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' he phase ¢if{£8cBRAGuREBHE Eachiow@e 8bhfiguration in a Coriolis mass flowmeter
has a set of natural vibration modes, which may be of a simple bending, torsional
15 or coupled type. Each flow tube is driven to oscillate at resonance in one of these
natural modes. Material flows into the flowmeter from a connected conduit on the
inlet side of the flowmeter, is directed through the flow tube or tubes, and exits the
flowmeter through the outlet side. The natural vibration modes of the vibrating,
material filled system are defined in part by the combined mass of the flow tubes
20 and the material flowing within the flow tubes.

When there is no flow through the flowmeter, all points along the flow tube
oscillate due to an applied driver force with identical phase or small initial fixed
phase offset which can be corrected. As material begins to flow, Coriolis forces
cause each point along the flow tube to have a different phase. The phase on the

25 inlet side of the flow tube lags the driver, while the phase on the outlet side leads
the driver. Pick-off sensors are placed on the flow tube to produce sinusoidal
signals representative of the motion of the flow tube. Signals output from the pick-

off sensors are processed to determine *he phase difference between the pick-off
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appropriate as the driver signal (see U.S. Patent 5,009,109 issued to Kalotay et.
20 al. and assigned on its face to Micro Motion, Inc.).

A typical mode, although not the only mode, in which Coriolis flowmeters are
driven to vibrate is the first out-of-phase bending mode. The first out-of-phase
bending mode is the fundamental bending mode at which the two tubes of a dual
tube Coriolis flowmater vibrate in opposition to « - ¢ another. However, this is not

25 the only modie cf vibration present in the vibrating structure of a Coriolis flowmeter
driven in the first oLi-of-phase bending mode. There are, of course, higher modes
of vibration which may be excited. There is also, as a result of fluid tflowing through
the vibrating flow tube and the consequent Coriolis forces, a first out-of-phase twist
mode that is excited as well as other modes. There are also in-phase and lateral

30 modes of vibration. Ultimately, there are hundreds of vibration modes actually
excited in a Coriolis flowmeter that is driven to oscillate in the first out-of-phase
bending mode. Even within relatively narrow range of frequencies near the first

out-of-phase bending mode there are at least several additional modes of vibration.
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20 feedback signal is not effective at isolating the single desired drive mode from other
mode responses present in the drive feedback signal. There can be off-resonance
responses from other modes which are near the desired mode resonance
frequency. There might also be resonant responses at frequencies approaching
the desired resonance frequency. In any event, the filtered drive feedback signat,

25 i.e., the drive signal, typically contains modal content at frequencies other than just
the desired mode for excitation of the flow tube. A drive signal composed of
resonant response from multiple modes inputs, through the driver, energy to the
flow tube that excites each mode for which the drive signal contains modal content.

Such a multi-mode drive signal causes operational problems in Coriolis

30 flowmeters. Further, frequency domain filters introduce phase lag in the filtered

drive signal. This can result in a requirement for higher drive power to drive the

flow tube at the desired amplitude.
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20 A further problem is that, in the example of a meter driven at the first out-of
phase bend mode, the driver location is also a position of maximum amplitude for
the second out-of-phase bend mode. Hence the second out-of-phase bend mode
is solidly excited in a Coriolis meter driven to oscillate at the first out-of-phase bend
mode. The drive feedback signal, and subsequently the drive signal, therefore

25 contains a response in the second out-of-phase bend mode.

