWhen tHe“C6<i ne §i gnar (9§-cose n s 5 Plast r at ed
in FIG 12(0) is input to the ratur ul ator 130, the cosine signal
(Yatcobahs T TSt Rr 117 AL T G A ey ABuE o6 e LnTo
transn‘iéé(%h 140, is subjected to 90-degree shifti ng@to generate a sine

=

si gnal 1 ﬁzneg(ﬁ?ta]ss'i PUst r ated STt RF G o)y FHpESFsion, the phase

and velocity signal 1is filtered and then phase calculation is
performed.

In a case where the used filter band is a band of approximately
20 Hz to 30 Hz, even when the driving frequency is changed by the
change in density or temperature, the same filter tablemay be always
used outside a band of 80 Hz to 120 Hz. Therefore, the measurement
may be always made at stable calculation precision and computing
interval.

Further, in the Coriolis flowmeter of which the driving
frequency is 1,000 Hz, when the value of N is set to 40, the flow
rate may be measured based on completely the same filter band as
in the Coriolis flowmeter of which the driving frequency is 100
Hz.

[0063]

Further, in the present invention, as illustrated in FIG. 4,
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In the quadrature nodul ator 130, quadrature frequency conversion i s
performed for nodul ation shifting based on the 0-degree signal and

90- degree signal of the input signal (sin(0+4)) fromthe A/D converter 35
and the O-degree signal and 90-degree signal of the input signal (coseXn)
fromthe transmtter 140, so as to generate, as the 1/ N-signal of the input
signal (sine) fromthe A/D converter 35, a sine signa
(Y6=(sin(8+59-0Xn)=sin(0/N+69)) as illustrated in FIG 13(F). The sine

si gnal t { ¥aresion Of bedLOXm)ivg Q1RGP N varssidd uattrlat pdabp dFdarel8¢CkEry whi ch
is generated by the quadrature nodulator 130 is output fromthe quadrature
nodul ag 0§nd 80 raf1 ddes i gaahofroT eseiong nagpan atusndthé lilngstr aredubnckl G 5
and input to the phase difference neasurenent unit 150. [0086] As

deSCfl@@Qh@Q@V@@ub@t@lH@eal nersitgRal-a<¥sg 16e Mhyiasikl Fustmated kB FI G
13(E), which is output fromthe quadrature nodul ator 110, and the sine

si gnal ; iYés&QéQi'\h*@%ieasu'LHétﬁ%ég weg{l&c}%g) £ rwhieRclSsautpEl from

t he quadrature modul at or 130, are ihput to the phase difference nmeasurenent

uni t é??t??ut bein rthﬁq%?a%gmp%% LERGE ABAS UL ufgmﬁmﬁ5gheaf§bgnm

(Y7=6 ustrate i S out put as a ase difference 59 based
From t Fe- Gukaf abar 6 KoBAT At or “ﬁm%ﬁ%%%b Eﬁ%#ﬁéaﬁff@’@“’“ s outeut
di ff It 150 dt h | (Y

1l ustrated. %“é%%%%%a Hen AP G le ?%%Bﬁﬁe@qﬁic AP LSRR 4 or
130 and t toth diff t t 1

Vihen' (R&YCORBOL RRGLT rit Ja1oT 0y neh Fo 20d wi %wp%&'esraaﬁ%ﬁérﬁ i &

descri bed above, the real tinme performance f /a E nmeasur enent na

i mpr ovBAG- 3, @ noipgoTRonSRichs aflSPh%lk&ﬁcfo@rd EPBT At HorIver oe Pty 1Sty a
(sine and sin(0+5p)) is subjected to the same processing for phase
cal cul AbpsAfosnd dwaiceheher E1lseal redtad et SRS ei-REret fth"eFéPBPé

accurate phase cal cul ation may be achi eved. [Enbodi ment 2] [0088]
be much expected.

Thus, when the phase and velocity signal is subjected to 1/N
conversion by frequency shifting as in the case of the Coriolis
flowmeter illustrated in FIG. 4, the noise component 1is
simultaneously shifted in frequency, but the filter band may be
reduced to 1/N, and hence very effective filtering may be achieved
as compared with before frequency shifting.

[0064]

FIG. 5 illustrates the specific structure of the signal
processing apparatus illustrated in FIG. 1.

In FIG. 5, a left pick-off (LPO) 7 (corresponding to left
velocity sensor 7) is connected to a low-pass filter 30. That is,
during vibration using the vibrator 6, when a detection signal of
a vibration velocity (outlet-side velocity signal) which is

generated on the left side of themeasurement tubes 2 and 3 is detected
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Herei nafter, Enbodiment 2 of a node for carrying out the present invention
is described with reference to FIGS. 14 and 15. FIG 14 is an
operational flowchart for the specific structure of the signal processing
apparatus illustrated in FIG 5 and FIG 15 is a block diagramlllustrating
the frequency measurenent unit of the signal processing apparatus
illustrated in FIG 5. [0089] FIG 14 is the flow chart illustrating
guadrature frequency nodul ati on and phase neasurenent in phase difference
measurlepehte cofpptaki-on£of, the deitkrcationns Melalc bty hsl givata computilngidevi ce
90 illustrated in FIG 1, which is used for the signal processing

appar atust 180-sh HusteBdbetc y s a1 )5.is input ta Bh& 1dwhpdds Stidp <2060 .
parameters of the vibration velocity signal computing device 90 illustrated

in FIG 1 arenénidi-abdzedi Wen stohespar@neters ofr the nddirialg, onhreloei ty
signal computing device 90 are initialized in Step 200, in Step 210, the

phase and veh@eicly signal s &5 0m Lhe Jng sepsels, (1&fd péﬁgc%{, E/i%&@l” ght
y e

pi ck-off 8) ‘are Sanpled at arbitrary sanpling intervals b

conver tgp 31 agdyLhe & R copven %125 Epofenelat e.acsi-ng yavef osmand a

cosi ne waveform respectively, based on the sanpled data. [0090]

Wien th hne f . i re t ed. i 10,
St e a0 CE RE By o1 g Ts e S e A b BB ency
measur nt upit 120 and an N-value is_ determ ned. bas on the measured
frequencyo =t he G A e s Tl P PR D e o 230,
the measured frequency. is divyide y.a t target frequency division value
"Nt oChE BFAFHESHORE stHBREy Zaftr Tl BEuPa Py HhEERey EolFar LI ERERe

When t he freguency after quadrature frequency conversion is determned in
Step 288PePn<seBY 346ravViPratret BYehtE IiGRAIEKalef orm and a cosine
reference signal waveform are generated by the reference signal transmtter
140 and the gggéPéture frequency conversion is performed by the quadrature
nodul ators 110 and 130 based on the reference waveforns. As a result, each

frequency- ndbal heedPasgnallies 3 val genaggakct 013N AfD tdeavaipiar 31.

frequency.
The A/D converter 31 converts the left velocity signal (outlet-side

velocity signal) which is the analog signal output from the low-pass
filter 30 into a digital signal. The left wvelocity signal
(outlet-side velocity signal) obtained as the digital signal by
conversion by the A/D converter 31 is input to a signal processing
apparatus 100.

[0066]

On the other hand, a right pick-off (RPO) 8 (corresponding
to right velocity sensor 8) is connected to a low-pass filter 34.
That is, during vibration using the vibrator 6, when a detection
signal of a vibration velocity (inlet-side velocity signal) which
is generated on the right side of the measurement tubes 2 and 3
is detected by the right pick-off 8, the detection signal of the

vibration velocity (inlet-side velocity signal) is input to the
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[ 0091] When the guadrature frequency conversion is perforned in Step
240, in Step 250, the quadrature nodul ators 110 and 130 send, to the phase
di fference nmeasurenent unit 150, the sine signal and the cosine signal

whi ch are generated as the sine waveform and the cosine waveform each
having a frequency equal to 1/ N of the input frequency by quadrature
frequency conversion, based on the reference waveforns, on the signals
obt ai ned by sanpling the phase and velocity signals at the arbitrary

sanpl i hgwiphesval stby Bhe A/c converter 31 and the A/ D converter 35.

When the sine signal and the cosine signal are sent to the phase difference
measur ement Tiétl dphdds StiEp 2504 B Stepr2bl; fAdre ephase tdinkf, ereroagh
measurenent unit 150 cal cul ates the phase difference based on the sine

si gnal ; apdethenegsicne teirgnan MhiLh @i -er tdheu phag er agie veboett yyskg8aks
haV|ng the 1/ N frequency which are obtained by the frequency nodul ati on and

out put ({5 0m L hegguadg, Lure %E%ﬁﬁ@ncyfﬁ&ﬁu&§k9r§léﬂ9 aﬂgx%g_nggﬁgﬁaﬁse and

veIOC|ty si gnal s obt ai ned by t he frequency conversSion is used for phase

measur ﬁgl‘?fét H‘_)Qg?\] dl( USI% %Clx %%#E%t&'@ f:lL%ké‘tl:( Velddléf'ké nsor

enbodi a net ho e prlnc hase ed loop "(PLL) is used

for the éfe%enﬁ%ﬂﬁ;ﬁ%%%n& YAt LheBhb L AN R ROMh: SLifubl 0

whi ch a equa requ to an i npu nating current

si gnal nd | ocked in c ghg hergmgt outgu% f Qm_an the%a%%%I| ator by
f eedbak c%ﬁ?FBFemen Thefef'd %He 7§ °f URdarent al Iy 25 "pRASEST ock

circuit and duce a, nal. | ocked in th an |nput S|gnal.

The PhFPRE gﬁgagc'lﬁﬁFigﬁ%EgF€3|Lny ef@éﬁ%&% cgktrolling an oscillator
in aloop for oscillation so that a phase difference between a reference
si gnal input (PP an outside and an output fromthe oscillator in the Ioop
is constant. Therefore, the PLL may be relatively eaS|H% constructed using

a conput i ng BBei tevapRIS frelyl Het ¥ Grimiki §RNSEEERICbAPIR dtiloFonverter

The A/D converter 35 converts the right velocity signal (inlet-side
velocity signal) which is the analog signal output from the low-pass
filter 34 into a digital signal.

Further, the signal processing apparatus 100 is connected to
the A/D converter 35. The signal processing apparatus 100 performs
1/N guadrature frequency conversion on each of the right velocity
signal (inlet-side velocity signal) and the left velocity signal
(outlet-side velocity signal) and performs the phase measurement
after the frequency conversion, so as to reduce the input frequency
band to 1/N and realize stable phase measurement.

[0068]

In the signal processing apparatus 100, the signal from the
A/D converter 31 is connected to a quadrature modulator 110. The
quadrature modulator 110 performs 1/N quadrature frequency

conversion on the left velocity signal (outlet-side velocity
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[ 0093] The frequency nmeasurenent unit 120 has the structure as
illustrated in FIG 15. That is, the AID converter 31 is connected
to amultiplier 121. An output fromthe A/D converter 31 is a left velocity
signal (outlet-side velocity signal) sine obtained in a case where a
detection signal of a vibration velocity (outlet-side velocity signal)
havi ng a phase difference and/or a vibration frequency proportional to a
Coriolis force, which is generated on the left side of the pair of

measur emgntliubes 2 and 3 when the neasurenent tubes 2 and 3 are
alternately driven by the vibrator 6, is detected by the left pick-off 7,

i nput to therliownpassthél $gn30 fiorexiHact/ Oohvadtew fBriequencynketed
velocity signal (outlet-side velocity signal), and converted into a digital

si gnal ¢ Eherayphd h ) eh sh2breonpas s 1bhe phase refyuehe yiefd swedeid ¥nitsi gnal
(outlet-side velocity signal) sine which is obtained as the digital signa

by conygpshonsbyet he A copuenirerndll M hydihg phase Lhianoaut et ssugnal
cos6 output fromthe transmtter 123 for frequency neasurenent and out puts

the signabsito LhGaLoy pRssihELl 8y 188vekR0Rd] into aTREEEEANCS ARaQU! PUI

end of t pfrer 1 I'S connécted to t owpass filter 12

| ow pags fckq%pnl%%nﬁ)gﬁt%% i%p]ﬁn'tvhé;;l@ﬁ gggﬁsgwrgggngh f@%lees%gput

si gnal 3utpu romthe mu i er ency filter.

Thus, in.the multiplier 121 th roduct_of the left_ veloci i.gnal

e’ bYSLRETEU B TEbE Bt he RPATEH CPor Yoroft ChUeHLY moagarsrsite a sum
signal and a difference signal of 0 and are generated. However, in _this
Case, bRy P BRLECCONIEHEM =10 BROTHCREA 1T bin PRe BulBar LS Paiar
output fromthe nultiplier 121. kOOQS% The | ow pass filter 122 is
connectBlefo? t e t1 s hilts &2 SE28NFEF Pﬁqﬂ%ﬁEVrﬁ%%EEr%ﬁ%%?.zTﬂ@i?rﬁﬁ?nitter
123 for frequency neasurenent generates phase data 6 based on the

| owf r B§BAE§IsPYnahcott pietProfm-t he | ow pass filter 122.

Further, the signal from the A/D converter 35 is connected
toaquadraturemodulator 130. Thequadraturemodulator 130 performs
1/N quadrature frequency conversion on the right velocity signal
(inlet-side velocity signal).

[0069]

A frequency measurement value measured by the frequency
measurement unit 120 is output toa transmitter 140. The transmitter
140 transmits a predetermined frequency signal basedon the frequency
measurement value output from the frequency measurement unit 120.

The output signal from the transmitter 140 is input to the
guadrature modulator 110 and the quadrature modulator 130.

A carrier frequency 1is obtained through the frequency
measurement unit 120, the transmitter 140, and the quadrature
modulator 110. The input frequency of the left velocity signal

(outlet-side velocity signal) input from the A/D converter 31 and
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The transmtter 123 for frequency neasurenent outputs the output signal
cos6 to the nultiplier 121. In the nultiplier 121, the phase of the input
data (sine) obtained as the digital value by conversion by the A/ID
converter 31 is conpared with the phase of the output signal cos6 and the
di fference signal and the sum signal thereof are output fromthe | ow pass
filter 122. A feedback loop is forned such that output data "V' (frequency
conmputing function V) of only the difference conponent obtained by
filtertng dytddte flrewupasy dutpet A2 héeohesnBmif0096]40 are modhehetihe
structure as described above is described mathematically, as in the
frequepgy hegssdesente ivdull2bid Lust r at ed sl thbiEra 1bed thenbapuat sogpal i s
expressed by sine and the output signal of the transmtter 123 for

frequengyt MBaS WIS ol SuBXPressead e €asee PMerdhe Hovs regvehenas ace
mul tiplied by the nultiplier 121, the followi ng is obtained. [Expression 3]

sin8 cescR thd lng§1§t{ &= B o &d\(o(% +H) a3 on knRWt-wavef gsay shae
Qut put wave formof transnltter for frequency nmeasurenent : cos5 [0097]

Wen tPﬁegﬁé{;bgqgﬁﬁf% e (Tsf{@%utgﬂ&g)fr‘e%ufe'nlctf%%dtmé E?gnls,ﬁMﬁtE@§sltlb| ter

122, a uency c nponent noved by ‘the | owpass filter 12

her of oL e of DBaf 1£4UENCY CAPUL KO0LURCLED,V-OULDUNC(T BELLAES %pfﬁé

filter I'S”expresse pressi on
the input frequency of the input left velocity signal (outlet-side

velocity signal).

When the transmitter 140 is controlled as described above,
as in the case of the quadraturemodulator 110, also in the quadrature
modulator 130, the frequency obtained after performing the frequency
conversion is controlled to become 1/N of the input frequency of
the right velocity signal (inlet-side velocity signal) input from
the A/D converter 35, based on the output frequency output from
the transmitter 140.

[0070]

A phase difference measurement unit 150 is connected to the
quadraturemodulator 110 and the quadraturemodulator 130. Thephase
difference measurement unit 150 performs phase measurement based
on an output frequency signal corresponding to 1/N of the input
frequency of the left velocity signal (outlet-side velocity signal)
which is input fromthe A/Dconverter 31 andoutput fromthe quadrature
modulator 110 and an output frequency signal corresponding to 1/N
of the input frequency of the right velocity signal (inlet-side

velocity signal) which is input from the A/D converter 35 and output
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V=sin (0-5)(4) When a value of (0-6) in Expression (4) is a
sufficiently small value (VO), the frequency conputing function V may be
approxi mately expressed as follows. [Expression 5] V-0-60(5) [0098]

When an out put waveform of the output signal of the transmtter 123 for
frequency neasurenent is controlled so that the frequency conputing
function V becones 0, the phase 9 of Expression (5) nmay be obtai ned.

When Ta indicates a neasurenent sanpling interval, the phase 0 before

f requeneymcoheensednawnwhirehmbsiudbtairnédoby t he nmet hod as descri bed above is
conmput ed using the follow ng Expression (6), Expression (7), and Expression
(8), and aswnehesihta sarhicequencyemb!oypay, becobtianged: t 0089 dExenessi on

6] =-0=2.7.1 (6)

the input frequencies (left velocity signal and right velocity
signal) are converted into low frequency bands (1/N of the
frequencies). Therefore, the input frequency bands (left velocity
signal and right velocity signal) become 1/N and the number of filter
tables issignificantly reduced. Inaddition, the phasemeasurement
processing may be more effectively performed.

[0071]

A clock signal is input from a clock 160 to the A/D converter
31 and the A/D converter 35. The clock 160 synchronizes the outputs
of the A/D converter 31 and the A/D converter 35, and synchronizes
the digital signal of the left velocity signal output from the A/D
converter 31 and the digital signal of the right velocity signal
output from the A/D converter 35.

The gquadrature modulator 110, the frequency measurement unit
120, the quadrature modulator 130, the transmitter 140, the phase
difference measurement unit 150, and the clock 150 are included
in the signal processing apparatus 100.

[0072]

Next, a specific computing method of phase difference
measurement computation in the signal processing apparatus 100
illustrated in FIG. 5 is described.

When the measurement tubes 2 and 3 are vibrated by the vibrator

6 of aCoriolis flowmeter 1, the output signals (left velocity signal
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411 indicates a change in tine and is equal to the conputing interval
(sampling rate). Therefore, the phase (9) is expressed as foll ows.
[ Expression 7] 0-2n.fTa(7) where Ta: change in tinme (sanpling interval)
(sec.) f: input frequency (Hz) 0: change in phase (rad) [Expression 8]
-T(8) T. Sampling interval f: Input fruquency
and right velocity signal) from the vibration velocity sensor 80
(left pick-off 7 and right pick-off 8) provided in the measurement
tubes 2 and 3 are obtained as input signals of the LPO and the RPO
as illustrated in FIG. 2.

In this case, the input signals of the LPO and the RPO are
defined as follows (d¢@: phase difference between LPO and RPO).
[Expression 1]

Right pick-off: sin(9©) (1)
[Expression 2]
Left pick-off: sin (6+39) (2)

[0073]

The output signals (left velocity signal LPOand right velocity
signal RPO) from the two sensors (left pick-off 7 and the right
pick-off 8) are converted from the analog signals into the digital
signals by the A/D converters 31 and 35 through the low-pass filters
30 and 34 provided in the converter of the Coriolis flowmeter 1,
respectively, and then transferred to the signal processing
apparatus 100.

As described above, the signal processing apparatus 100 is
divided into four blocks including the guadrature modulators 110
and 130, the frequency measurement unit 120, the transmitter 140,
and the phase difference measurement unit 150. A phase difference
between the output signal LPO from the left pick-off 7 and the output

signal RPO from the right pick-off 8 is computed, and then converted

into a flow rate signal based on the frequency signal output from
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0: I nput phase When such cal cul ation is perfornedby the
frequencyneasurenent unit 120, high-speed frequency neasurenent may be

achi eved. [0100] (2) Quadrature Frequency Modul at or In FIG 5, the
guadrature frequency nodul ators 110 and 130 have the sanme structure and
each obtain a frequency difference between two input signals to output a
frequency signal. Sinultaneously, each of the quadrature frequency
nodul at ors generates and outputs a signal orthogonal to the frequency

si gnal the freqUdatyimsashecenectnioh 5 @rald dendse adivncatdiedr deleciteyg
(outlet-side velocity signal) generated on the left side of the measurenent
t ubes Ryaadt8mpebeatied bynthe 9i.brator 6 is detected by the left pick-off

7. The detection signal of the vibration velocity (outlet-side velocity
signal) detectedsby the left pick-off Vis input to the |owpass filter 30.
[0101] The anal og signal of only the |owfrequency left velocity

si gnal (outletesidles el @Cidiyrsiignal }ne sy axtsacded dpdine l(ewepass sfidet er 30
fromthe |eft veIOC|ty signal (outlet-side velocity S|gnal) out put fromthe

left veLoghtyyser gepyeetied kRto dhe sdihgi & Ak heShanah et heMRs

e
converter 31,  an 'npu? to the quadrature frequency nodul at or 110.

In the; %H%@E@tMﬂﬁxﬁ{§gu pey-ogul atgre 310 %kf%%%UQnC¥squ{1§HQQP%P;S whi ch

obt ai ned between 't he tvel oci tysi gnal ou [et-side velocity signa

I's det ?8&;6? %’ %gftéﬁfé‘raatll%é Ph &S FYg O tp“{“hél %FQ ;t?adﬁ [2 iqonventer 31

, and 1 npu ure freguency nDdu at or

predeterm ned frequency. sig J,ansm, ed, an u ro e transmtter
140 basegkug t%éiﬁFeﬁﬁ rE?ﬁBéEﬁ} m%‘r?tll';LE ﬁergugpu%gfﬁ%ént e ﬁ%gb&ﬁﬁEQ
measurenent unjt 120. Sinultane the i gnal ogonal to.the

(r equency ST TG SFendr SrBAvand b e P ea00r ShE8508 01 8108 ing

in A/D conversion.

The sine signal (sin®) output from the low-pass filter 30 as
illustrated in FIG. 6 is sampled for digital signal conversion at
an arbitrary constant interval by the A/D converter 31 to obtain
a sampling signal (sin®) as illustrated in FIG. 7, and then output
from the A/D converter 31.

[0075]

The signal (sin®) as illustrated in FIG. 7, which is output
fromthe low-pass filter 30 and sampled for digital signal conversion
by the A/D converter 31, is input to the guadrature modulator 110
and the frequency measurement unit 120 of the signal processing
apparatus 100 illustrated in FIG. 5. Further, a transmitter output
signal output fromthe transmitter 140 is also input to the quadrature
modulator 110.

When the measurement value of the output signal frequency

output from the frequency measurement section 120 is input to the
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Further, the detection signal of the vibration velocity (inlet-side

vel ocity signal) generated on the right side of the neasurenent tubes 2 and
3 when the nmeasurenent tubes 2 and 3 are vibrated by the vibrator 6 is
detected by the right pick-off 8. The detection signal of the vibration
velocity (inlet-side velocity signal) detected by the right pick-off 8 is
input to the |low pass filter 34. The anal og signal of only the

| ow frequency right velocity signal (inlet-side velocity signal) is
extractesnbyither| oo passefittiesmBdsioontheqneghy wéboeilt yo¥hgnaf the
(inlet-side velocity signal) output fromthe right velocity sensor 7,
conver ¢ egh ént oréhel 4 gist akaskgnakebyat he dAsDrednyeeyeendh, basel iompthet 0 t he
guadrature frequency nodul at or 130. In the quadrature frequency
modul ah85sd30nethheieaveney Adidder engral s rekfringd bedwesess iheshgght
velocity signal (inlet-side velocity signal) which is detected by the right

vel oci 1Y, 56R807a8110ULPYLEHOM the A Dconvent &fc 8he Atk kRRUbEMESstBE
guadrature frequency nodul ator 130, and the predeterm ned frequency signal

tfa”S”&&%ﬁgtantQUEQUEhéfggh§?§ grgﬂﬁakbgﬁro%4t9ebaagqt0@ibhglf&%qgﬁ@cy
measur enent val ue out put fro th requency neasurenent unit 120.

