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 shapedneasurenent 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 is included inthephaseneasurenent section 11. [0013] The
phase neasur éABNTEEBEEPHN® F1O O MRS SALBTE v EFERSn2 of e he Vibrls DR
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 AID 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 AID 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 dgeaaﬁeaebgiﬂ@é 1264 REliuded i Behihe t enperat Wie nRasureeRl 0386kl on 11
to which a detection value fromthe tenperature sensor 9 is input is

provi dgg%.hﬂlt Re iARUt1aRd eut BUt RALL L3 ﬂ'a%i&lgrr@%ﬁt g'h% measyrenent:

section 12 perforns tube tenperature conpensati on based on the detection
t enper atyuLe Qbéghngd by the tenperature sensor 9 which is provided in the
measur enent tubes 2 'and 3 and detects an internal tenperature of the

nmeasur ement n . A resi-sta ty. t enperat ure_sensor i
genzlrjal ly usﬁeggggftz%@e gg%grea}toucrlet%%%rs%?%gs %ggrrggslyulr%gltav?e F5 gr‘?@gss\%lsue, '
to thereby cal cul ate, a t. r.at ur L The tenperature signal input

o B s B R A S ot v oo s B e r e L Febr pS 3t
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]
as i1llustrated in FIG.29.

The converter 5 of the Coriolis flowmeter includes a drive
control section 10, a phase measurement section 11, and a temperature
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



I n the phase measurenment nethod using the Coriolis flowreter 1 as described
above, vibration is applied in a primary node, to the neasurenent tubes 2
and 3, fromthe vibrator 6 attached to the neasurenent tubes 2 and 3. Wen
t he fl ui dt obeneasuredfl ows into the neasurenent tubes 2 and 3 while the
vibration is applied, a phase node is produced in the neasurenent tubes 2
and 3. Therefore, the signal (inlet-side velocity signal) fromthe
right velocity sensor Sand the signal (outlet-side velocity signal) from

t he | eBtarveelcadigut sseéhsodr¥vensidrea Carad chiesafipowmeeerll. amléeoahplit fasra form
in which the two signals are superinposed on each other. A signal output as
t he fosmpinfwbschhéhenpwo &t gnal si@rel siperdutposed tor eadkeothghailnebudes
not only a flow rate signal but also a | arge nunber of unnecessarynoi se
CONPONERE Sdr itd sad@islli enrpatf reguensy ie. chargedidepengidg rtpuftorF rexanpl e,
a change in density of the fluid to be neasured. [0017] Ther ef or e,
it is peeesgalyriorrenove anginnecessane sidnal siemt betphgnakbsnfinhgm the
right velocity sensor 8 and the left velocity sensor 7. However, it is very
difficukt torrempyg-Lhgugnecessary signal fromthe signals fromthe right
velocity sensor 8 and the left velocity sensor 7 to calculate the phase.
Further, the g9 lis flowreter 1 is often required to have

very- hi gh- pré0|3| n neasurenent and hi gh-speed response. In order to

sati sty such, regy gﬁq%@a% & §orputing deyhoe having yer s complex. on

conput ati on anc? pr OC g perrormance IS necessary henc

1 ownet 6774 1B ed L55 &%V?i GHCE @2%@%?%%5@%@3@%@h@%@%ﬁ%hs

using both an o tlnun1f| ter al ways f|t to a nmeasyrenent frequency and a
hi gh- s%%%ﬁu58ﬁﬁ8F|E5 Rt hodRd [ ot rated byl?b%oﬂ&ﬂﬁﬁFHhéilﬁhégg i f-ference

measur enment nethods of calculating a flowrate, a | ter processing nethod
of remdYPHYIAGi W thS 4rwrHand AUEPE TP Rbd! Usi ﬁ&ea%eéﬁawe&@q%w 8iJ98/d a
met hod using a digital filter. The met hod using the analog filter

may belPBRatiSENNT hddhdnsivel ded, 1 dheeRARBFaNe Tat B To ciaferiton 1and
Patent Docunent 2). However, Patent Document 1 and Patent Docunent 2 have a
limt to i npkd\ﬂezhméebéﬁﬁbymmloﬁnphé f4inigral dAdchehéeh a Hetecitgoa
problemthat the filter is not sufficient for the Coriolis flowreter.

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 S|gna

O
vi br at h@gﬂﬂ;@ﬁgt%é 9%&5’&18&1%%108&% uf9na| %h%"ge‘%hc +81 | g;?la n the

| eft si neasur enent t V|brat by t and
whi ch |s dgt g%gd bX %QePIeE%evelo % ﬁor 7 is input |s connected to a
Iom#pass Fll T m#pass i's acircuit for extractlng,

th h f t | ef t I t
(out! et - si drﬁ@% ?87 RTINS fﬁ&nﬁsﬁgguﬁ it e tat de
vel ocity S|gn§ba€$utput fromthe left velocity sensor 7 detecting the

vi bration vel generated on the left side of the neasurenent tubes 2

and 3 in the_case where the neasurenent tubes 2 and 3 are vibrated by t he
vi brator 6. Feééﬁfr’ the right velocity signal input terminal 20

connected toan input terminal of anamplifier24. Anoutput terminal
of the amplifier 24 is connected to an A/D converter 25. The A/D
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 | owpass filter 30 is connected to an A/D converter 31. The A/D
converter 31 converts , into a digital signal, the left velocity signa
which is the anal og signal output fromthe | owpass filter 30. The |eft

vel ocity signal obtained as the digital signal by conversion by the A/D
converter 31 is input to a phase difference neasurenent unit 32. 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)

t he i nput fraquenctafd022be temperOnutdeeotsier i hayahetdiel v ught aeltbei ty
signal input termnal 20 provided in the input and output port 15 to which
t he detempeoatsirgnaknebrt Be 4 hiatdore vel oesiyrdnabetaside vel atietryebsi gnal )
which is generated on the right side of the neasurenent tubes 2 and 3

vi bratediby1tbe ¥i beaperabuand which is detected by the right velocity
sensor 8 is input is connected to a |lowpass filter 34. The |ow pass filter
34 is a circght fORpEXLfRELT BOgnk N oMgh: & d Feauencys fid t@hnHal &0 a

| ow frequency right velocity signal (inlet-side velocity signal ) fromthe
right ¥8Jng8k5¥u§§9xgé£s&réﬂéﬁ£'éi?@ Yel 961 tyrrsd gRaloor QULRUE H0MCtRe o1 i ght
vel ocity sensor etecting the vibratTon vel ocity generated on the right
si de of.. : e t 2 . ihn nt
CUbes B GA'5 Bf &t L ASH Byt R iBFar br g Fbgaa) oL i MURGITRRC
filter_34 is connected to . an A/D converter 35. .Th D converter 35

conver FE0oP G TR H S BTGt TG G 0 S E Ey STRRAT CRFE e e
anal og signal _output .fromthe |ow pass filter 34. The right velocity signal
bt a1 nEASEt ho it £AFCEPgaF “ByC EonaEF <t bt 15y EREUAPBSLonVEPEar: 26 5
input to the phase difference neasurenent unit 32. Further, the AID
conver feF35h dSceRhERLBGSEoPPhENE FERG SGENEr St BRI oRE Y iy igerfer at or
33 generates a timng of sanpling Mtines (Mis natural nunber) the input
frequeh8yinPpd2ap the compyffRer deVAESr i°ght vel ocity signal input term nal
20 provided in the input and output port 15 to which the detection signal
of the vibrafPBhéVel ocity (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 s et pbeed byasheenpghtneehodivsingenberCgrislipgutovineter
connected to a frequency neasurenent unit 36. The frequency measurenent
unit 36 aepadesesibbe dbeyaencyboitihe detaopl oed sigrealpwofng e mads,atticon
velocity (inlet-side velocity signal) which is generated on the right side
of thetheasaseneatehtbes s andnd 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 AID 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

Al D copyerbers. SHANd <3S it is ver FUhilM8ouithedel el amslgnakeakathe

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

lef t Séggngi %PSmF‘Pﬁé“éfﬁ%iﬁ%?&& &@%%@%1@?&5%}‘%&%& e agLidgittnl%l

si gnal conversi on by converter” 31 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 Fourigr transformunit incorporated in
the ph%SEYairfPBrBAEEAEABIISAEHC It 282 i & 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 >>

computation and high-processing performance is necessary, and hence
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.



Converters of the Coriolis floweter based on the phase neasurenent nethod
using the digital filter are described wth reference to bl ock structural
diagrams illustrated in FIG 31 and 32. Frequency sel ecti on neans
such as a notch filter or a band-pass filter is used as the digital filter.
An S/N ratio of an input signal is inproved using 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 flowreter using the notch
filter as theodigital filter. The input and output port 15, the left
velocity signal input termnal 19, the right velocity signal input termna

20, the | ow passeddnt §cir3) anthBde rntbdhe fALEr conyertleranctle aNts3nqas
illustrated in FIG 31 have the same structures as the input and output port

15, thgihett1vel 9edt procanrali nignpite tRIH dale 18petihaidd ght vet0sd Ly isiggnal
input termnal 20, the |ow pass filters 30 and 34, and the
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



A/ D converters 31 and 35 as illustrated in FI G 30, respectively. [0027] In
FIG 31, the A/c converter 31 is connected to a notch filter 51. The notch
filter 5 1 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 neasurenent unit
52 neasures a phase of the left velocity signal which is obtained as the

di gi t ab iwgnatednerconverrsi oal ande wiiigmalls (bupievedida & N gty eibyalhe
notch filter 51. Further, the notch filter 51 is connected to a

f r equepeymnEas UkErens 1 60l t v 53.grld1e (buegeeney deeasus ementsigtidl )53upasures a
frequency of the left velocity signal which is obtained as the digital

si gnal £bymCORY el S ONy &Nk N Che d $o b MR Hih SN atilne akY dhheeneteh f i | ter
51 The frequency nmeasured by the frequency nmeasurenment unit 53 is

'nDUt EQnEBQtQBtGQ gHétﬂgft5%1dEOQg8ﬂhe measur%%&%h?%mbk@e2péghQ@QY@EB%r 35

is connected to a notch |ter 54. The notch filter 54 selects a frequency

based an &%érgé Eh%%%c%fryen%w{lhb@g'fgnh% gbLajfierh sy bher g glibala c3lnal

by conversion converter SO as to inprove N ratio of an
i nput %lgnal to be output. The notch filter 54 is connected to the phase
measur enent unit

[0021]

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



52. The phase neasurenent unit 52 neasures a phase of the right velocity
signal which is obtained as the digital signal byconversion and which is
inmproved in SINratio by the notch filter 54. Further, the frequency
measured by the frequency nmeasurenent unit 53 is input to the notch filter
54. [0029] In FIG 31, a clock 55 is used for synchronization, and
input to the AID converters 31 and 35 to synchroni ze the AID converter 31
and the A/ID converter 35 with each other. The notch filters 51 and
54, theighase fmasuhenenrihtunel ob2f ytdieyfalequeney-sedsurementt weiyns3) and
the clock 55 are included in a phase neasurenent conputing device 50.

[ 0030] output fEbfa BRei khyptratescathl eekssiroctivtecefing enaveibeutabnt he
Coriolis flowreter using the band-pass filter (BPF) as the digital filter.

The i npyicandyoytREta Pkt oASchthei bkt svakoeirt ¥hsi grakui-BpUhtt eupkBably,
the right velocity signal input termnal 20, the | owpass filters 30 and

34, and,fhe A Preopyertgf sy 3l and S A%dddwusiibaked 4 H G32,hgyeckhe same

structures as the input and output port 15, the left velocity signal input
termn . the right velocity signal input termnal 20, the |ow pass
filters 3% and gi, and fhe AID converters 31 and 35 as illustrated in

FI G 31, respg&&&g?ly. [0031] In FIG 32, the AID converter 31 is connected
to a band- pass

The low-pass filter 34 is connected to an A/D converter 35.
The A/D converter 35 converts, into a digital signal, the right
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



filter (BPF) 61. The band-pass filter 61 is a circuit for extracting,
through a frequency filter, only a left velocity signal having a set
frequency (outlet-side velocity signal) fromthe left velocity signal
(outlet-side velocity signal) which is output fromthe left velocity sensor
7 detecting the vibration velocity generated on the left side of the
nmeasurenment tubes 2 and 3 and which is obtained as the digital signal by
conversion by the AID converter 31 in the case where the measurenent tubes
2 and 3iaretxbbrated vy rishe rvé Bhatwri dh is detectBiebbaned- pagst Felvedt§l is
connected to a phase neasurenent unit 62. The phase neasurenent unit 62
measur gsndophase of the left velocity signal which is obtained as the
digital signal by conversion and which is inproved in SINratio by the
band- pass fitferes8dqudRQO3%leasurementutihierse tihe cbandcpasst d iddek 161nks
connected to a frequency neasurenent unit 63. The frequency neasurenent
unit 6 S f requ loci, Ly gﬂﬁgj L I ai ned
as thegﬁﬁg?ggFgéfghaﬁ%%y?ggﬁegﬁg%gﬁﬁﬁih%ﬁg%Xf%P%g%%%rtefcgg%bgggkéﬁ?gﬁ is
i mproved. | LN rati e nd- ' 61. L y
roasur by T he J Fahlenty Mool S i 10764 s THpii e B e BaRd hdes
Furt her, AlD c erter 518 ¢C to a

filter 61. [0033]. th n onnegt
band-p%é%lplﬁtgg %%f“ﬁﬂﬁ“ﬁaﬁ-?bgg' Fgﬁt%?pgﬁ ?2 u%?%%dfi ggrgif%ggying,
t hrough. a frequency filter, _agnly a righ el oci t i gnal havi ng set

fr equehB§ t%Wﬁpgtgépﬁéa%QFoégtﬁxgiSHEBPEf¥8n$%ﬁe%/®g PnygFgSFFy3gi§Hg
(inlet-side velocity signal) which is output fromthe right velocity sensor
8 deteé?rng the vibration velocity generated on the right side of the
measur enent tubes 2 and 3 and which is obtained_as the digital signal by
conversi on byhemam EHhGEPREP 1SS S SFE Lokt Wherd & hEMHRASERERENC Tt ubes
2 and 3 are vibrated by the vibrator 6. ‘ The band-pass filter 64 is
connecBdd @ndthee phas@ienas deaftenaiit UeAt Phea phakeC hpdsdrigmenhasiet 62
nmeasures a phase of the left velocity signal which is obtained as the

di gi t alhnesbgmaheby compeitsdingndandcehil€h is inproved in SIN ratio by the

band-pass filter 64. [0034]
[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



The band-pass filter 64 is connected to the frequency nmeasurenent unit 63.
The frequency neasured by the frequency neasurenent unit 63 is input to the
band- pass filter 64. InFI G 32, a clock 65 is used for
synchroni zation, and a clock signal fromthe clock 65 is input to the A/C
converters 31 and 35 to synchronize the AID converter 31 and the AID
converter 35 with each other. The band-pass filters 61 and 64, the
phase measurenent unit 62, the frequency neasurenent unit 63, and the clock
65 aregénekaded on ahphaseh reasde enenthe« orpuiu rgnadeyitasd 0.2 R Gr aAdt
Docunent] [Patent Docunent] [0035] [Patent Docunent 1] JP

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
filter isused as thedigital filter. An S/Nratioof 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



02- 66410 A [Patent Docunent 21 JP 10-503017 A [Patent Docunent 3] JP
2799243 B

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



[ Patent Docunent 4] JP 2930430 B [Patent Docunent 5] JP 3219122 B
[ Sunmary of the Invention]

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
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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%ﬂgﬁt%tions
phase of t eft

is reqeieddo TRErRVES T FEGRHEICE BREFdir PEAFErTENT

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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[ 0039] The phase neasurenent nethods using the digital filter as
described in Patent Docunent 4 and Patent Docunment 5 have the foll ow ng
problens. (1) The nmethod cannot follow the change in input frequency at
hi gh precision. That is, it is very difficult to realize nmeasurenment in a
case where the density of the fluid to be nmeasured rapidly changes because
of air bubble mxing. (2) In order to inprove the frequency selection
performance, a very |arge nunber of conputations are required. Therefore,
it is difficubPtteéontreatuzenhi gh-gpeed-664ponsde, and hence the nethod is
unsui table for batch processing for a short period of tine. (3) The nenory
consunpti on oPatbetcoopuhényg devoeeldssbaoge, rand hence the design is
conplicated. Therefore, a circuit structure and design are conplicated and
very di sadvanbtagesuspbBucest. 3] 0040b799243 gWhen all the factors are
considered, in any of the conventional phase neasurenent nethods including

the digital tphtentphocesshnds)aspobsepeboarfrequency band other than the
tube frequencies of the nmeasurenent tubes 2 and 3 is renoved, and hence

t he S“‘tChi”?PQEeEPQDS%L&EHtt§P|§P thegghange of the conputing nmethod, and
the change of the sanpling rate are required to always foll ow 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 hjigh-speed, perfornmance. Thus, when the neasurenent tubes 2
and 3 é?gogigWEtgg y Fﬁgv$ng§t6PeaFHW n?%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
vibration velocity generated on the | eft side of the nmeasurenent tubes 2
and 3, aérféle%%le]%e% Her £aitengd PPEBlReRtt hatV HEaditerBRY Lt pF ERESEBRAY iR FEFY | ow

[ 0 0 41]
input detection signal of the vibration velocity is constant, a

phase measurement method having very-high-frequency selectivity
may be performed because the Fourier transform is used for frequency
selection.