An additional problem of a drive signal having modal content at multiple
frequencies occurs with respect to the density measurement made by a Coriolis
mass flowmeter. The density measurement in a Coriolis flowmeter or vibrating tube
densitometer relies on the measurement of the resonant frequency of the vibrating

30 flow tube. A problem arises when the flow tube is driven in response to a drive
signal containing modal content at multiple modes. The superposition of the

multiple modes in the drive signal can result in a flow tube that is driven off-
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The system of the present invention filters feedback signals from the flow

tube of a Coriolis flowmeter through a modal filter. A modal filter is a spatial filter
20 that utilizes a summation of multiple feedback signals measured at different points
in space and/or in different directions in space, possibly including translational
measurements and/or rotational measurements of motion, strain, force (or a
combination of these) or other quantities related to flowmeter tube motion. The
modal filter utilizes a summation of muitiple feedback signals from different points
25 along the length of a vibrating flow tube. The modal filter linearly combines
weighted feedback signals to produce a resultant, filtered signal in which
undesirable vibration modes are suppressed and desirable modes are enhanced.
A feedback signal is representative of the motion of a flow tube, or the relative
motion of multiple flow tubes, at a particular location on the flow tube(s). Typical
30 Coriolis flowmeters already have available two feedback signals in the form of the
signals from the pick-off sensors that are used in the mass flow rate computation

of a Coriolis flowmeter. The signals generated by the pick-off sensors on a Coriolis
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20 The modal filter itself is comprised of a separate amplifier associated with
each feedback signal and a summer for summing the weighted feedback signals.
The magnitude of the gain of an amplifier in the modal filter is referred to as a
weighting factor. The feedback signal is referred to as a weighted feedback signal
after it has been amplified by its respective amplifier i1 the modal filter. The
25 summer simply adds the weighted feedback signal to produce the filter output
signal. The filter output signal does not have a large enough amplitude to drive the
flow tubes and so the filter output signal is amplified to produce the drive signal.
The drive signal has the same modal content but a greater amplitude than the
filter output signal.
30 There are a number of ways to determine the weighting factors applied by
the modal filter to the feedback signals. All of these various approaches are
equivalent in their results but certain approaches are more efficient and repeatable

than others. One approach is simply to select the weighting factors through trial
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case, the filter would effectively enhance the first out-phase-bending mode, i.e., the

20 desired drive mode, and suppress the first out-of-phase twist mode. To totally
suppress all undesired modes in a frequency range of interest requires as many
feedback signals as the total number of modes in the frequency range of interest.
If fewer feedback signals are available than number of modes, the amplitude of the
desired mode is still enhanced relative to the amplitudes of the undesired modes,

25 however, the response of the undesired modes cannot be totally eliminated.

The Coriolis flowmeter drive circuit modal filter of the present invention can
be used to augment existing drive signal systems or it can be used in place of
existing drive signal systems.

BRIEF DESCRIPTION OF THE DRAWINGS
30 FIG. 1 depicts a Coriolis flowmeter and associated meter electronics.
FIG. 2 depicts a block diagram of a prior art Coriolis flowmeter electronics.
FIG. 3 depicts a block diagram of a prior art drive system for a Coriolis

flowmeter.
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DESCRI PTION, Coriolis Flowreter in Gene

weighting coefficients by calculating the inverse or pseudo-inverse of the

15 eigenvector matrix.
FIG. 10 is a flowchart illustrating the process for using a modal filter to
develop a flowmeter drive signal.
DETAILED DESCRIPTION

Coriolis Flowmeter in General - FIG. 1

20 Figure 1 shows a Coriolis flowmeter 5 comprising a Coriolis meter assembly
10 and meter electronics 20. Meter electronics 20 is connected to meter assembly
10 via leads 100 to provide density, mass flow rate, volume flow rate and totalized
mass flow information over path 26. A Coriolis flowmeter structure is described
although it is apparent to those skilled in the art that the present invention could be
25 practiced in conjunction with a vibrating tube densitometer without the additional
measurement capability provided by a Coriolis mass flowmeter.
Meter assembly 10 includes a pair of flanges 101 and 101’, manifold 102
and flow tubes 103A and 103B. Connected to flow tubes 103A and 1038 are driver
104 and pick-off sensors 105 and 105'. Brace bars 106 and 106" serve to define
30 the axis W and W' about which each fiow tube oscillates.
When flowmeter 10 is inserted into a pipeline system (not shown) which
carries the process material that is being measured, material enters meter

assembly 10 through flange 101, passes through manifold 102 where the material

8
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vibrate t Ubl\ﬁeste%g?epc\:t%%?cslgg I;?))'rocesses the left and right velocity signals to compute the

mass flow rate and the density of the material passing through meter assembly 10.