Si mul t ousl h i gnal orthogonal to the frequency signal is generated
and ou ggt?of%ﬁﬁgfg 315 Assune that the output signal (left velocity
signal LPO oi ng t velocity signal RPO) fromthe vibration velocity sensor
(left pick-o P r right pick-off 8) detecting the detection signal of the

vi bration vel ocity and.the_si naé whi ch.is output, fro he_transmtter 140
and input to"PRR éﬁ%d?é?ﬂ?% fgéa &néy ﬁﬁéﬂ?gf8ge€nﬁpegg%ecﬁfi8&9%&,ls
quadrature,frequencg modul ator 110 or 130) are exgres%ed%?i follow?.
[ Expr eS8FBANST ¥FbFaei BhIVERSCPLYNEENRYr SEMFhArI SYn{oT n§HEEr-Gut put
signal: cos (0X)(9) £0104] Therefore, in the quadrature_ frequency
nodul aBér 1E1BnBRT 130theorsisirRt Wicghatel o ¢ h ldspele 1@ Uthel Fir putS L8Pgnal
(left velocity signal LPO or right velocity signal RPO fromthe vibration
vel oci fyosenser A( Petpnpeckesf B17ier subghetpidckooPP grdans cheé f&ilgfalln nput
the inner portion of the quadrature modulator 110 to generate a
signal (cos@) as illustrated in FIG. 9. When the signal (cos6Xn)
as illustrated in FIG. 8, which is output from the transmitter 140,
is input to the quadrature modulator 110, the input signal (cos0Xn)
from the transmitter 140 is subjected to 90-degree shifting in the
inner portion of the quadrature modulator 110 to generate a signal
(sin6Xn) as illustrated in FIG. 10.

In the quadrature modulator 110, quadrature frequency
conversion is performed for modulation shifting based on a 0-degree
signal and 90-degree signal of the input signal (sin®) from the
A/D converter 31 and a 0O-degree signal and 90-degree signal of the
input signal (cos6Xn) from the transmitter 140, so as to generate

a 1/N-signal (sinBcos®Xn-cos6sinbXn) of the input signal (sin®)

from the A/D converter 31 as illustrated in FIG. 11. The generated
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fromthe transmtter 190 to the quadrature frequency nodul ator (nore
specifically, quadrature frequency nmodul ator 110 or 130) are obtained from
Expression 10 and Expression 11. [Expression 101 Sensor signal: sin(0)
Sensor signal 90-shift signal: cos(0)(10) [Expression 11] Transmtter
out put signal: sin(9X) Transmtter 94-shift signal: cos(eX)(11) [0105]
Further, frequency differences, that is, (9-0X) conponents are calcul ated
based on signals obtained by frequency conversion on the respective signals
of Expsegsadnig 1) cnd fxgpr edsd euadrBtwared r@Gkshitidr dilgnalfstabt ergbhe
frequency conversion. [Expression 12]

processing apparatus 100 illustrated in FIG. 5.

[0077]

The phase difference between the output signals (left velocity
signal and right velocity signal) from the vibration velocity sensor
80 (left pick-off 7 and right pick-off 8) provided in the measurement
tubes 2 and 3 in the case where the measurement tubes 2 and 3 are
vibrated by the vibrator 6 of the Coriolis flowmeter 1 is computed
by the four blocks including the quadrature modulators 110 and 130,
the transmitter 140, the phase difference measurement unit 150,
and the frequency measurement unit 120, included in the signal
processing apparatus 100 illustrated in FIG. 5. Then, the computed
phase difference is converted into the flow rate signal based on
the frequency signal output from the frequency measurement unit
120 and the temperature data detected by the temperature sensor
9.

[0078]

Next, an operation of the signal processing apparatus 100
illustrated in FIG. 5 is described with reference to time charts
illustrated in FIGS. 12 and FIGS. 13.

First, in the low-pass filter 30 illustrated in FIG. 5, when
a harmonic noise is removed to eliminate the influence of aliasing
in A/D conversion, a sine signal (sin®) as illustrated in FIG. 6

is output.

When the sine signal (sin®) illustrated in FIG. 6 is output,
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Si ne. cosex-cose. si nex=si n(9-9x) (12) [ Expression 13]

€0s9. cos9x-si ne. si nOx=cos (9-0x)(13) Therefore, in the
frequencynodul ators 110 and 130, 1Q signals of frequency differences

bet ween the input signal frequencies fromthe AID converters 31 and 35 and
t he out put signal frequency fromthe transmtter 140 are generated and sent
as respective quadrature nodul ati on outputs. [0106] (3) Transmtter

The transmitter 140 controls the frequency of the transmitter 140 based on
the reswétsOnobsained byimeasillenentatyd tire Frequency impasutenmehe AAbDt 120.
That is, in the transmtter 140, the transmtter 140 output cosexn is

det er nigedestch Bhat themutind $requency oehriphequast ad ugetabdelighat 110
beconmes 1/ N of the frequency 8 of the detection signal of the vibration

Ve'OCi&&n@@ﬁéh@ﬁ'éEQQ1%%%@%&%&ysE@ﬂ@kbnﬁhﬁﬁbeE$agaﬂﬁﬁﬁk9@/Qﬂcbh@ek@%k si de
of the measurenment tubes 2 and 3, and detected by the left pick-off 7, and

i nput %9 £Qe%££§9HeQC¥aHBgyhatQﬁgﬁég k@1L9§n@asgswﬁﬁﬁgskggt@aaiar@q@nt

t ubes and are vibrated by the vibrator 6. he frequency

modul a3 o1, H0,anduLhe. ! epaHeRay HpguLahoL 130 Bave the same structure.

Ther ef or I'n case of t requency output fromthe
frequencynndghﬁggi 110 , with respect to the frequency output fromthe
frequency no ator 130, the output frequency of the quadrature nodul ator

130 b 1/ N of t fre 8 aof t det ect i i I, .of .th i ti
Vel oo by (1 nf BE- S VaF COF o, GAT) WATEH e GEnbPat Rt o eNe PTGRt of de
pf t he neasurenent tubes 2 and 3, and_dgﬁected,b% hg riﬂht ick-gff 8, and
i nput £® PHEPPFedi8Rcy RodiPaterves6Sinthe cad@Piifier8 the MEASURENERt

tubes 2 and 3 are vibrated by the vibrator 6. [0107] ,
modulator 110 and the fréquency measurement section 120 of the signal

processing apparatus 100 illustrated in FIG. 5.

The frequency measurement section 120 of the signal processing
apparatus 100 measures the frequency of the left velocity signal
(outlet-sidevelocity signal) whichisobtainedasthedigital signal
by conversion by the A/D converter 31.

When the left velocity signal (outlet-side velocity signal)
which is obtained as the digital signal by conversion by the A/D
converter 31 is input to the quadrature modulator 110 of the signal
processing apparatus 100 illustrated in FIG. 5, the input signal
(sin®) from the A/D converter 31 is subjected to 90-degree shifting
in the inner portion to generate a signal (cos®) as illustrated
in FIG. 12(B).

[0080]

A frequency signal measured based on the digital signal output
from the A/D converter 31 is output from the frequency measurement

section 120 of the signal processing apparatus 100.
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The frequency nodul ator 110 and the frequency nodul ator 130 each are
provided to obtain the difference between the two frequencies input to each
of the frequency nodul ators based on Expression (12) or (13) and to have
the condition in which the output frequency

beconesl| / Nof t hel ef t vel oci tysi gnal frequencyortherightvel ocity signa
frequency, and hence the follow ng expression (Expression 14) is held.

[ Expressi on 14] =0-0x(14) 0: Input signal ex: Transmtter output signal N
| nt eger As deserishecrabivesltde ft tiasntpuers 1difa bitrpatccoy@tiputdésomabl y
determ ned to control 8X The out put of each of the quadrature
frequensy fbeyth@t Oy Snddientki3¢aacanes 20/ Nsofnphe igpite sirgnahitthe
results output fromthe quadrature frequency nodul ators 110 and 130

correspondi Nghd a Adesiefte piick- ebf wiliandchbeowt @bt figkeioffreBuency is
respectively, are expressed as follows. [Expression 15]
input generates the transmission frequency signal (6Xn) satisfying
the following expression
0Xn=0x (1-1/N)
based on the output signal frequency, and outputs a cosine signal
(Y3=cosBXn) as illustrated in FIG. 12{(C) at the same transmission
output rate as the sampling interval of the input signal in the
A/D converter 31.

[0081]

The cosine signal (Y3=cosbXn) as illustrated in FIG. 12(C),
which is output from the transmitter 120, is input to the quadrature
modulator 110. When the cosine signal (Y3=cos6Xn) as illustrated
in FIG. 12(C) is input to the quadrature modulator 110, the cosine
signal (Y3=cos6Xn) as illustrated in FIG. 12(C), which is input
from the transmitter 140, is subjected to 90-degree shifting to
generate a sine signal (Y4=sin®Xn) as illustrated in FIG. 12(D).

[0082]

In the quadrature modulator 110, quadrature frequency
conversion isperformed formodulationshiftingbasedonthe O-degree
signal and 90-degree signal of the input signal (sin®) from the
A/D converter 31 and the 0O-degree signal and 90-degree signal of
the input signal (cos6Xn) fromthe transmitter 140, so as to generate,

as the 1/N-signal (sinfcos6Xn-cos6sinbXn) of the input signal (sinb)
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sin(0) =sin- 9 0 s(0- ) = cos [Expression 16] The driving
frequency of the left velocity sensor 7 and the driving frequency of the
right velocity sensor 8 in the Coriolis floweter 1 are | kHz at maxi num
Therefore, if the value of Nis set to 32, the frequenci es obtained by
nodul ati on by the quadrature frequency nodul ators 110 and 130 and out put
therefrom are approximtely 30 Hz, and hence only a filter having a very
| ow frequency and a narrow band is desirably prepared. [0109] In
Expression (15khand BEgpitessi arorf{dd)teas destyi bedaabovesindie N vabuoel
depends on a flowreter type. Hereinafter, an exanple of the use of Nis

descri peg-behovbsoxn-costhenothes dni 9/ nY) frequeney rat ethen $EEs0L3 (ES.set in
a range of 50 Hz to 1,600 Hz and the filter frequency band of the

convertes s ing $E§nd 0 (&sandecekokl-Hasbei4@xhHzsihhe /foh | ngutabhecrny be
det er m ned.
in FIG. 13(E), which is generated by the quadrature modulator 110
is output from the quadrature modulator 110 of the signal processing
apparatus 100 illustrated in FIG. 5 and input to the phase difference
measurement unit 150.

[0083]

Further, in the low-pass filter 34 illustrated in FIG. 5, when
a harmonic noise is removed to eliminate the influence of aliasing
in A/D conversion, a sine signal (sin(6+d¢)) 1is output.

When the sine signal (sin(6+d¢)) is output from the low-pass
filter 34, the sine signal (sin(©+&¢)) is input to the A/D converter
35. Then, the signal is sampled for digital signal conversion at
an arbitrary constant interval by the A/D converter 35.

The sampling signal (sin (6+3¢)) output from the A/D converter
35 is subjected to 90-degree shifting in the inner portion of the
quadrature modulator 130 to generate a cosine signal (cos (0+d9)).

[0084]

The cosine signal (Y3=cos6Xn) as illustrated in FIG. 12(C),
which is output from the transmitter 120, is input to the gquadrature
modulator 130. When the cosine signal (Y3=cos6Xn) as illustrated
in FIG. 12(C) is input to the quadrature modulator 130, the cosine
signal (Y3=cos6Xn) as illustrated in FIG. 12(C), which is input

from the transmitter 140, is subjected to 90-degree shifting to
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In the set conditions with respect to the N-value and the filter band, it
Is inportant to prevent the frequency after quadrature nodul ation from
overlapping with the band of 50 Hz to 60 Hz (conmercial frequencies).
[0110] Driving frequency N-val ue(frequency division value) Frequency after
guadr ature nodul ati on 50 Hz-200 Hz

generate a sine signal (Y4=sin6Xn) as illustrated in FIG. 12(D).

[0085]

In the quadrature modulator 130, quadrature frequency
conversionisperformed formodulationshiftingbasedonthe O-degree
signal and 90-degree signal of the input signal (sin(6+d¢)) from
the A/D converter 35 and the 0-degree signal and 90-degree signal
of the input signal (cos6Xn) from the transmitter 140, so as to
generate, as the 1/N-signal of the input signal (sin€) from the
A/D converter 35, a sine signal (Y6=(sin(86+3¢-6Xn)=sin(6/N+d¢))
as illustrated in FIG. 13(F). The sine signal
(Y6=(sin (6+d¢—-6%Xn)=sin (6/N+d¢)) asillustratedin FIG. 13(F), which
is generated by the gquadrature modulator 130 is output from the
quadrature modulator 130 of the signal processing apparatus 100
illustrated in FIG. 5 and input to the phase difference measurement
unit 150.

[0086]

As described above, both the sine signal (Y5=sin(©/N)) as
illustrated in FIG. 13(E), which is output from the quadrature
modulator 110, and the sine signal (Y6=sin (6/N+d¢)) as illustrated
in FIG. 13(F), which is output from the guadrature modulator 130,
are input to the phase difference measurement unit 150.

In the phase difference measurement unit 150, a signal (Y7=0¢)
illustrated in FIG. 13(G) is output as a phase difference d¢ based
on the sine signal (Y5=sin(6/N)) illustrated in FIG. 13(E), which

is output from the quadrature modulator 110 and input to the phase
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5 10 Hz-40 Hz 100 Hz-400 Hz 10 10 Hz-40 Hz 200

differencemeasurement unit 150, and the sine signal (Y6sin (6/N+&¢) )
illustrated in FIG. 13(F), which is output from the quadrature
modulator 130 and input to the phase difference measurement unit
150.

[0087]

When the computing interval is synchronized with the sampling
time as described above, the real time performance for phase
measurement may be improved.

Further, each of the set of vibration velocity signals (sin6
and sin(6+dp)) is subjected to the same processing for phase
calculation, andhence there isalmostnocomputingerror. Therefore,
accurate phase calculation may be achieved.

[Embodiment 2]

[0088]

Hereinafter, Embodiment 2 of amode for carryingout thepresent
invention is described with reference to FIGS. 14 and 15.

FIG. 14 isan operational flow chart for the specific structure
of the signal processing apparatus illustrated in FIG. 5 and FIG.
15 is a block diagram illustrating the frequency measurement unit
of the signal processing apparatus illustrated in FIG. 5.

[0089]

FIG. 14 is the flow chart illustrating quadrature frequency
modulation and phase measurement in phase difference measurement
computation of the vibration velocity signal computing device 90

illustrated in FIG. 1, which is used for the signal processing
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Hz-800 Hz 20 10 Hz-40 Hz 400 Hz-1,600 Hz 40 10 Hz-40 Hz

apparatus 100 illustrated in FIG. 5.

In FIG. 14, in Step 200, parameters of the vibration velocity
signal computing device 90 illustrated in FIG. 1 are initialized.
When the parameters of thevibrationvelocity signal computingdevice
90 are initialized in Step 200, in Step 210, the phase and velocity
signals from the two sensors (left pick-off 7 and right pick-off
8) are sampled at arbitrary sampling intervals by the A/D converter
31 and the A/D converter 35 to generate a sine waveform and a cosine
waveform, respectively, based on the sampled data.

[0090]

When the sine waveform and the cosine waveform are generated
in Step 210, in Step 220, the frequency of the sampled data is measured
by the freguency measurement unit 120 and an N-value is determined
based on the measured frequency.

When the N-value 1s determined in Step 220, in Step 230, the
measured frequency is divided by a set target frequency division
value "N" to determine a frequency after quadrature frequency
conversion.

When the frequency after quadrature frequency conversion is
determined in Step 230, in Step 240, a sine reference signal waveform
and a cosine reference signal waveformare generated by the reference
signal transmitter 140 and the quadrature frequency conversion is
performed by the quadrature modulatcrs 110 and 130 based on the
reference waveforms. As a result, each frequency- modulated signal

has a value equal to 1/N of the input frequency.
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[0111] When the N-value is selected as descri bed above, the
filtering band used for phase neasurenent is held, and hence filtering may
be perforned w thout being affected by the driving frequency (input
frequency). The exanple of the use of the N-value is specifically
descri bed here, but needless to say, the actual use of the N value depends
on the set conditions such as the filter bands used for the adapted sensor
and converter. [0112] (4) Phase Measurenent Unit The results out put
fromthe quade@apure frequency nodul ators are substituted for cal cul ation
into the followi ng relational expression. [Expression 17] = sin a cocos a
sin ,8 #) - WRSnahd uaBrature frequency conversion is performed in Step
240, in Step 250, the guadrature modulators 110 and 130 send, to
the phase difference measurement unit 150, the sine signal and the
cosine signal which are generated as the sine waveform and the cosine
waveform each having a frequency equal to 1/N of the input frequency
by quadrature frequency conversion, based on the reference waveforms,
on the signals obtained by sampling the phase and velocity signals
at the arbitrary sampling intervals by the A/D converter 31 and
the A/D converter 35.
When the sine signal and the cosine signal are sent to the
phase difference measurement unit 150 in Step 250, in Step 260,
the phase difference measurement unit 150 calculates the phase
difference based on the sine signal and the cosine signal which
are the phase and velocity signals having the 1/N frequency which
are obtained by the fregquency modulation and output from the
quadrature frequencymodulators 110 and 130. The phase and velocity
signals obtained by the frequency conversion is used for phase
measurement.
[0092]
(1) Freguency Measurement Unit
In this embodiment, a method using the principle of
phase-locked loop (PLL) isused for the frequencymeasurement method.

The PLL is an electronic circuit in which a signal which is equal

in frequency to an input alternating current signal and locked in
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[0113]
) 09

When the follow ng expression is assuned, [Expression 18]

a=750, i 3=- (18)

phase therewith is output from another oscillator by feedback
control.

Therefore, the PLL is fundamentally a phase-lock circuit and
may produce a signal locked in phase with an input signal.

The PLL is an oscillation circuit for feedback-controlling
an oscillator in a loop for oscillation sc that a phase difference
between a reference signal input from an outside and an output from
the oscillator in the loop is constant. Therefore, the PLL may be
relatively easily constructed using a computing device and may
perform high-speed computation.

[0093]

The frequency measurement unit 120 has the structure as
illustrated in FIG. 15.

That is, the A/D converter 31 is connected to a multiplier
121. An output from the A/D converter 31 is a left velocity signal
(outlet-side velocity signal) sin® obtained in a case where a
detection signal of a vibration velocity (outlet-side velocity
signal) having a phase difference and/or a vibration frequency
proportional to a Coriolis force, which is generated on the left
side of the pair of measurement tubes 2 and 3 when the measurement
tubes 2 and 3 are alternately driven by the vibrator 6, is detected
by the left pick-off 7, input to the low-pass filter 30 to extract
only a low-frequency left velocity signal (outlet-side velocity
signal), and converted into a digital signal.

The multiplier 121 compares the phase of the left velocity
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the foll owi ng expression is obtained. [Expression 191 .0V "Ar O

signal (outlet-side velocity signal) sin® which is obtained as the
digital signal by conversion by the A/D converter 31 with the phase
of an output signal cosd output fromthe transmitter 123 for frequency
measurement and outputs the signals to the low-pass filter 122.

[0094]

Therefore, an output end of the multiplier 121 is connected
to the low-pass filter 122. The low-pass filter 122 extracts only
a low-frequency signal from the output signal output from the
multiplier 121 through a frequency filter.

Thus, inthemultiplier 121, by the product of the left velocity
signal sin® by the output cosd of the transmitter for frequency
measurement, a sum signal and a difference signal of 6 and & are
generated. However, in this case, only a difference component is
extracted from the output signal output from the multiplier 121.

[0095]

The low-pass filter 122 is connected to the transmitter 123
for frequency measurement. The transmitter 123 for frequency
measurement generates phase data d based on the low-frequency signal
output from the low-pass filter 122.

The transmitter 123 for frequency measurement outputs the
output signal cosd to the multiplier 121. In the multiplier 121,
the phase of the input data (sin®) obtained as the digital value
by conversion by the A/D converter 31 is compared with the phase
of the output signal cosd and the difference signal and the sum

signal thereof are output from the low-pass filter 122. A feedback
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9 iv9 cos(-- nQy) cos(-) 2V Therefore, the phase difference may be
obt ai ned. [0114] I n anot her cal cul ati on nethod, the

fol | ow ngexpressi onsare used to cal culate arc tangents. [Expression 20]
[ Expressi on 21]

loop is formed such that outputdata"V" (frequency computing function
V) of only the difference component obtained by filtering by the
low-pass filter 122 becomes O.

[0096]

When the structure as described above 1is described
mathematically, as in the frequency measurement unit 120 illustrated
in FIG. 15, the input signal is expressed by sin® and the output
signal of the transmitter 123 for frequency measurement is expressed
by cosd. When the two waveforms are multiplied by the multiplier
121, the following is obtained.

[Expression 3]
sinf-cosf = %(sin(é? + ) +sin(fd - 9))

Input waveform: sin®

Output waveformof transmitter for frequencymeasurement: cosd

[0097]

When the multiplied value (sin6-cosd) is filtered by the
low-pass filter 122, a high-frequency component is removed by the
low-pass filter 122. Therefore, the frequency computing function
V output from the low-pass filter 122 is expressed as follows.
[Expression 4]

V=sin (6-3) (4)

When a value of (6-8) in Expression (4) is a sufficiently small

value (Vx=0), the frequency computing function Vmay be approximately

expressed as follows.
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When a difference between the arc tangents is obtained, the phase

di fference may be cal cul ated. [0115] <<Feature of Phase neasurenent Method
usi ng Frequency Conversi on>> According to a feature of the phase
measurenent systemin the present invention, the output signals (left

vel ocity signal LPO and right velocity signal RPO fromthe vibration

vel ocity sensors (left pick-off 7 and right pick-off 8) naybe sanpled at
the sanpling interval unrelated to the frequency of the output signals
(left vekpecesyisnghdl LPO and right velocity signal RPO fromthe vibration
vel ocity sensors (left pick-off 7 and right pick-off 8) detecting the

det ectve@-signal ¢ )of the vibration velocities which are input to the
guadrature frequency nodul ators (nore specifically, quadrature frequency
modul ators 11@oam@ 130). Therefore, the structure may be very sinple, the
nunber of filter tables may be significantly reduced, and conputation may

be achi eved yhth & &Eﬁ%lﬂht fELRForm of the B Sibhit log dhdttahkeAteB t he
phase measurenment band by the input frequency. Therefore, coupling with

sensor g, hayi ngflﬁd% NS fdrRAYENELES Y BRY cBEs b aﬁﬁ@%@lea?gehﬂ%ﬁggzi S an
at t system y

advant age t escri bed above may be applied to various pes.

ok onbJP FETPULLERR RIS 5 10kt iseLod Y Lhedn, Aaueey
[ Embody,rept,, 31 ,,L3116]
When Ta indicates a measurement sampling interval, the phase
6 before frequency conversion which is obtained by the method as
described above is computed using the following Expression (6),
Expression (7), and Expression (8), and as a result, a frequency
"f" may be obtained.
[0099]
[Expression 6]
X¥:w:2ﬂj"(m
AT indicates a change in time and is equal to the computing
interval (sampling rate).
Therefore, the phase (0) is expressed as follows.
[Expression 7]
©=2-11-f:Ta (7)
where Ta: change in time (sampling interval) (sec.)
f: input frequency (Hz)
©: change in phase (rad)

[Expression 8]
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The measurement tubes 2 and 3 including at | east one flow tube or a pair
of flow tubes, serving as neasurenent flow tubes, are operated by a driving
device using the vibrator 6. The measurenent tubes 2 and 3 including the at
| east one flow tube or the pair of flow tubes are alternately driven by the
vibrator to vibrate the fl ow tubes. In a Coriolis flowreter, a
phase difference and/or a vibration frequency proportional to a Coriolis
force acting on the neasurenent tubes 2 and 3 including the at | east one
flow tube op, the pair of flow tubes are/is detected by a pair of velocity
sensor § o ai r (8f accel eration sensors corresponding to vibration
det ectionZs@nsors including the | eft pick-off (LPO 7 and the right
pi ck-of f (RPO) 8, which are provided on a right side and a | eft side of the
flow tubes 2rangda@er1i@gtherebyapbtain a mass flow rate and/or density of a
fluid to be neasured. [0117] The Coriolis floweter includes the
frequencyneaguregent sRiL,dRO,for nmeasuring a frequency based on an input
signal frequency of a digital input signal (outlet-side velocity signal)
digital convgrt D converter 31 and output from at |east one
sensor (for %kaﬁ%?€¥ *Q%%ééick-off 7) , of two flow rate signals obtained
by conversi J igital .sign i I he
e BN Al SIANAL B 08,128 N3] 08, LRUL - 51082 RENE

phase difference and/or € Vi requency proportio

phase di i : ericy propor tichal to fhe "
of 11 ot ibE0- it 8h 3PB=tot SRUGR by TREUAEAeT by dnDtr 8501 TRE- T

accel eration @ﬁ@ﬁfrs' Further, the transmtter 14 0 is provided to
generate , tf t, and output a frequency signal of 0(1-1/N) of the
digital frequency signal output fromthe frequency nmeasurenent unit 120.
[01181(2) QuadEgtpker FregeRney VerBePtyTsensor signals (for exanple, input
signal (outlet-side velocity signal) input fromleft pick-off 7) fraomthe

pai r of vi brBti BRC det ecthorfihadr &’ § | THRIYRTRE. IR HRF T ildiht k39 f 8)

is converted into a digital signal bé the two A/D converters 31 and 35. The
pai r ohagaadeaianespdataressdearnadt 230 agdiee Proviyadt f oF cpee Petmiesd
frequency quadrature nodul ation by perform ng addition (or subtraction) on
the fregoeheyud sfgnhbsi hpurutipyhnal besateony tharoul pu Hidgaaseyr séXn
output fromthe transmtter 140. [0119]

each of the quadrature frequency modulators generates and outputs

a signal orthogonal to the frequency signal.