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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An object of the present invention is to provide a signal processing

nmet hod, a signal processing apparatus, and a Coriolis flowreter, in which
even when a tenperature of a fluid to be neasured changes, even when air
bubbl es are m xed into the fluid to be neasured, or even when the fluid to
be neasured rapidly changes froma gas to a |iquid, neasurenment nmay be

al ways perfornmed with constant precision, phase neasurenent with high
filtering performance is realized, and a conputing processi ng anount may be
reducetotohandextsiepedy tSmaltdengmorature | NBans hercesalaviyng ot hecirelykeédiys)

[ 0042] A signal processing nethod described in claim1l1, which is
provi degnsbhrasike S0t vambhe naboyee veitH anedi problfersuans yaositgmalinput
processing nmethod for a Coriolis flowreter in which at | east one flow tube
or a paikraofibhoyetabesy Wil ,sahachetled 4 AeaigBassramntohbowchtile .i s
alternately driven by causing a vibrator to be actuated by a driving device

to vibrate tfgeatrbeasttones 10w tubgien thgpakkeRftiid QWriddiesu.and rat
| east one of a phase difference and a vibration frequency proportional to a

Cori ol {:ﬁegﬂrﬁ% @%t dge90,the Al Leagh ,one i owtubg: Qknkhe (Pad -0 fikow
tubes I's detecte y velocity sensors or accel eration sensors which are a
pair o i ti let.ect i S pr.ovi d on ft-han i a
right-%%%égé?dgggfgg%gl tg?%agpggaésfﬁgﬁfku éao$?% %’pgﬁg gf§¥€§ﬁ§%htes, to
therebé obt ai.n_at Ieggte%n§ o&eg nass flowrate and a density of a fluid to
be mealtr&d® thHe'§i ghal “ProdesSIng itet hod conpri sing: a first step
of converting an anal signal, which . is output fromeach of the i r, of

vi bration deg85£P85'§g%§3F POFBU318994F3FQHtﬁ%ﬁ£5ﬁnF?85ﬂéﬁ%§e§ﬁﬁ¥§%d

a second step of nmeasuring the vibra%ion freguency of the at | east .one flow
t ube ott RELHRFr DBFUFFEly guﬁé§;a probleq {hatq tofepuBPegefdr &Ry Cont r o
signal for always controlling a frequency of the digital vibration

f r equeREGCEF §ABP SRS TRY dagHStIrE coivet §PEFHSFAHE ¥ ¢ F shedidg 45F be
1/ N of the frequency thereof based on the digital vibration frequency

si gnal teanpéierirom one of the pair of vibration detection sensors, which is
neasured in the second step; and a fourth step of subjecting the
digital vibraPP8Rlfrequency signal obtained through the conversion in the
first step to orthogonal conversion by using the control signal generated
in the thirdIsttegp meshohlerebyedbtcaiimathe empieinoyn segheal fithae bas imput
frequency thereof set to 1/N of the frequency of the digital vibration
frequeneygqgskegngl fabtmaithed ftihrteugh aiie scamvansiiony itmet e tfahr sti Isteap,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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wher eby the phase difference between detection signals fromthe pair of

vi bration detection sensors is detected by using the frequency signal
obt ai ned through the orthogonal conversion in the fourth step, which has
the frequency thereof set to 1/N of the frequency of the digital vibration
frequency signal. [0043] A signal processing nethod described in
claim2, 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
fl ow taberoblamnpahat of t fiowdibies: Wwhitch desl datcludedpitni marngEddieenment a
flowtube is alternately driven by causing a vibrator to be actuated by a
drivi ngadeviveertotmMebiapett hecgicheastapnall/l ewahybe.or the pair of flow
tubes, and at | east one of a phase difference and a vibration frequency
proportional p et Re E0kheldrs fOrELs @esh &g ABthBasals ieasie @ngithowitiube or
the pair of flow tubes is detected by a pair of velocity sensors or a pair

of accglefald Qb ReNg @hLS Wi @@c@rﬁ@nwbar@é pgeeﬁgt%@dn@%tsgml%@resa pkOpt Ber eby
obtain at |east one of a nass flow rate and a density of a fluid to be

measur ef, .t he,signal . 50 ﬁﬁﬁb?go%eEBB%uE MRELS g requ redn%@sagb?gv%he

vi bration frequency o e at least o om1tu e or e pair o

tUbeS’frequenc&r§Q§gkkﬁbﬂgﬁ%r%89ﬁ58 S|gnal based on the measured vibration
f requency, gsite frequency conversi on based on the

transmtted i@ﬁgé? signal on each of two flow rate signals obtained
t hrough A/D sion on input signals having the at | east one of the

phase differenc nd the vibration fr enc rtlonal . Coriolis
force acting bR PRESa( "FERYF BRBCI MEWEUBe 67 Phe ﬁaﬁ&géF 1 S Be8s whi ch
are detected by the pair of velocity sensors or the pair of accel eration
sensorgeS§6lPﬁQﬂWﬁ%ﬁﬁQ%ﬂ?cgmﬁﬂ5ﬁ§QﬂQ@S%HPQQQuﬁeBBQQ%ﬁﬁt??é&&éﬁHﬁngand
nmeasuring a phase fromeach of converted conposite frequency signals

obt ai NnegOPAEBEGh t he conposite frequency conversion, to thereby obtain a

phase difference signal component. [0044]
(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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A signal processing nethod described in claim3, 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 neasurenment 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

act i ngmeastihemant| eabbsoneafitiow isbecrosvédie pai rheofed tow tswbesshisigdetfect ed
by velocity sensors or accel eration sensors which are a pair of vibration
det ect t s SeEnser s aprieyvi ted dmnd eftcthardmpudenamik thdd gbhdhieing Fiadeeof the
at | east one flow tube or the pair of flow tubes, to thereby obtain at

| east ghne HefsaniBssy bhowarate and- &y deaskby safol1a Jl thét hpe be RRSW RS, the
si gnal processing apparatus conprising: Al D converters for

converbirngnanakaguskaBatSruMbsch arg out pule fd@ind haRald of idyAhian
detection sensors, to digital signals, respectively; a frequency

I
measur %Eg@tiﬂlﬂktnefc%rs s'é‘?:%/s?iﬁ %@Qfég&@éﬁ&@i‘t{%@gi—i%ﬁﬁ sovgiy]y&?np%tiéaet% one

flow tu or the pair of w t ransmtter for generating a

frequengy z%ggglhq§KLg%e%df§%g%%Q%%FE ereof set to (1-1/N) of a frequency

of a dirgrt requency sign out pu romthe frequency nmeasurenent unit;

and a..pai.r of orthogonal frequency converters_ for.converting, based
on the frequihas” sl aRal o ar At i 1 RALEFaReTie Cop Tor | BRERneT e SP% o of
the digital  sigpals correspandi o the pair of vibration detection

orsor Biba B R SRR P O e bR B e P br Do e b B r b aE v A
generating digital signals having frequencies thereof set to 1/ N of

fr equeﬁéi‘fgété Nt e LRG0 THTY & EEGHP%P%?Sé?fgﬁaﬁs?’,lbﬁaéslﬁéb‘t’%%w,ty signals

wher eby the phase difference is obtained by using the digital signals
gener at’BdChy 2t Re IFACFLEA &Yt KOGorAITfr dGUENTdY Yo e reds Tor 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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[ 0045] A signal processing apparatus described in claim4, which is
provided so as to solve the above-nentioned problens, is a signal
processi ng apparatus for a Coriolis floweter 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 CoMeahssibor eelachpnghenPrhblamsleast one fl ow tube or the pair of
flow tubes is detected by velocity sensors or accel eration sensors which
are vibratiopodekgcti on sensors, to thereby obtain at | east one of a nass
flowrate and a density of a fluid to be neasured, the signal processing
appar at us COmpPki§hAY: processidgf hegHeACY cRBasBEAMERAL cuBlilk fQor wABABURKNG a
frequency of the at |east one ?IOM/tube or the pair of flow tubes; a

transnhtberqabarsQuiputd iskdvandntr 8RSt Lhing: 8ndesh F&ch drequency ssiygnal
based on the frequency neasured by the frequency neasurenment unit;

frequef?fgcgggy%sangahéa%pné dOF; PEf S OF TR NG fLLGUENRY GONVERSLAN BYe
conducting one oOf addition and subtraction between an output ﬁrequency of
the trﬁf??%&h%!o%”gakaﬁpg%F V&, s 5190l 8s Nayi ng Lhe, af EggﬁEe%%%tOf.the
phase difference and the vibration fﬁequency pr oportional {6 the riolis
force i on.the at |eas ne flow tube .or the . pair of flow tubes, which
are del Lt ad By b Cerstely Slneer ot e M e TP oh Lt et RS

t her eby al s_obtain constant,. frequency values; and phase

di ffer%ﬁc%\l%h%h?%n%%‘flg%cw oW?%?%e%é%rﬁ%dqﬁt N ftélggn(% b&Eween
frequency si nggs detected by the velocihg sensors or the accel eration
sensor831HnPtht ar® bBHPEP ned'? H'ougif The T dtfueh & aconderisiesnnsy fRe 2
frequency conversion sections. [0046] A signal processing apparatus
descri beBrfhieral ie Bk EF IR ricvicded0sd & 4 isof¢e Cenacabod e REi oned
problens, is a signal processing apparatus for a Coriolis flowreter in

whi ch at least ene flew tube er AhpaPrisf ofl dworubederhiichdeseichelduded in a
measurenent flow tube is alternately driven by causing a vibrator to be

act uat edl pgihydeinsong dearcel evatibnaee sors widlease agrel f pdwibubs ion t he
pair of flow tubes, and at |east one of a phase difference and a vibration
f requedeyeptbpor skonak st pravCdedobhs af dedé-aenidngide the at rigasthemel fl ow
tube or the pair of flow tubes is detected by velocity sensors or

accel esatieonfsehsoas Whish ate ¥idw atulon dettEet i serfsdlsw ttabiehker eby
obtain at |east one of a nass flow rate and a density of a fluid to be
measur elereby 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
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t he signal processing apparatus conpri sing: a frequency neasurenent
unit for measuring a frequency of the at |east one flow tube or the pair of

fl ow t ubes; a transmtter for outputting and transmtting a desired
frequency signal based on the frequency neasured by the frequency
measurenment unit; a first frequency conversion section for

perform ng frequency conversion by conducting one of addition and
subtracti on between an out put frequency output fromthe transmtter and an
i nput Srgaaéntyedueneyt ditssidiet biecodinyetrd i ngllarsi ignalf refqueme ysengorlof a
pair of the vibration detection sensors into a digital signal by a first
A/ D cooweptierfrém drierogby hal pays obtwilrat canstearictfireguensy rsal waich

a second frequency conversion section for perform ng frequency conversion
by condgchénguese oh addi tkeBnandtsgbt ragtion between the output frequency
output fromthe transmtter and an 1 nput signal frequency obtai ned by

converting a,stgnaln Ut £f EQBY apet RS t1sensQfi «f 1 the Palibrok rthgekthr ati on

detection sensors to a digital Signal by a second AID converter, to fhereby

al wayss 0bh a1 BpR 26 AR [ fIEIHERCHVERSUSH BDEhe £irst & PNASEHhbhghance
measur enent section for neasuring the phase difference between a™first
[

freq”99§Mv§£9£8£&xfﬂ59??jéh&Q&%hﬂ%ﬁ.EEéBH@Qg%@%rJE&ﬂ%?P%MeQSPNﬁﬁ§%§gqby and

out put fromthe fifst equency conversion ion, and a second uency

si gnal i ch i tai ned .t hrough the frequency conversion b d_oaut.put
From the SaEtrty (Pastne) ESRoeP tron T ghar bt oy - canentl, B8P

fl owmeter descrihed in claimé6 ich,is. provided so as to solve.the

Hbove. FERCoNal i ot eREtRdey of ShE T bREL SRE SapBar Sre e Ty B LedRon i s
flowmeter in which at |least one flow tube or a. pair of flow tubes which is
i ncl udegtfhn g neRsareheh efFBRNFEBéOPslSIFgﬁngﬂgﬁ§ dFFPen by causing a
vibrator to be actuated by a driving device to vibrate the at | east one

f1 ow t ube orv"RRESHA| FhoPHAsGILbesenafdoat "Eeaste brfel o0 £ giade dirPfer ence
and a vibration frequency proportional to a Coriolis force acting on the at
| east bRt PRbW ehbelFathen pigFe@iion cipnubes i dRdtesciast Iy ugipai thef

vel ocity sensors or a pair of acceleration sensors which are vibration

det ect fopasensvrsional théedeobhapnattieasthogenefl aonaessipovir abe and a
density of a fluid to be neasured, the signal processing apparatus

conpri §pbngth step, which has the frequency thereof set 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
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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 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 coavesieroard lodtipyt séneortsher fd patiA/ Of conwerdeft, 1 daseth sarnr sawhaahput
frequency output fromthe transmtter to nove the input signal frequency to
anot heprtr egueneyobhandtection 8cheeeByd ktbegueneyycenvansi en seekitonnkor
shifting in frequency, to a constant frequency signal, an input signal
frequepey oftaknedohy rgeBVerti A0qansi@labrol &natherovekogihyuseasor of the
pair of the vibration detection sensorS into a digital signal by a second
A/D convert egnand; gHtpub,bEOTLERG seeapd bRocenvapter, based on the out put
frequency out put %ron1t e transmtter to nove the input signal frequency to
anot her freq d; - : i f P“ﬁﬂ% T8 enent Section
for neasuringgggérgﬁgsgth?%%¥%ﬁégng%?€£%§n2§f$rst ?%qugﬁﬁﬁlsighal, whi ch
is obt iEed as Rhe constant fre%u%ncy signal through the shifting by and

of, Lthe palr; o low - tubes . .
out put From’the 'Fi Fs f requency convérsi on section, and a second frequency

[ |, whi [ bt ai. ned h t f i | thr h.th
ShiTti ng. by, SRETSULPOLPPrbRTPhECLGEHAtE | Pedaanty Eorver SLbR JegtParn oIt 004s]
A Coriaqlis flowreter described in claim7, which is provided so as to sol ve

the abbVEIHBREY6ned problens, is 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 alt ePRALRFPLAFI VTRRS EetisitHE IHCPCHr SE O VE6° e abPF&CedoPy the
driving device to vibrate the at |east one flow tube or the pair of flow

t ubes, tapdsad ttedstowne bp ianphage cgichf @f éneel berd ra te bt ats bh Frteduescy
proportional to a Coriolis force acting on the at |east one flow tube or

t he paithrefighl 8Dt gbeyersidet ect édpiy willgmatlisohagengctthen adedsers, ane
thereby obtain at |east one of a mass flowrate and a density of a fluid
to be nd¥asbeedhase 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 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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the Coriolis floweter conprising a signal processing apparatus conprising:
A/ D converters for converting analog 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; atransmtter for
generating a frequency signal having a frequency thereof set to 0 (1-1/N)
of a frequency of a digital frequency signal output fromthe frequency
measur enentt U ts @Atkrnately drpaieh 10§ certsiegoaali fragquency«anventens for
converting, based on the frequency signal generated by the transmtter,
frequepgi gsapfving @fvibe i gitstasd gnad sCardeapend 19 dwo thite pai thef the
vi bration detection sensors, which are output fromthe A/ D converters,

resF)eﬁEéYt‘?le and,, genssat i s digi tal s signalse haying o teguencies thereof set
to 1/N of frequencies of the two of the digital signals, respectively,

wher eby; fh tEQ %Jé&;yegﬁ% i5-aktaiined bydising 4 @er@egé&etngl&n%%

generated ogonal frequency converters

Coriolis {lo “gEtSV Q%S&ftBsg o? %hacggﬁr %@'?ﬁohstﬁkgg'qudﬁge%§e 050l ve

the abdve- Renti oned proble iolis owreter in which at st one
ow t ub r.a pa ch is |nclude a asur flow
tube |geg??eFﬁéf@ﬁfﬁﬁ?%%ﬁc%;eﬁguéPﬂﬁen%ﬂﬁna.or Qa Hetuat'e I%Q§®h
driving device to vibrate the at |east_ o 0 the fl ow
Fubes. JhaC bt SneSetoahe. B ORI pats B dRt f8rEnCaNand 9oy PR ats SO %&
proportlonal to a Coriolis force acting on the at ?gt ne fI M/tube or
the paftdsfof| Bt besed st ddt®ct b by el Ueitif é%arfs?o Oéf’cc,té’i &5t i°6n
sensors which are vibration detection sensors, to thereby obtain at |east
one of thereby PPbaiPatk HPRSE GRASPE 2 gFass LAY HoFDEfeds (EEF LY Of  the
Coriolis flowreter conprising a signal processing apparatus conprising:
a freqaehéyidessoubensaesuined, for neasuring a frequency of the at |east one

flow tube or the pair of flow tubes;
the signal processing 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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atransmtter for transmtting and outputting 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 AID converter and output fromthe first AD
converter, based on an output frequency output fromthe transmtter to nove
t he i npgspstgnaklfrequency to anot her frequency band, a second
frequency conversion section for shifting in frequency, to a constant
frequency sigRakebanrdpubssi gneteféeaiarcybobt aboed, byiagnves tiigg talsi gnal
of another velocity sensor of the pair of the vibration detection sensors
into asdightal gShanatedb P $CER rALD SONVESd s 1 mogww cbhewrthe ssecond
Al D converter, based on the output frequency output fromthe transmtter to
nove the input signal frequency to another frequency band; and a
phase difference nmeasurenment section for nmeasuring the phase difference
bet ween a fir§54g§equency signal, which is obtained as the constant
frequency siénal hrough the shifting by and output fromthe first
frequency copversion _section, and a_secqQn Y Sl I jch. i.

g A oNn PLOCSSS4E aggara%u% g?%&?%%&ﬁhne%sl%?&t?hml& 1

obt ai ned” as the Constant reqguen s gnal roug y an
out put fromithe second frequen conversion.section wher ehby the phase
di f f er BREE'BE m%%ﬁaTH%DF$$gFEFﬁéqﬁgﬂgﬁ_@FaﬁéP?eahPﬁ%b%%m%bfﬁfﬁ%&g'§a§he
constant frequency signal through the shifting by and output fromthe first
frequeﬁE?CEEEQEBSPBHagégP?oﬁPra dcpﬁéozééoﬁ&o%WE%&énéﬁ'¥%dﬁ%l?§ME%ﬂ$Es
obt ai ned as the constant frequenc% signal through_the shifting by and

8

out put PRI ReeE PR i &Gdehed EBREEM IGH $2AT RIS B IGATET STFEN Y ect

of the Invention] [0050] The neasurenent tube of the Coriolis
f | ownefépvhashs i alise shapesy drevesxanptaa!s itHepe” B e 0 tPved adive tadd a
straight tube. There is a type driven in any of various nodes including a
pri marpynedeérandng decvndary wdeatastle npdel a3t dimsinlpyw Hellreasurtdeent
tube. [0051]
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 |l conputing processing anount.
[0046]

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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[Brief Description of the Drawi ngs] [0055] [FIG 1] A block diagram
illustrating a principle of a signal processing nethod and apparat us
according to the present invention. [FIG 2] Adiagramillustrating
a frequency waveformof a Coriolis flowreter of which a driving frequency
is 100 Hz and a frequency waveformof a Coriolis flowreter of which a
driving frequency is 1,000 Hz in the signal processing apparatus
illustrated in FIG 1. [FIG 3] Adiagramillustrating a frequency
wavef ormin a fasmaer ectbardmevicng ft €gueneysofithe Coegokhsyfd Owhet er of
which the driving frequency is 100 Hz is divided. [FIG 4] A diagram
ilTusteratipgsa bheqaeneycwB¥eber Ahenpaiease rfWBer eubhe;driving frequency of
the Coriolis floweter of which the driving frequency is 100 Hz is shifted.