20 This information is applied by meter electronics 20 over path 26 to a utilization
means (not shown).

it is known to those skilled in the art that Coriolis flowmeter 5 is quite similar

in structure to a vibrating tube densitometer. Vibrating tube densitometers also

utilize a vibrating tube through which fluid flows or, in the case of a sample-type

25 densitometer, within which fluid is held. Vibrating tube densitometers also employ

a drive system for exciting the flow tube to vibrate. Vibrating tube densitometers

typically utilize only single feedback signal since a density measurement requires

only the measurement of frequency and a phase measurement is not necessary.

The descriptions of the present invention herein apply equally to vibrating tube

30 densitometers. Those skilled in the art recognize that where an existing Coriolis

flowmeter already has two feedback signals available to input to a modal filter, an

existing vibrating tube densitometer has only one feedback signal typically
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In existing drive circuit systems, drive circuit 40 receives a feedback signal
over path 41 from left pick-off sensor 105. As described in more detait with respect

20 to FIG. 3, existing drive circuit systems produce a drive signal over path 110 to

driver 104. Those skilled in the art recognize that existing drive systems may
alternatively utilize the right pick-off sensor as the feedback to drive circuit 40.
Also, some existing drive systems utilize the sum of both pick-off signals as the
feedback to drive circuit 40.

25 FIG. 3 illustrates a block diagram of an existing drive circuit 40. Drive circuit
40 receives a feedback signal in the form of one of the pick-off signals from the
flowmeter and appropriately conditions the magnitude of the pick-off signal to
produce a drive signal over path 110, As noted, some existing drive systems sum
the two pick-off signals and process the summed signal to produce a drive signal.

30  Drive circuit 40 receives a signal from pick-off 105 over path 41. The pick-off
signal is fed to rectifier 300 and then integrator 301. The signal output from
integrator 301 represents an average amplitude of pick-off signal 105. The

average amplitude signal is input to amplitude control 302. Amplitude control 302

10
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const ant asrmplntuddeoverTltme depai fercef aevphtudeﬁ@rdr hegzemtat ra)descrépmsémnglo are
well known to those skilled in the art of Coriolis fl owneter el ectronics
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Functon (The scalesg E)? hrclasve6r(t)|8al axes of graphs 600 and 602 are different and the scales
of the horizontal axes are the same. Graph 600 depicts a FRF 601 corresponding
20 to afeedback signal. With reference to FIG. 3, FRF 601 characterizes a signal
carried over path 41 from pick-off sensor 105 to existing drive circuit 40, with
respect to the input force applied to the flow tube. FRF 601 has modal content at
the first out-of-phase bend mode (amplitude peak at point A), first out-of-phase
twist mode (amplitude peak at point B) and second out-of-phase bend mode
25 (amplitude peak at point C). Graph 602 depicts a FRF 603 corresponding to a
drive signal that is produced in an existing drive circuit using a frequency domain
filter.
With reference to FIG. 3, FRF 603 characterizes a signal carried over path
110 from existing drive circuit 40 to driver 104, with respect to the input force
30 applied to the flow tube. FR-" 603 illustrates the effect of the frequency domain
filtering of drive feedback signal 601. FRF 603 still has modal content from the

same three modes that comprise signal 601 (indicated as a dotted line in graph
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respe t WL | I ng,. exceptions. Drive circuit 50

di ffeﬁg’ fregﬁeo(ﬁ?v\idz}tﬁc%'?%%%é&t%?@f%ﬂggﬁéﬁﬁ%% detail with respect to
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p:teh 283' c@%lgggg%f[ﬂgeed WitheletBdel (CRIGY U 0d8tq "5 receiving a pick-off sign\él
directly from one of the pick-off sensors (feedback sensors 503), existing drive