That is, the detection signal of the vibration velocity
(outlet-side velocity signal) generated on the left side of the
measurement tubes 2 and 3 vibrated by the vibrator 6 is detected
by the left pick-off 7. The detection signal of the vibration
velocity (outlet-sidevelocitysignal) detectedby the left pick-off
7 is input to the low-pass filter 30.

[0101]

The analog signal of only the low-frequency left velocity
signal (outlet-side velocity signal) is extracted by the low-pass

filter 30 fromthe left velocity signal (outlet-sidevelocitysignal)

output from the left velocity sensor 7, converted into the digital
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The phase difference neasurenent section 150 is provided to neasure the
phase difference between the frequency signals sine and sin(0+59) obtained
as the constant frequency signals by conversion by the pair of quadrature
frequency nodul ators 110 and 130. The signal processing apparatus
100 is provided to obtain the phase difference based on the output
frequency signal corresponding to 1/N of the input frequency of the |eft
velocity signal (outlet-side velocity signal ) which is output fromthe
guadr as Lgea hpdut la¢ ér/ D1dnve hiaer i34, ampanplicone the A DPlonver feea8enand t he
out put frequency signal corresponding to 1/N of the input frequency of the
ri ght myvethbetdy signal (inlet-side velocity signal) which is output from

t he quadrature nodul ator 130, that is, input fromthe AID converter 35, to
t her eby servenashtheu€arbehire flrewieirery nfdk20tor 110, | thésfargabphegt of
the present invention to be able to al ways perform neasurenment with

const agt £ pE eELSE AR, ol 0a 11884 bZewBBase reastren®iti tW § fydd ghotithkerknge
performance, and to be able to reduce a conputing processing anount to an

extrenply sl | s apanf .y1Even wherra erpslat HE el Of ¢ ardildHid f b dreasur ed
changes, even when air bubbles are mxed into the fluid to be neasured, or

even W&&Q?ﬁp%rfo Yl AP @88'_{?%?%%%?}'}% %EAuFt&%@«?éq&wﬁ@ﬁg@%reau@nlcwui d,

the object may be realize ment 4 0121] rei nafter
Enbodi t. 4. of j - i ti ' i bed
Enbodi 120 4581 2105 9heCaELANg PHi koL PLERANLy LANAL 00t spdoer be
illustrati i ncjpl f a.si I [ t hod _and

accor dP g LB FLie bR L AT o L4 R 17008 DBt anea P aur e Brhsi

diagran1illustrating a_specific structure of the signal processin

S p
appar at a8Uf1 | F&tatted Fﬁg?lcfjf%. £requen%YGiHT§SP Fﬁ@tbld%%lﬁiag?gn1
illustrating the principle of the signal groces%in% net hod and appar.at us
accord?h@u%gaﬁﬁ@uﬁﬁ¥seﬁ?ei%%%%?%o%?thogon 1 to the Trequency signal is

generated and output.

[0102]

Further, the detection signal of the vibration velocity
(inlet-side velocity signal) generated on the right side of the
measurement tubes 2 and 3 when the measurement tubes 2 and 3 are
vibrated by the vibrator 6 is detected by the right pick-off 8.
The detection signal of the vibration velocity (inlet-side velocity
signal) detected by the right pick-off 8 is input to the low-pass
filter 34.

The analog signal of only the low-frequency right velocity
signal (inlet-side velocity signal) is extracted by the low-pass
filter 34 fromthe right velocity signal (inlet-sidevelocitysignal)
output from the right velocity sensor 7, converted into the digital
signal by the A/D converter 35, and input to the quadrature frequency

modulator 130.
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In FIG 16, when neasurenent tubes 2 and 3 are vibrated by a vibrator (for
exanpl e, electromagnetic oscillator) 6, vibration velocities generated in

t he neasurenent tubes 2 and 3 are detected by a vibration detection sensor
(for exanple, velocity sensor or acceleration sensor) 80. The detected
vibration velocities are conputed and processed by a vibration velocity
signal conputing device 90. The vibration detection sensor 80 corresponds
to the left velocity sensor 7 and the right velocity sensor 8 of FIG 28.
[0122] InTheevidveatriadm neel foci duersiygmaddebaport | hg0 dethee f9@durclaydes a
frequency conversion section 98, a transmtter 94, and a phase difference
nmeasur eirfeAt reectiigno®6ained betwEke fheqgiight wdoamiarss o sedtinde t98 iper f or s
frequency conversion on the vibration velocities which are generated in the
measur eseotituybesgRaandwliandideteckedeby bi/hehei brighicoredetaeti ernsensor 80
when the neasurenent tubes 2 and 3 are vibrated by the vibrator 6. A signal
fromthe tnepshi tish SHeis/bniivdocdhesd r eGUenGyH FORVER$IOBuSEEEIeR 98.
Then, signals obtained by frequency conversion by the frequency conversion

section 28u8heyi ABYL1LechesBhaggdichberenge carasHLement (36l 0R 19631
provi ded i'n a Subsequent stage of the frequency conversion secCtion 98. The

phase QS:BE%?‘8E@d%ﬁﬁ?{ﬁeﬁ@%ﬁﬁ?ﬁﬂe@&‘rﬁﬁsxﬁﬂﬁ&FTﬁg’eHng%o BRI LR ncy

respective right an ocity signals detec by the vibration

det eCtthsﬁ?QﬁgﬁtB&’ (L& L, Vel oG Ly, %%%S%eéuéﬁg %@Q&%’%Q&U hSENSY. 8).
to thereby per orn1%|g|ta conversi on processing, and en obt ai ns a ‘phase
differ nce, gtm%eglthetﬁmo ivglgcit hsigng Stoh%%z%; 4 cI %ith%ﬂgL na
proces %nﬁ et hed and ap%a?a?u% i TTUsY¥ared vh Al T inﬁﬁi si%nals
are subjected to the freﬂ ency conversion to control the frequencies after
the fré B@ﬁégegoﬁ9 r S1'6H Eo constant val ues, and the phase measurenent is
performed after the frequency conversion. Therefore, a filter processing
appar at us cabgﬁpé]of per form ng hi gh-speed, constant, and hi gh-precision

phase nmeasurenent even when the frequencies of the input signals change is
realized. Assume that the output signal (left velocity signal LPO or

right velocity signal RPO) from the vibration velocity sensor (left
pick-off 7 or right pick-off 8) detecting the detection signal of
the vibration velocity and the signal which is output from the
transmitter 140 and input to the quadrature frequency modulator
(more specifically, quadrature frequency modulator 110 or 130) are
expressed as follows.
[Expression 9]
Vibration velocity sensor signal: sin(9)
Transmitter output signal: cos (6X) (9)

[0104]

Therefore, in the quadrature frequency modulator 110 or 130,
90°-shift signals with respect to the output signal (left velocity
signal LPO or right velocity signal RPO) from the vibration velocity

sensor {(left pick-off 7 or right pick-off 8) and the signal input
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That is, in the signal processing nethod and the apparatus 90 as
illustrated in FIG 16, input frequencies FIN of the signals output from
the vibration detection sensor 80 and an out put frequency FX of the
transmtter 94 are nultiplied by the frequency conversion section 98 to add
(or subtract) phase differences of both the signals, and the transmtter 94
is controlled so that the frequencies after the frequency conversion are
constant, so as to control the frequencies input to the phase neasurenent
sect i ohr&6 tthe arawosst anér udllue; the dumetebyupeffenmenhe npithsle treasupenent
based on the signals after the frequency conversion. [0124] When such
a strugpacefisaedp| oyeddreansteant re gudist antuoallly terr or 2@ r ee, B3 hagh- speed
conput ati on nay be realized without providing a | arge nunber of filters

cor r espendi ngat erbmpekpfeequenci esaandeppréesmngiany conpli cat ed
processi ng such as changing of a conputing nethod. [Expression 22]
Fe=FX+HEN (05 FeaFXoFI N) (22) [0125] FIG 17 illustrates the specific
structure of the signal processing apparatus illustrated in FIG 16.

In FI0gd/so8 Eg&BaP@CEiHQé)(LPC» 7 (corresponding to left velocity sensor
7% is connected’to a lowpass filter 30. That is, during vibration using
the vi X le,.elect gnet.i scil{ator) 6, when a detection
signalg%€£§£v%%Qg??ogaeeggé?%yg%gﬁgﬁétgé%gggvelg%ﬁty signal) which is
generated on the | side of the neasurenent tubes 2 and 3 is detected b

t he veﬁg§FF§s§éﬂgo?£Evibration detection sensor) 7 located on an outl et d
si de o% a flu%g to bg ngasuredl_the q L ction signal of the vibration
Vﬁ|0fi yerout et sPaePvel 5Pty si§ﬁ3I§ ?s input to the |owpass filter 30.
The I owpass filter 30 js_a circuit for extractjng, through a frequenc
fiIter?rBHFVlEtF6mﬁﬁréaﬁéﬁEysFQP?i&eF8éﬁg§ssig g(outlet?side veﬁocitz
signal) fromthe |left velocity signal (outlet-side velocity signal) output
fromthe | ef{OVBPdcity sensor 7 detecting the vibration velocity generated

on the left side of the neasurenent tubes 2 and 3 in the case where the
nmeasur enent Fubbsep, afgeauarey i b st BRNBYS t H'&k brsat o° §X) components

are calculated based on signals obtained by frequency conversion
on the respective signals of Expression (10) and Expression (11)
and 90°-shift signals after the frequency conversion.
[Expression 12]

sinB:cosBx-cosf-sinbx=sin (6-0x) (12)

[Expression 13]

cosB-cosbx-sinb-sinbx=cos (0-0x) (13)

Therefore, in the frequency modulators 110 and 130, IQ signals
of frequency differences between the input signal frequencies from
the A/D converters 31 and 35 and the output signal frequency from
the transmitter 140 are generated and sent as respective quadrature
modulation outputs.

[0106]

(3) Transmitter
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[0126] The | owpass filter 30 is connected to an A/ D converter 31.
The A/ D converter 31 converts the left velocity signal (outlet-side
velocity signal) which is the anal og signal output fromthe | ow pass filter
30 into a digital signal. The left velocity signal (outlet-side velocity
signal) obtained as the digital signal by the AID converter 31 is input to
a signal processing apparatus 300. Further, the signal processing
apparatus 300 is connected to the A/D converter 31. The signal processing
appar at us 300h¢ teguemdyteanV4d tcortthe lisnpoe fSiegnainqyoaf Itéte skdesmetoeit y
signal) into a desired frequency processed by a phase neasurenent unit

| ocat etld ) s slbseguente st aiges and aperidob pend heu phaset reasheeffreatiuahter the
frequency conversion, so as to shift the input frequency band and realize
st abl enphaseerersurerENt 20[ 0127] On the other hand, a right pick-off
(RPO 8 (corresponding to right velocity sensor 8) is connected to a

| ow-pass filtese 34, ThatnkSt rdHERAGL¥EDT 8Y ] GThdisi MG dhfie ndbnaboputhHak
exanpl e, electronagnetlc oscillator) 6, when a detection signal of a

Vi bratw@ex&' %Cc‘léﬁ/efrhﬂll&ﬁ sabde vl eEL by hgnald qubh & Jrscgeparat-eduen the
right side of the neasurenent tubes 2 and 3 is %etec ed by the velocity

fluid
o be TeSatr o THeCGetRet o ??S‘%%? PR T Ve oid.%q’?l ?Eﬁf“g? Si de
vel ocisy Slonglede, LoRh 80, Ehe d uRass I LSl By oicnany ThEsLaW BaSS

filter®341% CiTcui ex I ng, rou ha onIy a

| f ht t | et d 1), f th

Tant GRTGERIF s ot (TH Goerdl Vel Day GG L P SR, B e
| t 8 detect th br at | ted ht

gsdgcg? sen %§h?% %ﬁﬁiﬁ e él ration v oc%é enerat e OQEEPE rig

Hd 3¢ ﬁ“tpl’f A %u‘?:rhcey ) rent
t ubes 2 and 3 are vibrated by the vi br at or [012
110 in the case where the measurement tubes 2 and 3 are vibrated

by the wvibrator 6.

The frequency modulator 110 and the frequency modulator 130
have the same structure. Therefore, as in the case of the frequency
output fromthe frequencymodulator 110, withrespect to the frequency
output from the frequency modulator 130, the output frequency of
the quadrature modulator 130 becomes 1/N of the frequency 6 of the
detection signal of the vibration velocity (inlet-side velocity
signal) which is generated on the right side of the measurement
tubes 2 and 3, and detected by the right pick-off 8, and input to
the frequency modulator 130 in the case where the measurement tubes
2 and 3 are vibrated by the vibrator 6.

[0107]

The frequency modulator 110 and the frequency modulator 130
eachareprovidedtoobtainthedifferencebetweenthe two frequencies

input to each of the frequency modulators based on Expression (12)
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The | owpass filter 34 is connected to an A/D converter 35. The A/D
converter 35 converts the right velocity signal (inlet-side velocity
signal) which is the anal og signal output fromthe |owpass filter 34 into
a digital signal. Further, the signal processing apparatus 300 is connected
to the A/D converter 35. The signal processing apparatus 300
frequency-converts the input signal (inlet-side velocity signal) into a
desired frequency processed by the phase neasurenent unit |ocated in the
subseqouent 18t agedand perboths thedphase rmeagbrehenteabtigputhé regaguency
conversion, so as to shift the input frequency band and realize stable
phase beasuneeneMof fRd28)ft velocithhel &hdl converher c3lthsrionheelledity a
frequency conversion section 310. The frequency conversion section 310
frequepgyneonyeetSehbe, digitiadnsd gnad f1 itde defikprelsetiony (Sxkghaksion
(outlet-side velocity signal) output fromthe A/ D converter 31 and then

i nput theretonennto the desired frequency processed by the phase
measurenent unit | ocated in the subsequent stage. Further, the AID
conver e 3asksogonnected to a frequency conversion section 340. The
frequency conversion section 340 frequency-converts the digital signal of
the right veIOC|ty signal (inlet-side velocity signal) output fromthe A/D

converﬁér nd tE%Q i nput thereto, into the desired frequency in the sane
manner ps desdrlbe bove. [0130] Further, a signal froma
transmtter 320 |s input to the frequency conversion section 310. Wen the
si gnal outpub f %he traTsnltter 320 is input to the frequency conversion
section 310, fh HPP qﬁéﬁg converS|on section 310 frequency-converts the

i nput S|gnal et - si, vel oci t al.) input fromthe left pick-off
(LPO 7 base HES@ﬁgﬁsF oUtplt §F H@@he transmtter 320. A signal

obt ai ned by freguency conversion by the frequency conversion section 310 is
converted i nt'd A"888FFed frequency signal based on the output signal from
the transmtter 320. [0131] Further, a signal fromthe transmtter

320 i sPal 38SFApREItP IRy fieyiErePTEsiver §|48nO§EEPFo<hO%% 1 HWEF 1R 180 gnal
output fromthe transmtter 320 is input to the frequency conversion

secti ode840minkge tregoareplcSiver si on section 340 frequency-converts the

i nput signal (inlet-side velocity signal) input fromthe right pick-off
(RPO) 8 basel@hercttheusiognaichwtipthefqumtdieite drsnivengy B2@ulators 110

and 130 becomes 1/N of the input signal. The results output from
the guadrature frequency modulators 110 and 130 corresponding to
the left pick-off 7 and the right pick-off 8, respectively, are
expressed as follows.

[Expression 15]

a e O
sin(@ .g_r)vsm-g;

4

(15)

e
Gfmoosy

[Expression 16]
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A signal obtained by frequency conversion by the frequency conversion
section 340 is converted into a desired frequency signal based on the
output signal fromthe transmtter 320. [0132] When the transmtter
320 is controll ed as descri bed above, as in the case of the frequency
conversion section 310, also in the frequency conversion section 340, the
frequency obtained after perform ng the frequency conversion, of the right
velocity signal (inlet-side velocity signal) input fromthe AID converter
35 is controlled to a des red frequency to be processed by a phase
dlffereaqﬁéhEQSur ﬁi | ocated in a subsequent stage, based on the
out put frequenty output fvrnnt e transmtter 320. [0133] The left

vel ocity S|gnal (outl et-side vel ocity-signal) -which 1% ®Utput fromthe A/D
convertﬁ§ g put to9the frequency conversion section 310 is

sinmulta é% % ﬁ§aueﬁ%ﬁ“ﬁdﬁ9%fted and input to the phase difference
measurenment unit 330 to Sbrforn1phase di fference neasurenent. When such a
structure is enployed, according to this enbodi nent, the input frequencies
(left velocityigggnal and right velocity signal) are sinultaneously
converted into the desired frequency bands. Therefore, even when the input

frequenci es ﬁksf&r Vel o5 ide flanal @ndnel gbtvelogityy, signal) chapgenet he

phase measurenen

driving frequency of the right velocity sensor 8 in the Coriolis
flowmeter 1 are 1kHz at maximum. Therefore, if the value of N is
set to 32, the frequencies obtained by modulation by the quadrature
frequency modulators 110 and 130 and output therefrom are
approximately 30 Hz, and hence only a filter having a very low
frequency and a narrow band is desirably prepared.

[0109]

In Expression (15) and Expression (16), as described above,
the N-value depends on a flowmeter type. Hereinafter, an example
of the use of N is described below.

When the driving frequency of the sensors is set in a range
of 50 Hz to 1,600 Hz and the filter frequency band of the converters
is set to a range of 10 Hz to 40 Hz, the following table may be
determined.

Inthe set conditions with respect totheN-value and the filter
band, it is important to prevent the frequency after quadrature
modulation fromoverlappingwith thebandof 50Hz to60Hz (commercial
frequencies).

[0110]
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processing frequency is always set to a constant value to significantly
reduce the nunber of filter tables. In addition, the phase neasurenent
processing nmay be nore effectively perfornmed. According to an effect of the
present invention, constant, substantially error-free, and hi gh-speed
conput ati onmaybe realized wthout providing a | arge nunber of filters
corresponding to input frequencies and perform ng any conplicated

i th f ti t | , th
e ey B 0 IR0 T PR GE I  ulah Jeais se
f . 0134
g[’ E{é‘rﬁi[ﬁz\%l a : ]

:
di scre t FFRFYt r ansf ofth (R 0F & Fast Foutdst:
A(ﬂock5|&ﬁﬁQ%W4mutfroma clock 350 to the A/D o nd the
A/ D convePt87~480 HRe cl ock 350 &Ynchroni zes the di AYniE of the |eft
vel oci t90Qi garaP0ouiput from the APD converter 31 and& HE&di%iftZal signal of
the righ® Netdeb®9y Hkgnal output4Promthe A/ D convert@erizsG dizealize

si mul t aneous sanpl i ng. The frequency conversion section 310, the
transmtter 320, the phase difference nmeasurenent unit 330, the frequency
conver si on sg&£i9f 340, and the clock 350 are included in the signal
processi ng apparatus 300. [0135]

When the N-value is selected as described above, the filtering
band used for phase measurement is held, and hence filtering may
be performed without being affected by the driving frequency (input
frequency) .

The example of the use of the N-value is specifically described
here, but needless to say, the actual use of the N-value depends
on the set conditions such as the filter bands used for the adapted
sensor and converter.

[0112]

(4) Phase Measurement Unit

The results output from the quadrature frequency modulators
are substituted for calculation into the following relational
expression.

[Expression 17]

sine - cos f—cosc -sin

tan{ ~ 9= i -
g cosa-¢ns S+sing -sin f

[0113]
When the following expression is assumed,

[Expression 18]
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The respective input signals (left velocity signal and right velocity
signal ) which are the digital signals obtained by conversion by the AID
converters 31 and 35 as described above are subjected to the frequency
conversion by the frequency conversion sections 310 and 340 based on the
output signal fromthe transmtter 320. [0136] Next, a specific
conputi ng net hod of phase difference neasurenent conputation in the signa
processi ng apparatus 300 illustrated in FIG 17 is described. Wen the
measur ement pubes 2 arngl 3 are vibrated by the vibrator 6 of a Coriolis
flomnetezz&;—ihe¢gﬁvpu§ signals (left velocity.signal-.and..ri-ght (el®gity
signal) fronithe vibr&ion detection sensor 80 (left pick-off 7 and right
pi ck-of f 8) provided in the nmeasurenent tubes 2 and 3 are obtained as input
si gnal shef rbheckPRy(bebtepieknofit éhtandetihe RPO (right pick-off 8) as
illustrated in FIG 17. In this case, the input signals of the LPO
and thegRPQ-arecdefibped as follows (69: phase difference between LPO and
RPO) . FExpression 23] Right pick-off: sin(8)(23) [Expression 24] Left

pi ck-of f: sin(8+69)(24) [0137]

A

6 g .. .8
4 g sinf éi + 3¢ cas{ﬁ;} —c0s{— + d¢) - sin{~—)
o 5 4 - ﬁn’ fy‘i“ ‘A!’ ﬁ"
tan{—+ ﬁwuﬁﬁ 5 g
COs(— + g - cas(—) + sin(— + I} sin{—)
J?V i"‘l‘r .'""a‘r ;{ﬁ’.«'r

I '

#:&Il{gé) S, (1 9)

Therefore, the phase difference may be obtained.

[0114]

In another calculation method, the following expressions are
used to calculate arc tangents.

[Expression 20]

[Expression 21]

" .