[FIG 5] A spegirbingnsthuct Wt digghemigl u&@r atd Nosrtive isignal qpeeeessi ng
apparatus illustrated in FIG 1. FIG 6] Adiagramillustrating a

det ect kpp4§L9R3Y! sPcEna@l wration cyel @EE&MeH@yQﬁeé%E&ﬁ'%ﬁt&% encaukatt, side
of rreasurerrent tubes and output froma'lowpass filter Tllustrated in FIG

5. m%asurgﬁlsg't 7]116 diagramillustrating a signal obt ained as a digital
si gnal y sanpl'ing, at arbitrary constant intervals, the signal illustrated

in FIG 6, whigh Jis:out put hroman AR conyve &%%or'géf‘%&%r?&f%qﬁég‘cy5-

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
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 8] Adiagramillustrating a transm ssion frequency signal (eXn) output
froma transmtter illustrated in FIG 5. [FIG 9] A diagram
illustrating a 90-degree shift signal of an output signal (cos0) which is
output fromthe AID converter and generated in an inner portion of a
quadrature nodul ator illustrated in FIG 5. [FIG 10] A diagram
illustrating a 90-degree shift signal of an output signal (cos0OXn) which is
output fromthe transmtter and generated in the inner portion of the
guadrature mpdatator illustrated in FIG 5. [FIG 11] A diagram
illustrating a signal obtained by quadrature frequency conversion by the
quadr ature nadid@atcrid flldvstieateddeBcFlGedbin [HlaGo 612¢h Dklagraapgovided
illustratingtimngcharts for the specific structure of the signal

processbngs appas BtaisHd husteahedti BnEEGrévlens, is a iJdES ptdkebsagyans
illustrating timngcharts for the specific structure of the signal

procesghpg-aPRar et i 'C:Urli%tlrl%t etdolReELG i®-which at lehEtGnd A1 M tube
operational flow chart for the specific structure of the signal processing

appar aL s, 'Jamt pat edolNtEhGs Phich is inchfh&q 18l aAmgggghse%agr &y

illustratin frequency neasurenent unit illustrated in

[FIG %Q}L A, Bl 8 Eeghgggﬁgﬂeamawgy nd,@;RG 9cLpLe ‘B t%' %%aéc%g%%%s' ng

appar at us accor In present "1 nvention 1 n

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 17] A block diagramillustrating a specific structure of the signal
processi ng apparatus illustrated in FIG 16. [ FI G 18] A bl ock
diagramillustrating a specific structure of the signal processing
apparatus illustrated in FIG 17 using a feed-forward control nethod.
[FIG19] A diagramillustrating an output signal froman LET illustrated in
FI G 18. [FIG 20] A diagramillustrating an output signal from an
Al D converter illustrated in FIG 18. [ FI G 21] A di agram

il lustaadtihgrafroegtiputysbgnal froma transmitter illustrated in FI G 18.
[FIG 22] A diagramillustrating an output signal in a nultiplier of a

frequency cgpvebsddrspINGEdhVass i@t edctNoflfGr skB.fting in frEGLEN28] A
diagramillustrating an output signal fromthe frequency conversion section

i1 lustfatedonRthih®@ $8equency s1dHdS, 241 nPlags adda i Ifrdsfleaidngpt kimeghart s
for the specific structure of the signal processing apparatus illustrated

in Fl G 18 nyvertingl£1G &2]1 Ak opgsatd onali Jdaw chardof o the %e%gi_ bicc

structure of the signal processing apparatus illustrated in Fl

LEL 2% A0 2Pl 38 Bty el A Lust o 40g1 b Lo saperop sopyet o
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

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 27] A block structural diagramillustrating a frequency measurenent
section of the signal processing apparatus illustrated in FIG 18.

[FIG 28] A structural diagramillustrating a general Coriolis flowneter to
whi ch the present invention is applied. [FIG 29] A block structural
diagramillustrating a Coriolis floweter converter of the Coriolis
flowreter illustrated in FIG. 28 . [ FI G 30] A bl ock diagram
illustrating a phase neasurenent nethod using Fourier transformfor the
Cori ol bethliawaet eeaconveet ef alhassrated tacdFlBR% density [ @ FLJuiAd bl ock
diagramillustrating a phase neasurenent nethod using notch filters for the
Coriol ks bkowaekereggnverter illustrated in FIG 29. [ FI G 32] A bl ock
diagramillustrating a phase neasurenent nethod using band-pass filters for

the Coriolisthhowgtes1 converdigfeddd uskrdted i FAG 2%nal N?%iefs%ring
Carrying out the Invention] [0056] It is an object of the present
invent%BBaggtgg able tigialways perform neasurement with constant precision,
to realize phase neasurenent with high filteringperfornmance, and to be able

to reduce a gompubigfI.ACESSING, AU, 19, A0, BXLEETE! YS! Ly aupuity. Even

when a tenperature to be neasured ges, even en al ubbl es

are mxed into.the.fl.uid.to _be neasure or _even wh . i 0 .be
neasurgaopéﬁﬁﬁﬁf~8%5%6%51%F8%ﬁ§ng§%9 %g%pPi%ﬁﬂﬁfrfphggd%?é%{i%%%}%%§lS’

reallz%gspggqg%gﬁggnt 1]

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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[ 0057] Herei nafter, Enbodinent 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 apparat us
according to the present invention. FIG 2 illustrates a frequency waveform
of a Coriolis flowreter of which a driving frequency is 100 Hz and a
frequency waveformof a Coriolis flowreter of which a driving frequency is

1,000 Hz. FIG 3 illustrates a frequency waveformin a case where the
dri vi ngnéeqeencya ofeashe e@amitof L switdudwres erldfe s tehityhérdvenimgcénequency i s
100 Hz is divided. FIG 4 illustrates a frequency waveformin a case where

t he driavingrftequencyeofictiet€arbol asdtlomet eevotewhochibhetdr tuengt
frequency is 100 Hz is shifted. FIG 5 is a specific structural diagram

i1l ustrasspgohbersb@nalbpr eeessbngaapparatuswi thivstr aked ke Fe&st dneFI G 6
is a diagramillustrating a detection signal of a vibration velocity which

i s gengfatedh9eagiettrshde ghgngasuresentnt ubeguandyodippbriionka Lew pass

filter illustrated in FIG 5. FIG 7 illustrates a signhal obtained as a
digital shgna; @yfé@é@'a&%ngatonam LLRrye5onstants il ey & the shgpal
illustrated in FIG 6, which is output froman A/D converter illustrated in

FIG 5, '%'ﬁw @u%é§ HEt ALRS & %9 ﬁ@%%y%‘e%%ﬂé’%@?%’?ééﬂé@ét£&¥Q§88gﬁ:9“t

from a ransm t ustrate ustrates egr ee

shi s} gl of vﬁx#&p% RNl ool i chol s, SULRYCC O Lhe) ALD:

converter “and generated 1 n an inner firen © ture o
illustrated_in FI G FIG, 10 i Ius rat ee . shift si naI of an
out put °F gl & CEBS0X R 2 bR gy afmotfﬁ@ ?ﬁ%ﬁgm be' nfaShener atet
in the inner Eortlon of the %yadrature nodul ator illustrated in FI G

FIG 11 illuBtfate¥FiPEignat &Fﬁ%eﬁéchWPﬁﬁﬁapﬁtu?es?ﬁgﬁﬂene 088ﬁ§éP§|on by

the quadrature nodulator illustrated in FIG 5. FIGS. 12 are di agrans
|IIust@%P?ﬁ@tPFnFﬁ@théF?g for the specific structure of the signal
processing apparatus illustrated in FIG 5. FIGS. 13 are diagrans
i 11 ustrating? thiuAMEEhaRes SPEETERE WPEEITPIrcNSE PREL T @ 6F SBHENSY gifalthe
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 neasurenment tubes 2 and
3 are vi bratedtbpnamiitheat oroB, tvabsai f bhnyekodi tawspwenerat @ddesitrhe
measur enent tubes
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 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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2 and 3 are detected by a vibration velocity sensor 80. The detected

vi bration velocities are conputed and processed by a vibration

vel oci tysi gnal comput i ngdevi ce90. The vi bration velocity sensor 80
corresponds to the left velocity sensor 7 and the right velocity sensor 8

of FI G 28. [0059] The vibration velocity signal conputing device 90
i ncludes a quadrature nodulator 92, a transmtter 94, and a phase
measurenent unit 96. The quadrature nodul ator 92 perforns quadrature

nodul athenvoibraheoni dsatdctohovedacddies it ehdagetgénsiated bhwn & second
measur enent tubes 2 and 3 and detected by the vibration velocity sensor 80
when t hgpneasteenent ahdbestguantrSmafiee vidiaied y ddierendaat aased Arsi gnal
fromthe transmtter 94 is Iinput to the quadrature nodul ator 92.

Then, shgnahsp@btaidiad by Guagiat diemmoelellatd it dihe codade adne e npmdul at or
92 are input to the phase nmeasurenent section 96 provided in a subsequent

stage of jhhe quadrahure podulbaher 32cqThe Rhasedreasys ement section 96
perfornms A/ D conversi on on the velocity signals fromthe vibration velocity

I
sensor 80, t g géﬁ%’e}??i’ £ PSEéﬂé%‘én%ia%iu%%e%%”%/%%%%fﬁ FBLARESS NG g AR Jrlen

obtains a ph erence therebetween. According'to the

Si nal S 8aBTear BIEF 8 R A S IeRey  coRuShst briTH Fb hase
measur nt is perfornmed after.the. frequency conversion, .and hence _an i nput
froquents BIRGTFECr GHGCAT T8 110 ahd" StABT & PRASE: HEant enert ) B
perforged. . As_descri bed above,. accorging to éhe %resgg{ i nventi on,

t he ph _%IBmaWEf velrsdi £5eIRaRaY SHPR Fr8heehRst PsSToVertediTi® t he
1/N (Nis arbitrary nunber) frequency by frequency conversion and t he phase
di f f er 8488247 t BRIGBMREPSLEA NS ARty &P SFRdYef 6PEVCRAE F1912t WHRAYSY t he
sane band is always used to realize the present invention. Even when the
frequehby 6R1fRénPh&e 3aAd OVEPSE thy O8I GAE SeSCERBAGEEIR W NG S4Pn
density or tenperature of the fluid to be neasured, the flow rate may be
measur €@cwiltheut al nost affecting cal cul ation precision or conputing

interval. [0061]
whereby thephasedifferencebetweenthe first frequencysignal,

which is obtained as the constant frequency signal through the
shifting by and output from the first frequency conversiocn 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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For exanple, in the Coriolis flowreter 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 frequencybandby the change in density or tenperature.
Therefore, filter tables for frequency bands around the filter frequency
band, for exanple, 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. Wen the filter frequency band is
wi dened, theAsunbercbf Krabires tilse rdeducieds tHeweseercy damsasbrerdertd from
wavef or mbeconmes a noi sy phase and vel ocity signal, and hence neasurenent
preci stioa nies Simghidritcanbkyi degradead. t Mhern: ao phaseadndHyel doit gxamghal, of
the Coriolis floweter of which the driving frequency is 1,000 Hz is to be
measurgilenithd sndieaassRINM tobehabgfgaa SBIdgg tabe asdvabfdtderid abke, and
hence the cal cul ati on precision or the conmputing interval changes. [0062]
In the,Cokheli sobkbowmmieers \RiquMiGh theagbi vk NgatEeguencyns 1RAehz the

si gnal  processing accordlng(1o the present invention, as illustrated in

FI G 3pefon-exanpl€pdher id value OfgN kapelid @ ibrdt A €85G MSHRS
frequency of a phase and velocity signal input fromthe sensor is 105 Hz,
the fr ncy. . d=HAt @100/ at . - . After the
frequeﬁg§gbo%8%?g%gﬂ¥€%%g Bhgsgzagg éépﬁgiﬁe éfg%§F§?§Q§r|tered and t hen
phase cal cul ation is .performed,. .. I n r filter band
is a band ofﬁ%%%¥%§f§%t% &eggzﬁ%fg%cg5tﬁ§i %%@ﬁgﬁﬁgﬁlﬁﬁégﬁﬁﬁéﬁgge Fé%uency
is chan ea%bycthe fhangf in genﬁg}y:fr tenperature, the sane filter table
may be°hl WAYsCUSEA bt 5T YR DAt FEY 110 T 180 CTiter e S fid©
measur enent may be al s made at stable cal cul ati on precisi and

Comput T AGARREENvand OF Sever i ERRdTE CPr ¢ Her ThIrGl 13 o T LRFIET SrLoBlSHATch ¢ he
driving frequency is 1,000 Hz, when the value of Nis set to 40, the _flow
rate nayRBRTRBASUr' Bt HRSREE of tchTPEEEESY ihe® SaRE FAtELer ApRHe &8 Vieh 2tthe
Coriolis flowreter of which the driving frequency is 100 Hz. [0063]

Furt hekyP£f-the present invention, as illustrated in FIG 4,

[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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t he met hod of performng the 1/ N conversion on the phase and velocity
signal includes a nethod of frequency shifting the input frequency w t hout
being divided. In the case of the Coriolis floweter as illustrated in FIG
4, the input frequency is frequency shifted w thout being divided, and
hence there is a feature that the flow rate nmay be cal cul ated w thout | oss
of a filtering effect. Forexanpl e, when the input signal is subj
ected to 1/ N frequency division as in the case of the Coriolis floweter

il lustoateden nwikd1G t18 @Aluicd S& cenperentrdds ralpsollsubjhecived ttooly N Hrequency
di vision. Therefore, even when a filtering band is narrowed, the effect
cannottbes mucduexpetiedtable meaBitsmaiemah@epbaseyangevebecktlywstgnal i s
subj ected to 1/ N conversion by frequency shifting as in the case of the
Cori ol ksnét ommetescid] ust ratednenphh & fead heohohSayiCOPARGNEilSering

simul taneously shifted in frequency, but the filter band may be reduced to
1/'N, apd-hepgen¥eryald eehi yeefiilit@rd Bea TY:-RR AGH LY &Ss mﬂaﬁbgth th
before frequency shifting. [0064] FIG 5 illustrates the specific
structure of[¢@$4§ignal processi ng apparatus illustrated in FIG 1.

In FIG 5, aleft pick-off (LPO 7 (corresponding to left velocity sensor
7) Is connec .a | p fhlte t.] [ i L.on _usi ng

t he vibratorgggogﬁéﬁgégﬁgkg??ﬁg%léié%gﬁmgggg b#gﬁgggﬁﬁggk%bgﬁ?%hQQOH’

(outl et-side veloci si gnal i i enerated on_the |l eft side of the
neasur%%%%fveﬂbggez%%m ega?%%%gﬂ%%?§d§l%§dﬁﬁ%EFé? RS TP REen
detection signal .qof the vibration velocit oytlet-side velogcity signal) is
put YOCErET ek g di g ntS BRET AP S e R D ST
for extracting, through a frequency filter, onl | ow f r equen | ef t

vel oci ‘E’S}egitd‘r‘?aiflEl69thr%P-eﬂ%l%s%?%érawdsliygﬁ%??g?%/dcfhot"h@ 9%t O\Peﬁgﬁl?ltl?'si gnal
(outlet-side velocity signal) output fromthe |left velocity sensor 7

det ect FRG theichratd hr et 5 Ygditer at ¥aYdsn DeHd ar&d sy Heh of OpRéant
measurenment tubes 2 and 3 in the case where the nmeasurenent tubes 2 and 3
are Vi@rg@égigy,@m@@@%paﬁéﬁmﬁaqqnﬁﬁﬁntw1thh1ghfllterlngperformance

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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The | owpass filter 30 is connected to an A/D converter 31. The AID
converter 31 converts the left velocity signal (outlet-side velocity
signal) which is the anal og signal output fromthe |owpass filter 30 into
a digital signal. The left velocity 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)
i s conmeeted-teo dailviwgpasseghiehteroB84helatriog isdfit ongevebraf iwbn cisthg t he
vi brator 6, when a detection signal of a vibration velocity (inlet-side
vel oci §yisiggakyreyhiabyi ssgenerakedsopht heedi ght si de of the nmeasurenent
tubes 2 and 3 is detected by the right pick-off 8, the detection signal of

the vibrationryel 6giA ¥pbbnket-i AR el0chl ¥gshgnahlisitsaitnputciost haal
| ow- pass filter 34. The | owpass filter 34 is a circuit for

eXtraCﬁkBSesE958“9Bp§r££§9“§@§¥s£kh%@& ignkyca howfrequency right velocity
signal (inlet-side vel 00|ty signal) fromthe rlght vel ocity signa

(i nl et_S'de PLOCi by Sl QDAld- At PULLLEPIL NG L Oftic QeRliOf] L SeNs 0 Ba

detecting th V|bra city generate right side of the

gfgssrg ?é%tg S f%é% plghtbg Ga e%ﬂﬁiSnﬁPiﬁ%%aéyégQ%Ph;&gﬁ%éméﬁ%ﬂd 3

Vi bt a | oW pass ter
connected to_a ﬁ nyerter 35. _Th gnverter 33 canver the right
vel oci ﬁbgFgﬁﬁg er P%? fFﬂ@ Jel BETEY Sgléﬁégfrmﬁ SRS anaFgg ssgnal
out put fron1 he I ass fllte 34 into a digita her
the signal BE%ssw—g ‘gﬁ‘&a‘raﬂ %661??%188&83988 t?s)b%fe“elﬁ{ 550309\31&#8
The si gnal roceSS|n2 apparatus_ 100 perfornms 1/ N guadragure fre uencX
conver 81 8R26nPEaBATBE 1iHe PLgREPYEFBEYL FOBPYRAL EIMFEVaLSde FVEI 8PF
signal) and the left velocity signal (outlet-side velocity signal) and
per f or i luRErphase imedsk enbnt "ALCEr theCRERYbeAdPTcdivePrsPoRfONYETES T 0
reduce the input frequency band to 1/N and realize stable phase
measur eenstrpoeggin FIG. SLn the signal processing apparatus 100, the
signal fromthe AID converter 31 is connected to a quadrature nodul ator
110. The quadFatuBe Aodayator 1116 tpekfiopmst ddNfuselir it Gredfiepguengpal
conversion on the left velocity signal (outlet-side velocity

(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 fhRectaansaibteck ldlagram illustrating 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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[ 0070] A phase difference neasurenent unit 150 is connected to the
quadr ature nodul ator 110 and the quadrature nodul ator 130 . The phase

di fference nmeasurenent unit 150 perforns phase neasurenent based on an

out put frequency signal corresponding to 1/N of the input frequency of the
|l eft velocity 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 transfegfed @ theest analtHr EESEHATI FPRRF BdHL lB8. able to aAWays
descri bed above, the signal processing apparatus 100 is divided into four

bl ocks,Lpelugdi pa the quadr af une podulaher $-L10 angh 130, 18g1{requency

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

measur { ' - i f.f n i l4,,LRO from
The | e shE o e B s T R T oo r P BT GkeofF 8 1 o
comput ed. o BRde | hen sonverted Jnta, & an Lot ecslonal, bas e prd hefrgquency

si gnal uency measurenent “uni enperature data

deteCtsgegyaatggp %E%E%geo%egs%&ugd to be 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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[ 0074] The detection signal of the vibration velocity (outlet-side
vel ocity 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 |ow pass
filter 30 illustrated in FIG 5. The |ow pass filter 30 outputs a sine
signal (sine) as illustrated in FIG 6, fromwhich a harnonic noise is
renmoved to elimnate the influence of aliasing in A/D conversion.