20  control circuitry 40 receives the signal output by modal filter 500. Modal filter 500
receives feedback signals from pick-off sensors 105-105' over paths 111-111’,

respectively. Sensor 401 represents any number of additional feedback sensors

attached to the vibrating flow tube and producing a feedback signal to drive circuit

50. Each additional feedback signal produced by each additional feedback sensor

25 is communicated to drive circuit 50 over a separate path 402. Pick-offs 105-105'
and additional sensor(s) 401 are referred to herein collectively as feedback
sensors 503. One skilled in the art recognizes that pick-offs 105-105' do not have

to be used as one of feedback sensors 503. Preferably they are used, however,
since they provide useful feedback signals, as described below, for purposes of

30 modal filter 500 and they are necessary anyway for computation of mass flow rate.
Each of feedback signals 503 is input to one of amplifiers 504-506. Again,

amplifier 506 represents any number of additional amplifiers for receiving signals

from any number of additional feedback sensors 401. Amplifier 504 has a gain of
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sensor 401 represents any nunber of additional feedback sensors attached to
the flow tube(s) of a Coriolis flowreter. In one enbodi nent of the present
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nodal filter 500 and they are necessary anyway for conputation of nmass flow

rate. Each of HEedilistratesihgiresuioef the magsfi 't@r(ﬁQﬁﬁFéb@@ withpespedite FHG3- 506.

f
Facel vi ng Erghife MERSFREIGRERBRoK pPOURRRS: Gaa Skt cCEh ke S
Ampl i fier 6@@4gww@?oatmzohaaevmcaﬂla%%éprl%@&hﬁﬁ@%@%ﬁa@of%w iiper 505

has a gain of & and lifier 506 has a gain . Gains G-GN are referred
to as the TQRPYIE ﬁ@’ﬂ“ Q)pyehmutéarcwam%mde. I@@Pfﬁom@ﬂoﬁhtmil\ﬂé@alhack

£ o ae 15 n sl PSS SRR gloine RraRmadéSior Ub-Aorphish srnadded o °°
sumred by throughWiisefp&sifion, Qnak@dgcmasbhl t@famwmu%traf@é FRFe)’O:P@Jh"br?ll

Gains G -GN of anplifiers 504-506 are sel ected such that the filter output
si gnal ov@nrrpapcnn@ano thesfirsholhpfrphvase et mastencamporentafrifalr €0 1wi Grapimy one

R L ] O I G T
desired ”‘é@?ﬂponent of FRF 601. Graph 702 illustrates signal component 705 Wthh
20 corresponds to the second out-of-phase bend mode component of FRF 601. With
reference to FIG. 5, FRF 601 characterizes a signal from one of feedback sensors
503 to modal filter 500. Modal filter 500 operates, as described above with respect
to FIGS. 4-5, to remove all but the desired vibration mode from FRF 601. Thus,
FRF 703, corresponding to the first out-of-phase bend mode componant of FRF
25 601, represents the modal content of a signal over path 511 from modal filter 500
to drive control circuit 40. The actual drive signal over path 110 to driver 104 has
a different amplitude than FRF 703 but the modal content of FRF 703 is unchanged
by a simple amplification. Therefore the drive signal over path 110 to driver 104
from drive circuit 50 excites only the first out-of-phase bend mode of flow sensor
30 10. The difference between the drive signal produced by existing drive circuits and
the drive signal produced by the drive circuit of the present invention is illustrated

graphically by comparing FRF 603 of FIG. 6 (modal content of drive signal from
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10 response is anplified and at | east one undesired nodal response is-
suppressedwo dlfmges/ il lustrates the result of the nodal filter described
with respect to FIGS. 4-5. FIG 7 includes, for conparison 'stpo8€8572gr aph