4 sin-= + dg)
zaﬁ{;:‘,;+§¢}=——--‘-'-«—-w-w— v (201)

) Cos{— + 5

s( +59)

When a difference between the arc tangents is obtained, the phase

difference may be calculated.
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The output signals (left velocity signal LPO and right velocity signal RPO
fromthe two vibration detection sensors (left pick-off 7 and the right

pi ck-off 8) are converted fromthe analog signals into the digital signals
by the AID converters 31 and 35 through the | owpass filters 30 and 34
provided in the converter of the Coriolis floweter 1, respectively, and
then transferred to the signal processing apparatus 300. As

descri bed above, the signal processing apparatus 300 is divided into four
bl ocks i ncluddhg>t he frequency conversion section 310, the transmtter 320,
t he phase difference neasurenent section 330, and the frequency conversion
sect i o< B4t u e phfadbadefrfier encendret Weeh odhes dug pute sisgrial CoRP@Feombthe | ef t
pi ck-of f 7 and the output signal RPO fromthe right pick-off 8 is
conput ed, angctbenicgnverteshint® o thewhaie nebgnaknkasedyonehhien the
frequencies output fromthe vibration velocity sensors and tenperature data
detectgdo-byne {£UBAEAbHI €tEENSAtpAt signalBoteethatet Beitgnpenatur epo
measurenent is not described in the drawi ng. [0138] The conversion

frequensy ouWpuUt hiemthei ERheAUENSY GRRYeRST PIb 88EL bR A itS, abhabred by
addi ng (or subtracting”) an output frequency 9Xn output fromthe

transmy ]{éﬁf : 2010 £ 915 fd QT)JhFQ)(ii&Pllgf@BgQ@éy brequencyy %t%@ggmbgiagcase

where t t velocity signal (outlet-side velocity signal) which is

et s Bt lboplots Tl stonples be popsrt st ondmsciggios

| owf requency sig OW- pas I's converted Into

digital signal hy t D converter . 31. : i be M_t h
Feapect=EaoE Ry TR Ll Gast Tt ERe g iy i R S Rt e radbbney
conversion section 310 and. i nput tQ e ase neasur.ene ection, 330, the
Coput SFORGE e ettty B o4k e I BRAT TeRtbrty Tortt v B tighal
(outlet-side velocity signal) of the digltal Signal,out ut fromthe AID
conver EBf BALFSEERR 1 G 1 e qhentyPratanbt het OFt By Y Daedton t he
out put frequency 9Xn output fromthe transmtter 320 in the frequency
conver 8PontBect F¢ 30§ 0 I3 IUHTef FHE YOS gridionfhi SRS Tehfted in
frequency and out put

quadrature frequency modulators 110 and 130). Therefore, the

structure may be very simple, the number of filter tables may be
significantly reduced, and computation may be achieved with a small
error.

There is little limitation on the phase measurement band by
the input frequency. Therefore, coupling with sensors having
various driving frequencies may be realized and there is an advantage
that the system described above may be applied to various types.
Further, the computing precision is not affected by the input
frequency, and hence high-precision phase measurement may be always
achieved.

[Embodiment 3]

[0116]

The measurement tubes 2 and 3 including at least one flow tube
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by the frequency conversion section 310 and the signal which is shifted in
frequency and output by the frequency conversion section 340 having the
same processing are subjected to the phase cal cul ation by the phase

measur enent section 330. [0140] A frequencyneasurenent val ue (9+8Xn)
out put fronthe frequency conversion section 310 is controlled so as to
finally beconme a phase neasurenent frequency set value 80 which is
arbitrarily set. [Expression 25] OC=0+0Xn(25) When the transmtter
320 i socoat pallredfsélbhatubke, f sequengy aseasasamrenenvalfdew( 848Xs) kEmput to
t he phase neasurenent section 330 al ways becones the constant frequency 8C

as deseptbedeaboye, dhighngpeed q@ aseasitige ofiksuhseqbentTiphase sueasgnement
may be achi eved. [0141] The frequency control method according to

the presgat pnyeati amdinedudes e et hedsftoenadfusti tigod her furequencey oaf the
transmtter 320 so that the output frequencies of the frequency conversion

SeCt'0@§o@3%9b@§da§éoil@éfn@@@@ﬂndﬁﬂﬂéﬁ BP {Xe iighe ond HiiQrafe the

Expression (25), that is, a feed-forward control nethod.

FEFEInﬁﬂEQFtuBQE si gnal processing nethod and the signal processing
apparatus according to the enbodi nent of the present invention are

described. Fi3. 18, LYSLrAl Gt PG SE T FELULECTa R Sh 9 ration

frequency proportional to a Coriolis force acting on the measurement
tubes 2 and 3 including the at least one flow tube or the pair of
flow tubes are/is detected by a pair of velocity sensors or a pair
of accelerationsensorscorrespondingtovibrationdetectionsensors
including the left pick-off (LPO) 7 and the right pick-off (RPO)
8, which are provided on a right side and a left side of the flow
tubes 2 and 3, to thereby obtain a mass flow rate and/or density
of a fluid to be measured.

[0117]

The Coriolis flowmeter includes the frequencymeasurement unit
120 for measuring a frequency based on an input signal frequency
of a digital input signal (outlet-side velocity signal) digital
converted by the A/D converter 31 and output fromat least one sensor
(for example, left pick-off 7), of two flow rate signals obtained
by conversion, into digital signals, on two analog input signals
of the phase difference and/or the vibration frequency proportional
tothe Coriolis force actingon themeasurement tubes 2 and 3 including
the pair of flow tubes, which are detected by the velocity sensors

or the acceleration sensors.
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processing apparatus illustrated in FIG 17 using the feed-forward control
nmet hod. The signal processing apparatus 400 illustrated in FIG 18
perfornms desired frequency conversion on the input signals (inlet-and
outlet-side velocity signals) and perforns phase neasurenent after the
frequency conversion, and hence stabl e phase neasurenent maybe achi eved

w t hout taking input frequency bands into account. [0142] In FIG 18,
the AID converter 31 is connected to a frequency neasurenent unit 450. The
frequency nedsutrkeeent harirtands( tieasid @s$sphevilnpatt sggnatate equenenio,
(measurenent frequency 9) which is the digital signal which is obtainedby
conversh@ounputhe ArBgoenveriegn3l ahé (autiput dherled idmital fregkanther,
the A/D converter 35 is connected to the frequency conversion section 340.
The fregyeaAtYoGOPVEr SkeN SBREt FRBgddAcpentarsiBefeagUEAEY CoOVersion on the
digital signal of the right velocity signal (inlet-side velocity signal)
output fromthe & D converter 35 and then input thereto. The
frequency neasurenent unit 450 is connected to the transmtter 32 0 . The

transmtter 820 has, thed Lansol 8t ep JdequencynFesWksh d:&@f1Rl LR apLky set.
The transm ssion frequency 9C is the phase neasurenent frequency set val ue.

In thes%&§9§n15%@fe§29idéh@éf%??gﬁgiﬁﬁg%?gﬁ_;?ﬁf%QQQPQ%f%ebé§§L%%fog)iS

conpar e WI th the rreas_urerrent € e f re_quency n

corT epanl . L, Lo SLLELAEE hee BBk oL SUPLOPRLED 200 SHEICRL0Y
right pick-off 8) is converted into a digital signal by the two
A/D converters 31 and 35. The pair of quadrature modulators 110
and 130 are provided for performing frequency quadrature modulation
by performing addition (or subtraction) on the frequency 6 of the
input signal based on the output frequency 06Xn output from the
transmitter 140.

[0119]

The phase difference measurement section 150 is provided to
measure the phase difference between the frequency signals sin®
and sin(06+8¢) obtained as the constant frequency signals by
conversion by the pair of quadrature frequency modulators 110 and
130.

The signal processing apparatus 100 is provided to obtain the
phase difference based on the output frequency signal corresponding
to 1/Nof the input frequency of the left velocity signal (outlet-side
velocity signal) which is output from the quadrature modulator 110,
that is, input from the A/D converter 31 and the output frequency

signal corresponding to 1/N of the input frequency of the right
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The frequency nmeasurenent value 9 neasured by the frequency neasurenent
unit 450 is output to the transmtter 320. Wen the signal frequency O
nmeasured by the frequency neasurenent unit 450 is input to the transmtter
320, the predeterm ned frequency signal OXn is transmtted based on
Expression (26) and output fromthe transmtter 320 to the frequency
conversion section 310 and the frequency conversion section 340. [0144]
Simlarly, the conversion frequency output fromthe frequency conversion
secti ome320its dbyad hedirble aduiadg edrocsiuht saghning) wanchut pututfouagderoy 0Xn
output fromthe transmtter 320 to (or from an input signal frequency 8
out put tha quadserwhemeduliaetoef 130l ¥ ssi gmakt (foutd ehe A AR coelvecitey
signal) which is detected by the left pick-off (left velocity sensor) 7 and
extracgteqd as ankewolr eqguencyssigralobyctihe lfowwpassrfilter 30 is converted
into the digital signal by the A/C converter 31. Further, the
conversion freguency output fromthe frequency conversion section 340 is
obt ai ned by adding (or subtracting) an output frequency eXn output fromthe
transmtter 320;&Qr8hEEOM rahd BRUL5INALfF EAHENEY( OF68) QULRME &I N a
case where the right velocity signal (inlet-side velocity signal) which is
det ect t rd j.ck- i el.aoci 1.y .sens Xtk ed as
a |OMF§§52§EWCE§%§%§¥§m%¥} Fﬂ§{$o&égggén¥iF?g#£%ﬁ§?g gg%vg?$ggzgn%%éﬁﬁk
digital si | : | rt.er . i . Wi th
Feapectetstt Ao sl g P e SR e e OB Pro heo T S Ency
conversion section 340 and iqput tot;he pha?e ne surﬁg?ftrﬁechgonE%SO, t he
i nput ?iﬁ%%?u }%ad%ﬂ%ﬁgfiﬁ@ﬂj Rehtth 5% 3Phe™ 5ﬁp?r¥q ency‘?i%ﬁﬁ Veloé?&y
signal (inlet-side vglocit§ si%ﬁaL) gf he di%ital signal output fromthe
A/ D coHUEPt 8r TSBPFLaSHIFL 84 PnlfFdquéfcy St BaARGEREr FPEGEScy and 54sed on
the output frequency eXn output fromthe transmtter 320 in the frequency
conver 8t6nPeREL PN BAGNLFEA 45 E0 the fINdIYESCP R APDTR, TVhetGTandmt t er
320 is connected to the frequency conversion section 310 and the frequency
conver §henfseédi b BaoneTner ¢ efripheyY sFynage D Xh dutp e T ricnd He-quid,
transmtter 320 is input to the frequency conversion section 310 and the
frequehby ebieetsineN Secteoniz£al- Wien the frequency signal 0Xn
output fromthe transmtter 320 is input to the frequency conversion

sect i onEgbOdanmgnthd 1f requency conversion section 340, the output frequency
8C of each of the frequency conversion section 310 and the frequency
conversi on s¢b6fikam 340 is expressed as follows. [Expression 27]

Hereinafter, Embodiment 4 of a mode for carring out the present
invention is described with reference to FIGS. 16 and 17.

FIG. 16 isablockdiagramillustrating a principle of a signal
processing method and apparatus according to the present invention.
FIG.17 is a detailed circuit block diagram illustrating a specific
structure of the signal processing apparatus illustrated in FIG.
16.

FIG. 16 is the block diagram illustrating the principle of
the signal processing method and apparatus according to the present
invention.

In FIG. 16, when measurement tubes 2 and 3 are vibrated by
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8Xn+0=8C(27) [0146] Therefore, when the frequency signal eXn
output fromthe transmtter 320 is input to the frequency conversion
section 310, the frequency conversion section 310 outputs a signal
expressed as follows. [Expression 28] 1. - (sm(9 +)) 2 ( 2 8)

a vibrator (for example, electromagnetic oscillator) 6, vibration
velocities generated in the measurement tubes 2 and 3 are detected
by a vibration detection sensor (for example, velocity sensor or
acceleration sensor) 80. The detected vibration velocities are
computed and processed by a vibration velocity signal computing
device 90. The vibration detection sensor 80 corresponds to the
left velocity sensor 7 and the right velocity sensor 8 of FIG. 28.

[0122]

The vibration velocity signal computing device 90 includes
a frequency conversion section 98, a transmitter 94, and a phase
difference measurement section 96.

The frequency conversion section 98 performs frequency
conversion on the vibration velocities which are generated in the
measurement tubes 2 and 3 and detected by the vibration detection
sensor 80 when the measurement tubes 2 and 3 are vibrated by the
vibrator 6. Asignal fromthetransmitter 94 isinput tothe frequency
conversion section 98.

Then, signalsobtainedby frequencyconversionbythe frequency
conversion section 98 are input to the phase difference measurement
section 96 provided in a subsequent stage of the frequency conversion
section 98. The phase difference measurement section 96 performs
A/Dconversionon respective right and left velocitysignals detected
by the vibration detection sensor 80 (left velocity sensor 7 and
right velocity sensor 8), to thereby perform digital conversion

processing, and then obtains a phase difference between the two
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Further, when the frequency signal eXn output fromthe transmtter 320 is
I nput to the frequency conversion section 340, the frequency conversion
section 340 outputs a signal expressed as follows. [Expression 29] 1
-2(sin(9 + 80 9 137

velocity signals.

[0123]

In the signal processing method and apparatus illustrated in
FIG. 16, the input signals are subjected to the frequency conversion
tocontrol the frequenciesafter the frequency conversion toconstant
values, and the phase measurement is performed after the frequency
conversion. Therefore, a filter processing apparatus capable of
performing high-speed, constant, and high-precision phase
measurement even when the frequencies of the input signals change
is realized.

That is, in the signal processing method and the apparatus
90 as illustrated in FIG. 16, input frequencies FIN of the signals
output fromthe vibration detection sensor 80 and an output frequency
FX of the transmitter 94 aremultiplied by the frequency conversion
section 98 to add (or subtract) phasedifferences of both the signals,
and the transmitter 94 is controlled so that the frequencies after
the frequency conversion are constant, so as to control the
frequencies input to the phase measurement section 96 to a constant
value, to thereby perform the phase measurement based on the signals
after the frequency conversion.

[0124]

When such a structure is employed, constant, substantially
error-free, and high-speed computation may be realized without
providing a large number of filters corresponding to input

frequencies and performing any complicated processing such as
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(29) [0147] Further, the frequency conversion section 310
Is configured so that the signal fromthe transmtter 320 is input thereto.
When signal output fromthe transmtter 320 is input to the frequency
conversion section 310, the frequency conversion section 310 perforns the
frequency conversion on the input signal (outlet-side velocity signal)

I nput fromthe |eft pick-off 7 based on the signal output fromthe
transmtter 320. The signal obtained by frequency conversion by the
fr equericyngonyee 5i ancsepct t ong 3d@thsdconverted into the constant frequency

[Expression 22]
Fc=FX+FIN (or Fc=FX-FIN) (22)
[0125]
FIG.17 illustrates the specific structure of the signal

processing apparatus illustrated in FIG. 16.

In FIG.17, a left pick-off (LPO) 7 (corresponding to left
velocity sensor 7) is connected to a low-pass filter 30. That is,
during vibration using the vibrator (for example, electromagnetic
oscillator) 6, when a detection signal of a vibration velocity
(outlet—-side velocity signal) which is generated on the left side
of the measurement tubes 2 and 3 is detected by the velocity sensor
(vibration detection sensor) 7 located on an outlet side of a fluid
to be measured, the detection signal of the vibration velocity
(outlet-side velocity signal) i1s input to the low-pass filter 30.

The low-pass filter 30 is a circuit for extracting, through
a frequency filter, only a low-frequency left velocity signal
(outlet-side velocity signal) from the left wvelocity signal
(outlet-side velocity signal) output from the left velocity sensor
7 detecting the vibration velocity generated on the left side of
the measurement tubes 2 and 3 in the case where the measurement
tubes 2 and 3 are vibrated by the vibrator 6.

[0126]

The low-pass filter 30 is connected to an A/D converter 31.

The A/D converter 31 converts the left velocity signal (outlet-side
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signal based on the output signal fromthe transmtter 320. [0148]

Further, the frequency conversion section 340 is also configured so that
the signal fromthe transmtter 320 is input thereto. Wen signal output
fromthe transmtter 320 is input to the frequency conversion section 340,
the frequency conversion section 340 perforns the frequency conversion on
the input signal (inlet-side velocity signal) input fromthe right pick-off
8 based on the signal output fromthe transmtter 320. The si gnal

obt ai nedlbyifyeruercy) wbhvbrisi bhelyna hey Bregaemyt wonersi ore dewticens340 is
converted into the constant frequency signal based on the output signal
fromthelteansiittiero320. digi48L signal Wierrhdelednt rodlosimadelgyatlhe
nodul atable transmtter 320 as descri bed above, as in the case of the
frequeney:coenveraeoneseet tons340aly hebktregueney copvernsgionlsedbinen 840 al so
perfornms the frequency conversion based on the output frequency output from

the trapsmtlb @on3eQ+r0390]s input témes@@&\é@r%k@@eégeﬂ@@mmwmf@tomthe
frequency conversion section 340 is obtained by adding (or subtracting) the

out put frequepeyn@Xn QW RUyRENORYLREsEL ARSIR A L1+ 328 0001 6 Worfdaed R | nput
signal frequency (0+69) out)put In a case where the right velocity signa

(inletegide, yel %’@tﬁaéﬁ legnak) whighy i Ej]dﬁ]taqct 8doRYsthg T i ghtaPlcks ofsfoo( ri ght

vel ocity sensor) extracted as ow-frequency signal by the |ow pass
e dosET BB SRoVER T ER SR pam T O PRE L POl el GRal 1 Cquency I En T &
Teasur BRERE AOEHT B1. 39005 RE oot DD Gy (O WALER e the.

i 91 1 P GRS PO RS S D ROycos P a8 S SRl F YRR P F1BaUBiTCY to
anot her frequency band based on the output freguency_eXn outp¥%itgon1the

transni FEEPCESY FANYRESEPRUBAGS dohverditoh§etPBh BUoIUTHIS and

realize stable phase measurement.

[0127]

On the other hand, a right pick-off (RPO) 8 (corresponding
to right velocity sensor 8) is connected to a low-pass filter 34.
That is, during vibration using the vibrator (for example,
electromagneticoscillator) 6, whenadetectionsignal of avibration
velocity (inlet-side velocity signal) which is generated on the
right side of the measurement tubes 2 and 3 is detectedby the velocity
sensor (vibration detection sensor) 8 located on an inlet side of
the fluid to be measured, the detection signal of the vibration
velocity (inlet-sidevelocity signal) is input tothe low-pass filter
34.

The low-pass filter 34 is a circuit for extracting, through
a frequency filter, only a low-frequency right velocity signal

(inlet-side velocity signal) from the right velocity signal
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When the transmtter 320 is controlled as descri bed above, as in the case
of the frequency conversion section 310, also in the frequency conversion
section 340, the frequency conversion is perforned based on the output

frequency Can output fromthe transmtter 320. The nodul at abl e
transmtter 320 is controlled in frequency using the very-sinple
cal cul ati on expression as described above. [0152] Further, the

frequency conversion section 310 is connected to the phase difference
measur eiehtt udide 330.0Funt hegnaflheodrrmeudnop thaverditomesoctitons8agors
connected to the phase difference neasurenent unit 330. In the phase
di f f er&nixe areaisur enenty ibmiatc 18330 yetachtof géherétrequendhed rafghttheibef o f
velocity signal (outlet-side velocity signal) which is output fromthe A/D
converties daendehapttttives he frnequencytconvessi onesecthonmdifuaadehhe
frequency (9+59) of the right velocity signal (inlet-side velocity signal)

whi ch i spoutpuinfiromtbey M caconveyt ere 36i8ndcbapgt to the frequency
conversion section 340 is converted into the sane constant desired
frequency, tpypesform phase difference nmeasurement. [0153] When such
a structure 1s enployed, according to this enbodi nent, the input

frequencies 4l effqye @&étﬁlﬁde&n% a0d-5 ) 9bL - ygl O6idy nyiroRahL) a8 CQBVerted

into the desired frequency bands. Therefore, the frequency bands of the

f
i nput u ' t laci ' 1, d. ri QGi 1Y (S| L);aLe
Sy Tt ot S 2Ha ERETRubRer SE R PES bR s S a FY cantly (Ehiggal s
addi tion, the phase asurenen rocessi ng may b fectivel
perfor%%ﬁ?ClgySlg?Rg'oV %%g E%EE%E% %é¥{So?n?%é“b#ggéﬁ{gﬁﬁsg%?¥§n¥asS
constapt, substantially error-free ,. and hi gh-speed conputationmy.be
Conl | 2BULVE noht B OVE SR AT G b i 5P| 0rs SeBRbeBERATRY 8 | nput
frequenci es and perform ng an conplicateg processin § ch as t he Ch?nge of
the compREFAG Rt ABALS NEEEPESEEo - Cay ot R TpFOEaBE of -t hahphasans
measur enent section may be realized even using a discrete Fourier transform
(DPl) BFOoGcfashdFantER tsansdf Br mygrpncy impjerts theThdRYocR1gPGhal s
input fromthe clock 350 to the AID converter 31 and the AID converter 35.

The cl 6ekl8B0ssJackirbarzbs chanabl phtscof ERELAPD E5RUBEPEY BICS&RESERe Al D

converter 35 and thus has an
by the phase measurement unit located in the subsequent stage and

performs the phase measurement after the frequency conversion, so
as to shift the input frequency band and realize stable phase
measurement.

[0129]

The A/D converter 31 is connected to a frequency conversion
section 310. The frequency conversion section 310
frequency-converts the digital signal of the left velocity signal
(outlet-side velocity signal) output from the A/D converter 31 and
then input thereto, into the desired frequency processed by the
phase measurement unit located in the subsequent stage.

Further, the A/D converter 35 is connected to a frequency

conversion section 340. The frequency conversion section 340
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i mportant function for elimnating a sanpling error between the digital
signal of the left velocity signal output fromthe A/ C converter 31 and the
digital signal of the right velocity signal output fromthe Al D converter
35. The respective input signals (left velocity signal and right
velocity signal ) which are the digital signals obtained by conversion by
the A/D converters 31 and 35 as descri bed above are subjected to the
frequency conversion by the frequency conversion sections 310 and 340 based
on t hef patpencgigoaleftomhddigiansdnsigerl 3IF0LhpobEHit velocitiynsipipal

| ow-pass filter 30 illustrated in FIG. 18 , when a harnonic noise is
r enoveditbeelsniaatel ddiet y réigrerice caft palti &sbngtha 2 D comeertsiroB> andi ne
signal (sine) as illustrated in FIG 19 is output. The sine signa

(si ne) tpsh putplit aMdhecd ovrpasshbi beerr30 Bsedhénsyrat ethd BakkGndfnks
sanpled for digital signal conversion at an arbitrary constant interval by
the A/ Dscgavertgeg3dntos0btain a sanpling signal (sine) as illustrated in
FI G 20, and then output fromthe A/D converter 31. [0156] The si gnal
(sine) as ilkysgppted in FIG 20, which is output fromthe [ow pass filter
30 and sanpl ed for digital signal conversion by the AID converter 31, is

input to thegﬁ%?ﬁggncg ggaﬁgﬁs%qgm§%pQ§ %ﬁg%ggrtiybsigngﬁpgﬁoggsgheg

appar atus 40 ustrat In FIG18. Furt a transmtter output signal

oUt put -LOMADG A5ANSHL {451 320 a3 20 T 0SLBR AT SQUERC ConYLs! on

) r% € -
section n the signal frequency neas

f . ti 450 1 s i t to the t smtt .320 h

[T eaueneYIRAFRLETEL OSSR 830008 PBGI W dranem e B0 the
the_Trags itter 320 based on Exprgssio? ég&% and a cosine siqﬁﬁl.gco§0Xn)
as i || BRErat RIS EICYL IS BUEHGE L the Sere T ahsri S5 or° dutpdtPHat e as

t he sanpling interval of the input signal in the AID conve%;er_3 . %0157]
signal (outlet-side velocity sighal) input from the left pick-off

(LPO) 7 based on the signal output from the transmitter 320.

A signal obtained by frequency conversion by the frequency
conversion section 310 is converted into a desired frequency signal
based on the output signal from the transmitter 320.

[0131]

Further, a signal from the transmitter 320 is also input to
the frequency conversion section 340. When the signal output from
the transmitter 320 is input to the frequency conversion section
340, the frequency conversion section 340 frequency-converts the
input signal (inlet-side velocity signal) input from the right
pick-off (RPO) 8 based on the signal output from the transmitter
320.

A signal obtained by frequency conversion by the frequency
conversion section 340 is converted into a desired frequency signal

based on the output signal from the transmitter 320.
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When the output signal (coseXn) fromthe transmtter 320 is input to the
frequency conversion section 310, in the frequency conversion section 310,
the signal (sine) as illustrated in FIG 20, which is sanpled for digital
signal conversion by the AID converter 31, is nultiplied by the output

signal (cosOXn) output fromthe transmtter 320 as illustrated in FIG 21
(sinexcosOXn) by a nultiplier provided in the frequency conversion section
310, to thereby obtain a signal (sinexcoseXn) as illustrated in FIG 22.