The sine signal (sine) output fromthe |owpass filter 30 as illustrated in
FIG 61is sampked & oriadirgirt 8l 1$$ gnat 1 cpavertsian at sagnat bift« at preanshant
interval by the A/D converter 31 to obtain a sanpling signal (sine) as

i I'lustyatedity Fh&h7isagenthencaubput fieem theeAob aeaverteendltub@75]
The signal (sine) as illustrated in FIG 7, which is output fromthe

| ow paggqf blhtghit 30r-anda seapleds§ori i gi t al 184 Ghat e gonyersi ons by rtrhe A/ D
converter 31, is input to the quadrature nodul ator 110 and the frequency

masuggﬁggt Ot s120s afnd he s analg Férso‘é?é%i‘ea?p@%{;ﬁéPsoyl%%rdﬂﬂih'ﬁt,r ated in

FI G Further, a transmtter output signal outp fromthe transmtter

140 isa?k%?rE??qukgt%ﬂ% QH%QE@EHESngﬁgugﬁ 9511%91ustratﬁdm9%nF&Ee o

measur enent value o € output Si f requency output fromthe frequency
measurepent section 120 is_in ta th transm.tter 140, edra 1 SSi on
f requevﬁggcéi bsnaCfUt(Wn)%rgfn ?Hegﬁacnosnrﬁeﬁ er- fjglﬁsécrta%aer?ghgt?fegd' aET)t' argg?s'i red
frequepc ased on the neasurenent value of the outp siignal__frequency,
ond a LotinESERgREr CobloRa B8 TP dorraERaY: ALrrel BorY) aaEsRt tat IERe Sae
transm ssion output rate as the san‘gli g interval _of the input sjignal in
the AlDCGVEHEreBiIpebTeFed 1n FL Wi € 57 griait SESiPhéP U rIEeFat od
in FIG 7, which is obtained as the digital signal by sanpling by the AID
conver B £8151pBailnphitap Pt heY fudt¥Rd bir EXTulE o 110 outmey %6195“ §hgnal
(sine) fromthe AID converter 31 is subjected to 90-degree shifting in the
i nner POPt FeRVetteheagdadracipé efipdil abol NRE 6 r§érsr &ife 3a Wiaghalt U€os0)
as illustrated in FIG 9. Wen the signal (coseXn) as illustrated in FIG
8, whi whdibdasarput lisbnathad irdnsi tot-er F140, 10 sl hpiitratee s e Squadoaesdr e
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 iIllustrated 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 freguencyysiignall euhpy Elﬁ?Qﬂ%ﬁhﬁa@@equ&ﬂ§ylﬂﬁaﬁﬂbﬁﬂﬂﬂmoéﬂﬁﬁséago@nd the
t enperature data detected by the tenperature sensor 9. [0078] Next ,

an Opeé@t <%hﬁ;%b99ﬁé;mgﬂp%%§b@9t§p§@598987égg tﬁéqﬁkgﬁégglggigkg- 5

is descrl reference to time charts 1llustrated in :

Fl GS. &%nsor g ofFkEStegin the lowpass filter 30 illustrated in FIG 5,
when a har noni ¢ noi se |s “renoved to elimnate the influence of aliasing in
Al D conver5|g&05§ sine signal (sine) as illustrated in FIG 6 is output.
When the sin S|g (sine) illustrated in FIG 6 is output, the sine
signal (sine |II strated in FIG 6.is |fput t the D co erte 1. The
the signal i5'Sa %% YO WG eRY <F gt CQWP(%ﬁ §qu$ bﬁFF;Pé
constant interval by the A/D converter 31 toagbtau$?a sa

(Y1= s|ﬁ®U8éjsf%W3i?s¥‘?ﬁFéatPﬁ @ AW HTE bdfp A"t AR TH mﬁ/a uESﬁ‘\‘?élttter
31 [0079]

uni

The quadrature modulator 92 performs gquadrature 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 sanpling signal (sine) illustrated in FIG 12(A), which is output from
the AID converter 31, is input to the quadrature nodul ator 110 and the
frequency neasurenent section 120 of the signal processing apparatus 100
illustrated in FIG 5. The frequency measurenent section 120 of the
si gnal 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
si gnal ffegtiketyscdeveebbontanaitgrabphaski chassrebeakned s fdranadl gifttalr
signal by conversion by the A/D converter 31 is input to the quadrature
nodul atae frHEweindiheosvgnal opy aedssimg appapat s etd@ndy estd asedduaceld G 5,
the input signal (sine) fromthe A/D converter 31 is subjected to 90-degree
shiftipg LnNt hedi BRE@b1ROKhEGR e agenemahe masi gRalpelEosekdas illustrated in
FIG 12(B). [0080] A frequency signal neasured based on the digital

si gnal out pupsfiesttge N L&V IdRIrBhd $ouhpubrésom tihe dieiienche
measur enent section 120 of the signal processing apparatus 100.

A
measur gpeab Yahuge 0hc1he output ssignals frequensynoutpd d4pmatie; fingquency
measurenent section 120 is 1nput to the transmtter 120. The transm tter

120 to,pai ehyt fie ioé”a%tit?a&”gfhg@&%?'j‘e?féégpéni:g%eﬂ]‘f‘%ﬁﬁcﬁﬁ dhSersion

transmi'ssi on frequency sign satisfyin owi'ng expressi on

8Xn- Ox(1-.1 sed t [ eque ut pat si ne

si gnal gfl%{%% E%ns)e ggglf%%gtgga%%de?r%%%s)érfsrf%?lcgng%{é%%yes%rm%r%ﬁzfr%%%gi on
output _rate as the sanpl.ing_interval. of.the input, signal. in the AAD
converF@F élﬁ?% g¥jhg the 2a A ilﬁea]SV%%%Ius(eggt:%os nzeagh?l Tt Fated in
FIG 12(C), which |s output fraomthe transm.tter 120, js input ta th
quadraﬂ&?&nﬁﬁﬂﬁrat%Yeﬁi%¥”V%%ﬁ qﬁgqﬁﬂ§ﬁh8%§¥5%85af?§¥5%¥6;ﬂ¥1é¥‘3quﬁ§trated
in FIG 12(C) is input to the quadrature nodul ator 110, the cosi ne signal
(Y3=co0s$8Xnr aﬁgeplPMsFrg?%Hg?nl?I@?nﬁ%?iy?rw%ﬁ%ﬁ@?%???ﬁnﬁff?Qﬁn@%ﬂ%d to
transmtter 140, is subhected to 90-degree shifting to generate a sine

si gnal Peyaeasnesd) e FIlLPystast 8@V hemsgsuggdyithout almost atfecting

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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[ 0082] In the quadrature nodul ator 110, quadrature frequency
conversion is perforned for nodul ation shifting based on the 0-degree
si gnal and 90-degree signal of the input signal (sine) fromthe A/D
converter 31 and the 0-degree signal and 90-degree signal of the input
signal (cosOXn) fromthe transmtter 140, so as to generate, as the
1/ N-signal (sinecoseXn-cosGsinexn) 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%%ﬁD}L QULRYLf 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(0%§)§}ifgag%?ga tH glgﬁegéogg%eéggg gF’(Qgggo§e§%§8§sB?I ug rated in
FIG 1260, uhich Ls gHLDUtf Eomthe trapsti Lier 120, L8 Lapyt Lo the
guadr ature rodul &t or O “Wien tRe“E6<i ne sianaF (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 ISt Rr 117 AL Tio( G A ey ABuE o6 Eo nTo
transmi%?lrlﬁmo,C IS subEected to 90-degree shiftin% to |

z, that is, 25 Hz. After the frequency conversion, 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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generate a sine signal (Y4=sineXn) as illustrated in FIG 12(0). [0085]

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 signal

(Y6=( st né BreidhcdXnr) peirO@ihG) e agNiddrust rat@donntHd Ghas8(F)d v&hecstpe
signal (Y6=(sin(0.1-4-0Xn)=sin(O' N+6p)) as illustrated in FIG 13(F), which
i s gengighed e tihe Huadeahon e Medelakocyl8RiEsinytynd ifvpam fheqquadyat ure
nodul at or 130 of the signal processing apparatus 100 illustrated in FIG 5

and i nputhtQcthe: phasey didd er ence measweement hentbrid@is[ 6086heter as As
descri bed above, both the sine signal (Y5=sin(ON)) as illustrated in FIG

13(B), 5 %@ g*eré umu{rzér om tbﬁeqyﬁgﬁat e H@Hegl,aaer £1dQueARY thersipe
signal (Y6= S|n as (llTustrated in % , Which is output from

the qg‘ggw&a{%@ﬂ@y'ﬂvﬁl@ 0, Y %fe;q%l%%hwet he Q@éﬁcﬂlé ft%faecn%er@%werrent

lase di fference neasurement unit 150, a signal

f)I?t e eFretey ofarcr ufa@%ey m‘?@?uiﬁ%gﬁé ST ER e R Ten s output

fromthe quadrature 110 and t to

di f f er enceneaStr&tH uﬁFF”i%%elﬁﬁH S%QFCE$§S|n%€§Eﬁ§@ffncy
illustrated in FIG 13(F), which is out ut fr t he adr at ur ulator
130 an@iVhphP LSt PHasd s 14 rt@r?cgﬁg et Fr%tf 4o Fé&ﬁ%
When the computing interval is synchronjzed with th ling.time as
descri BEH- dboVBOLERECFTBAN Y thkS FeFPoT HRRE FOF O pas B Nt SARY -be
i nproved. Furt her, each of the set of vibration velocity signals

(si ne Bharsfare+5H)on W59§lﬁoféé§§ﬁlﬂé R $ame protedsithg $okephasenot
cal cul ation, and hence there is alnbst no conmputing error . Therefore,
accur abe phabee6aE@uEétion may be achi eved. [Enbodi nent 2]

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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[ 0088] Herei nafter, Enbodinent 2 of a node for carrying out the
present invention is described with reference to FIGS. 14 and 15.
FIG 14 is an operational flowhart for the specific structure of the

signal processing apparatus illustrated in FIG 5 and FIG 15 is a bl ock
diagram Il lustrating the frequency neasurenment unit of the signal
processing apparatus illustrated in FIG 5. [0089] FIG 14 is the
flow chart illustrating quadrature frequency nodul ati on and phase

measurlepehte 1af phase-diftfer ene elemreasirenednabonp uthat v onr of 1 dheeviobiati on
vel ocity signal conmputing device 90 illustrated in FIG 1, which is used
for theostysalsprecesssagry appaial us s1@0pull ust tiad ebw+pd GfiS.ter 30. In
FIG 14, in Step 200, paraneters of the vibration velocity signal conputing

device 90 iltustrateshdd fFiliGed 3ar esi i ¢1adihzedoMeatt e ipay, aret-eughof the
vi bration velocity signal conputing device 90 are initialized in Step 200,

in Step 21.Qg4uthePhase and a@igcgtmoﬁi&&@qslefnr&,mlt@ﬁt%lésmgwgi@h%ﬁt
pi ck-of f 7 and right pick-off 8) are sanpled at arbitrary sanpling
rage a

intervals: by the &/ Q oonvears e ;31 and the, AlRLconyert efe 35 40, 9en

si ne mave?orn1anaég cosi ne waveform respectively, based on the sghpled
ot NOREPhecrygepgIIRR U8 S0 BNELOLT A0 L o e Jeel et
et 0000 Dol FALPRLETERRYT UL D120 06 g A I et e
R I e N R LR VA SR
frequegg egogvggaignére vibrated by the vibrator 6.
[0065]
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
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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When the frequency after quadrature frequency conversion is determned in
Step 230, in Step 240, a sine reference signal waveformand a cosine

ref erence signal waveform are generated by the reference signal transmtter
140 and the quadrature frequency conversion is perforned by the quadrature
nmodul ators 110 and 130 based on the reference waveforns. As a result, each
frequency- nodul ated signal has a value equal to 1/N of the input
frequency. [0091] When t he guadrature frequency conversion is

per f or ned-pas St €p1240, 34n Step 250, the quadrature nodulators 110 and 130
send, to the phase difference nmeasurenment unit 150, the sine signal and the
cosi ne si gnathahi &h-pd€s genetaat ed as & hei stunet visrekottmaand nghethesiupga
wavef orm each having a frequency equal to 1/ N of the input frequency by
quadr at urecfieaUENEY 1€@QRVEISIIGN, o baseds afgidecy ef egenceevavef or esgnan the
signal s obtai ned by sanpling the phase and velocity signals at the

arbitr @{Mléaﬂphaag Jd KL ma) s s%ng@@ Af Lok ORYRS t ﬁigﬁé and ddwe N Diganverter
35. When the sine signal an the cosine signal are sent to the phase

d'ffefgfﬁfegeél%aé%mc Gi llggag Bt%‘ipo ltnesﬁfgh@%la&ec Phaseor

di ff erence neasurenent u ates t phase difference based on

tmsweywa@%ﬁﬁﬁam%%%%t'%eaﬂg%@ el RC Lty

signal s havin requency which a|ne requency

nodul at | on and out pu adra_Lure frequenc ul ators 110 _and
T30- ThS o raasnERatht: GERES' &7 artr e S khfednhy Wﬁe¥F?§§8eﬁaﬁsgéﬁver§.on s
used for gha e nga§urenent FOO%Z% (1% Frequ enc¥ gbasurenent Uni t I n
this elBBarnmenf%a nefRodB5PhG RE pPENEFHEE 8F Shase- 1 ocked | oop (PLL) is
used for the freguencyneasurenent met hod. The PLL is an electronic circuit

in which a 5|% Iwhich is equal in frequency to an input alternating

current signal and | ocked in phase therewith is output from another
OSC|IIator byheebehaRkS ot Fletr 34 1s COTREFELHr BO %¢m54ﬂJ9qQ¥eﬁGﬁﬁaﬁéntalIy

a phase-lock circuit and may produce a signal |ocked in phase with an input
s|gna|The_A/E)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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The Phil is an oscillation circuit for feedback-controlling an oscillator
in a loop for oscillation so that a phase difference between a reference
signal input froman outside and an output fromthe oscillator in the |oop
is constant. Therefore, the PLL may be relatively easily constructed using
a conputing device and may perform hi gh-speed conputation. [0093] The
frequency neasurenent unit 120 has the structure as illustrated in FIG 15.
That is, the AID converter 31 is connected to a nultiplier 121. An out put
fromthegAaD) converter 31 is a left velocity signal (outlet-side velocity
signal) sine obtained in a case where a detection signal of a vibration

vel ocity (ourhethsifdernel oCityl sighaldhdhavimgonvehase dilf fier enaacandbor a
vi bration frequency proportional to a Coriolis force, which is generated on

the | ef} =Sfdeq@bntPachaiicalfefB@sit enent thbes cduand ynahenrdien treasyr ement
tubes 2 and 3 are alternately driven by the vibrator 6, is detected by the

left pisk-RELsfred thLftretqQJeth%/ 'o(fwtﬁésﬁef’& lJero 30 ¢ @ igHanagbuenky -aide

| ow- frequency left velocity signal (outlet-side velocity signal), and

Convefgsgohp£g a;dhgh§ abbﬁa?ﬂéh b heo g&kghgerlﬁ%é conpakes 1t hegphase of

the left ve ity signal (outl e ity signal) “sine which'i's
obtmr1 t i gital .si S h o F Wt h
t he phage aﬁD %%ﬁﬁ%%ﬁ%ﬁii cos %%%tb$?8§¥¥% 5 a%%n3?¥§%%§2§§$er
frequenc sur enen al s, 10.1 e | ow er 122.

[0094]Ve)‘(OCl ¥h%+%?%i qﬂ“ﬂhtﬁﬁglégﬁ ?ggh%e%% ?%ﬁS:gésﬁgtconnegted to
the | filt t

e B e 2T bRl S o o L 12 5@ P R E PR 121
t hrough a frequen filter Thus, in the nultl pli.er ég ,Cfﬁ t he
producFuB?st%ean%f%5Vbﬁ651F€S§i@HﬁFethE %?aFHEe%%?EuTu%%§ "% edre

transmtter for frequencg measurenment, a sum signal and a difference signal
of 0 aHMd#bsahrd BEnéhst B4CTRSREVEr, in this case, only a difference

conponent is extracted fromthe output signal output fromthe nultiplier
121. [0095] Further, the signal from the A/D converter 35 1s 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 | owpass filter 122 is connected to the transmtter 123 for frequency
measurenent. The transmtter 123 for frequency neasurenent generates phase
data 6 based on the | owfrequency signal output fromthe | ow pass filter
122. The transmtter 123 for frequency neasurenent outputs the

out put signal cos6 to the nmultiplier 121. In the nultiplier 121, the phase
of the input data (sine) obtained as the digital value by conversion by the
Al D converter 31 is conpared with the phase of the output signal cos6 and

t he ditfhierengeitsifgealcany dhepsunsingnale theneonftaee oid pute hipdnlahed

| ow- pass filter 122. A feedback l|oop is forned such that output data "V
(frequepahecpathtgré et ot s of oonl x rickhe 1di dibes enee bgompongat iobt ai ned

by filtering by the lowpass filter 122 becones 0. [0096] When t he
struct Uk gt ass desed idred abaveri sy descrd haddaidiamnali eald ¥regsehnitheof
frequency neasurenent unit 120 illustrated in FIG 15, the input signal is

expr esg&eh bynsi Ng@nds thes outpite signalh ot ddhe itdrarsrcttar 1323skar for
frequency neasurenent is expressed by coso. Wen the two waveforns are

requency reasur erent | o When the to vave e
Gime boes 0 2T TR R R R i s oy erne

Qutput; waye form of Lrapsmtier,for blequensy rreasuneyehl comtas9k0897]

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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When the nmultiplied value (sine cos6) is filtered by the | owpass filter
122, a high-frequency conponent is renoved by the | owpass filter 122.
Therefore, the frequency conmputing function V output fromthe | ow pass
filter 122 is expressed as follows. [Expression 4] 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 nay be approxi mately expressed as
follows. [Expression 5] V-0-60(5) [0098] When an out put wavef or m of
t he outpuin shgnaladkatheet mansibetber 1323 for frequency neasurenment is
controlled so that the frequency conputing function V becones 0, the phase
9 of Expreswhen sizh oy rhecabtaigfnedpoloyed, aclhbenihy indhcakesoaimeasyr enent
sanpling interval, the phase 0 before frequency conversion which is

obt ai nedebynphe meihed s descrd hedyabave: § Ss conput eddusiggct ke 1belilgwi ng
Expression (6), Expression (7), and Expression (8), and as a result, a

frequepeynaf) maye beoobtained. ; 10999 Expegsshe) &lands (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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=-0=2.7.1 (6) 411 indicates a change in tine and is equal to the
conputing interval (sanpling rate). Therefore, the phase (9) is
expressed as follows. [Expression 7] 0-2n.fTa(7) where Ta: change in tine
(sanpling interval) (sec.) f: input frequency (Hz) 0: change in phase (rad)
[ Expression 8] -T(8) T: Sanpling interval

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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f: Input fruquency 0: Input phase When such cal cul ation is perfornedby
the frequencyneasurenent unit 120, high-speed frequency neasurenent nay 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 hpu ure freguency nDdu ator
pfedetefg‘paed {reqpency v shonal, fnansmi L ed, and gutput g e, ransa e
140 ba%e “the %requ cyneasurenment ue ou?pu% fromtHe frequency
??233;%2@3%?%%: q]bglosgeeﬁlgglertggggﬁz& &l&%{]lena @%e 1n£?8gr?gglo allaSlng

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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[0102] Further, the detection signal of the vibration velocity
(inlet-side velocity signal) generated on the right side of the neasurenent
tubes 2 and 3 when the neasurenent 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

pi ck-off 8 is input to the | owpass filter 34. The anal og signal of
only the I owfrequency right velocity signal (inlet-side velocity signal)

i s exttastedibyethedbpwepassrénkhess3ddnf Foatthenciyght gueloc¢bKy) spgnahe
(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”&&£§§t39gt8U59U£héfgg%%?gﬂgrgﬂﬁgkbgﬁro%4t9ebéﬁgqt0@ibhgigggqgﬁ@cy

neasur ene al ue out put requency neasurenment unit

Si mul t ousl h i gnal orthogonal to the frequency signal is generated
and ouggﬁtcof%iﬁgfg 315 Assune that the output signal (left velocity

si gnal LPCioi B%QEt velocity signal RPO fromthe vibration velocity sensor
(left pick-o P r right pick-off 8) detecting the detection signal of the

vi bration velocity and, the_ signal which.is output fro he_transmtter 140
and input to"PRR éﬁ%d?é?ﬂ?% fgéaéénéﬁ ﬁﬁéﬂ?gf8ge€nﬁpegg%ecﬁfi8&9%&,ls
guadrature frequency nodul ator 110 or 130) are expressed foll ows.