The signal (BVh&xcosOXn) as illustrated in FIG 22, which is obtained by
mul tiplication (sinexcoseXn) by the nmultiplier provided in the frequency
conver si on s@edén aha3iarpasisese lB2audhlk achicgh-lpasis aki beecr ( BPE) alpoow) ded i n
t he frequency conversion section 310 to renove a | owfrequency conponent,
t o t hegebyn obhai Bade Sbgnahe (5188&3nag tbhustsadbedsacki&n. 328, . aThe shgnal
(sin0C) as illustrated in FIG 23 is output fromthe frequency conversion
secti o310 ddpebntarkhenphase; e ffer ense 1SR o tlinte 336t ¢ 0158]
e phase difference between the output signals eft velocity signal an
Th h di f _ bet t he out put I's (left I t ! d
right gf@k ShhYngianalar SfRMA N MVREAL AN Y&l Ocd Ly FRaNSRN o i 8Lynph ck- Of f
7 and right pick-off 8) Pprovided in the neasurenment” tubes 2 and 37in the
case he, ~ EEpVviRcahed ByntBecuibeat o 6 of
t he C%??%??é $f§§;2%£§ggg%sgggﬁ%ﬁ egﬂgggtﬁeg?our b gcks Pncluding t he
frequency, conyer.sion, secif i 1 nd 340 ] hase
At R R L e T s R T S A
included in_the signal cessing,apparatus 400 illustrated_in ElLO .
Then, Tﬁ%sﬁif)ﬁ%ﬁ?gdglﬁh%sg&gi ?Cé?%%%elrf)sa SRS ST r?’t%oagteﬁe%falsgv% Pat E%gi gnal
based on the freguenc signal gut u% fron1the,£ egugg y neasurenment section
450 andUEReCt EhperabaY eCdhPRTdeE 88t RS by T EREME %ﬁ ratire sensor 9. [0159]

Next, an operation of the signal processing apparatus 400 illustrated in
FIG 18 is de§etPbed with reference to tinme charts illustrated in FIGS. 24,
First, inthe lowpass filter 30 illustrated in FI G 18, when a harnonic
noi se i s renBvedald BRLATAAYES tHRR} HLidRée Sdrear PASFAEYi T B cBAVERs on,
a sine signal (sine) as illustrated in FIG 20 is output. When t he
si ne signahtpsinéyom ithst PatledcdnvetER03} sat pupyutt he shRe fEPGHENCYSI ne)
illustrated in FI0.20 is input to the AID converter 31. Then, the signal is
sanpl edofiverdiigint a¢csignal 1€ o evisivdrt aate cars lar Bintecaren cyorssnanetr tagt éngal by
the A/ C converter 31 to obtain a sanpling signal (Yl=sinO) as illustrated
i n Fl Gi2dg@A)tandeoplth pse Firfofa tdrecAnBasameaenérulilt 330 to perform phase
difference measurement.
When such a structure is employed, according to this embodiment,
the input frequencies (left velocity signal and right velocity
signal) are simultaneously converted into the desired frequency
bands. Therefore, even when the input frequencies (left velocity
signal and right velocity signal) change, the phase measurement
processing frequency 1is always set to a constant value to
significantly reduce the number of filter tables. In addition, the
phase measurement processing may be more effectively performed.

According to an effect of the present invention, constant,

substantiallyerror-free, andhigh-speedcomputationmaybe realized
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[ 0160] The sanpling signal (sine) illustrated in FIG 24(A), which is
output fromthe AID converter 31, is input to the frequency conversion
section 310 of the signal processing apparatus 400 illustrated in FIG 18
and input to the frequency neasurenent section 450 of the signal processing
appar atus 400. In the frequency neasurenent section 450 and the
transmtter 320 of the signal processing apparatus 400, the desired
transm ssion frequency signal OXn is transmtted based on the sanpling
si gnal w{shoe} ptdubdiag edlangElGuRda¢ Ao WALtk risscout psipofid bny tthve 1APD
converter 31. A cosine signal (12=cosOXn) as illustrated in FIG 24(B) is
out put fteqtibact requet e el sy @mysectniodncdtédoprohessignatugr acessieng
apparatus 400 illustrated in FIG 18 at the sane transm ssion output rate as
the sapphhfg oAt enyatombut hegimptihosi gnaded Iredshe AlsRygonver pebcdksingl61]
When the cosine signal (Y2-coseXn) illustrated in FIG 24(B) is output from
the trapsmd s sS2RaandehBa tCasite: $hgde SR2ECHS@XREnis iMmpat ike rthe
frequency conversion section 310, the cosine signal is multiplied by the
sanpl i pg,, sk gpak g ¥1esi-pe) pirlrh ustr at ed sich FELIGi 24( AranWiiceh i(graytput from
the AID converter 31, (sinexcosOXn) by the nmultiplier provided in the
frequency cowgé@gon section 310 to obtain a signal (Y3-sinexcosexn) as
illustrated in FIG 24(C). The signal (Y3=sinex cos0Xn) as
illustrated in : i [ aj | tipLi i
(si nexcosOXn%x %i;&fo’ﬂgsékﬁ&l%‘l %F%&EF of?/ﬁocdhg% %gggﬁgy%d:gau%ﬁ%y‘&@%r?\%gys,eirgﬁr
section.310 as t hr ough a. hi ghs.pass fil HP I.QVi i :
Fr equendy EbhUE Rt B CLuBr R 310t Bhbk 2 SN RSy Eosasne ¢o
thereby. obtain_a signal, (Y4=1/2.sin0C) as illustrated.in Fl G 24(D). The
si gnall g%?ﬁé /?ﬁsFﬁ@C?egg Y?]r?@ﬂfét%ﬂg%%flfflbt.%? T it MD fcro&(sﬁ%ﬁ t
frequency conversjon section 310 and input to_the phase djfference
measur énettd Uit H3gtalogsapal of Thegiahdr VOLACHRY PO PasS iRt &%y
illustrated in FIG 18, when a harnonic noise is renoved to elimnate the
i nfl uehBE B ParPrages§eirn A BOc sRPerEico s 1M 1&i3RE O3Sy FaMPUSing{-0+4) ) i's
out put. When the sine signal (sin(0+4)) is output, the sine signal
(sin(0+6T)) TBei ApAAUEBCY heoRY Er ebpvertefiad5. 3SThennNe He BIgHHAIL S dhpl ed
for digital signal conversion at an arbitrary constant interval by the A/D
conver tee @& se differgheegigmalroneputiifitods® hd e Dreonoeey erorgsfsson
multiplied by the sanpling signal output fromthe A/D converter 35 by a
mul ti pbkeet ipnovi tedndnthée fadgiéfcre dnedpsiconi s adtsl 9hoB340 rry aHstAing a
si gnal .

apparatus 300.

[0135]

The respective input signals (left velocity signal and right
velocity signal) whicharethedigital signalsobtainedby conversion
by the A/D converters 31 and 35 as described above are subjected
to the frequency conversion by the frequency conversion sections
310 and 340 based on the output signal from the transmitter 320.

[0136]

Next, a specific computing method of phase difference
measurement computation in the signal processing apparatus 300

illustrated in FIG.17 is described.
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[ 0163] The signal obtained by nultiplication by the nultiplier
provided in the frequency conversion section 340 passes through a high-pass
filter (HPF) provided in the frequency conversion section 340 to renove a

| ow f requency conponent, to thereby obtain a signal (Y5=1/2-sin(0C+6T)) as
illustrated in FIG 24(E). The signal (Y5=1/2.sin(0C+59)) illustrated in

FIG 24(E) is output fromthe frequency conversion section 340 and input to

t he phase difference neasurenent unit 330. ~In the phase difference
measur enent Winet t330neaswigmalt (¥6e6T) ahblusreatidd ated P G2 Fibratent put
as a phase difference 6T based on the signal (Y4=1/2-sin0C) illustrated in

Fl G 24¢ Df,a Gbirchliis Dutywuttdr amtheohitpgtenicynalony éesi ore lsesittivoni @il and
input to the phase difference nmeasurenent unit 330, and the signal

(Y5=1/ 2nsimi(dHE+4)) ddiluskhahead )i ArbhG 24 (B)hrathi@h des coutiput sknenrt he
frequency conversion section 340 and input to the phase difference

nmeasur enent HMHR-3307 ERAGA ght pick-Wren sy hereonpading thet @exalirésent
synchroni zed with the sanpling tinme as descri bed above, the real tine

per f orp@nce of 9hqpNase JMasiHEIBRL: ABY: e ghinkoyedhe 1ro (1dTW bhekroeach of
the set of vibration velocity signals (sine and sin(0+69)) is subjected to

Lge sapp £58C€§éiﬁ@af?E'gﬂésﬁiEQLSEkaéiOQs and,,bengecfheperirg ahmost no
mputing error . Therefore,” accurate phase calculation may be achi eved.
[ Embodi ment PA &Q&?QL&%L the input signals of the LPO and the RPO are
defined as follows (&¢: phase difference between LPO and RPO).
[Expression 23]
Right pick-off: sin(9) (23)
[Expression 24]
Left pick-off: sin(6+d¢) (24)
[0137]
The output signals (left velocity signal LPOand right velocity
signal RPO) from the two vibration detection sensors (left pick-off
7 and the right pick-off 8) are converted from the analog signals
into the digital signals by the A/D converters 31 and 35 through
the low-pass filters 30 and 34 provided in the converter of the
Coriolis flowmeter 1, respectively, and then transferred to the
signal processing apparatus 300.
As described above, the signal processing apparatus 300 is
divided into four blocks including the frequency conversion section
310, the transmitter 320, the phase difference measurement section

330, and the frequency conversion section 340. A phase difference

between the output signal LPO from the left pick-off 7 and the output
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Next, the signal processing nmethod for the specific structure of the signal

processi ng apparatus 400 illustrated in FIG 18 is described wth reference
to the operational flow chart illustrated in FIG 25. FIG25 is a
flow chart illustrating frequency nodul ati on and phase neasurenment in a
case where the feed-forward is used. In FIG 25, in Step 500,

paraneters of the signal processing apparatus 400 which is the conputing
device are initialized. Wien the paranmeters of the signal processing

appar at ugndDRELr Erpni tthealriigéd, packar fetd {6 egquentied oenflrégpeneyveodeldat i on,
that is, a target frequency after frequency nodulation is set in Step 500.
[0166] into a fMhenrdtwe pagenetierssdfort héesifgralugpraaees siunguap favat tse400
which is the conputing device are initialized and the target frequency
after {iequeney redulationsdss®ed amd SteppbBQruire Stem Sdd;c@-qhase and
velocity signal output fromthe left pick-off (LPO 7 (left velocity sensor

7) is §§ﬁggggtﬁgé digkbal osi gnal conversion at an arbitrary sanpling
interval by the A/D converter 31, and a phase and vel ocity signal output

fromthe rightcpitghksOthe(REQe Sl Ohle kel QeI SENRA q8kcik$psanmh edef or
digital S|gnal conversion at an arbitrary sanpling interval by the AID

conver ger. The phase and velocity signal sanpled for digita

si gnal conve?3|on at the arbitrary sanpling interval by the A/D converter
31 is input LB frequency measurenent unit 450 and the frequency
conversion s c% 310. The phase and velocity signal sanpled for digital

signal conversion at the arbitrar Iing int vg bX the ALD caonverter
3501 i nput ?%et%evferresqw@n {;e%%véher oy %ﬁ redtendy GRotefRd i gnal
is sanpled.for it |on itrar

|t ervarctiangidysBtad %3%&%@]@% of el rantad a%?&%pg%p ey
when t he phase and veIOC|t si gnal gyled for degltal gpal converS|on at

the ar BiBraryPeandFPRg @%t%?%%ﬁmkﬁi?ﬁ N O ¢orrerté™/3 A4

frequency neasurenent unit 450 neasures the frequency based, on the phase
and Veﬁé@gpengygﬁh|output in a case where the left velocity signal

(outlet-side velocity signal) which is detected by the left pick-off
(left velocity sensor) 7 and extracted as a low-frequency signal
by the low-pass filter 30 is converted into the digital signal by
the A/D converter 31.

As described above, with respect to the input signal frequency
which is output from the frequency conversion section 310 and input
to the phase measurement section 330, the input signal frequency
8 which is the low-frequency left velocity signal (outlet-side
velocity signal) of the digital signal output from the A/D converter
31 is shifted in frequency to another frequency band based on the
output frequency 6Xn output from the transmitter 320 in the frequency
conversion section 310.

[0139]

Therefore,'thesignalvHMAﬂlisshifted:U1frequencyenxioutput
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[ 0168] When the frequency is neasured in Step 520, an out put
frequency of a reference signal is calculated in Step 530. That is, in Step
530, the frequency neasured by the frequency neasurenent unit 450 is
conpared with the initially set target frequency. When t he neasured
frequency is conpared with the initially set target frequency in Step 530,
in Step 540, the output frequency is set for the transmtter 320 for

ref erence signal based on the result obtained by conparison, to thereby
gener abe the fetarence sbgmaksivhemetheonefiéfenvd shgnalaginelgehecat éd, the
reference signal having the set frequency is output fromthe transmtter
320 anghi ipatl iro frhgqubneguent pucomeby el 816gaadc4on {Od69in Yeen ibhe
reference signal is generated in the transmtter 320 in Step 540, the

pr ocessi 00 aefiridheh ¢ cageancyccosvier beesk it 84@hd hats¢ salthe aftieguency
conversion is perforned in Step 550. Therefore, the frequency converter 310

to whigh the pehkeeenegshirefuancyesicgnal 300t put fromthe transmtter 320 is
i nput converts the phase and velocity signal output fromthe AID converter
31 into [0140]

Afrequencymeasurement value (0+6Xn) output fromthe frequency
conversion section 310 is controlled so as to finally become a phase
measurement frequency set value OC which is arbitrarily set.
[Expression 25]
0C=6+0Xn (25)

When the transmitter 320 is controlled so that the frequency
measurement value (6+6Xn) input to the phase measurement section
330 always becomes the constant frequency 6C as described above,
high-speed processing of subsequent phase measurement may be
achieved.

[0141]

The frequencycontrolmethodaccordingtothepresent invention
includes a method for adjusting the frequency of the transmitter
320 so that the output frequencies of the frequency conversion
sections (310 and 340) all become equal to 8¢ in the condition of
Expression (25), that is, a feed-forward control method.

Hereinafter, the signal processing method and the signal
processing apparatus according to the embodiment of the present
invention are described.

FIG.18 illustrates a specific structure of the signal
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a phase and velocity signal having an arbitrary frequency based on the
reference signal output fromthe transmtter 320. The frequency
converter 340 to which the reference frequency signal output fromthe
transmtter 320 is input converts the phase and velocity signal output from
the AID converter 35 into a phase and velocity signal having an arbitrary
frequency based on the reference signal output fromthe transmtter 320.

As a result, the signal obtained by frequency conversion is converted into
an ar bptoaeystoasiard rf regudncys tared d ansFeer &éd usinhdéhghiseddifbierence

measur enent section 330. [0170] When the conversion into the phase
and vetocttylsmghabdhaving the arbitrary frequency is perforned in Step
550, phase neasurenent is perforned in Step 560. That is, in Step

560, the phasgecandgnel opirbyessgnal apbhakned byot helasbirkradyieomstans
frequency conversion based on the transm ssion frequency of the reference

si gnal peutpuhsfdom the rieansmidt 86n320si snidipithet Onphe Phasa Mmasueerent
unit 330. The phase neasurenent unit 330 perforns the phase neasurenent

usi ng a,FFJuolet hei bt ke PasLL, ok 4o Phase g Aehecihy <&l gRakuebiaired by
the arbitrary constant frequency conversion, which is output fromthe

[requeneye camertel b0y MeneLheophase; MRzl eiBle Ish Y hOLERAHSLRAY the

FFT as desc ove, "high-precision phase difference neasurenment nay be

al ways r.f or . gqmi. j ryval [ it c

Her ei n%%?ebre, aﬁge%é Q%F%%Eﬁ 1|9nc u%il%"{tﬂtef?ﬁ&ggag clga]%%%lvlenr 51 6n sections
310 and 340,[¢?§ Lransnitter 320, the phase difference neasurenent unit
330, and the a ency neasurenent unit 450, included in the signal

processing a us_, 40Q are, descri bed. ) . Frequenc nver si on _Secti on
The frequencggg%ﬁ%ef%io f%é%@%88n§f6%§F‘@ielgiiéhﬁe%¥%§g§§ﬁn T&hparatus 400
has a structure as i|Jlustrated in FIG 26. In FI G 6he fre%yency

26
converBEBRUEBRENSIYD 40| UGBS T ARSI PY F6A SFFENSRY Bt habyl FRPSEE SELPF)

312 (or high-pass filter (HPF)). , ,
the Input signal frequency 6 (measurement frequency ©) which is

thedigital signalwhichisobtainedbyconversionbytheA/Dconverter
31 and output therefrom.

Further, the A/D converter 35 is connected to the frequency
conversion section 340. The frequency conversion section 340
performs frequency conversion on the digital signal of the right
velocity signal (inlet-side velocity signal) output from the A/D
converter 35 and then input thereto.

The frequency measurement unit 450 1is connected to the
transmitter 320. The transmitter 320 has the transmission frequency
6C which is arbitrarily set. The transmission frequency ©C is the
phase measurement frequency set value. In the transmitter 320, the
phase measurement frequency set value 6C is compared with the
measurement frequency © and the frequency 6Xn corresponding to the

difference is output.
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A reference signal cos02 fromthe transmtter 320 and an input signal SINOL
fromthe AID converter 31 are nmultiplied by each other and then subjected
to filter processing by the | owpass filter 312. [0172] The
reference signal cose2 fromthe transmtter 320 is nultiplied by an input
signal sinOl obtained by converting, into a digital signal, by the AID
converter 31, the lowfrequency |left velocity signal (outlet-side velocity
signal) which is detected by the left pick-off (left velocity sensor) 7 and
extrac{edpbysshen| o4 pass filter 30 and then output therefrom to thereby
conbi ne sum and di fference frequency signals. [Expression 30] sin 91 cos
t92 = AXn{80{91to02pXr=8CHE) 81 (2&H2)) 2 ( 0)

That 1s, cos(6Xn) is output from the transmitter 320.

[0143]

The frequency measurement value O measured by the frequency
measurement unit 450 is output to the transmitter 320. When the
signal frequency 6 measured by the frequency measurement unit 450
is input to the transmitter 320, the predetermined frequency signal
6Xn is transmitted based on Expression (26) and output from the
transmitter 320 to the frequency conversion section 310 and the
frequency conversion section 340.

[0144]

Similarly, the conversion frequency output from the frequency
conversion section 310 is obtained by adding (or subtracting) an
output frequency 6Xn output from the transmitter 320 to (or from)
an input signal frequency 6 output in a case where the left velocity
signal (outlet-side velocity signal) which is detected by the left
pick-off (left velocity sensor) 7 and extracted as a low-frequency
signal by the low-pass filter 30 is converted into the digital signal
by the A/D converter 31.

Further, the conversion frequency output from the frequency
conversion section 340 is obtained by adding (or subtracting) an
output frequency 6Xn output from the transmitter 320 to (or from)
an input signal frequency (6+3¢) output in a case where the right

velocity signal (inlet-side velocity signal) which is detected by
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The sum and di fference frequency signals are filtered by the | ow pass
filter (or high-pass filter) 132 to extract only the difference signal (or
sum signal) . In this case, for specific description, the sum
signal is extracted. However, even when the difference signal is extracted,
there is no problem and hence the filter processing nethod is applied as
appropriate according to the frequency conversion nethod. [0173]

The output fromthe |ow pass filter (or high-pass filter) 312 is expressed
as fol thesripExppeskirohf31Fight velocity sensor) 8 and extracted as a

low-frequency signal by the low-pass filter 34 is converted into
the digital signal by the A/D converter 35.

As described above, with respect to the input signal frequency
which is output from the frequency conversion section 340 and input
to the phase measurement section 330, the input signal frequency
(6+0¢@) which is the low-frequency right velocity signal (inlet-side
velocity signal) of the digital signal output from the A/D converter
35 is shifted in frequency to another frequency band based on the
output frequency 6Xn output from the transmitter 320 in the frequency
conversion section 340.

[0145]

As described above, the transmitter 320 is connected to the
frequency conversion section 310 and the frequency conversion
section 340. The frequency signal 6Xn output from the transmitter
320 is input to the frequency conversion section 310 and the frequency
conversion section 340.

When the frequency signal 6Xn output from the transmitter 320
is input to the frequency conversion section 310 and the frequency
conversion section 340, the output frequency 6C of each of the
frequency conversion section 310 and the frequency conversion
section 340 is expressed as follows.

[Expression 27]
OXn+6=06C (27)

[0146]

92



-(sm(91+ 612)) 2 ( 3 1) In this case, an output signal frequency 03
fromthe |lowpass filter (or high-pass filter) 312 is always controlled to
a constant val ue. Therefore, the sane f Iter may be al ways used

wi t hout dependi ng on the input signal.

Therefore, when the frequency signal 6Xn output from the
transmitter 320 is input to the frequency conversion section 310,
the frequency conversion section 310 outputs a signal expressed
as follows.

[Expression 28]

%(Sin(9+a\w)) ...... [UUTR (28)

Further, when the frequency signal 6Xn output from the
transmitter 320 is input to the frequency conversion section 340,
the frequency conversion section 340 outputs a signal expressed
as follows.

[Expression 29]

1.
—2-(sm(9+5¢+6{m)) ............... e (29)

[0147]

Further, the frequency conversion section 310 is configured
so that the signal from the transmitter 320 is input thereto. When
signal output from the transmitter 320 is input to the frequency
conversion section 310, the frequency conversion section 310
performs the frequency conversion on the input signal (outlet-side
velocity signal) input from the left pick-off 7 based on the signal
output from the transmitter 320.

The signal obtained by frequency conversion by the frequency

conversion section 310 is converted into the constant frequency
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Thus, the phase neasurenment in the phase dif ference nmeasurenment unit 130

| ocated in the subsequent stage of the frequency conversion section 310 nmay
be highly uniforned and sinplified. [0174] (2) Frequency Measurenent
Section In this enbodi nent, the principle of phase-|locked |oop (PLL) is
used for the frequency neasurenent nmethod. The PLL is a known el ectronic
circuit in which a signal which is equal in frequency to an i nput
alternating current signal and | ocked in phase therewith is output from
anot hepigseill based by téedbatkutontipobl from ththérehemettehle3ROL is
fundanmental |y a phase-lock circuit and nmay produce a signal |ocked in phase
wi th an i npufOsignal . The PLL is an oscillation circuit for

f eedback-controlling an oscillator in a loop for oscillation so that a
phase differeneehbet weeie a frrebererye sbghnatsioputsdammman3edt sigle zard an
output fromthe oscillator in the loop is constant. Therefore, the PLL may

be rel abhyebyreaskby teansthuckegdnusi figom eGRPUtingrdeviece 3and iray npeif orm
hi gh- speed conputation. [0175] The frequency nmeasurenent section 450

of thergkgnab.PrPeessd NchAPRAIRIMS 400 has arshiMetdee as0idd ustyated in
FI G 27. In FIG 27, the frequency neasurenent section 450 includes a

nU|tipkhérf%%%ue%c&ogd%#g%gﬂd§‘%eéé%%ﬁ $h7, 8Ad 2-LLARRELT LehL VA3 iTor

f requency neasurenen

section 340 performs the frequency conversion on the input signal
(inlet-side velocity signal) input from the right pick-off 8 based
on the signal output from the transmitter 320.

The signal obtained by frequency conversion by the frequency
conversion section 340 is converted into the constant frequency
signal based on the output signal from the transmitter 320.

[0149]

When the control is made by the modulatable transmitter 320
as described above, as inthe case of the frequency conversion section
310, the frequency conversion section 340 alsoperforms the frequency

conversion based on the output frequency output from the transmitter

320.