[ Expr eS8F8ANSF @FbFé?ith%éﬁéc?ﬂ9n§én§8rSémﬁﬁépg Eynfgf %?§n§ﬁpﬁﬁg?e60tput

signal : cos (0X)(9) £0104] . _ .
31, is 1nput to the guadrature modulator 110, the input signal (sin®)

from the A/D converter 31 is subjected to 90-degree shifting in
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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Therefore, in the quadrature frequency nodul ator 110 or 130, 90-shift
signals with respect to the output signal (left velocity signal LPO or
right velocity signal RPO fromthe vibration velocity sensor (left
pick-off 7 or right pick-off 8) and the signal input fromthe transmtter
190 to the quadrature frequency nodul ator (nore specifically, quadrature
frequency nodul ator 110 or 130) are obtained from Expression 10 and
Expression 11. [Expression 101 Sensor signal: sin(0) Sensor signal 90-shift
si gnal si¢es( 0) £ 10)t pExpressitdre Hljadireemsm trtcetu leutoputl 19i griiakhespngox)
Transmitter 94-shift signal: cos(eX)(11l) [0105] Further, frequency
di ff ergnsesssihat apsarsOu9X) oconponedtstageinatcal abed based on signals
obt ai ned by frequency conversion on the respective signals of Expression

(10) and Expressvpn (11) and 90-shift signals after the frequency
conver si on.

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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[ Expressi on 12] sine.cosex-cose. sinex=sin(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. _ ,
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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[0107] 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 foll ows.
input generates the transmission frequency signal (6Xn) satisfying
the following expression
OXn=06x (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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[ Expression 15] 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 flowreter 1 are
| kHz at maxi mum Therefore, if the value of Nis set to 32, the frequencies
obt ai ned by nodul ati on by the quadrature frequency nodul ators 110 and 130
and output therefromare approxi mately 30 Hz, and hence only a filter
having a very |low frequency and a narrow band is desirably prepared. [0109]
I n Expfessi on ¢hs) and /Expressooveftddy), as3descrilbed abowes theshgnalue
depends on a flowreter type. Hereinafter, an exanple of the use of Nis
descri bes=behombsoxn-cos6sinbXn=sin (6/N)) as illustrated in FIG. 13(E).
The sine signal (¥5=sin6cosfXn-cosfsinbXn=sin(6/N)) as illustrated
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+8¢)) 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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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 followi ng table may be determ ned. 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 (comrercial frequencies). [0110] Driving

frequency N-val ue(frequency division value) Frequency after quadrature
nodul agéoard0e 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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Hz-200 Hz 5 10 Hz-40 Hz 100 Hz-400 Hz 10 10 Hz-40 Hz

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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200 Hz-800 Hz 20 10 Hz-40 Hz 400 Hz-1,600 Hz 40 10 Hz-40

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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Hz [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 #) - When the quadrature 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) Frequency 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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Cos a -in 26 [0113] When the foll ow ng expression is assuned,
[ Expression 18] 1 7 ) 09 a=750,i 3=- (1 8)

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 follow ng expression is obtained. [Expression 19] .0 V 'Ar

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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0 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]

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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[ Expressi on 21] Wien a difference between the arc tangents is obtained,
the phase difference may be cal culated. [0115] <<Feature of Phase

measur enent Met hod usi ng Frequency Conversi on>> According to a
feature of the phase neasurenent systemin the present invention, the

out put signals (left velocity signal LPO and right velocity signal RPO
fromthe vibration velocity sensors (left pick-off 7 and right pick-off 8)
maybe sanpled at the sanpling interval unrelated to the frequency of the
out put [Bkghatsidhebf{ velocity signal LPO and right velocity signal RPO
fromthe vibration velocity sensors (left pick-off 7 and right pick-off 8)
det ectvAg-6ke detmction signals of the vibration velocities which are input
to the quadrature frequency nodul ators (nore specifically, quadrature
frequency nodgbagors 110 and 130). Therefore, the structure may be very
sinple, the nunber of filter tables may be significantly reduced, and

conput ati on fRYLRe actheVed Wrbbna SPRLI B signal of t€E@ahsnlikkkhe
limtation on the phase neasurenent band by the input frequency. Therefore,

couplipgzwth éﬁé}@%écm\éa%%r\é%{én%ﬁtsdéwwﬂé_@%@r@iae@ HHRY rhe heakized

and there 1s an advant'age that the system descri bed above nay be applied to

vari ou Fur t c in reci.sLansi e
ot P g o R L BB L B e Dy s
achi evgd. | Ebodiment 3]

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]

—=w=2-7- (6)
AT 4

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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[0116] The neasurenent 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 neasurenent 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 flow tubes. In a
Coriolis floweter, a phase difference and/or a vibration frequency
proportional to a Coriolis force acting on the neasurenent tubes 2 and 3
i ncl udi ng t@e at least one flow tube or the pair of flow tubes arel/is
det ect ¢d=- by—a—pai (gpf velocity sensors or a pair of acceleration sensors
correspondifig/to vibration detection sensors including the |eft pick-off
(LPO 7 and the right pick-off (RPO 8, which are provided on a right side
and a left stdesgfpthegflevetybes 2 and 3, to thereby obtain a mass flow
rate and/or density of a fluid to be neasured. [0117] The Coriolis
flowneter ingludes,the fgeguepcymeasurenment unit 120 for neasuring a
frequency based on an input signal frequency of a digital input signal
(outlet-sideeyeigéﬁﬁy sigpal) digital converted by the A/D converter 31 and
output fromat Ieas Bne sensor (for exanple, left pick-off 7) , of two
flowrate si t al Y. CO i J igital  si

#hal §.,08 caafl%sﬂ_abcp SGONYEER BN A 1l BLE e 2E0RBLS Y ORI

anal og i nput signal's o e ase erence "an ration frequency
proportio aL o] bhe Coriolis force acting on th asure . es 2 and 3
el uarhoE he0pahrSaropra Fabaesiafl b e taetEclad s Pha surte: ty
sensors or trgl @ el eration sensors. Further, the transmtter 14 0O
is provided @ erate , transmt, and output a frequency signal of
0(1-1/h%éof the digital frequency signal output fromthe frequency
measur éaenRUadrety2e. Freqegrcy Modulgiprher each of vel ocity sensor
signals (for exaqgle, i nput st?nal (outlet-side velocity siggel) i nput from
left pick-of Fn7¥1¢r om tHee PRIFIIGHC WA Drigts BIe et GO iseis drld @ngk ¢ 30
pi ck-off 7 and right pick-off 8) is converted into a digital signal by the
two A/ DReemhersatssBiuahdrgsndrrcipabEadh aguegifia s ed hbdarareedetreeand 130
are provided for performng frequency quadrature nodul ation by performng
addi t i owo(dnpsubsracelon)o orutet fa dgusnesn@y cfidarkel i npamuditgngiovusased on
t he out put frequency OXn output fromthe transmtter 140.

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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[0119] The phase difference neasurenent section 150 is provided to
neasure the phase difference between the frequency signals sine and

si n(0+59) obtained as the constant frequency signals by conversion by the
pair of quadrature frequency nodulators 110 and 130. The si gnal
processi ng 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 left velocity signal (outlet-side velocity signal ) which is output
f rom t heggaadivat lue @ /Modut et ored B0, amdAtnpst inpbe duashmatherAfDegoarert er 31
and the output frequency signal corresponding to 1/ N of the input frequency
of themodghitoveldeity signal (inlet-side velocity signal) which is output
fromthe quadrature nodul ator 130, that is, input fromthe Al D converter

35, to thereby seeveuasrthereorfirelduerfdyowmeieratd®d120), the frktuksacan

obj ect of the present invention to be able to al ways perform neasurenent

W th censtaptnbe et Shend@oeeakbiban Hhaser Reasieet g T holitgbttihitieri ng
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 %gg?ﬁp%r%hwk% AP @88'_{?%?%%%?}'}% %EAuF f&%@%&é&ﬁ@ﬁg@%reau@nlcyqui d,

the object may be realize ment 4 0121] rei nafter

b0 0885, 4,85 2 (058 BheCAEARe P oIS IGSEILy LR Bhals esgid bec

LSSt R L ELBLE. O Bt o PLOSESING LB 1A0 00 AR A,

diagramiLLustiating acspect fig SULUCLULE O e o.M 95988 Y0,
Simultaneously, the signal orthogonal to the frequency 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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FIG 16 is the block diagramillustrating the principle of the signal
processi ng nmet hod and apparatus according to the present invention. In FIG
16, when neasurenent tubes 2 and 3 are vibrated by a vibrator (for
exanpl e, el ectromagnetic 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

si gnal conpuinnghdevivee r@@.urthe nddreatdomaodt betonl sensohe8d regreespyonds
to the left velocity sensor 7 and the right velocity sensor 8 of FIG 28.

[ 0122] differendhe svolbt at hea beelveent yhs kdgoak vedruittyngi gleyi e nde ti-pdldedes a
frequency conversion section 98, a transmtter 94, and a phase difference
measur eseotiseCckignal6. which isTHetbregdengy teenvensitoreseetiitgn s sper f or ns
frequency conversion on the vibration velocities which are generated in the

nmeasur gnest + bubesrdmafge 3n and-sletect&d by, thes vidyat iten tdet eghiden tsersor 80
when the neasurenent tubes 2 and 3 are vibrated by the vibrator 6. A signal

fromthectnansy hbah194oi-S 188PULNHO thie phbeguenay neenveLsien 52 GligeR 198.
Then, signals oObtained by frequency conversion by the frequenCy conversion

sect OEégﬁsﬁE‘EtEg%%d cELPthlE‘@fEBﬁ%&e?%%iférﬁ{‘&@eﬁ%%ra%ré%"%n %ﬁ&tfir%!&u%@cg The

provided in a subsequent stage o requency conversion section 98.

rovi de the ect
eapectrue FEDRE tala Tr L Vet oar Ty Lronar S der BRDe by The ¢i hrat 16y
det ect | 8 | ef t | ocit i ght | oci ty. 8),
Lot hor SBypBIPRPRTA o 81 SBoyer LT O BT bEbser 1S kP LTS 4 Sphase

d|fferggggrggggeggdtggt%ﬂ%' velocity signals. [0123]

[0103]

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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In the signal processing nmethod and apparatus illustrated in FIG 16, the

i nput signals are subjected to the frequency conversion to control the
frequencies after the frequency conversion to constant val ues, and the
phase neasurenment is perforned after the frequency conversion. Therefore, a
filter processing apparatus capable of perform ng hi gh-speed, constant, and
hi gh- preci si on phase neasurenent even when the frequencies of the input
signals change is realized. That is, in the signal processing nethod
and t hérappareat usn 901 aser [L40st o ahedqyuad & G rd 6rennpotyfrahuericiesnbrnN of
the signals output fromthe vibration detection sensor 80 and an out put
frequessycEXioflihe tguanknititrer Sdea@ienaul topluledodry 1he breduihcyare
conversion section 98 to add (or subtract) phase differences of both the

si gnal sptandeiherbthangpreteiof410Sasantkpkkedisa that the frequencies after
t he frequency conversion are constant, so as to control the frequencies

i nput tgxﬁpgsgpggelgyasurenent section 96 to a constant value, to thereby
perform the phase neasurenent based on the signals after the frequency
conver §j [ O] R en such a structure is enployed, constant,
substa%%?g?rygégﬁ%%if?égfggnd hi gh- speed conputation may be realized

wi thoub proy! dipgaa bae 0g,nupbet oAty Li LLers, corpesponding to input
frequenci es and”perform ng any cgnp i cated processing such as changing of
a conp? in ngghgdl iExpression 22] Fc=FX+FIN (or Fc=FX-FIN)(22) [0125]
FI G 17 ' P{PusStrates e specific structure of the signal processing
apparaius ill §trate ig FlL G é@. . X In FI0.17, a left pick-off (LPO 7
(corre ﬁ%ﬂﬁ?hg BE PBFPUVePbElPy s8hBOP®T) i's connected to a | ow pass filter
30. That is, during yibration,usi t he yi brat (for exanpl e,
eIectrEﬁﬁ@ﬁ@%F5665§ﬁlFﬁ?bﬁf é}gﬁﬁgg Soﬁééégtioﬁ{%ﬁgnal of a vibration

vel ocity (outlet-side velocity signal) which is generated on the |eft side
of the measuf@hBAl tubes 2 and 3 is detected by the velocity sensor
(vibration detection sensor) 7 |located on an outlet side of a fluid to be
nmeasur ed, thBugbhesti bregpgnay SFTENeeEeT at it Vel oci® P o GOreOrSHES

velocity signal) is input to the |lowpass filter 30. .
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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The | owpass filter 30 is a circuit for extracting, through a frequency
filter, only a lowfrequency |eft velocity signal (outlet-side velocity
signal) fromthe left velocity signal (outlet-side velocity signal) output
fromthe left velocity sensor 7 detecting the vibration velocity generated
on the left side of the neasurenent tubes 2 and 3 in the case where the
measurenment tubes 2 and 3 are vibrated by the vibrator 6. [0126] The
| ow-pass filter 30 is connected to an A/D converter 31. The A/ D converter
31 converts The tlirehtsmielteci 1 40 sicgrtalo 1(souh & étresiudecwef ddie yrangmatyewhi ch
is the anal og signal output fromthe |ow pass filter 30 into a digital

si gnal 140hedeef orivehect¢ yu st ghalb tautldeby sheles wedroent Wwisicgreak yeqbtarcped as
the digital signal by the AID converter 31 is input to a signal processing
appar atdss308ment unit Furdher, the signal processing apparatus 300 is
connected to the A/D converter 31. The signal processing apparatus 300
frequency- cofyer tiss t he ikRRUL rghoRaktEoutl @l -side relacitneshanabhchato a
desired frequency processed by a phase neasurenent unit located in a

subsequens, Stade andy PeLd Qi (4ie Phase iRaAsHF enBOt cablrernd Reafirgguency

conversion, so as to shift the 1 nput frequency band and realize stable

phase ﬁ?@&ﬁt‘ég%rﬁtro Egléérﬁlas 1/N of, e tf*}%ggnteg\)%& bandy 2 Jd tinrPF%%fal( RPO)

8 (corresponding t t "veloCity sens is connected to a pass

filter 34.. That, is,. duri vi.brat | sing, t vi hr, r. (far | €
electr%ﬁa%%%fY%p%% ?Weﬁ%ﬁ%cﬁﬁyaﬁ%ﬁﬂﬁgﬂéFg% P§H1§56ﬁ2%1§%a§>vﬁﬁﬁgﬁigﬁ

vel oci t inlet-side velogcity. signal) which is generated on_the.right, side
of theg%géﬁﬁ%%ﬂeﬂ? %ﬁ%?se t a%@%%é t)&je% &etaesdlrb%?getrﬁe & eosci(}t ?néjer‘?éor%nd
(vibration detection_sensor) 8 located on an inlet side of the fluid to be
easur 0LCFhET Gk HoT et IS GHATObY e AR o CO81 DhS TSP FhIBE e Par
velocitg signal) is input to the lowpass filter 34. The | ow pass
filter13% i3 BDRjFREF t"HOFe BT RIATHY, o UGS 4 éqieric ¢ Xfi ME@Fat6Rly a
| ow-frequency right velocity signal (inlet-side velocity signal) fromthe
right Qe beptyisrghar ©¢inlet-side velocity signal) output fromthe right
vel ocity sensor 8 detecting the vibration velocity generated on the right

si de of the Feastrepesncy uyell2atand 13 0 angdhehe aseeqrn @y thesiiedy é@ént

tubes 2 and 3 are vibrated by the vibrator 6.
have the same structure. Therefore, as in the case of the frequency

(w1
o o

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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[0128] 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 | ow pass 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 velocity signal (inlet-side velocity signal) output fromthe A/D
converﬁég%§§9and ang i nput thereto, into the desired frequency in the sane
manner ps deseéri be bove. [0130] Further, a signal froma
transmtter 320 is input to the frequency conversion section 310. Wen the
si gnal outpub.f on1%he.traTsnitter 320 is input to the frequency conversion
section 310, “the"Pr qﬁéﬁ89 conversion section 310 frequency-converts the

i nput si gnal &Qu&let-sigﬁ vel o it¥ si.gnal.)) input fromthe left pick-off
(LPO) 7 base8%on tRBSYGREF SULBUE ProRfthe transmitter 320. A si gnal
obt ai ned by frequency conversion by the frequency conversion section 310 is
converted intld g“ﬁ@@??ed frequency signal based on the output signal from

the transmtter 320. [0131] _ , ,
As described above, the transmitter 140 output cos6X is desirably

determined to control BX.

The output of each of the quadrature frequency modulators 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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Further, a signal fromthe transmtter 320 is also input to the frequency
conversion section 340. When the signal output fromthe transmtter 320 is
input to the frequency conversion section 340, the frequency conversion
section 340 frequency-converts the input signal (inlet-side velocity
signal) input fromthe right pick-off (RPO 8 based on the signal output
fromthe transmtter 320. A signal obtained by frequency conversion
by the frequency conversion section 340 is converted into a desired
frequency signal based O@che output signal fromthe transmtter 320.
[0132] 5&“5>~5Mh@@¢ heidrcansyktter 320 is controlled as descri bed above, as
in the case ofxthe'%rgg%gmgig%%nversion section 310, also in the frequency
conversi on section 340, %;e f r equeney--obt-ained-af t-er{ peBflorm ng the
frequencgy gonyersiqn, of &he _right velocity signal (inlet-side velocity
signal)&ﬁ%gut"#?6%ﬁfh@ﬁKFD*C@%herter 35 is controlled to a desired

g

frequency to be processed by a phase difference measurement unit 330

| ocated in a subsequent stage, based on the output frequency output from
the transmttefo320. [0133] The left velocity signal (outlet-side
velocity signal) which is output fromthe A/D converter 31 and input to the

frequency copy réﬁfﬂilefgﬂee;a}eé#& i¥ shauhtapepus)y; £ equency-conyethed and

i nput to the phase asurenent unit 330 to perform phase

hi & cboaT Rt ERETTREUT 1Y oaumiD ot e sl anaR SR Tame
bands. YRRTEraF el “yen WHers t R AL 1§ DRGSAGFBS T oTte Vel oif 1y TiE"eY
: : pu Fequenci e eft velocity
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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signal and right velocity signal) change, the phase neasurenent processing
frequency is always set to a constant value to significantly reduce the
nunber of filter tables. In addition, the phase neasurenent processing my
be nore effectively performed. According to an effect of the present

i nvention, constant, substantially error-free, and high-speed
conput ati onmaybe realized wthout providing a |arge nunber of filters

S?LEEEE?E%Q%C%S%L“FEL c 6%29%%??52%988{?25“ % il IR cay. the
proce55| g Eh}$hase négs éﬁﬁb égilon may? be reaéhgégiﬁien usi ng a

di scre t 2fansform(DFT%L or a fast Fourier ¥ 3i 1FFT). [0134]
A cl ockl@? %5T4P§ fAput froma clkBck 350 to the A/ D¥XbitErt%r’®1 and the

A/ D con%%@t%? 880 ﬁﬁe cl ock 350 3{nchronizes the digi®dizsi4ri# of the left
vel oci 4§40 siignal 660t Pat from the APD converter 31 and @ HEdiQiRzl signal of
the right velocity signal output fromthe A/D converter 35 to realize

si mul t aneous sanpl i ng. The frequency conversion section 310, the

transmtter g ? he phase difference neasurenent unit 330, the frequency
conversion s ron 340, and the clock 350 are included in the signal

processi ng appa %%>s 300

eN-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-sm f
m{a“ﬁjz ﬁﬁ - - AL R EEb b wmang by hb [{}_ ?)
cosa-ens F+sina -sin §

[0113]
When the following expression is assumed,

[Expression 18]
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[ 0135] The respective input signals (left velocity signal and right
vel ocity signal ) which are the digital signals obtained by conversion by
the AID converters 31 and 35 as descri bed 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
speci fic conputing nmethod of phase difference neasurenent conputation in
t he signal processing apparatus 300 illustrated in FIG 17 is descri bed.

Wien the nmeagurenent tgibes 2 and 3 are vibrated by the vibrator 6 of a
CorlollscjkeMneaérﬂl —the output signals (left..uvel.ocity..si-gnal- &nd 8 ) ght

vel ocity sigNal) fronﬁthe vi bration detection sensor 80 (left pick-off 7
and right pick-off 8) provided in the neasurenent tubes 2 and 3 are

obt ai nedeasol NPWLNgi gRBLesefohhesLBEtELiath . pi ck-of f 7) and the RPO (right
pick-off 8) as illustrated in FIG 17. In this case, the input
S|gnaI§EQ%rggglgECh§md the RPO are defined as follows (69: phase difference
bet ween LPO and RPO) . [Expression 23] Right pick-off: sin(8)(23)

[ Expression 24] Left pick-off: S|n(8+69)(24)

A

g g,
5 sin(=+3g). cca{m; cos 1+ 89 sin(5)

N /
coa( — + 5] - cas(-—»—} + SIﬂli + 5} mé—?)

7
Eal'l(";-r"" 5@*“) =

oY jv.

#:&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]

.8 .

g sin{— + ¢}
iaﬁ{"‘"*fﬁ@} ——-.-;-'L*.-w-.n_.. aa e m was EEd v aa e eme wa ey ;"2 l}

wa{m*-c?;é}

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

difference may be calculated.

74



[0137] The output signals (left velocity signal LPO and right

vel ocity signal RPO fromthe two vibration detection sensors (left

pi ck-off 7 and the right pick-off 8) are converted fromthe anal og signals
into the digital signals by the AID converters 31 and 35 through the

| ow-pass filters 30 and 34 provided in the converter of the Coriolis
flowreter 1, respectively, and then transferred to the signal processing
appar at us 300. As descri bed above, the signal processing apparatus
300 is dividedlinmto four blocks including the frequency conversion section
310, the transmitter 320, the phase difference neasurenent section 330, and
t he fregbeatyreanvehssemeeotiomn840etAoghasendifrfeernemcy Betweenibhe>out put
signal LPO fromthe left pick-off 7 and the output signal RPO fromthe

ri ght pick- oA&c8risnganput eshtand dfhene gomsy ined surkeoaca tf § out ¢atier shgnal
based on the frequencies output fromthe vibration velocity sensors and

t enperglasentdat avdpt eehedrhy autpliperaydressenser Yelocity Bogeathabot he

t enperature neasurenent is not described in the drawi ng. [0138] The

conver gi on-fdquency: iyt putnf i atdd Ne AL aHeNEY, £OMVES Sicanb SaGt EBRs3Q S
obt ai ned by adding (or "subfracting ) an output frequency 9Xn output from

the ”%ﬂé@%ﬁfe@rﬁﬁk 3%&9&5&9@1&%@@5 & gpal s dfenteney 1 Qubpat nhn a

case where ocity signal (outlet-side velocity signal) which is

st et o Bt obbopLate Lo Storples e popontstongyesgdies

| 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. input 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 s'gnal,out ut fromthe AID
conver EBf BALFSEERR 1 G 1 e dhEntyPrd éﬂatﬁ%i FteHTe Y Daedton t he
out put frequency 9Xn output fromthe transmtter 320 in the fre%yency
conver §pPont %th%ﬁﬁﬁﬂkﬁrT(ﬂéﬁﬂquency modulators (more specifically,

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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Therefore, the signal which is shifted in frequency and output by the
frequency conversion section 310 and the signal which is shifted in
frequency and out put by the frequency conversion section 340 having the
sanme 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 becone a phase neasurenent frequency set value 80 which is

arbi trari bypset. ofEXpressibrs25pe0C040Xn( RBpsurementWienwt fabesansmret t er
320 is controlled so that the frequency neasurenent value (8+8Xn) input to
t he phaseraeasusgereatisentideyidd0ual ngyshdedomres drhé. cdiist art shiregqeency 8C
as described above, high-speed processing of subsequent phase neasurement
may betaghkeyegnd[PL4l]1uding thEhetf negyeneyeconbn ot upetdiod aceordi g to
the present invention includes a nethod for adjusting the frequency of the

transnit ber + 3805S9-£hat + Lhga put purfyequencites wfpthe f reguansis teorver si on
sections (310 and 340) all become equal to GCc in the condition of

EXpr?S§P8Q (2pLs that is, a feed-forward control nethod.
Herei nafter, the "signal processing nethod and the signal processing

t f
apparatus ac _alggfgf{)us%:@toe Ocdéslrdrggtpﬁ%s d heepresaot 4 é%b%ra%lon

descri bed. F structure of the signal

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

conpared w t h' t he neasur enent e frequency n

corT panl . 0, L6 ALLELBIEE 3. QUL B roESPLEFRLED 20k SHEOCA
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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[ 0143] The frequency nmeasurenent value 9 nmeasured by the frequency
measurenment unit 450 is output to the transmtter 320. Wen the signal
frequency 0 neasured by the frequency measurenent 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
conver sebncsegt $ 0an31L0( sl @bt sl ared y @ddi sggfen ) subt clact$ mg)trart duoput
frequency OXn output fromthe transmtter 320 to (or from an input signa
frequenny uaditpuiré moaludase whaoe ther lief,t ivebodirto;m shgradD coutvieettesi de
velocity signal) which is detected by the left pick-off (left velocity
sensor 357 andtaxtea¢t edras asl ewef ceguency sigraktby .the | ow pass filter 30
is converted into the digital signal by the A/C converter 31

Further, thergongersion frequency output fromthe frequency conversion
section 340 is obtained by adding (or subtracting) an output frequency exn
out put from the; { ranspltbero83Q.d g-LQbnkr oM AP HARY Lai ghal {4 eqyency
(0+6m output in a case where the right velocity signal (inlet-side

vel oci L.gnal j i t h i ght: i cke-of i ght l.oci ty
sensor§¥§§g%§ g%ﬁ%%ﬁ%@ iif@?f%m? P§§88%c§%§f¥%ﬁ£%yk?ﬂe£F%3E%gs?ﬁ%%%er 34
IS conyer L n . i gital,.si | v, r .39 As
descri%gagggg@g%gﬁigﬁlgé %é@f’Eﬁg?ﬁ%p$%%%P§%$%%%%% Hgéégﬁ%gff ?5ﬁq%§eoutput
fromthe frquency conver si on sechgqp 340 aEd 'nEut to %h%m&%%§e Ev

nmeasur 8ngntrs i??d%r%ﬁﬁfs%?ﬁe%Wﬁﬂﬂ sfbﬁ&leF 5aﬁ%n¥ysT%£ f§ fch i %he

| ow-frequency right velocity signal (inlet-side velocity signal) of the

di gi t Al ISP gral CBERE I PRt Re TAPBC SR ER BPSETES SRAFEET i i Fredtidicy to
anot her frequency band based on the output frequency eXn output fromthe

t r ansnittePuRROSF P F R ¥ F YU TG derdidohOsBEL RS 84S [DA45]en when  ag
descri bed above, the transmtter 320 is connected to the frequency

conver §henfseédi bA BEONandUrhe FregUeNcy eRuTer STORh Z &S diP 361 IMHe
frequency signal O0Xn output fromthe transmtter 320 is input to the
frequehby ebieetsimen bectieonized-and the frequency conversion section 340.
When the frequency signal OXn output fromthe transmtter 320 is input to

t he fr égubncymeonvérsi on section 310 and the frequency conversion section
340, the output frequency 8C of each of the frequency conversion section
310 and the fip@gquéncy conversion section 340 is expressed as foll ows.

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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[ Expressi on 27] 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%&itgonlthe

transnftEEHSRSY FANYRESHPRQUENGS CohversitohN§ettPBh Bgeruency band 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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[ 0151] Wien 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

out put 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 ¢ gooutputinfiromtbes M coaveyt ene 3bi8ndrbapet to the frequency
conversion section 340 is converted into the same 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
: ¢ . ¢ | oci . ¥ ari ot . 1)
Sy Tt ot S aHQ ERE RubRer SE R P S bR s oL a FY cantly ¢ Ehggql fs®
ddi ti th h . ' b fectivel

per f or ket Y B R LB o 1R Brrant Jop he TSt CrrGnt L gnbass

t apt b tially error-free |, hi_gh- d L b
Foal | ZEULUET At BT GV ST S oG8 Huber SO | £0rs SGanF SeBBRATRS T8 i nput
frequenci es and perform ng an conplicateg processin § ch as t he Ch?nge of
t he cofpitfAgfe HBd?ShEQgpég eflo tRay Nt Ay DpF8€€§§Fﬁg‘ ‘t he'phgsana

measur enent section may be realized even using a discrete Fourier transform
(DPI) BFO&ePashIFaRAER tsandf Br ygerpRCy Tagyjerts the dinput signal

(inlet-side velocity signal) into a desired frequency processed
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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The clock signal is input fromthe clock 350 to the AID converter 31 and
the AID converter 35. The clock 350 synchroni zes the outputs of the AID
converter 31 and the AID converter 35 and thus has an inportant function
for elimnating a sanpling error between the digital signal of the left

vel ocity signal output fromthe A/C converter 31 and the digital signal of
the right velocity signal output fromthe AID converter 35. The
respective input signals (left velocity signal and right velocity signal )
whi ch areqtéecdigbtabrssdgriad slightailnetdoiyl conveest omh by atlloe IAVDscongérters
31 and 35 as described above are subjected to the frequency conversi on by

t he fregueacysctoavessoont gecitdrars) 3@ pand 340 bhsedl/ bredrhe mugmpitc shgnal
fromthe transmtter 320. [0155] In the | owpass filter 30
illusteptedinpuFliBerckd, whentachaepsbpea NodGeehSy ramoved skacehbmbat e t he
i nfluence of aliasing in A D conversion, a sine signal (sine) as
illustgatgdskpiFt& 18018 . out put . The sine signal (sine) output from
the lowpass filter 30 as illustrated in FIG 19 is sanpled for digital
signal convefgigpyat an arbitrary constant interval by the A/D converter 31
to obtain a sanpling signal (sine) as illustrated in FIG 20, and then

out put fromth con F ~ml Q1 - T i gha in

illustrated ?%§E$%?EO? %ﬁ%&%lig%gﬂkghﬁﬁ%?%?ﬁ%ﬁ&$ﬁEsa%agg #? ?grgéoggﬁd
sanpled, Lano (Lol Ial, S1anal LOMRIShon. DYldle MDsGaRYerdelpdl.cddh baput 10
t he frequéncy conversion séction 310 of the si gna process?ng apparatus 400
illustrated inp, Fl .. Further, a fransmtter output signal outpu romthe
trans F?%Fmégﬁefgﬁéf§ﬁsfﬁﬁﬁ% 8 F%% ?%ﬁﬁ%&%@'%&#kﬁﬁ%ﬁéh1%§§%ﬁ0%h%%%o.

When the sjgnal frequency O neasured b% Bhf frequenc neasur§: nt _section
450 | s RRpLES PEPHHE G RAG TP S836°1 REOL T AT S8 orot Fequercl SPBRE 0%
is transmtted at_a desired frequency by the Transmtter 320 based

Expr es&i-8R2 {269V ahet 25 £9%i et &G 1S4 XATFPHS fFPHsthatéd | HlE?GP%% is
out put at the same transm ssion output rate as the sanpling interval of the
i nput $F-§Ral 7i RapRE APDtEBnvéppad gptput 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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[0157] When the out put 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 sanpl ed
for digital signal conversion by the AID converter 31, is nmultiplied by the
out put signal (cosOXn) output fromthe transmtter 320 as illustrated in
FI G 21 (sinexcosOXn) by a multiplier provided in the frequency conversion
section 310, to thereby obtain a signal (sinexcosexXn) as illustrated in

FI G 22. [013he signal (sinexcosOXn) as illustrated in FIG 22, which is
obtained by multiplication (sinexcoseXn) by the nultiplier provided in the
frequency comvert siton tseatdnort 30,3 @assesohirolgkedaaki ghspasbefli dbeve( HPF)
provided in the frequency conversion section 310 to renove a | owfrequency
conpongatintohé hes ebyo obtiak nr acgignal, ¢chnOcyias sbtusdbnased| naFs& in23 .
The signal (sin0C) as illustrated in FIG 23 is output fromthe frequency

conver gih O ;sep1d RN, 34AvandibApskct foh By phase diddesengepreasicesentruni t
330. [0158] The phase di fference between the out put signals (left

vel oci ang Y%e$s9Bal,) o from theyn Babi-aryveh gakty
sensor§¥0§%?@$%gplckjgggﬁmyﬁkp%Pﬁgﬁtsplc -off 8) p?%V|d§H in g S

”Easurﬁ ? %'98§ 2e 0 %g 'Ql%ﬁg%?aﬁﬁp%efﬁ fnh@??‘fﬁ%f QHH%rEHPe%Zlénd 3

are Vi he Vi or r|o WTEt er i s conputed by

the four gksdggga'&g%fgecgase&gsgg%%e%%xsggggabg{ea%wgéggé%an <340,

t he tr%nsnl rence neasurene t he
frequency neasurenent s n 450, included in the nal proce

appar alpﬁgsﬁf)%m?ﬁugﬁgtgﬁé ﬁﬁ%qu‘ ﬁeﬁ%stehqéleélonp g’ RASE dloflference i's
converted |ntg the flowrate S|gnal gased on tgg gg ency si gnal out put
from t ABEPRBqHEREYCREYsOrERBRt T588t FOR 458" SRA tfiE ﬂperature dat a

detected by the tenperature sensor 9. [0159] Next, an operation of
t he signal pﬁ%%%%%lng apparatus 400 illustrated in FIG 18 is described with
reference to tinme charts illustrated in FIGS. 24. First, in.the

| ow- pass filTlee 130G VELSEEAYed 992 FI(Quid etifdrieav P AdRY S HE1&e 8iF8mved
to elimnate the influence of aliasing in Al D conversion, a sine signal
(si ne) tasobkbust Fared the A/G Zerisdiapuil and inpyhehot hBesitHE WRGRA
(sine) illustrated in FI0.20 is output, the sine signal (sine) illustrated
in FIOcQGVEssiqpu$e¢bi®he3M@[1$xﬂnnﬂh3ane§usIMN&tquﬂ@QijﬂﬂVQHiQﬁaﬂﬁﬁed for
digital signal conversion at an arbitrary constant interval by the A/C
converfieput to the phase difference measurement unit 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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31 to obtain a sanpling signal (Yl=sinO) as illustrated in FIG 24(A) and
output fromthe A/ D converter 31. [0160] The sanpling signal (sine)
illustrated in FIG 24(A), which is output fromthe A D 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 nmeasurenent
section 450 of the signal processing apparatus 400. In the frequency
measur enent section 450 and the transmtter 320 of the signal processing
appar avushd00, p1drel diesd redatrganswisst ot fregeencyosigrpdn@Xng it inansni tt ed
based on the sanpling signal (sine) illustrated in FIG 24(A), which is
out put ftequethhecAl ihd qgrevefderidl.ank cosibiecsitghapr¢d@ssnsfXéyclasas the
illustrated in FIG 24(B) is output to the frequency conversion section 310
of thecshgpal oprosessomguapparad tisod400 Ndddisdgated say,FitGel @ ratetshe ngane
transm ssion output rate as the sanpling interval of the input signal in
the Al Drcorvent s mdlsulBhbhl section MO hea COséNEvERINAINS ¥2-iceseXr)
illustrated in FIG 24(B) is output fromthe transmtter 320 and the cosine
si gnal pbY2FEPSeXBhsied rhNRBET) Ookhe fhequency 1eenyensised rieqlirgn 310, the
cosine signal is multiplied by the sanmpling signal (Yl=sine) illustrated in
FI G 24(A), m@bgg ﬁs output fromthe AID converter 31, (sinexcosOXn) by the
mul tiplier provided in the frequency conversion section 310 to obtain a
signal (Y3-sin S LI i_n 2 . i.gna
(Y3=si nex coéd§§%9§§§ila§s Fa%%%ﬁﬁﬁﬁgﬁbézif%§§:#&ﬁ%fhﬁh?éké fﬁ%ﬁ%ﬁﬁﬁgn
mul tiplLicati (sinexcosOxn t mul tipld rovided _i f.r ncy
é:loarpésggtel %/nlggf&verte)r gg hlehe ﬁ&gc%i égﬁg LY %ﬁlzeg(i@%)dlgﬁ%%%

conver passes™t hroug ss filTteér rovided in

the f ' ti 310 t I f t,
Lo theFCByS0bPai NG SF GnalS{YAL 2 S7HOL) A T 1St dted 1/ FPEZA(BE. The

si gnal iY4:1/2.sin0C3 as illustrated in FIO.24%E& IS outg$t fromthe
frequeAey2RAMVET Si16H [SecPiBR2310T drief imptitt ¥61PRE T ¥hasa dr fHErdhce Tom
measurenent unit 330. [0162] ~Further, in the lowpass filter 34
i || ust FBEed/PnCpPrEerisy wRelkCa tRariesi & 1AvIlS@Ne®USefoVed ' -el i mi nat e t he
influence of aliasing in A/D conversion, a sine signal (sin(0+4)) is
out put . ThyphéreaRensy neosVghaloLssaebian) 316, ditputrandiel Site Xi%nal
(sin(0+6T)) is input to the A/D converter 35. Then, the signal is sanpled
for di gheathasigralf feogrnecsionsatcaenatpiittr 28y, chest apduENEEcAIvVasEitdie A/ D
converter 35.
section 340, and the clock 350 are included in the signal processing
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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The signal output fromthe A/D converter 35 is nmultiplied by the sanpling
signal output fromthe A/D converter 35 by a nultiplier provided in the
frequency conversion section 340 to obtain a signal. [0163] The
signal obtained by multiplication 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 | owfrequency
conponent, to thereby obtain a signal (Y5=1/2-sin(0C+6T)) as illustrated
in Fl G 24( E)WiTre thiegned s 2Set 2 tebpE0Ca69)J arkidtradiestoy e GLREEEpTi s
output fromthe frequency conversion section 340 and input to the phase

di f f eréncen npasviegentownmte330.the outpukrs tdrea Jphasef diviflerarices hgasur enent
unit 330, a signal (Y6-6T) illustrated in FIG 24(F) is output as a phase
di f f erenge Gyhtasedan it Be gsiagnak r 6M4eé 2- i ndG)ori Idaistatdtoed sensbiG24( D) ,
which is output fromthe frequency conversion section 310 and input to the

phase ¢idferngnoe dmeagsussaentgrinidi 330.r @Bd phevsignaln ¥e=déassranoftd))
illustrated in FIG 24(E), which is output fromthe frequency conversion

secti on ;349 sandyiNRUE I dheePhasendlif kegenae srasy epentieit pidB00£F0164]
When the conputing interval is synchronized with the sanpling tinme as

descriped, aho I i epkergmnge i, ,phage-geagureaeny my be
inprovgg.aﬁg tire %E?tﬁggéh%agﬁcgfé%ﬁegZeggof vPbratign vel ocity signals