[0150]

The conversion frequency output from the frequency conversion
section 340 is obtained by adding (or subtracting) the output
frequency 6Xn output from the transmitter 320 to (or from) the input
signal frequency (6+d¢) output in a case where the right velocity
signal (inlet-side velocity signal) which is detected by the right

pick-off (right velocity sensor) 8 and extracted as a low-frequency
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[0176] The multiplier 451 conpares the phase of the left velocity
signal (outlet-side velocity signal) sine which is obtained as the digital
signal by conversion by the A/D converter 31 with the phase of an out put
signal cos6 output fromthe transmtter 453 for frequency neasurenent and
outputs the signals as a difference signal and a sumsignal to the | ow pass
filter 452. Therefore, an output end of the nultiplier 451 is
connected to the low pass filter 452. The | ow pass filter 452 extracts only
a | ow BregaérnnytBedgral-dassnt i hecowtdpus osingealt egui pue theomi ¢ hiea helioinglli er

451 through a frequency filter. Thus, in this case, only a difference
conponkemt the &Xbr actedrteem3the output signal output fromthe multiplier
451. [0177] The | ow pass filter 452 is connected to the transmtter

453 for freguenmsdreasut ehent, wihe teapsot ttoer hd 53 pfuar s f greguereyuency
measur enent generates phase data 5 based on the | owfrequency signal output

fromthaibtawpass it £eemdhSd frequenthecdtadssi dh e 45D 9n ofarr&ﬂua@w
measur enent outputs the output signal cos6 to the multiplier 451. In the

nul tipkbetndSdnatbenphaseenint heebnpitt si@nalnd rl?ﬂii&”%)ig@laqbtf%'e%@n%

converting, into a digital signal, by the 'RID converter 31

| owfregu [
vl SNSRI YalRe L 2 pnab o Lote stdekelonl sl gnab ke s

| ow pags; Bbh%?rsﬁgonﬁﬂd g“érﬁehlb@%r ﬁ‘;&f? 45 ofe %@Porﬁ‘"t%% }%P}S’ BhaseQf. the

out put signal “coso Si are outp t as t ference signa

and thg5 $L§¢ Uﬁ1t e($g%ﬁg?%§ fll%gr 4§réagenc ban %§dqv§ 6%%%p i's

formed™So requency co f'unction onIy t he

di fference onent oft ai ne f|| b QW pas | ter 452
becomeg 00 L0 féﬁu%w?%ﬁ&% Gl ssgton b e oy FUEBEL NG | npu
to conversion section 340.

[0151]

When the transmitter 320 is controlled as described above,
as in the case of the frequency conversion section 310, also in
the frequency conversion section 340, the frequency conversion is
performed based on the output frequency 6Xn output from the
transmitter 320.

The modulatable transmitter 320 is controlled in frequency
using the very-simple calculation expression as described above.

[0152]

Further, the fregquency conversion section 310 is connected
tothephasedifferencemeasurementunit 330. Further, the frequency
conversion section 340 is connected to the phase difference
measurement unit 330.

In the phase difference measurement unit 330, each of the

frequency®of theleftvelocitysignal (outlet~sidevelocity signal)
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the nmultiplier 451. When the output signal output fromthe transmtter 453
for frequency neasurenent in the frequency neasurenent unit 450 is
expressed by 0036, both the signals are nultiplied by the nultiplier 451 as

foll ows. [Expression 32] sin Ocos b’ = -1(sin(9 + 8 + sin(0 -( 32 ) 2
| nput waveform sine Qutput waveformof transmtter for frequency
measurenment: cos6 When a result obtained by nultiplication by the

mul tiplier 151 as expressed by Expression (32) is filtered by the | ow pass
filtervidseh i highutreuendy sohponerrisr sénpved ned tobe dilve fheafiehksw ng
expression. [Expression 33] V-sin(0-6)(33) [0179]
conversion section 310 and the frequency (8+3¢) of the right velocity
signal (inlet-side velocity signal) which is output from the A/D
converter 35 and input to the frequency conversion section 340 is
converted into the same constant desired frequency, to performphase
difference measurement.

[0153]

When such a structure is employed, according to this embodiment,
the input frequencies (left velocity signal and right velocity
signal) are converted into the desired frequency bands. Therefore,
the frequency bands of the input frequencies (left velocity signal
and right velocity signal) are shifted, and the number of filter
tables issignificantly reduced. Inaddition, thephasemeasurement
processing may be more effectively performed.

According to an effect of the present invention, constant,
substantiallyerror-free, andhigh-speedcomputationmaybe realized
without providing a large number of filters corresponding to input
frequencies and performing any complicated processing such as the
change of the computing method. Needless to say, the processing
of the phase measurement sectionmaybe realizedevenusingadiscrete
Fourier transform (DFT) or a fast Fourier transform (FFT).

[0154]

The clocksignal is input fromthe clock 350 tothe A/Dconverter

31 and the A/D converter 35. The clock 350 synchronizes the outputs

of the A/D converter 31 and the A/D converter 35 and thus has an
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When a value of (0-6) in Expression (33) is a sufficiently small val ue
(V,-,0), the frequency conputing function V indicating the result obtained
by multiplication by the nultiplier 451 nay be approxi mately expressed as
foll ows. [Expression 34] V=0-6.,--0(34) When an out put wavef or m of
the transmtter 453 for frequency neasurenent is controlled so that the
frequency conputing function V becones 0, the precedi ng phase 0 obtai ned
by frequency conversion by the frequency conversion section 310 may be
obt ai nedpof0280] functionWien ehemphaséng of sthelADG- 3trout patwsiene thisi ch i s
obt ai ned as descri bed above is conputed using the foll ow ng Expressions
(35) addg(86}, saghréquenmhe' fl'e iayvdioobt pi segna ] Expressi 6no@5Lh=CA4 2 TCf
(35) w Angular velocity (rad/s)
converter 31 and the digital signal of the right velocity signal
output from the A/D converter 35.
The respective input signals (left velocity signal and right
velocitysignal) whicharethedigital signalsobtainedbyconversion
by the A/D converters 31 and 35 as described above are subjected
to the frequency conversion by the frequency conversion sections
310 and 340 based on the output signal from the transmitter 320.
[0155]
Inthe low-passfilter30illustratedinFIG.18, when a harmonic
noise is removed to eliminate the influence of aliasing in A/D
conversion, a sine signal (sin®) as illustrated in FIG.19 is output.
The sine signal (sin®) output from the low-pass filter 30 as
illustrated in FIG.19 is sampled for digital signal conversion at
an arbitrary constant interval by the A/D converter 31 to obtain
a sampling signal (sinB) as illustrated in FIG.20, and then output
from the A/D converter 31.
[0156]
The signal (sin®) as illustrated in FIG.20, which is output
fromthe low-pass filter 30 and sampled for digital signal conversion
by the A/D converter 31, is input to the frequency conversion section
310 of the signal processing apparatus 400 illustrated in FIG.18.

Further, a transmitter output signal output from the transmitter

320 is also input to the frequency conversion section 310.
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Note that AT indicates a change in tine and is equal to the conputing
Interval (sanpling rate). Therefore, a change in phase (0) is as
foll ows. [Expression 36] 0=2ufTa(36) where Ta: change in tinme (sanpling
interval) (sec.) f: input frequency (Hz) 0: change in phase (rad) [0181]
The input frequency "f" is as follows. [Expression 37]

When the signal frequency 6 measured by the frequency
measurement section 450 is input to the transmitter 320, the
transmission frequency signal 6Xn is transmitted at a desired
frequency by the transmitter 320 based on Expression (26) and a
cosine signal (cos6Xn) as illustrated in FIG.21 is output at the
same transmission output rate as the sampling interval of the input
signal in the A/D converter 31.

[0157]

When the output signal (cos6Xn) from the transmitter 320 is
input to the frequency conversion section 310, in the frequency
conversion section 310, the signal (sin®) as illustrated in FIG.20,
which is sampled for digital signal conversion by the A/D converter
31, is multiplied by the output signal (cos€Xn) output from the
transmitter 320 as illustrated in FIG.21 (sinBxcosXn) by a
multiplier provided in the frequency conversion section 310, to
thereby obtain a signal (sin®xcos6Xn) as illustrated in FIG.22.

The signal (sin6xcosbXn) as illustrated in FIG.22, which is
obtainedbymultiplication (sin®xcos6Xn) by themultiplier provided
in the frequency conversion section 310, passes through a high-pass
filter (HPF) provided in the frequency conversion section 310 to
remove a low-frequency component, to thereby obtain a signal (sin6C)
asillustratedinFIG.23. Thesignal (sin6C)asillustratedinFIG.23
is output from the frequency conversion section 310 and input to
the phase difference measurement unit 330.

[0158]

98



(3 7) When such cal cul ation is perfornedby the

frequencymeasurement unit 450, high-speed frequency nmeasurement may be
achieved. [0182] (3) Transmtter

The phase difference between the output signals (left velocity
signal and right velocity signal) from the vibration velocity sensor
70 (left pick-off 7 and right pick-off 8) provided in the measurement
tubes 2 and 3 in the case where the measurement tubes 2 and 3 are
vibrated by the vibrator 6 of the Coriolis flowmeter 1 is computed
by the four blocks including the frequency conversion sections 310
and 340, the transmitter 320, the phase difference measurement unit
330, and the frequency measurement section 450, included in the
signal processing apparatus 400 illustrated in FIG.18. Then, the
computed phase difference is converted into the flow rate signal
based on the frequency signal output from the frequency measurement
section 450 and the temperature data detected by the temperature
sensor 9.

[0159]

Next, an operation of the signal processing apparatus 400
illustrated in FIG.18 is described with reference to time charts
illustrated in FIGS. 24.

First, in the low-pass filter 30 illustrated in FIG.18, when
a harmonic noise is removed to eliminate the influence of aliasing
in A/D conversion, a sine signal (sin®) as illustrated in FIG.20
is output.

When the sine signal (sin®) illustrated in FIG.20 is output,
the sine signal (sin®) illustrated in FIG.20 is input to the A/D
converter 31. Then, the signal is sampled for digital signal

conversion at an arbitrary constant interval by the A/D converter
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In FIG 18, the output frequency of the nodul atable transmtter 320 is
controll ed based on the result (0) obtained by neasurenent by the frequency
nmeasur enent section 450. That is, inthe transmtter 320, the
frequencyO ofthe detection signal of the vibration velocity (outlet-side
velocity signal) generated on the left side of the measurenment tubes 2 and
3, which is detected by the left pick-off 7 and input to the frequency
conversion section 310 in the case where the neasurenent tubes 2 and 3 are
vi br at éd tsyobheigidparptisy §igrroht(YoFed S i@ aldesistad thdejuénéy 24d Abe
processed by the phase difference neasurenent unit 330. The frequency
convershgnoséptitoNr8h0thndAY Recbneguércy 3donver si on section 340 have the
same structure. Therefore, as in the case of the frequency output fromthe
frequency convgf8ion section 310, the frequency output fromthe frequency
conversion section 340, nore specifically, the frequency (0+59) of the
detection signal sehpl hegvébgadl ons Med pci Tyu (i teda sirde neelzacin)y, sihgaal )
generated on the right side of the nmeasurenment tubes 2 and 3, which is
detect ed bytbhe rirght tpicCks/af fcdhwnednpst, tost hepht equeney ¢oRVRESICN
section 340 in the case where the measurenent tubes 2 and 3 are vibrated by

the V'QBﬁ%@Es@on'%d@@ﬂ&¥t§¥b'QEOtﬁed%@dﬂﬁifﬁﬁ%ﬁ%ﬁ%&h £0483Lt(14) sBhase
Di fference Measurement Unit here are vari ous phase neasurenent

met Nodsy ;0.2 E@agﬁﬁx@h §& PaS ﬁ@rﬁ?ﬁ hd S u% %}{-{Lé%uiérﬁéﬁ{% Bt idn

frequency Is |xe ence ve y- hlg - Spee ation may be achieved.

Fbrelnggbe%f ggeeéggg% g geggigreEEBFgg%b%r b@ansfornl(DFT) i s described.

The discre ourre ormis a urier transformon a discrete group,
often used for fre enc anal ysis_of discrete digital Is | i.gnal

pr ocessi ng, 9 Jzéfso % Cynl???%?@ﬁp S%%ﬁcd?é%@ %“%é#%?§| eF%ﬁiim
equat i convol t|on |nte ral. urler transforn1nay be
cal cul a08¢ %ﬁﬁ T epeRae Thy e R T0RT ﬂ% P SLECRUAT SIS or m
(FFT). _[01841 When the in ut Si d in the phase dlfference
measur SREARCEEY FHAR3309KR Je%p*’r ‘?ﬁ%(%se 1§19 SeERtefiched gL

foll ows. [Expression 38] _ _
(Slne) illustrated in FIG.24(A), which is output from the A/D

converter 31. A cosine signal (Y2=cos6Xn) as illustrated in
FIG.24 (B) is output to the frequency conversion section 310 of the
signal processing apparatus 400 illustrated in FIG.18 at the same
transmission output rate as the sampling interval of the input signal
in the A/D converter 31.

[0161]

When the cosine signal (Y2=cos6Xn) illustrated in FIG.24 (B)
is output from the transmitter 320 and the cosine signal (Y2=cos6Xn)
is input to the frequency conversion section 310, the cosine signal
is multiplied by the sampling signal (Yl=sin®) illustrated in
FIG.24 (A), which is output from the A/D converter 31, (sin©xcos6Xn)
by the multiplier provided in the frequency conversion section 310

to obtain a signal (Y3=sinbxcosbXn) as i1illustrated in FIG.24 (C).
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- n k k)=Eg(n)exp(1.2.) int) r. n ks2. n- n k =1-1 g(n)(C®%(2 )in( n=0 k
=0,1,,N-I ( 3 8)

The signal (Y3=sinBxcosH6Xn) asillustratedin¥IG.24(C), which
is obtained by multiplication (sin6xcos6Xn) by the multiplier
provided in the frequency conversion section 310, passes through
ahigh-pass filter (HPF) provided in the frequency conversion section
310 to remove a low-frequency component, to thereby obtain a signal
(Y4=1/2-s51n06C) as 1llustrated in FIG.24 (D). The signal
(Y4d=1/2+-sinBC) as i1llustrated in FIG.24(D) is output from the
frequency conversion section 310 and input to the phase difference
measurement unit 330.

[0162]

Further, in the low-pass filter 34 illustrated in FIG.18, when
a harmonic noise is removed to eliminate the influence of aliasing
in A/D conversion, a sine signal (sin(6+d¢)) 1is output.

When the sine signal (sin(6+d¢)) is output, the sine signal
(sin (6+d¢@)) is input to the A/D converter 35. Then, the signal is
sampled for digital signal conversion at an arbitrary constant
interval by the A/D converter 35.

The signal output from the A/D converter 35 is multiplied by
the sampling signal output from the A/D converter 35 by amultiplier
provided in the frequency conversion section 340 to obtain a signal.

[0163]

The signal obtained by multiplication by the multiplier
provided in the frequency conversion section 340 passes through
ahigh-pass filter (HPF) provided in the frequency conversionsection

340 to remove a low-frequency component, to thereby obtain a signal
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[ 0185] For sinpler expression, when a conplex exponential function part is

expressed by the follow ng substitution, [Expression 39] = exp( c.29) , 2z,
=/sin(-)
(Y5=1/2+sin(06C+&¢)) as i1llustrated in FIG.24(E). The signal

(Y5=1/2+-sin (8C+d¢)) illustrated in FIG.24(E) is output from the
frequency conversion section 340 and input to the phase difference
measurement unit 330.

In the phase difference measurement unit 330, a signal (Y6=3¢)
illustrated in FIG.24(F) is output as a phase difference d¢ based
on the signal (Y4=1/2-sin6C) illustrated in FIG.24 (D), which is
output from the frequency conversion section 310 and input to the
phase difference measurement unit 330, and the signal
(Y5=1/2-sin(6C+d¢)) illustrated in FIG.24(E), which is output from
the frequency conversionsection 340 and input to thephasedifference
measurement unit 330.

[0164]

When the computing interval is synchronized with the sampling
time as described above, the real time performance for phase
measurement may be improved.

Further, each of the set of vibration velocity signals (sin®
and sin(6+8¢)) 1is subjected to the same processing for phase
calculation, andhence thereisalmostnocomputingerror. Therefore,
accurate phase calculation may be achieved.

[Embodiment 5]

[0165]

Next, the signal processing method for the specific structure
of the signal processing apparatus 400 illustrated in FIG.18 is

described with reference to the operational flow chart illustrated
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(39)

in FIG.25.

FIG.25 is a flow chart illustrating frequency modulation and
phase measurement in a case where the feed-forward is used.

In FIG.25, in Step 500, parameters of the signal processing
apparatus 400 which is the computing device are initialized. When
the parameters of the signal processingapparatus 400 are initialized,
a target frequency for frequency modulation, that is, a target
frequency after frequency modulation is set in Step 500.

[0166]

When the parameters of the signal processing apparatus 400
which is the computingdeviceareinitializedandthe target frequency
after frequency modulation is set in Step 500, in Step 510, a phase
and velocity signal output from the left pick-off (LPO) 7 (left
velocity sensor 7) is sampled for digital signal conversion at an
arbitrary sampling interval by the A/D converter 31, and a phase
and velocity signal output from the right pick-off (RPO) 8 (right
velocity sensor 8) is sampled for digital signal conversion at an
arbitrary sampling interval by the A/D converter 35.

The phase and velocity signal sampled for digital signal
conversion at the arbitrary sampling interval by the A/D converter
31 is input to the frequency measurement unit 450 and the frequency
conversion section 310. The phase and velocity signal sampled for
digital signal conversion at the arbitrary sampling interval by
the A/D converter 35 is input to the frequency converter 340.

[0167]
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Express: on (38) is expressed as foll ows. [ Expr essi on 40] G k) = goo
w. m.c

When the signal is sampled for digital signal conversion at
thearbitrarysampling interval inStep 510, the frequency ismeasured
in Step 520. That is, when the phase and velocity signal sampled
for digital signal conversion at the arbitrary sampling interval
by the A/D converter 31 is input, the frequency measurement unit
450 measures the frequency based on the phase and velocity signal.

[0168]

When the frequency ismeasured in Step 520, an output frequency
of a reference signal is calculated in Step 530. That is, in Step
530, the frequency measured by the frequency measurement unit 450
is compared with the initially set target frequency.

When the measured frequency is compared with the initially
set target frequency in Step 530, in Step 540, the output frequency
is set for the transmitter 320 for reference signal based on the
result obtained by comparison, to thereby generate the reference
signal. Whenthereferencesignal isgenerated, thereferencesignal
having the set frequency is output from the transmitter 320 and
input to the frequency converters 310 and 340.

(0169]

When the reference signal is generated in the transmitter 320
in Step 540, the processing of the frequency converters 310 and
340, that is, the frequency conversion is performed in Step 550.

Therefore, the frequency converter 310 to which the reference
frequency signal output from the transmitter 320 is input converts

the phase and velocity signal output from the A/D converter 31 into
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(40)

a phase and velocity signal having an arbitrary frequency based
on the reference signal output from the transmitter 320.

The frequency converter 340 to which the reference frequency
signal output from the transmitter 320 is input converts the phase
and velocity signal output from the A/D converter 35 into a phase
and velocity signal having an arbitrary frequency based on the
reference signal output from the transmitter 320.

As a result, the signal obtained by frequency conversion is
converted into an arbitrary constant frequency and transferred to
the phase difference measurement section 330.

[0170]

When the conversion into the phase and velocity signal having
the arbitrary frequency is performed in Step 550, phase measurement
is performed in Step 560.

That is, in Step 560, the phase and velocity signal obtained
by the arbitrary constant frequency conversion based on the
transmission fregquency of the reference signal output from the
transmitter 320 is input to the phase measurement unit 330. The
phase measurement unit 330 performs the phase measurement using
a FFT or the like based on the phase and velocity signal obtained
by the arbitrary constant frequency conversion, which is output
from the frequency converter 310. When the phase measurement is
performed using the FFT as described above, high-precision phase
difference measurement may be always performed at the same computing

interval.
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[ 0186] Assune that attention is focused on a conpl ex exponenti al

function WNnk, and N is expressed by N=2M (M integer), and, for exanple,

N=8. When the input frequency is 1/4 of the sanpling frequency,

a real

part

function and an inmaginary part function nmay be expressed as follows by O.

1, and -1 because of the periodicity of trigononetric functions.
[ Expression 41] Real I magi nary WBCG- 2 W)- 4 W)- 1

[0171]

Hereinafter, the four blocks including the frequency
conversion sections 310 and 340, the transmitter 320, the phase
difference measurement unit 330, and the frequency measurement unit
450, included in the signal processing apparatus 400 are described.
(1) Frequency Conversion Section

The frequency conversion section 310 of the signal processing
apparatus 400 has a structure as illustrated in FIG.26.

In FIG.26, the frequency conversion section 310 includes a
multiplier 311, a low-pass filter (LPF) 312 (or high-pass filter
(HPE) ) .

A reference signal cos92 from the transmitter 320 and an input
signal SINO1 from the A/D converter 31 are multiplied by each other
and then subjected to filter processing by the low-pass filter 312.

[0172]

The reference signal cosb2 from the transmitter 320 is
multiplied by an input signal sin®l obtained by converting, into
a digital signal, by the A/D converter 31, the low-frequency left
velocity signal (outlet~side velocity signal) which 1s detected
by the left pick-off (left velocity sensor) 7 and extracted by the

low-pass filter 30 and then output therefrom, to thereby combine

sum and difference frequency signals.

[Expression 30]
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0-100-1201 (20 Therefore, the input signals LPO and RPO
obt ai ned by frequency conversion into 1/4 of the sanpling frequency may be
very sinply subjected to the Fourier transform In nornmal phase
measurenent, only a single frequency (vibration frequency) is desirably
subjected to the Fourier transform and conversion for another frequency
band is not performed, and hence conputati on may be perforned by only

addi tion and subtraction. [0187]

sin 914:0592:-;—(sin(91+92)+sin(91—92)) """"""""""""""" (30)

The sum and difference frequency signals are filtered by the
low-pass filter (or high-pass filter) 132 to extract only the
difference signal (or sum signal).

In this case, for specific description, the sum signal is
extracted. However, even when the difference signal is extracted,
there isnoproblem, andhence the filter processingmethod is applied
as appropriate according to the frequency conversion method.

[(0173]

The output from the low-pass filter (or high-pass filter) 312
is expressed as follows.

[Expression 31]

%(sm(@l +92)) ............................... (31)

In this case, an output signal frequency 63 from the low-pass filter
(or high—-pass filter) 312 is always controlled to a constant value.

Therefore, the same filtermaybe always usedwithout depending
on the input signal.

Thus, thephasemeasurement inthephasedifferencemeasurement
unit 130 located in the subsequent stage of the frequency conversion
section 310 may be highly uniformed and simplified.

[0174]

(2) Frequency Measurement Section

In this embodiment, the principle of phase-locked loop (PLL)
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In fact, when the input signal input to the phase difference neasurenent
section 330 is expressed by g(n), the input signal g(n) is a frequency of
1/4 of the sanpling rate, and N is expressed by N=2M (M integer), DFT-Qn)
may be conputed as follows. [Expression 42] Calcul ation of real part (Re)
Cal cul ation of imaginary part (Inm gnx1l gn-ki x 0 gn+2 x -1 (42) gn+N-2 x
-1gn+N 2x 0 gnt N I x Ogn+Ni | x1

is used for the frequency measurement method. The PLL is a known

electronic circuit in which a signal which is equal in frequency

to an input alternating current signal and locked in phase therewith

is output from another oscillator by feedback control.

Therefore, the PLL is fundamentally a phase-lock circuit and
may produce a signal locked in phase with an input signal.

The PLL is an oscillation circuit for feedback-controlling
an oscillator in a loop for oscillation so that a phase difference
between a reference signal input from an outside and an output from
the oscillator in the loop is constant. Therefore, the PLL may be
relatively easily constructed using a computing device and may
perform high-speed computation.

[0175]

The frequency measurement section 450 of the signal processing
apparatus 400 has a structure as illustrated in FIG.Z27.

In FIG.27, the frequency measurement section 450 includes a
multiplier 451, a low-pass filter (LPF) 452, and a transmitter 453
for frequency measurement.