(sine and si ﬂgg’%—@ﬁg )céss? su&lee.citn tI %J:[gt}lealssargef erh%c%%@i ggldf Qﬁepb\@§eare

cal cul ati on, ence t’here i's alnost” no conputing error . Therefore,

accuraégffgggeaga 8?&8&%0?55?VPQ§SQCQE%¥SgenL§”889kggﬂtLéb 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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[ 0165] Next, the signal processing nmethod for the specific structure
of the signal processing apparatus 400 illustrated in FIG 18 is described
with reference to the operational flow chart illustrated in FIG 25.
FIG25 is a flowchart illustrating frequency nodul ati on and phase
measurenent 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 paraneters of the signa

pr ocessiggaapir aros 400 rapeti mitkabf z&di s admargetd f requency chorvefiteguency
nodul ation, that is, a target frequency after frequency nodul ation is set
in Stepnbf0a f0dw6Glate signathereddre partdretferssuehdikes siugpalt frocessieng
apparatus 400 which is the conmputing device are initialized and the target
frequencyratien feeqguency Jwmdid:ad | @ndi SemebrofudbbepHQ0,ddéteSiep 530a a
phase and velocity signal output fromthe left pick-off (LPO 7 (left

vel oci t¥ympensenrd) skfssanmpled for digital signal conversion at an arbitrary
sanpling interval by the A/D converter 31, and a phase and vel ocity signa

out put from ghee gt tRbCKeRid r {RPQ 1 i BRlenel 0GIdY 488B$9bed)id $rneanpl ed
for digital signal conversion at an arbitrary sanpling interval by the AID

converger 3h. The phase and velocity signal sanpled for digital

si gnal conversion at the arbitrary sanpling interval by the A/ D converter
31 is input LB ggﬁ frequency neasurenent unit 450 and the frequency
conversion s c% 310. The phase and velocity signal sanpled for digital

gggnal_convei%é%%g%%?%pe a bétraré sal Iingrint rVF}eQXe£Q§Cé£Qe%%QX§{ter
's input £3°CHE eqtahey S HBRUEY Chr Pid0 T TOIEN
section 310 isobtainedbyadding (or subtracting) anoutput frequency
OXn output from the transmitter 320 to (or from) an input signal
frequency © 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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When the signal is sanpled for digital signal conversion at the arbitrary
sanpling interval _in Step 510 , the frequency is neasured in Step 520.
That is, when the phase and velocity signal sanpled for digital signa
conversion at the arbitrary sanpling interval by the A/D converter 31 is
i nput, the frequency neasurenent unit 450 neasures the frequency based on
t he phase and velocity signal. [0168] When the frequency is neasured
in Step 520, an output frequency of a reference signal is calculated in
St ep 589. thhatregpennyStepvsd6ionheettequendy medsthedsbynehevhiefuency
measurenment unit 450 is conpared with the initially set target frequency.
When t beifreadulred renequencynd sucepupabedhe fhetthencpiddrald s st skatdgen
frequency in Step 530, in Step 540, the output frequency is set for the
transnsiperavd2g fioe skekesences simgnak-cbagsetared he thespih & sobbaicned thyn
conparison, to thereby generate the reference signal. Wen the reference
S'gna|b¥StgénﬁhébédmehgﬁréﬁéﬁteB@@tibﬁnébOhaVing the set frequency is
output fromthe transmtter 320 and input to the frequency converters 310
and 340. [0168] s4%hen the reference signal is generated in the transmtter
320 in Step 540, the processing of the frequency converters 310 and 340,

that is, theﬂﬂ%@ﬁ%ﬂ@ﬁ%@(}\ﬁeﬁ t.§119§r(%gé%§id-dlp%tteprééghey}%ﬁ%feﬁr%’ the

frequency converter 310 I C e reference frequency signal ‘output from
the tr 83%}%&?5n%§91&§ng%eﬁt'gQQ%Eﬂ&ﬁJ&QPS8@&?%0%&9&¥Ebfgkk$m%h9?%ES%UtpUt
fromthe convert er ’nt o

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

freqUegf’gef%ﬁg&%rgu%%gyhi\!%ﬁ?e£g§ogb% AW EMRD1 o ich LS hiebaBdetighRg the

FFT as desc ove, preci sion phase difference neasurenment may be

al ways r.f or . gqmi. j ryval [ it c

Her ei n%lf? 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 é%é%@%&ﬁngfé%gf‘$iel§iiéhﬁe%¥% essithg Tapparatus 400
has a structure as i|Jlustrated in FIG 26. .

he frequency measurement unit 450 measures

measurement unit 450. T
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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In FI G 26,

the frequency conversion section 310 includes a nultiplier 311,

a lowpass filter (LPF) 312 (or high-pass filter (HPF)). A reference

si gnal

cos02 fromthe transmtter 320 and an input signal SINOL fromthe

Al D converter 31 are nultiplied by each other and then subjected to filter
processing by the |lowpass filter 312. [0172] The reference signa

cose2

fromthe transmtter 320 is nmultiplied by an input signal sinOl

obtai ned by converting, into a digital signal, by the AID converter 31,

| ow f r Elgieneysieht2¢el ocity signa

t he

(outlet-side velocity signal) which is

detected by the left pick-off (left velocity sensor) 7 and extracted by the

| ow passnfécCter (30 axd=00ed) out(@) t herefrom

to thereby conbi ne sum and

di fference frequency signals. [Expression 30] sin 91 cos t92 = 1 -(sn(91+

02) +

shat 84, -c62)9xR2) is(oltput 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]
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1. -(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, 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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Therefore, the sane f Iter may be al ways used w thout depending on the

i nput signal . Thus, the phase neasurenent in the phase dif ference
measurenent unit 130 | ocated in the subsequent stage of the frequency
conversion section 310 may be highly unifornmed and sinplified. [0174] (2)
Frequency Measurenment Section In this enbodinent, the principle of

phase-| ocked | oop (PLL) is used for the frequency neasurenent nethod. The
PLL is a known electronic circuit in which a signal which is equal in
frequedcyned baskedpon dhtepnaviigscgneéntroiiginale amdnisodckéeri 32phase
therewith is output from another oscillator by feedback control

Therefore, thelPBL is fundanmentally a phase-lock circuit and may produce a
signal | ocked in phase with an input signal. The PLL is an
oscill ati on Eurchet,f orhd egdbatknegnt cohvéngian ascidicat o840n ias | @Qpdof or
oscillation so that a phase difference between a reference signal input

from apopet ghédedand anaeutput stigemnt kecasehkl atrtehsmittke 13oop iiss ie@ast ant .
Therefore, the PLL nay be relatively easily constructed using a conputing

devi cecaRd-BBY PRAEQTIN MM Oh-SRERG. GoRRUEALI @RanERL¥BEr 320 is T dt @guency
measur enent section 450 of the signal processing apparatus 400 has a

structyng @schhlustr aled d i iRGZtion 340, the frequency conversion

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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In FIG 27, the frequency neasurenent section 450 includes a nmultiplier 451,
a lowpass filter (LPF) 452, and a transmtter 453 for frequency
measurenent. [0176] The nultiplier 451 conpares the phase of the

| eft 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 output signal cos6 output fromthe transmtter 453 for frequency
measur enent and outputs the signals as a difference signal and a sum si gnal
to theskonepansthelltcer463E filter 34 Therefverecdannbuttpet d endt of sttheal

mul tiplier 451 is connected to the |owpass filter 452. The |l ow pass filter
452 exbyaths arhDycanlewtfregbency signal fromthe output signal output from

the nultiplier 451 through a frequency filter. Thus, in this case,
only a differentsconpenenbves wexi actpdct ton hde nputtpst gsé giiak qoehpyt from
the multiplier 451. [0177] The | owpass filter 452 is connected to

the transahtieowdddif of ohreIgReuBBRTUE &IREE s 1 JM& ddtansnBibeind 93 cher
frequency neasurenent generates phase data 5 based on the | ow frequency

si gnal +gut RHt phE OM hdies h PPRESsEEt 18 #DE,. the inplhe dil@Rsmetbef423 for
frequency neasurenent outputs the output signal cos6 to the multiplieér 451.

In the gubkbh RId &5 431 nd 'ﬂ_%wp%%%u%fnc&h%&?ﬂfﬁz%l%icgf@' sI{;ﬁQPQ%%Xe?Hg%@ ned

by converting, into a digital signal, e RID converter

| ow-fr @g%ggﬁié%gs%{c}eqé’ﬁl B%ikﬁ_%e? ?ﬂii%?g:atl(é\?ﬁrﬂﬁ 'o%itg%‘ée%P ' E}%%ngﬁﬁ'c)on%ir% I s

detecte t pic ocity sensor extracte rby t he

| ow- pags. Ié'éfﬁ{fé”é)d and fgc LR, Iheretramis ggﬁgéggy%érgdt}?haes 3¢ QL the
out put “Signhal” cos0 ,  an e si‘gnal s are outpuf as the difterence signal

dth i | t I filt 452. . A feed K | [
For medOUBEThat UL Hab £ 4P T BAGRGY COMMUTiH 78R T on VT BTGy t he
di fference conponent obtaiQ%d by filtering by the lowpass filter 452
becone§°BYSf§178) Secton 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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As illustrated in FIG 27, the ADC-31-output sine is input to the

mul tiplier 451. Wen 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 Input
waveform sine Qutput waveformof transmtter for frequency neasurenent:
cos6 When a result obtained by nmultiplication by the multiplier 151

as exprlessed hyuErptessironhe3R) Dicofid ttered lbynd hapudw: pass: firkoeengg2, a

hi gh-frequency conponent is renoved to obtain the follow ng expression.

[ Expr essioar 88pn \besitn(c@r B) { 838} the frequency (6+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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[0179] When a value of (0-6) in Expression (33) is a sufficiently
smal |l value (V,-,0), the frequency conputing function V indicating the
result obtained by multiplication by the multiplier 451 may be
approxi mately expressed as follows. [Expression 34] V=0-6.,--0(34)
When an out put waveform of the transmtter 453 for frequency neasurenent is
controlled so that the frequency conputing function V becones 0, the
precedi ng phase 0 obtained by frequency conversion by the frequency
conver sinparsepti 6nngtdomyobecdbnannsdng] @186 ling ervpenbehiwephasée)d of
t he ADC- 31-out put sine which is obtained as descri bed above is conputed
usi ng tiheifell ewignglbExdr edsd drst i 36 1anidc ¥ 36} gnal f oeguencyrdfh” thay AU®
obt ai ned. [ Expression 35] =CO= 2 TCf (35)
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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w. Angul ar velocity (rad/s) Note that AT indicates a change in
and is equal to the conputing interval (sanpling rate). Ther ef
change in phase (0) is as follows. [Expression 36] 0=2ufTa(36) where
change in time (sanpling interval) (sec.) f: input frequency (Hz) O:
i n phase (rad) [0181] The input frequency "f" is as follows. [Express

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]
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(3 7) When such cal cul ation is perfornedby the

frequencyneasurenent unit 450, high-speed frequency neasurenent may be
achi eved. [0182]

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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(3) Transmtter In FIG 18, the output frequency of the nodul atable
transmtter 320 is controlled based on the result (0) obtained by

measur enent by the frequency neasurenent 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

measur éherft obtbes 2sandl3ngrel yidy a¥édsbyot hes vilbrateopted is Fdent2ddPed to
a desired frequency to be processed by the phase di fference nmeasurenent
unit 330d outputTheofr eqae”Aé)P conversieon3decti on 310 and the frequency
conversi on section 340 have the sane structure. Therefore, as in the case
of the frequéhtgOput put fromthe frequency conversion section 310, the
frequency output fromthe frequency conversion section 340, nore

speci fical | yrhtheahpeguencyg{ H159i0d) tiel wetrecdiddnrsirgmal2 4afa)t,hendiclhr at i on
velocity (inlet-side velocity signal) generated on the right side of the

nmeasur egepLtbubes rdmanthe3 A MO &dhisridet et edi Hyi hpet r tghtnpi ekwofidendand
input to the frequency conversion section 340 in the case where the

neasuféHEQErEHBﬁSs%c%&%n3:ﬁﬂ? 8fb%%EerE?uﬂhepﬂ5$5§%£ﬁg apb§r§90¥eMbQﬂ into
a desired frequency. [0183] (4) Phase fference Measurenent Unit

There af g, ¥arlodsy lFHH'?‘ 8. @%ﬁ?ggﬁ% tréeﬁfm‘é"}?fi-e . n%gﬁﬁéﬁs@feﬁ&@@%e@%%we”em

usi ng a Fourier trans orm a uency 1Is ence very-hi gh-speed

conput af ?ogf Mebg6%&%;e¥?888§8%Pge§%%$ﬁ%%g pan exanple of a discrete

Fourier "transform |screte Fourier transformis a
Fourier tran forn1 n _a discrete_grou often, us for f.requency anal ysis of
di screte dlg? s%gﬁgpgnFﬁ]se%ﬁgfemghgé%%?%ﬁ?jﬁ%g a nghsg af% ef%} |ently

cal cul % rti.al differential uat i on nvolution in r al
i sor er o0 e PR B bPre Tay BATEAAN R S0 P S ght S Rdad ey spion ¢
conputer US|n§ a fast-Fourjer transform(FF(121‘;‘15‘6(‘%}(11%}?e . Wen the
i nput SFEREFNS nﬁF%HaFne%“Heli)h%%%n%W%’f%?%nk&%s FEEEC DR 1386 b s
expressed by 8 DFT-Q k) is defined as foll ows.
sin® Tustrated 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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[ Expression 38] - n
g(n) (C®B(2 )in( n=0

~ X

k) =Eg(n)exp(1.2.) int) r. n ks2. n- n k =1-1
=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,

(Y5=1/2-sin(6C+dp)) as illustrated in FIG.Z24(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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=/sin(-) ( 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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Expression (38) is expressed as foll ows. [ Expressi on 40]

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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(k)

= goo w nt.cl (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 | magi nary WG 2 WJ- 4 WY-

[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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10-100-101(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
addition and subtracti on.

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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[0187] In fact, when the input signal input to the phase difference
measur enment 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
i nteger), DFT-Q(n) may be conputed as follows. [Expression 42] Cal cul ation
of real part (Re) Calculation of imaginary part (Im gnx1l gn-ki x 0 gn+2 X
-1 (42) gn+N-2 x -1gn+N_2x O gntN_I x Ogn+N | 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.

108



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] RPOsignal: 1 -(sin(0 +0, )) =1- (sin(0)) 1 - exp(j G ) =Re 1+ j
| m( 43) Therefore, 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

109



22c 2 and the LPO signal may be substituted as follows. [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 using Expression (45), when tan-15p is conputed, the phase
difference signal 5p may be obtained. 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)
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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where S(t)

indicates a correction coefficient associated with a tenperature

of the neasured fl uid. When t he neasured phase angle 6p and the
driving frequency F are substituted into Expression (28), the nmass fl ow
rate Q may be cal cul at ed. The mass flow rate Q obtained as descri bed

above is subjected to suitable scaling and unit conversion and may be
output to an outside in various forns by addi ng subsequent processing such
as anal og out put, pul se output, or serial comunication. [0190] <<Feature
of Phase Mea8ueesent diichodiuisimgs Peefoeney bQonvef seagnexc Anecosdirrgens a

feature of

t he phase neasurenent systemin the present invention, the

si gnal eniray4beé, sanphedpatdt ieegarpkiyngeeptieevahtunegl acedchdetrke .f r equency
0 of the input signals which are obtained by converting, into the digital
signals, by thesA D converters 31 and 35, the | ow frequency velocity
signals which are detected by

(3)

Transmitter

In FIG.18, the output frequency of themodulatable 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 frequency 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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the vibration detection sensors (left pick-off 7 and right pick-off 8) and
extracted by the |lowpass filters 30 and 34 and out put therefrom and which
are input to the frequency conversion sections 310 and 340. Therefore, the
structure is very sinple, no filter table is required, and very-high-speed
conput ati on may be achieved with a small conputing error. [0191]

Further, according to the phase neasurenent systemin the present

i nvention, even when a rapid change in frequency occurs in the input

si gnal s whi chO&Belobt ai ned by converting, into the digital signals, by the
Al D converters 31 and 35, the |owfrequency velocity signals which are

det ect ¢d) byhthe DibfateonnedHdtestirencsensons (left pick-off 7 and right

pi ck-off 8) and extracted by the |owpass filters 30 and 34 and out put

t herefrom andewhi ghe averiopsitphosé heed s ecprency wOIvelsS] onmrsectiaers o310 and
340, the frequency before frequency conversion is neasured and then

f requepey s6anves st e 1S REMHO RS r Therefoiso ey en Megueheyinput xbrgquency
rapi dly changes, a variation in frequency after frequency conversion is
”‘n'”1§§Q1héﬁgeh6E99—BB$hS¥§E@H1b%mﬁﬁ%ﬁt%@htﬁ@beonécRH@%%dqea$Urenent na
case where the driving frequency of the measurenent tubes continuously

changes. [Olﬁglﬁeinafter!:%fri ggmpggqﬁgﬁ%%&g@@oghﬁég {?%Z%%Egbﬁystem

in the present 1 nvention, there iIs Imtation on

measur eqenl. hand, by Lhe i@éﬁe%é g8H?§8§ A‘ltgrfantﬁik_%rlr?ggta FLOPAL S L OpUL, 10 the
frequency conversion sections 310 an . erefore, coupling with sensors
havi ng _vari gus dr.iving freguencies y be realized and copputing precision
e notoh S BRE Phoor T T ehay,” ARACRERGE HIghl B Bels Fod phace
measur enen . be always.achieved. [Enbodinent .6 01 . . Th

Toasur ShERE L AL B 3 BROL G H° ST Teas b ALoPI BREE Ut o6 161 SR Yot

fl ow tubes, serving as peasurenent flow tupes, are ogeLated bg_a driving
devi ceasFHYtRE RA DY 5t oF 16 L TR C@d<tHBert” PhBESC2Y ANAT 3O ASTLEGEAG -t he
one flow tube or the pair of flow tubes are alternately driven to vibrate
the flokFPtobesreth BOWH+EHI F 21T bWRBLRFY R Sifelset i Fsbrerde tdrdy sPpegd

vi bration frequency proportional to a Coriolis force acting on the

measur éREng F9E§§t2rgn633n9nél@éﬁﬁngﬁél@ﬁetﬁ?@Wfpﬁﬂe(6ﬁqvhe pair of flow
tubes are/is detected by a pair of velocity sensors or accel eration sensors
correspondi ngO0t84vi brati on 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 densi tgeof thd | ahduto bieymeaserpeglep0104] the phase difference

measurement section 330 is expressed by g(n), DFT-G(k} is defined
as follows.
[Expression 38]
N-1 -7 2.m.n-k
J2-mn
G(k) = 3, g(n)exp(——— )

w=f

N-1 rnk. .., 2rank
=y g(n)(cos(-z-—f;{fi—) - jsin{——

n=0

k=0l N-1

[0185]

For simpler expression, when a complex exponential function
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The Coriolis floweter includes: the frequency nmeasurenment unit 450 for
measuring a frequency based on an input signal frequency of at |east one
sensor (for exanple, input signal (outlet-side velocity signal) input from
| eft pick-off 7) of two flow rate signals obtai nedbyA/ D conversion on two

i nput signals of the phase difference and/or the vibration frequency
proportional to the Coriolis force acting on the neasurenent tubes 2 and 3
including the pair of flow tubes, which are detected by the velocity
sensorgaot theeapcebeedt byntbensotdpwand shestiansapnter 320 for
transmtting and outputting a desired frequency signal based on the
frequepEypneasuped3by the frequency neasurenent unit. [0195] A

vel ocity sensor signal (for exanple, input signal (outlet-side velocity
signal) input fronlleft pi ck-of f 7) fromone of the pair of vibration

det ecti on sensorg pick-off 7 and right pick-off 8) is converted into
a digital srgﬁép first A/D converter 31. The first frequency

conver si on sectlon‘¥10 is provided for frequency conversion to perform
addition (or subzﬁectlon) n the frequency 9 of the input signal based on
t he out put fr yagmq put fromthe transm.tter..320:.-.---.. ( 3Fgnther, a
vel ocity sensor svg fNr" exanpl e, input signal (inlet-side velocity
signal) input fron1r|ght pi ck-off 8) fromthe other of the pair of

vi br at § i ensoL p and right pick-off 8) is
conver%%ﬁr?%%ggg 3§8?tg§ B%EEE%d %%ef§228ﬁ "A/D converter 35 to obtain an

I nput ?tgggé?gggﬁugaiy (0+4) The second frequency conversion section 340

IS provi requency conversion to performaddition (or subtraction)
on the input signal frequency (9+4) based on the output frequency 9Xn
output fromthe transnitter 320. [0196] The phase difference
measuren@%}3 0 is provided to neasur.e..a. phase defereqp @gtmeen a
first fr Z n ation signal obtained by conversion as a constant

frequency si gl by the first frequency conversion section 310 and a second
frequency nodul ation signal output as a converted constant frequency signal
fromthe second frequency conversi on section 340. Further, the
si gnal proce§e1®§) apparatus 400 is provided to obtain the phase difference
between the first frequency nodul ati on signal output as the converted
const ant frefgeney shghabtieohiohelsi fstubepdqueney coontersesposeotiien 310
and the second frequency nodul ati on signal output as the converted constant
frequeheycsignaliNhkpneteN sex crib faetpericy ot eMsi omtsgetri)on a340, foa
t hereby serve as the Coriolis flowreter. [Description of Synbol s]

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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[0197] 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
mul tiplier

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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122 lowpass filter 123 transmtter for frequency neasurenent 130
quadrature nmodul ator 140 transmtter 150 phase difference measurement unit
160 cl ock 300 signal processing apparatus 310 frequency conversion section

311 nultiplier 312 |lowpass filter 320 transmtter 330 phase difference
nmeasur ement 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 |least one flow tube or the pair of flow
t ubes, thad idtrdeamt denecsfioa phaserdifieditenéekandfa/ enBratdivh rfickqadicy
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 l[east one of a mass flow rate and
a density.ofTideféEbdef Ox e JMARIHEG is very simple, no filter table is
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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t he signal processing nethod conprising: a first step of converting
an anal og signal, which is output fromeach of the pair of vibration

detection sensors, to a digital vibration frequency signal; 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 signa

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
f r equehey thkerfesfqusased o vhes dbgi sakFtipbeatilén dnekgaéhey Shgmalfooat put
fromone of the pair of vibration detection sensors, which 1is neasured in
t he secondlshepwiahdsensors hafoupt hastepsofirsubpgctiragueheidsgntal be

vi bration frequency signal obtained through the conversion in the first
step tecolibegonad comyertsiron phyedss Negnt he eont radlfesitgralbgeneeat eguicn t he
third step, to thereby obtain a frequency signal that has a frequency

t her eotrsgtichey L/MPhehbBe Higouency Hford BRadeghdad u i@t nal e aquerey
signal obtained through the conversion in the first step, wher eby

t he phasgidi;Eference between detection signals fromthe pair of vibration
detection sensors is detected by using the frequency signal obtained
throughgfhs Qﬁéhgg@Tal conversion in the fourth step, which has the
frequency tﬂereo set to 1/N of the frequency of the digital vibration
frequency siggg%B [Cl aim2] A signal processing nethod for a
Coriolis flo e; in which at | east one flow tube or a pair of flow tubes
which is inchyded [0 A masurenens flow tube s pLternately driyen by
causing a vi rator 1o be actuate Sy a dTlVlng eVice to Vvibrate the at

| east one flom/tu?e Zr tgebgair of flow_tubes, and at. ‘

| east oRéofaPRaSedit fEPEnEEERA SSUTBPEt PonFREJEEREY ol 6F8r LU638r £5%a
Coriolis force acting,on the at |l east one flow tube or the pair of flow

t ubes PBSHBFEELRM 3bYT &Y pa? O Fel5erPy-sedsors ter &- pai't® BFagEEErerit i on
sensors which are vibration detection_sensors, to thereby obtain at |east
one of tEPREsE Fbw +AfevdhBTat RmEI% 161 BUPE i e Belmeasursdy HRESsi gnal

processi ng net hod conpri sing: o
are alternately driven to vibrate the flow tubes. 1In 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 a@géggrg chhe,at |l east one flow tube or the pair of flow
tubes 1§ detecte 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% derﬁiptu% ofs. fluid to

be measured, th%e%%%h%¥ ﬁ?%gg§§iﬁﬁ5§5%5ra us comnprIrsig: * Rﬁﬁ

O oL P EARYSLLAE, S0  SRaLe, (P L A £ BUCpUt f oSl T o
of the pair of vibration detection sensors (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 frequency neasurenent unit for nmeasuring a vibration frequency 0 of the
at |least one flow tube or the pair of flow tubes; 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 fromthe frequency
measurenent 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

vi brati on deteetplorssahistres,enwd ok aane cowtnpuseftEomt hal AlDpromisiacets,
respectively, and generating digital signals having frequencies thereof set
to 1/ Nnebstireqaepbibes di ffheechwe bekttwwhendhgiftaktsifgrabsncyespdatpvelon,
whereby the phase difference is obtained by using the digital signals

gener ategnby btbeapaed bl evhhegenah keequebayteanveértguenclyChaigmad] bAx
signal processing apparatus for a Coriolis flowreter in which at |east one

flow tuhe ofrac paidqeindy QWrtubes diseltiisn Behuged d BexJrRRSHEETRAL Y | OW
tube is alternately driven by causing a vibrator to be actuated by a

dr'V'nﬁo@ﬁYéE?ohos¥@Q£§Qﬁnﬁhﬁ:%% Leastvopeehl @ dube: arrdiemRa) kighafll ow
tubes, and at | east one of a phase difference and a vibration frequency

propor%wﬂak?{e -8oEALT oLLg.LALGeCARLLg;aN Lhe dbnl sagt one flow tube or

the pair of ow tubes is dete by velocity sensors dr acceleratlon

sensors whi ch,BreeY. gLl ggdaet Tl SN AbPartbRUENEE Y, AA M oLt

one of a mass ?FOM/f e an nsit to be nea e signa

pr Ocesghggég o a%‘ﬁ\ Cg??% ren é betV{een %hfel %quegcyre uaét oS em%ﬁ l% Il;O| I)\(/)Vr

measur |"east  one tube o parr
t ubes ansm tter for puttin transmttin d
frequeﬁ&?ngﬂgﬂﬁFpB5§¥ﬁ £REVEF &geﬁ8QSﬁ§qu ﬁﬁqﬁ§n?ﬁes*?%%ﬁéﬂj the
neasur%ggg% %Qg%uency conversion section 310 and the second frequency

modulation signal output as the converted constant frequency signal

from the second frequency 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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frequency conversion sections for perform ng frequency conversion by
conducting one of addition and subtracti on between an output frequency of
the transmitter and respective 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 detected by the velocity sensors or the accel eration sensors, to

t her eby al ways obtain constant frequency val ues; and a phase

di f f erencecmpasatenennesectenanfosentasari ng the phase difference between
frequency signals detected by the velocity sensors or the accel eration
sensor3p, Wai choarpaebt ai bedrt hrough the frequency conversion by the
frequency conversion sections. [C aim5] A signal processing

appar agus goraapCephokirsetl owneter in which at | east one flow tube or a
pair of flow tubes which is included in a nmeasurenment flow tube is

alterngpelypdriven B¥reausbngdsan¥bbrator to be actuated by a driving device
to vibrate the at | east one flow tube or the pair of flow tubes, and at

| east gpe 9%r§t98ﬁ$€e95&§€geg§ n8hd-amplREaki @avhitequency proportional to a
Coriolis force acting on the at | east one flow tube or the pair of flow

t ubes 55 ggggggggrgymgghggkg¥ sensors or acceleration sensors which are
vi bration-defection sensors, to thereby obtain at | east one of a mass fl ow
rate a?Q @rdensi£¥egf a fluid to be nmeasured, the signal processing

ansm.t . .
appar at us conpri si'ng: a frequency measurenent unit for measuring a

frequ§§§y of the at | east one.%IOM/tube or the pair of flow tubes; a
transnt Pt BPFPGr "GAEPBGETTRG BRd transmitting a desired frequency signal
based on the frequency neasured by.the frequency neasurenment unit; a
first PPefGEAEG EENGE ¥?6ﬁl§8cﬁﬁ8¥198r perform ng frequency conversion by

conducting one of addition and subtraction between an output frequency
out put 1PPom-gRe 1t PARSATEL-BL &RB2&ATHAput signal frequency obtai ned by
converting a signal of one sensor of a pair of the vibration detection
sensor $10neBadrdiyireamosiiga&lPrby a first

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
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A/ D converter, to thereby always obtain a constant frequency val ue;

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
nmeasur ehenfregetion fonvarasorni agcthenphase di fference between a first
frequency signal, which is obtained through the frequency conversion by and
out put3feonmidbie first frequency conversion section, and a second frequency
signal, which is obtained through the frequency conversion by and out put
from t heo secondeh ¢ gauensyreoanershon section. [C ai m 6] A si gnal
processi ng apparatus for a Coriolis floweter in which at |east one flow

t ube ogsa ﬂglflpiléfom/tubes which is included in a nmeasurenent flow tube
is alternately driven by causing a vibrator to be actuated by a driving
devicegstd vihratestheiat-l 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 C@%EOJc£§n£ﬁ?{{:‘€eEC%%ngPQq{;Qﬁc?tmé%ﬁ%eﬁ@ﬁtf'OW tube or the pair of
flow tu I's detected by a pair of velocity sensors or a pair of

accel eration 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
nmeasured, the signal processing apparatus conprising: a frequency
measurenent unit for measuring a frequency of the at | east one flow tube or
the pair of flow tubes; 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 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 A/D
converter and output fromthe first A/D 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 obtai ned by converting a signal of another velocity sensor of the
pair of the vibration detection sensors into a digital signal by a second
A/l D converter and output fromthe second A/D converter, based on the output
frequency output fromthe transmtter to nove the input signal frequency to
anot her frequency band; and
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a phase difference neasurenent section for neasuring the phase difference
between a first frequency signal, which is obtained as the constant
frequency signal through the shifting by and output fromthe first
frequency conversion section, and a second frequency signal, which is
obt ai ned as the constant frequency signal through the shifting by and
output fromthe second frequency conversion section. [Caim7] A
Coriolis flowreter in which at |east one flow tube or a pair of flow tubes
whi ch i §Naned uded hen Do oeasiirlesenpef bdwctflabesi s alternately driven by
causing a vibrator to be actuated by a driving device to vibrate the at

| east dne 41w t ube 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 atgleagtoere sfihownéthedofot kecpaiolob f1omdtdes i shdehect ed
by vibration detection sensors, to thereby obtain at | east one of a nass

flow rate andc achensidy Qfod J# W $dia ke maasuretes which tkeigeniakis

fl owneter conprising a signal processing apparatus conprising: ~ AD
conver { £6.5, 4 00, COMVSS £i BY (AR 09 25k8RAL% « 1Y VA By QUERUL £ 9Ab@aRBKT Of
the vibration detection sensors, to digital signals, respectively; a

frequepgy, %Ta%%tﬁraecré%nf) v unid,sfor, grr@%%;‘i'éiengo 3&%{% lbé{ &l ker freguency b ef Lyhe at

| east one ow tube orf the pair o | ow t a transmtter for

generalng & Lequancy e gnel  avt ng 2 L1 eaency L etegt. sel; te 0 olel/ N

of a frequency of a requéncy si ut put requency

gg ﬁ\s/ g ; % R 8%[1 xglggszéddt iaonnd f?: e%afli ern c(g/f p?:%%%?f%g%%la lf ESAYENSY; SOV c;[recres afc%ri ng
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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on the frequency signal generated by the transmtter, frequencies of two of
the digital signals corresponding to the pair of the vibration detection
sensors , which are output fromthe 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, 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

fi omret ermeéaswhiedhiat theastcond tkew;tabé or a pair of flow tubes which is
included in a neasurenent flow tube is alternately driven by causing a

vi brator to befacttiatedby fasdbiiechgndeviie ediqgi ta bvatee atthenat rtkgasthcone
flow tube or the pair of flow tubes, and at | east one of a phase difference
and a ¥ibnat icon Sfireguencyudt opeconarals itoe #n Coeifdlriss ftarceo acthpgoanlt he at
| east one flow tube or the pair of flow tubes is detected by velocity

Sensor §oAedseehes TuisQ'fth@HéQi’o%ﬂM‘BlCBi?h@l@&ﬁ@fé@@d det estitn sERSGES, tO
thereby obtain at |east one of a mass flowrate and a density of a fluid to

be meagyrefereby obtd e LaRlich ) QWIBLEr t RRAPRASTNG 1@ HiGRA tRE@EeFSi Ng
apparatus conpri sing: a frequency neasurenent unit for neasuring a

ffequeggxt%‘%m%@&h!e%% u%g% J)?Whteucﬁ)ﬁg?{ai%b&%!trio%fffé%ﬂé@%%gn%l

transmtter for transmtt nd outputting a desired frequency signal

based ggtgmse&;%ﬂggﬂgx WRASULRG.DX e, [ equenay. Jie PupeTen! uni t; a

first Trequency convérsion section for shifting in freglency, to a constant
frequency sigpal,,an_Jjnput_ signal. frequency. ohtajne anverti si gna
of one veIoc%gﬁrggﬁs%?e6#”5*%aﬂ%f§fepﬁg @F%W% Pd%ggg%g%?§6%“%%%%%?§%tho a
digital signal by a, first A/D converter and output fromthe first ALD
converFE?,8Bé§e8¥oﬁlgﬁa5h?%u e??%ﬁh%%cieQﬁﬁfﬁnl%ﬁ%ﬁﬁ?é&?#H%%éﬁ?fF%Fhfb nove
the i nput signal frequency to another frequeq&&)ban ; a se.con%te

f r equeREGILERTEr 31 TR 5 QRGN TDF ERPEDI WE 19T &ﬂ?@ﬂcwwsralearﬁsfe &
frequency signal, an input signal frequency obtained by converting a signal
of anofRBEthesEEPry erdohast e PerFUDICY helerBrat Poh 88t éélli 6 $éfsors

into a digital signal by a second A/D converter and output fromthe second
Al D cohveguencybasedhendié tadt i ratdgieAde BEEt SE98@lt-he transnitter to
nove the input signal frequency to another frequency band; and

[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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a phase difference neasurenent section for neasuring the phase difference
between a first frequency signal, which is obtained as the constant
frequency signal through the shifting by and output fromthe first
frequency conversion section, and a second frequency signal, which is
obt ai ned as the constant frequency signal through the shifting by and
output fromthe second frequency conversion section, wher eby t he
phase difference between the first frequency signal, which is obtained as
the constantmérequengytisé gnabrahioughredecnehidt ity B diedséuopet Lieem t he
first frequency conversion section, and the second frequency signal, which
i s obtanhedoasthhepeonsvéntlbwegueney signal through the shifting by and
output fromthe second frequency conversion section, is obtained.
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

132



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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