[0176]

The multiplier 451 compares the phase of the left velocity
signal (outlet-side velocity signal) sin® which is obtained as the
digital signal by conversion by the A/D converter 31 with the phase
of an output signal cosd output fromthe transmitter 453 for frequency

measurement and outputs the signals as a difference signal and a

sum signal to the low-pass filter 452.
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Re=gn-gn, 2-..gn+N- 2gn+N-1 Even when the value of Mincreases,
fundanent al conputati on does not conpletely change. Therefore, when M
i ncreases, calculation may be performed with very high precision and a
conputing | oad al nost does not change. [0188] When two i nput signals
are subjected to the discrete Fourier transform (DFT) in the procedure
descri bed above, the RPO signal nmay be substituted as follows, [Expression
43] RPO signal: 1 -(sin(0 +0, )) =1- (sin(0)) 1 - exp(j G ) =Re 1+ j
I m( 43) 22c Pherefore, an output end of the multiplier 451 is connected
to the low-pass filter 452. The low-pass filter 452 extracts only
a low-frequency signal from the output signal output from the
multiplier 451 through a frequency filter.
Thus, in this case, only a difference component is extracted
from the output signal output from the multiplier 451.
[0177]
The low-pass filter 452 is connected to the transmitter 453
for frequency measurement. The transmitter 453 for frequency
measurement generates phase data d based on the low-frequency signal
output from the low-pass filter 452.
The transmitter 453 for frequency measurement outputs the
output signal cosd to the multiplier 451. In the multiplier 451,
the phase of the input signal frequency € obtained by converting,
into a digital signal, by the A/D converter 31, the low-frequency
left velocity signal (ocutlet-sidevelocitysignal) which is detected
by the left pick-off (left velocity sensor) 7 and extracted by the
low-pass filter 30 and output therefrom is compared with the phase
of theoutput signal cosd, and the signals areoutput asthedifference
signal and the sum signal to the low-pass filter 452.
A feedback loop is formed so that output data "V" (frequency
computing function V) of only the difference component obtained
by filtering by the low-pass filter 452 becomes 0.

[0178]

As illustrated in FIG.27, the ADC-31l-output sin6 is input to
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and the LPO signal may be substituted as foll ows. [Expression 44] LPO
signal: 1 .'(sin(1, -(smO0 + +)) - (sin(a. + (VD =-2exRlL +))= Re" +
jlm ( 44 ) 22

I nt hi scase, aphaseangl et anoTof t hei nput si gnal i sexpressed as fol |l ows.

[ Expression 45] ne tango _ 1 2 Re 1-RIm2 Re2 Re, + InR

the multiplier 451. When the output signal output from the
transmitter 453 for frequency measurement in the frequency
measurement unit 450 is expressed by cosd, both the signals are
multiplied by the multiplier 451 as follows.

[Expression 32]

sin@-cosod = %(sin(é’ +0)+sin(@—-9)) (32)

Input waveform: sin®

Output waveform of transmitter for frequency measurement: cosd

When a result obtained by multiplication by the multiplier
151 as expressed by Expression (32) is filtered by the low-pass
filter 452, a high-frequency component 1is removed to obtain the
following expression.

[Expression 33]
V=s5in(6-90) (33)

[0179]

When a value of (6-8) in Expression (33) is a sufficiently
small value (V=0), the frequency computing function V indicating
the result obtained by multiplication by the multiplier 451 may
be approximately expressed as follows.

[Expression 34]
V=0-35=0 (34)
When an output waveform of the transmitter 453 for frequency

measurement is controlled so that the frequency computing function
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(45) [ 0189] After the phase angle tan4 of the input signal is
obt ai ned usi ng Expression (45), when tan-15p is conputed, the phase

di fference signal 5p may be obtai ned. Amass flow rate Q of the fluid
to be neasured is proportional to the phase angle and inversely
proportional to a driving frequency F, and thus is expressed as foll ows.

[ Expression 461 Q=S(t).6p/ F(46) where S(t) indicates a correction

coefficient associated with a tenperature of the nmeasured fl uid.
V becomes 0, the preceding phase 6 obtained by frequency conversion

by the frequency conversion section 310 may be obtained.

[0180]

When the phase 6 of the ADC-31-output sin6 which is obtained
as described above is computed using the following Expressions (35)
and (36), a frequency "f" may be obtained.
[Expression 35]

——:C():2'7Z'- (35)
AT 4

w: Angular velocity (rad/s)

Note that AT indicates a change in time and is equal to the
computing interval (sampling rate).

Therefore, a change in phase (6) 1is as follows.
(Expression 36]
0=2-n-f-Ta (36)
where Ta: change in time (sampling interval) (sec.)

f: input frequency (Hz)

©: change in phase (rad)

[0181]

The input frequency "f" is as follows.

[Expression 37]
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When t he neasured phase angle 6p and the driving frequency F are
substituted into Expression (28), the nmass flow rate Q may be cal cul at ed.
The mass flow rate Q obtai ned as descri bed above is subjected to suitable
scaling and unit conversion and nay be output to an outside in various
forms by addi ng subsequent processing such as anal og output, pul se output,
or serial communication. [0190] <<Feature of Phase Measurenent Method using
Frequency Conversion>> According to a feature of the phase nmeasurenent
system i n t héhenesehtcd lnvelsttiiom 1 ¢ her§pgnabld viehe beegaaptedeatutrkaesanpl i ng
interval unrelated to the frequency 0 of the input signals which are

obt ai nediby4s0npveithagpekedt drtheedgi hakssirgnahs, mby bke adhDesenverters 31
and 35, the | owfrequency velocity signals which are detected by the

vi bration detetg2pn sensors (left pick-off 7 and right pick-off 8) and
extracted by the lowpass filters 30 and 34 and output therefrom and which
are inpgj tgahgﬁltﬁgguency conversion sections 310 and 340. Therefore, the
structure is very sinple, no filter table is required, and very-hi gh-speed

conput ation pRy-1Re 13chigyed Witheasmldy semE hHGueLfle transmitter

320 is controlled based on the result (8) obtained by measurement
by the frequency measurement section 450.

That is, inthetransmitter 320, the frequency8of thedetection
signal of the vibration velocity (outlet-side velocity signal)
generated on the left side of the measurement tubes 2 and 3, which
is detected by the left pick-off 7 and input to the frequency
conversion section 310 in the case where the measurement tubes 2
and 3 are vibrated by the vibrator 6, is controlled to a desired
frequency to be processed by the phase difference measurement unit
330.

The frequency conversion section 310 and the frequency
conversion section 340 have the same structure. Therefore, as in
the case of the frequency output fromthe frequency conversion section
310, the freguency output from the frequency conversion section
340, more specifically, the frequency (8+5¢) of the detection signal
of the vibration velocity (inlet-side velocity signal) generated
on the right side of the measurement tubes 2 and 3, which is detected
by the right pick-off 8 and input to the frequency conversion section
340 in the case where the measurement tubes 2 and 3 are vibrated

by the vibrator 6, is converted into a desired frequency.
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[ 0191] Further, according to the phase neasurenment systemin the
present invention, even when a rapid change in frequency occurs in the

i nput signals which are obtained by converting, into the digital signals,
by the A/D converters 31 and 35, the | owfrequency velocity signals which
are detected by the vibration detection sensors (left pick-off 7 and right
pi ck-off 8) and extracted by the I owpass filters 30 and 34 and out put
therefrom and which are input to the frequency conversion sections 310 and
340, the frefUédey before frequency conversion is neasured and then
frequency conversion is perfornmed. Therefore, even when the input frequency
rapi dl ydthahges, DafvareateoMennuteaguendyiafter frequency conversion is

m nim zed, and hence the systemis very suitable for phase neasurenent in a
case where theedei yragvireguensyaod mdesneasamemihdddes Teonrt icageuslty
changes. [0192] Further, according to the phase nmeasurenent system

in thepparesentas v ©Oms ﬂn@eéeFdJLSriéi: td e dd 8t koRrofushey phase xed,
nmeasurenent band by the input frequency of the input signals input to the

frequepgy grenver skep- ﬁ@gBLQﬁéeélgoﬁBQtéﬂQonTﬂgyeE@r%ch@@%@&'ng with sensors
havi ng various driving requen0|es ey be realized and conputing precision

I's not affechedoby ¥ ér',%‘}% éﬁ]g%‘i‘[v‘)é 20d-hengs hi gh- @f@r‘}é%ﬂﬁ‘ @@@%e

measur enent may be al ways ac odlnent 6] [0193]
[ 3R

Teasur eent, Lubes, 2 ad @ i el ud St N8, fLow-gube,

fl ow tubes, serving as neasurenen?gfﬁ Tﬁé% are operatedey a gpf?ing

deVICGOHSIn E&QQEV|b&ator tThe ”%?%%ﬁ?@%gtutUbesagafngléch?%h%%&%% t he

one fl ow tf%g arr o? 1 ov bes are arternate dr ien 6 Vi br at e
the fl

CD | fl t h di ff d/.
vibratgbﬁl%?zdﬂﬁﬁ5§f%Fﬁ%%??b%ﬁa?g¥g§%§%%?i6%1 3 §PCR ST e o L ARELY

measur enent _t ubes and. 3 .i ncl udln%&rhe one flow tube or the g@lr of flow

t ubes a?éFP%aﬁéﬁh%?%Bl%§défﬁéFFHGF éFﬁé??VQ%Eﬁéb?%n%?l%Ek%?é &€98A lsensor s
corresponding to vibration detection sensors includi the | eft pick-off
(LPO hﬁnﬂlﬁﬁéeF?glﬁ?uﬁ%R oFINFRPY B2V ] t197erBbyR ot &iit ha Pied's SPR6W r at e
and/or density of a fluid to be neasured. [0194] The Coriolis

fl owret8Y RnEPURESEr) hesthEqaehey tmBasgyiere i aasitera50 FEGY -neasuring a
frequency based on an input signal frequency of at |east one sensor (for
exanpl e, inplPl8tgnal (outlet-side velocity signal) input fromleft

pi ck-off 7) of two flow rate signals obtainedbyA/ D conversion on two i nput
signal s of tWhephaggadﬁﬁpetenmxgnal sampled in the phase difference

measurement section 330 is expressed by g(n), DFT-G(k} is defined
as follows.

[Expression 38]

Jj2 k
G(k) = Zg(n exp(— ﬁ;’ nky

w=f

wk o ..,2mank
—Zg(rz(co;( - jsin( = ) TR (38)
n=0
kszL'”:N-l
[0185]

For simpler expression, when a complex exponential function
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and/or the vibration frequency proportional to the Coriolis force acting on
t he nmeasurenent tubes 2 and 3 including the pair of flow tubes, which are
detected by the velocity sensors or the accel eration sensors; and the
transmtter 320 for transmtting and outputting a desired frequency signal
based on the frequency neasured by the frequency neasurenent unit. [0195]

A velocity sensor signal (for exanple, input signal (outlet-side velocity
signal) input fromleft pick-off 7) fromone of the pair of vibration

det ectpantseaserprebett pickhef fo¥landnpi ghbspitktobh,8) is converted into
a digital signal by the first A/D converter 31. The first frequency

conver §kvprsestoon3310 is provided for frequency conversion to perform
addition (or subtraction) on the frequency 9 of the input signal based on

t he out put frequency OXn output fromthe transmtter 320. Further, a
vel ocity sensor €+gn%z (for exanple, input signal (inlet-side velocity
signal ) i put SKP W}]t pi ck-of f 8) fromthe other of the pair of

vi bration detection'sensors (left pick-off 7 and right pick-off 8) is
converted into a.digital -sjgnal by the second A/ D converter 35 to obtain an
i nput signal_ éc’is%aﬁ n::{ysﬁ( ). The second frequsncy-.conversi-on- segtHon 340
is provided for ‘f¥éguencyNconversion to performaddition (or subtraction)
on the input signal frequency (9+4) based on the output frequency 9Xn

out put he _tr L ft 0196 The phase difference
neasur%n%gggégg?i5%Q§gggi§% ?%gﬁﬁédﬁgokﬁéégﬁﬁé a phase difference between a
first Lﬁg uency HDthation si gnal obtained by conversion as a constant
frequency S|gnaP by ‘the first frequency conversion section 310 and a second
frequency nodul ati on signal output as a converted constant frequency signal
fromthe second frequency conversion section 340. Further, the
signal p SSE ppafatus 400 is provided 1,0.0btai.n.the. phase giffierence
bet ween @ﬁéffi Oﬁf@%uency nodul ati on signal output as the coﬁvgr?gd
constant fregqd®¥ncy signal fromthe first frequency conversion section 310
and the second frequency nodul ati on signal output as the converted constant
frequency signal fromthe second frequency conversion section 340, to

t her eby servgob§6ﬂhe Coriolis flowreter. [Description of Symbols] [0197]

Assume that attention is focused on a complex exponential
function WNnk, and N is expressed by N=2M (M: integer), and, for
example, N=8. When the input frequency is 1/4 of the sampling
frequency, a real part function and an imaginary part function may
be expressed as follows by 0. 1, and -1 because of the periodicity
of trigonometric functions.

[Expression 41]

Real Imaginary
Wg2 1 0
Wg? 0 -1
Wet -1 0
We® 0 1 (20)
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1 Coriolis flowreter 2, 3 neasurenent tube 4 detector 5 converter 6
vibrator 7 left velocity sensor 8 right velocity sensor 9 tenperature
sensor 10 drive control section 11 phase neasurenment section

Therefore, the input signals LPO and RPO obtained by frequency
conversion into 1/4 of the sampling frequency may be very simply
subjected to the Fourier transform. In normal phase measurement,
only asingle frequency (vibration frequency) is desirably subjected
to the Fourier transform and conversion for another frequency band
is not performed, and hence computation may be performed by only
addition and subtraction.

[0187]

In fact, when the input signal input to the phase difference
measurement section 330 is expressed by g(n), the input signal g(n)
is a frequency of 1/4 of the sampling rate, and N is expressed by
N=2M (M: integer), DFT-G(n) may be computed as follows.
[Expression 42]

Calculation of real part (Re) Calculation of imaginary part (Im)

gnxl gnxo
gn+1XO gn+lx_1
gn+2x_1 gn+2><O
(42)
On+n-2%—1 n+w-2%0
On+n-1% 0 On+n-1% 1
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12 tenperature neasurenent section 30, 34 |lowpass filter 31, 35 A/IC
converter 80 vibration detection sensor 90 vibration velocity signal
conputing device 92 quadrature nodul ator 94 transmtter 96 phase
measurenent unit 98 frequency conversion section 100 signal processing
apparatus 110 quadrature nodul ator 120 frequency neasurenent unit 121
multiplier 122 | owpass filter

Re=gn—gnsz2- - * —Qgn+N-2 Im=—Qgn+1° ** +Qn+n-1

Even when the value of M increases, fundamental computation
does not completely change. Therefore, when M increases,
calculationmay be performed with very high precision and a computing
load almost does not change.

[0188]

When two input signals are subjected to the discrete Fourier
transform (DFT) in the procedure described above, the RPO signal
may be substituted as follows,

[Expression 43]

RPO signal:
1. 1, . 1 . .
E(sm(9+ 0,.)= E(sm(ec))-z—exp(]Qc) =Re+/jIm; (43)

and the LPO signal may be substituted as follows.
[Expression 44]

LPO signal:
1, . 1, . 1 : :
5(sm(9 +09+6.)) = E(sm(é?c +0¢)) = Eexp(](é’c +0¢))=Re,+ jIm, (44)

Inthiscase, aphaseangletandpof theinput signal isexpressed
as follows.

[Expression 45]

_ Im, Re,~Re, Im,
Re, Re,+ Im, Im,

tan o¢ veoveeenes (4°5)
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123 transmtter for frequency nmeasurenment 130 quadrature nodul ator 140
transmtter 150 phase difference neasurenent unit 160 cl ock 300 signal
processi ng apparatus 310 frequency conversion section 311 nultiplier 312
| ow- pass filter 320 transmtter 330 phase difference nmeasurenent section

[0189]

After the phase angle tande of the input signal is obtained
using Expression (45), when tan-15¢ is computed, thephasedifference
signal 0@ may be obtained.

A mass flow rate Q of the fluid to be measured is proportional
to the phase angle and inversely proportional to a driving frequency
F, and thus is expressed as follows.

[Expression 46]

Q=S(t) -3¢/F  (46)

where S(t) indicates a correction coefficient associated with a
temperature of the measured fluid.

When the measured phase angle &¢ and the driving frequency
F are substituted into Expression (28), the mass flow rate Q may
be calculated.

The mass flow rate Q obtained as described above is subjected
to sultable scaling and unit conversion and may be output to an
outside in various forms by adding subsequent processing such as
analog output, pulse output, or serial communication.

[0190]
<<Feature of Phase Measurement Method using Frequency Conversion>>

According to a feature of the phase measurement system in the
present invention, the signalsmaybe sampledat the sampling interval
unrelated to the frequency 6 of the input signals which are obtained
by converting, into the digital signals, by the A/D converters 31

and 35, the low-frequency velocity signals which are detected by
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340 frequency conversion section 350 clock 450 frequency neasurenent unit
451 multiplier 452 lowpass filter 453 transmtter for frequency
measurenent [ Nanme of the Docunent] Scope of clainms [Caiml] A
signal processing nethod for a Coriolis flowreter in which at |east one
flow tube or a pair of flow tubes which is included in a neasurenent flow
tube is alternately driven by causing a vibrator to be actuated by a
driving device to vibrate the at |east one flow tube or the pair of flow
t ubes, thad dirdeam denecofica phaserdiflfeditenéekandfa’ vnBratdlon ciic&qedcy
proportional to a Coriolis force acting on the at |east one flow tube or

t he paBi aofd éfomatubebyithakebecpads iy lvelreci @ yngSrdsordootpat tbkerdtrioon
sensors which are a pair of vibration detection sensors provided on a

| ef t - hand shdehaadeainpght thattte sideypoindhe @tvd eaisin aretfilcw ke aord t he
pair of flow tubes, to thereby obtain at |east one of a mass flow rate and
a density.ofTigef4 b de | O he Jmasiady itsheesiygpahppepcesst g dwtdiade is

conpri si ng:
required, and very-high-speed computation may be achieved with a
small computing error.

[0191]

Further, according to the phase measurement system in the
present invention, even when a rapid change in frequency occurs
in the input signals which are obtained by converting, into the
digital signals, by the A/D converters 31 and 35, the low-frequency
velocity signals which are detected by the vibration detection
sensors (left pick-off 7 and right pick-off 8) and extracted by
the low-pass filters 30 and 34 and output therefrom, and which are
input to the frequency conversion sections 310 and 340, the frequency
before frequency conversion 1is measured and then frequency
conversion is performed. Therefore, even when the input frequency
rapidly changes, a variation in frequency after frequency conversion
is minimized, and hence the system is very suitable for phase
measurement in a case where the driving frequency of the measurement
tubes continuously changes.

[0192]

Further, according to the phase measurement system in the
present invention, there 1s 1little limitation on the phase

measurement band by the input frequency of the input signals input
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a first step of converting an anal og signal, which is output from each of
the pair of vibration detection sensors, to a digital vibration frequency
si gnal ; a second step of neasuring the vibration frequency of the at
| east one flow tube or the pair of flow tubes; athird step of
generating a control signal for always controlling a frequency of the
digital vibration frequency signal obtained through the conversion in the
first step to be 1/N of the frequency thereof based on the digital

vi br at ton theedquermiersiygnadnoat puen f sentonasof3litheaipdi P40f vilbeaeifone,
detection sensors, which is neasured in the second step; and a
fourt hcstipping sibhesthagrthbadigot ahrvbbhsatirenihgequenoygnsigrahagbbai ned
t hrough the conversion in the first step to orthogonal conversion by using
t he contaolzsdgnald genenatied; iprébesidnr dsshep, dffdderelyy obhal anaut
frequency signal that has a frequency thereof set to 1/N of the frequency
of therdeghtakbyyidiahkabefiaguanccis ghabhabeaidedh tdiaughaihe: aonugksi on
inthe first step, wher eby the phase difference between detection
si gnal g-frapethe pair of vibration detection sensors is detected by using
t he frequency signal obtained through the orthogonal conversion in the
fourth[ﬁﬁg?dimghgh6mas the frequency thereof set to 1/N of the frequency of
the digital vibration frequency signal. [Caim 2] A si gnal

processi ng n?@PQg for a Coriolis floweter in which at | east one flow tube
or a pair of om)tubes which is included in a neasurenment flow tube is

o ornately, GELYED, : SPU DB, Bt B L0, APLY L O BLLYNg v e

to vibrate t east one ube or bes;,

| east oneof aphasedi.f f rence and a vibration fre uency . pr.opor ional to a
Coriol PS PobRaragti hootntoha at PE4erooRE FFow Eobersr R AP of FFow

tubes is detected by a pair_ of velocity sensors or pai.r of accel eration
sensor SPRRRERGANE At bt 57 SRt PP ORICaHR Iner A6 T her et} B6E&IT S Least

one of a mass flow rate and a density of a fluid to be nmeasured, the signal
prOcesgpﬁgsﬁéﬁﬁgh3Cbﬁﬁ}pg;ﬂg:the one Tlow tube or the pair of flow tubes

are alternately driven to vibrate the flow tubes. In a Coriolis
flowmeter, a phase difference and/or a vibration frequency
proportional to a Coriolis force acting on the measurement tubes
2 and 3 including the one flow tube or the pair of flow tubes are/is
detected by a pair of velocity sensors or acceleration sensors
corresponding to vibration detection sensors including the left
pick-off (LPO) 7 and the right pick-off (RPO) 8, to thereby obtain
a mass flow rate and/or density of a fluid to be measured.

[0194]

The Coriolis flowmeter includes: the frequency measurement
unit 450 for measuring a frequency based on an input signal frequency
of at least one sensor (for example, input signal (outlet-side
velocity signal) input from left pick-off 7) of two flow rate signals

obtainedbyA/Dconversionontwo input signalsof thephasedifference
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measuring the vibration frequency of the at | east one flow tube or the pair
of flow tubes; transmtting a control signal based on the neasured
vi bration frequency; perform ng conposite frequency conversi on based
on the transmtted control signal on each of two flow rate signals obtained
t hrough A/ D conversion on input signals having the at | east one of the
phase difference and the vibration frequency proportional to the Coriolis
force acting on the at | east one flow tube or the pair of flow tubes, which
are detedfed e thierpdiionof reglecictyypsensorsooelt e e Cogfloddselferati on
sensors, so that resultant signals always have a constant frequency; and
nmeasur & agiag phrased measeaecheoaft toheeri ethaGnposiitdihpgeguenmisicgnallew
obt ai ned t hrough the conposite frequency conversion, to thereby obtain a
phase ¢ibéer emaensi gpakteerpangnthe[dlaidnt3] sensors oA shgnakepraaessinng
apparatus for a Coriolis flowreter in which at |east one flow tube or a
pair ofcflonst ubes whi chrdrssiincl aderhd F o weasvherenihd bew bubeuksing
alternately driven by causing a vibrator to be actuated by a driving device

to vibgaiesiheatrdfasicpnre Jlawpkuke 8h the %c?u&flc;‘; I duikes Hyandeat

| east one of a phase difference and a vibration frequency proportional to a

Cbriol%§eé8éﬁg¥2@géggrg chhe,at |l east one flow tube or the pair of flow

tubes 1's detec y velocity sensors or accel eration sensors which are a
pai r of Vib;@ib?? detection sensors provided on a |eft-hand side and a
right-hand sirde of the at | east one flow tube or the pair of flow tubes, to

t her eby obt aAn at. |l east one of a mass flo(\t/%orrat eex%%%l% der}%ipt% ofs. fluid to

I
be neasured, th%e%?%h%Y ﬁ?%gg§§iﬁﬁuﬁﬁ%5ra us conpr Ir'sifg: * Rﬁﬁ
converters_for cqnverting analo i gnal s, _whi ch are.output omthe pair of
vibratﬁ8Hta§Fé8358hv%%ﬁﬁih%fS%Q? 'g'PQP%sfﬁﬂ%ﬁ§?%%3§§§6$# e?&;ggom'one a
frequency neasurenent unit for neasuring a vibratign frequipcy 0_of the at
| east BhetPPoRALHbE OV 1PRETPANT IGF SFLoRTt ghasors (left pick-off 7 and

right pick-off 8) is converted into a digital signal by the first
A/D converter 31. The first frequency conversion section 310 is
provided for frequency conversion to perform addition (or
subtraction) on the frequency 6 of the input signal based on the
output frequency 6Xn output from the transmitter 320.

Further, a velocity sensor signal (for example, input signal
(inlet-side velocity signal) input from right pick-off 8) from the
other of the pair of vibration detection sensors (left pick-off
7 and right pick-off 8) is converted into a digital signal by the
second A/D converter 35 to obtain an input signal frequency (6+3¢).
The second frequency conversion section 340 is provided for frequency
conversion to perform addition (or subtraction) on the input signal
frequency (6+3¢) based on the output frequency ©6Xn output from the
transmitter 320.

[0196]
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a transmtter for generating a frequency signal having a frequency thereof
set to 0 (1-1/N) of a frequency of a digital frequency signal output from

t he frequency neasurenent unit; and a pair of orthogonal frequency
converters for converting, based on the frequency signal generated by the
transmtter, frequencies of two of the digital signals corresponding to the
pair of vibration detection sensors, which are output fromthe AID
converters, respectively, and generating digital signals having frequencies
t hereof set ThelgiNgd dirfduencicescefsuriemerwosottihe 83 Qitalo rsivgisds to
respectively, wher eby the phase difference is obtained by using the
di gi t ahessgnal 8 geaecatiéedfbyehhe pakweeh ar fhogondlrefineguegnopdodaverthers.
[Claim4] A signal processing apparatus for a Coriolis flowreter in which
at | eastgoae bbewihubebor canparsioh kkow tuhesawhi cheiysennel vdedailn by
measurenent flow tube is alternately driven by causing a vibrator to be

act uat ede by As €ré M NG d8yY il e Mid akettibe at ol gasta eredilowrtubener t he
pair of flow tubes, and at | east one of a phase difference and a vibration

fr eqU%‘HSMuEéQEBEtéP&?%l Q1@ OOkl 8of PL £EACLd NG O the Aler8Ast gonRe I ow

tube or the pair of ow tubes is detected by velocity sensors dr

acce! ef ahh 0P, 3eQ88bANRLER,BE, VLBRALEAD AeLectlian sagsors, to fher eby
of a mass a

obtain at | east one | ow rate and ensity of a fluid to be

nmeasured, th I I cessing rat. L.$i.ng; : f ncy
measur ement GAYEPOf RAASUTTIG & Thoqdansy “or tRs a1 SaEt REE 1 Fube or
the paiy _of flow tubes;,. atransmtter for, outputting and .
transaPPERRE B @ et FE5UERED S GhaT” BiSeh BRC CHe JHCHURREy kakéEred by
the freguency mpasurenent unit; frequency conversi on sections for
per for it AP 1 BALEREY” ComMFer SFSR T SRBGEE g BHE GRCRdai €1 5h ardt T1
subtraction between an out put frequency of the transmtter and respective
i nput St §AkI STRAVPRGYt RENIETPERSt S6RE1OF £ FRESsE i FREFPENC & Tad e

vi bration frequency proportional to the Coriolis force acting on the at

| east BAEULREWCRUDEI R PREPPAI FS P Sf FOW ¢ TBRS CORItER tat Ee deteeY &d ByP t he
velocity sensors or the acceleration sensors, to thereby always obtain
const aftofr depargpnifyesucany conversion section 340, to thereby serve

as the Coriolis flowmeter.

[Description of Symbols]
[0197]

1 Coriolis flowmeter

2, 3 measurement tube

4 detector

5 converter

6 vibrator

7 left velocity sensor

8 right velocity sensor

9 temperature sensor

10 drive control section

11 phase measurement section
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a phase difference neasurenent section for neasuring the phase difference
bet ween frequency signals detected by the velocity sensors or the

accel eration sensors, which are obtained through the frequency conversion
by the frequency conversion sections. [C aim5] A signal processing
apparatus for a Coriolis flowreter in which at |east one flow tube or a
pair of flow tubes which is included in a nmeasurenent flow tube is
alternately driven by causing a vibrator to be actuated by a driving device
to vi brateetperatukreastaonechbow tabeion the pair of flow tubes, and at

| east one of a phase difference and a vibration frequency proportional to a
Cori ol 8s, f®acecaephng onlthe at | east one flow tube or the pair of flow
tubes is detected by velocity sensors or acceleration sensors which are
vibratzon detee¢bi esnsensers, to thereby obtain at |east one of a mass flow
rate and a density of a fluid to be neasured, the signal processing

appar agys €QPRLE ShN8etection 8ehkgquency nmeasurenent unit for neasuring a

frequency of the at |east one flow tube or the pair of flow tubes; a
transnpht 9]{1b£${ii8Ht put bEngyand hranspibhicRggaqdesi-eed frequency signal
based on the frequency neasureg by the frequency neasurenent unit; a

first %Ee H§8?¥t§9@V§53LQQt§§Ction for perform ng frequency conversion by
conducting one of additron and subtraction between an out put frequency

gg;egﬁ %ngggggi££ansnltter and an input signal frequency obtained by

a S|gnaFrof one sensor of a pair of the vibration detection
sensprggin 0 a digital signgl.%y g first A/ C converter, to thereby al ways
obt ai n”8 BoAsSEafit=Freqliehcy “Walue;

98 frequency conversion section

100 signal processing apparatus

110 quadrature modulator

120 frequency measurement unit

121 multiplier

122 low-pass filter

123 transmitter for frequency measurement

130 quadrature modulator

140 transmitter

150 phase difference measurement unit

160 clock

300 signal processing apparatus

310 frequency conversion section

311 multiplier

312 low-pass filter

320 transmitter

330 phase difference measurement section

122



a second frequency conversion section for perform ng frequency conversion
by conducting one of addition and subtraction between the output frequency
output fromthe transmtter and an input signal frequency obtai ned by
converting a signal output from another sensor of the pair of the vibration
detection sensors to a digital signal by a second A/D converter, to thereby
al ways obtain a constant frequency val ue; and a phase difference
measur enent section for neasuring the phase difference between a first
frequenty srgmatncwhichvéessobhasaediohr ough the frequency conversion by and
output fromthe first frequency conversion section, and a second frequency
si gnal 35@Whethcks obt ai ned through the frequency conversion by and out put
fromthe second frequency conversion section. [Cl aim6] A si gnal

pr ocesshngr appacat smédsuacont obhstfl owneter in which at | east one flow
tube or a pair of flow tubes which is included in a neasurenent flow tube
IS altggpaﬁgiylgxiygn by causing a vibrator to be actuated by a driving
device to vibrate the at | east one flow tube or the pair of flow tubes, and
at Iea§gzop§wo$agspb§§geglfference and a vibration frequency proportlonal
to a Coriolis force acting on the at |east one flow tube or the pair of
flowtybes L3,datectedeby arpahbn0l wehogkbycaensors or a pair of

accel eration sensors are vibration detection sensors, to thereby
obtain at least one of a mass flow rate and a density of a fluid to be
measured, the signal processing apparatus conprising: a frequency
nmeasurenent unit for neasuring a frequency of the at | east one flow tube or
the pair of flow tubes; a transmtter for outputting and
transmtting a desired frequency signal based on the frequency neasured by
the frequency measurenent unit; a first frequency conversion section
for shifting in frequency, to a constant frequency signal, an input signal
frequency obtai ned by converting a signal of one velocity sensor of a pair
of the vibration detection sensors into a digital signal by a first AAC
converter and output fromthe first A/C converter, based on an out put
frequency output fromthe transmtter to nove the input signal frequency to
anot her frequency band, a second frequency conversion section for
shifting in frequency, to a constant frequency signal, an input signal
frequency obtained by converting a signal of another velocity sensor of the
pair of the vibration detection sensors into a digital signal by a second
Al C converter and output fromthe second A/C converter, based on the output
frequency output fromthe transmtter to nove the input signal frequency to
anot her frequency band; and a phase difference neasurenent section
for measuring the phase difference between a first frequency signal, which
i s obtained as the constant frequency signal through the shifting by and
output fromthe first frequency conversion section, and a second frequency
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signal, which is obtained as the constant frequency signal through the
shifting by and output fromthe second frequency conversion section. [C aim
7] A Coriolis floweter in which at |east one flow tube or a pair of
flow tubes which is included in a nmeasurenent flow tube is alternately
driven by causing a vibrator to be actuated by a driving device to vibrate
the at | east one flow tube or the pair of flow tubes, and at | east one of a
phase difference and a vibration frequency proportional to a Coriolis force
acting dmanke t dreasiocomerfd Jowcbpke odr clhémpai r of fl ow tubes is detected
by vibration detection sensors, to thereby obtain at | east one of a nass

flow rdte angd @ density of a fluid to be neasured, the Coriolis

fl owmeter conprising a signal processing apparatus conprising: Al D
converters farsicpmeptrorgsanakogeshgaatsy; avbehoat e Ottt &r dm ahpahr of
the vibration detection sensors, to digital signals, respectively; a
frequeney) aBasuseaENt Wi dpd Ofr MBI RE & 1VWDRable@nwhrieguercynBlatietihe at

| east one flow tube or the pair of flow tubes; a transmtter for

gener at j, gy & £ eAMency 18k, haviRe & faquencyert Dereefsiseta 49pPatdrl/ N)
of a frequency of a digital frequency signal output fromthe frequency

rreasurfgregg algf%iuta: e%ggyf%%aﬂfviqi %wggoaélvif&%@%xé convertershd 9fow

converting, base e frequency signal generated by the transmtter,

; . | Caital gi . h : £ ih
[T EOUCREhES Ll ROl obha 51 OLEBL Sgnale ear epaondinaidg, Lhebahoal the
respecti

o o T R TR B Pt el L SR et =
on the at least one flow tube or the pair of flow tubes is detected
by velocity sensors or acceleration sensors which are a pair of
vibration detection sensors provided on a left-hand side and a
right-hand side of the at least one flow tube or the pair of flow
tubes, to thereby obtain at least one of a mass flow rate and a
density of a fluid to be measured,

the signal processing method comprising:

a first step of converting an analog signal, which is output
from each of the pair of vibration detection sensors, to a digital
vibration frequency signal;

a second step of measuring the vibration frequency of the at
least one flow tube or the pair of flow tubes;

a third step of generating a control signal for always
controlling a frequency of the digital vibration frequency signal
obtained through the conversion in the first step to be 1/N of the

frequency thereof based on the digital vibration frequency signal

output from one of the pair of vibration detection sensors, which
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wher eby the phase difference is obtained by using the digital signals
generated by the pair of orthogonal frequency converters. [C aim 8]

A Coriolis fioweter in which at |east one flow tube or a pair of flow
tubes which is included in a neasurenent flow tube is alternately driven by
causing a vibrator to be actuated by a driving device to vibrate the at

| east one flow tube or the pair of flow tubes, and at | east one of a phase
difference and a vibration frequency proportional to a Coriolis force

acti ngisnme¢heuatdl éastheneefbow sube;oenthhe pair of flow tubes is detected
by velocity sensors or accel eration sensors which are vibration detection
sensors, to &hésebyh abtegi wfatubéastiopetioé d&igressl Mibwartdatoe dmdgacdensity
of a fluid to be neasured, the Coriolis floweter conprising a

si gnal s pgaeeSTitRY rApPEt Bt wsh €hERHnYielgion in thed ifrsequescyo prasvpemmnt  uni t
for neasuring a frequency of the at |east one flow tube or the pair of flow
tubes; canteapsBhty ehishioly thansdAddding ignd 104t 4t &g i drsidred-d kiegyency
si gnal based on the frequency neasured by the frequency neasurenent unit;

a first fEeauensyocommersicar $eeid,08:Han1ShhhtiRgsid ffrreQﬁl_lé%'%Ntthe@f _
constant frequency signal, an input signal frequency obtained by converting

a signal, of, one ég\ﬁiejpﬁgiftré%ﬁégﬁo?fth%c@ L1 of JLieibrationdetectian

sensors Into I'gital y a first Alc converter and output fromthe

first ohe.6RONeLheb,qRaskd 09,30 QULRUL A keguancy outpyl from the
m er g q

trans 0 nove e i nput signal” frequency to anothér frequency band;

a second freguency conver.sion section fo hifti I enc

const ant fregﬁgﬁg ys?g%éﬂ?ﬁgﬁdﬁ%%&f?&%ﬁn%F%WFSBUQ%%%Q%%%gﬂ%%ﬁu%VSg%ﬁ%érting
a signaL of another, velocity sensor of the pair q% thq%%% ratian d% ection
sensor 57FnPB1A Of gV tRF 25 gRafChy B FRcTHE N D LomvErierant Slithltt ¥om t he
second A/c converter, based on the output frequency output fromthe

{1 ansnfEEERSEEYrBYE" T hOHuTIRets F GRAPINT ifuSticy 6 oL BT SF Fegericy Hand:
and a phase difference neasurenent section for neasuring the phase

di f f er ABELheBRE®n aMfiahsthas ddifentye Signay , ChRTeRTi ESbhtai Add &S the

constant frequency signal through the shifting by and output fromthe first
f r equefegdeenver Sifohse v alaNd ba agdeoand HaeGusc P i9ingAal , which is
obt ai ned as the constant frequency signal through the shifting by and
output fromthe second frequency conversion section,

[Claim 2]

A signal processing method for a Coriolis flowmeter in which
at least one flow tube or a pair of flow tubes which is included
in ameasurement flow tube isalternately drivenby causinga vibrator
to be actuated by a driving device to vibrate the at least one flow
tube or the pair of flow tubes, and at least one of a phase difference
and a vibration frequency proportional to a Coriolis force acting
on the at least one flow tube or the pair of flow tubes is detected
by a pair of velocity sensors or a pair of acceleration sensors
which are vibration detection sensors, to thereby obtain at least
one of a mass flow rate and a density of a fluid to be measured,

the signal processing method comprising:
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wher eby the phase difference between the first frequency signal,

whi ch

obt ai ned as the constant frequency signal through the shifting by and
output fromthe first frequency conversion section, and the second
frequency signal, which is obtained as the constant frequency signal

through the shifting by and output fromthe second frequency conversion

section, is obtained.

measuring the vibration frequency of the at least one flow

tube or the pair of flow tubes;

transmitting a control signal based on the measured vibration

frequency;

performing composite frequency conversion based on the

transmitted control signal on each of two flow rate signals obtained

through A/D conversion on input signals having the at least one

of the phase difference and the vibration frequency proportional

to the Coriolis force acting on the at least one flow tube or the

pair of flow tubes, which are detected by the pair of velocity sensors

or thepair of acceleration sensors, so that resultant signals always

have a constant frequency; and

measuring a phase from each of converted composite frequency

signals obtained through the composite frequency conversion, to

thereby obtain a phase difference signal component.

[Claim 3]

A signal processing apparatus foraCoriolis flowmeter inwhich

at least one flow tube or a pair of flow tubes which is included

in ameasurement flowtube isalternatelydriven by causinga vibrator

to be actuated by a driving device to vibrate the at least one flow

tube or the pair of flow tubes, and at least one of a phase difference

and a vibration frequency proportional to a Coriolis force acting

on the at least one flow tube or the pair of flow tubes is detected

by velocity sensors or acceleration sensors which are a pair of
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vibration detection sensors provided on a left-hand side and a
right-hand side of the at least one flow tube or the pair of flow
tubes, to thereby obtain at least one of a mass flow rate and a
density of a fluid to be measured,

the signal processing apparatus comprising:

A/Dconverters for converting analog signals, which are output
from the pair of vibration detection sensors, to digital signals,
respectively;

a frequency measurement unit for measuring a vibration
frequency 6 of the at least one flow tube or the pair of flow tubes;

a transmitter for generating a frequency signal having a
frequency thereof set to 8 (1-1/N) of a frequencyofadigital frequency
signal output from the frequency measurement unit; and

apairoforthogonal frequencyconverters for converting, based
on the frequency signal generated by the transmitter, frequencies
of two of the digital signals corresponding to the pair of vibration
detection sensors, which are output from the A/D converters,
respectively, and generating digital signals having frequencies
thereof set to 1/N of frequencies of the two of the digital signals,
respectively,

whereby the phase difference is obtained by using the digital

signals generated by the pair of orthogonal frequency converters.

[Claim 4]

A signal processing apparatus foraCoriolis flowmeter inwhich
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at least one flow tube or a pair of flow tubes which is included
in ameasurement flow tube isalternatelydrivenbycausinga vibrator
to be actuated by a driving device to vibrate the at least one flow
tube or the pair of flow tubes, and at least one of a phase difference
and a vibration frequency proportional to a Coriolis force acting
on the at least one flow tube or the pair of flow tubes is detected
by velocity sensors or acceleration sensors which are vibration
detection senscors, to thereby obtain at least one of a mass flow
rate and a density of a fluid to be measured,

the signal processing apparatus comprising:

a frequency measurement unit for measuring a frequency of the
at least one flow tube or the pair of flow tubes;

a transmitter for outputting and transmitting a desired
frequency signal based on the frequency measured by the frequency
measurement unit;

frequency conversion sections for performing frequency
conversion by conducting one of addition and subtraction between
an output frequency of the transmitter and respective input signals
having the at least one of the phase difference and the vibration
frequency proportional to the Coriolis force acting on the at least
one flow tube or the pair of flow tubes, which are detected by the
velocity sensors or the acceleration sensors, to thereby always
obtain constant frequency values; and

a phase difference measurement section formeasuring the phase

difference between frequency signals detected by the velocity
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sensors or the acceleration sensors, which are obtained through

the frequency conversion by the frequency conversion sections.

[Claim 5]

A signal processingapparatus foraCoriolis flowmeter inwhich
at least one flow tube or a pair of flow tubes which is included
in ameasurement flow tube isalternatelydriven by causinga vibrator
to be actuated by a driving device to vibrate the at least one flow
tube or the pair of flow tubes, and at least one of a phase difference
and a vibration frequency proportional to a Coriolis force acting
on the at least one flow tube or the pair of flow tubes is detected
by velocity sensors or acceleration sensors which are vibration
detection sensors, to thereby obtain at least one of a mass flow
rate and a density of a fluid to be measured,

the signal processing apparatus comprising:

a frequency measurement unit for measuring a frequency of the
at least one flow tube or the pair of flow tubes;

a transmitter for outputting and transmitting a desired
frequency signal based on the frequency measured by the frequency
measurement unit;

a first frequency conversion section for performing frequency
conversion by conducting one of addition and subtraction between
an output frequency output from the transmitter and an input signal
frequency obtained by converting a signal of one sensor of a pair

of the vibration detection sensors into a digital signal by a first
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LA/D converter, to thereby always obtain a constant frequency value;

a second frequency conversionsection forperforming frequency
conversion by conducting one of addition and subtraction between
the output frequency output from the transmitter and an input signal
frequency obtained by converting a signal output fromanother sensor
of the pair of the vibration detection sensors to a digital signal
by a second A/D converter, to thereby always obtain a constant
frequency value; and

a phase difference measurement section for measuring the phase
difference between a first frequency signal, which is obtained
through the frequency conversion by and output from the first
frequency conversion section, and a second frequency signal, which
is obtained through the frequency conversion by and output from

the second frequency conversion section.

[Claim 6]

A signal processingapparatus foraCoriolis flowmeter inwhich
at least one flow tube or a pair of flow tubes which is included
in ameasurement flow tube is alternatelydrivenby causingavibrator
to be actuated by a driving device to vibrate the at least one flow
tube or the pair of flow tubes, and at least one of a phase difference
and a vibration frequency proportional toc a Coriolis force acting
on the at least one flow tube or the pair of flow tubes is detected
by a pair of velocity sensors or a pair of acceleration sensors

which are vibration detection sensors, to thereby obtain at least
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one of a mass flow rate and a density of a fluid to be measured,
the signal processing apparatus comprising:

a frequency measurement unit for measuring a frequency of the
at least one flow tube or the pair of flow tubes;

a transmitter for outputting and transmitting a desired
frequency signal based on the frequency measured by the frequency
measurement unit;

afirst frequencyconversionsectionforshiftinginfrequency,
to a constant frequency signal, an input signal frequency obtained
by convertingasignal of onevelocitysensorofapairof thevibration
detection sensors into a digital signal by a first A/D converter
and output from the first A/D converter, based on an output frequency
output from the transmitter to move the input signal frequency to
another frequency band;

a second frequencyconversionsectionforshiftingin frequency,
to a constant frequency signal, an input signal frequency obtained
by converting a signal of another velocity sensor of the pair of
the vibration detection sensors into a digital signal by a second
A/D converter and output from the second A/D converter, based on
the output frequency output from the transmitter to move the input
signal frequency to another frequency band; and

aphase differencemeasurement section for measuring the phase
difference between a first frequency signal, which is obtained as
the constant frequency signal through the shifting by and output

from the first frequency conversion section, and a second frequency
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signal, which is obtained as the constant frequency signal through
the shifting by and output from the second frequency conversion

section.

[Claim 7]

A Coriolis flowmeter in which at least one flow tube or a pair
of flow tubes which is included in a measurement flow tube is
alternately driven by causing a vibrator to be actuated by a driving
device to vibrate the at least one flow tube or the pair of flow
tubes, and at least one of aphasedifference andavibration frequency
proportional to a Coriolis force acting on the at least one flow
tube or the pair of flow tubes is detected by vibration detection
sensors, to thereby obtain at least one of a mass flow rate and
a density of a fluid to be measured,

the Coriolis flowmeter comprising a signal processing
apparatus comprising:

A/Dconverters for converting analog signals, which are output
from a pair of the vibration detection sensors, to digital signals,
respectively;

a frequency measurement unit for measuring a vibration
frequency 6 of the at least one flow tube or the pair of flow tubes;

a transmitter for generating a frequency signal having a
frequencythereofsetto6(1-1/N) of afrequencyofadigital frequency
signal output from the frequency measurement unit; and

apairoforthogonal frequencyconverters for converting, based
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on the frequency signal generated by the transmitter, frequencies
of two of the digital signals corresponding to the pair of the
vibrationdetection sensors, which are output fromthe A/Dconverters,
respectively, and generating digital signals having frequencies
thereof set to 1/N of frequencies of the two of the digital signals,
respectively,

whereby the phase difference is obtained by using the digital

signals generated by the pair of orthogonal frequency converters.

[Claim 8]

A Coriolis flowmeter in which at least one flow tube or a pair
of flow tubes which is included in a measurement flow tube is
alternately driven by causing a vibrator to be actuated by a driving
device to vibrate the at least one flow tube or the pair of flow
tubes, andat least one of aphasedifferenceanda vibration frequency
proportional to a Coriolis force acting on the at least one flow
tube or the pair of flow tubes is detected by velocity sensors or
acceleration sensors which are vibration detection sensors, to
thereby obtain at least one of a mass flow rate and a density of
a fluid to be measured,

the Coriolis flowmeter comprising a signal processing
apparatus comprising:

a frequency measurement unit for measuring a frequency of the
at least one flow tube or the pair of flow tubes;

a transmitter for transmitting and outputting a desired
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frequency signal based on the frequency measured by the frequency
measurement unit;
afirst frequencyconversionsectionforshiftinginfrequency,

to a constant frequency signal, an input signal frequency obtained
by convertingasignal of onevelocity sensorofapairof thevibration
detection sensors into a digital signal by a first A/D converter
and output from the first A/D converter, based on an output frequency
output from the transmitter to move the input signal frequency to
another frequency band;

asecond frequency conversionsection for shiftinginfrequency,
to a constant frequency signal, an input signal frequency obtained
by converting a signal of another velocity sensor of the pair of
the vibration detection sensors into a digital signal by a second
A/D converter and output from the second A/D converter, based on
the output frequency output from the transmitter to move the input
signal frequency to another frequency band; and

aphase difference measurement section for measuring the phase

difference between a first frequency signal, which is obtained as
the constant frequency signal through the shifting by and output
from the first frequency conversion section, and a second frequency
signal, which is obtained as the constant frequency signal through
the shifting by and output from the second frequency conversion
section,

wherebythephasedifferencebetweenthe first frequencysignal,

which is obtained as the constant frequency signal through the
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shifting by and output from the first frequency conversion section,
and the second frequency signal, which is obtained as the constant
frequency signal through the shifting by and output from the second

frequency conversion section, is obtained.
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