600 fromF : i ke 00-702 ‘have, vertical axes
representi rl?g}sttlﬁ% #r’c‘))gé ?’gcfrlﬁt@Egp?ggvﬂsﬁgﬂﬁ'(;'egg%‘l‘?gépﬁﬂﬂﬁel”ﬁ Qb &riye signa fram
force anpl dtiveeircat @p pseseEidimM@htiongi vi dual |y 15 illustrate FRF's

corresponding to the three nodes of vibration which, when added through
super posi tion, nake ryeightingfacioes- FIFS.783 whi ch

e od
ds t i - of - bend. t of FRF 601. G aph
701 1T ust r at esSPRED 0L MG FEERER RIS GreChi FoF GuiSloforphaGeriob st
mode - compioembtaridricifdLie meuaPidiOR disdussbbahond 483l ebce%WﬁgEﬁsz)%gt e

whi ch 20 corresponds to the second out-of-p
601, Wth OrRIGS dife Thersiae abyarfeRyF ob frictibds ené eahass ﬁl@&qhefw&ghm; of
S, as

f eedback Q3 t ndal  filt 500. Modal filt 500 t
S0 RS o A ST o oot e
i brati 2} i i di to.the first
S5 o TESL SRk B e A FIRRI T Ll

content ofone Biefied oogembpwtionsdf méthousiodaltablel 4t e§QRald, drive control

Ci rcui,{e 40. The,act uallﬁ arive signal over path 110 to driver 104 has a
differtht anpl iPUAEEHRA Greeledingiite weightibgafactarstfon the deF fed(s) of a
unchanged ; ' ; Rl £ ' herefore the drive signal over path
110 to dr i GO RSAVE RS 4R 6P 457 0ied ik BRPSCUREIBE Sand 7. the

out - of - phatesirbd nesutbofemodialffiitensee s &y ' n.the
drive signal ﬁr oduced by existin ldri'\D/l;eé@giéggufimtégngéjt%[@e%?ﬁ?}%ﬁé%@ﬁwgp
produced BYPqah&oRteny @s compared withtany qmesefehe féeubmkistynals irput ¥Stheahedal

gr aphi cal | y i of FIG, 6 (nodal content of drive signal
from 13 Wf)WtSB/ Eg‘gﬁqﬁé{; ﬁ%@%‘ﬁgg@ﬁ{%&ﬂ%ﬁ’ﬂ%a{% Qe Mseedptselegidanedd fil of

FI G 75 madaghtiranicertficidntsr isiBg Si rd Lt cukt, of Jpresent

i nvention). Se:ng;t i on ofn Nbdal Fi ?pglr af\?‘éla?gﬁ?l néﬁg%{:%r ssieq—ﬁ é@“@i{; are

Sel ect i on "efeated gitil Adfiteicaupet sigaahédre Siynal iE|cﬁtaiﬁbdfﬁ§viﬁ? @9 igekjrsq 5

f | owret er ' | L cui ilter is discussed in nore detail below wth
r espect ng dEIY&'S{eQ-?'Q Sttgr‘%&@' 'goé‘ Feranduciedisinganaeiusheotalis lewntatersel ect
the wei ghbrmrlyflﬁﬁhgpgrﬁerg[tgyﬁ&iﬂ@% nbEbdBh fle ARk 's?gorlmalisoal%ngrvxl/it 2 Grive !

of a Coriolis nass
circuit that allows the changing of the gains of the modal filter amplifiers.

20 Alternatively, the feedback signals can be recorded, for example in a Digital Audio
Tape format, and re-applied to the modal filter drive circuit with each pass through
steps 801-804. Altematively, steps 801-804 are executed using a numerical model
of a Coriolis flowmeter and associated drive circuit.

The process begins with step 800 and continues to stap 801 where a first

25 set of weighting coefficients are selected. During step 801, one can select a
complete new set of weighting coefficients (gains G;-Gy) each time step 801 is
executed or one can select a new weighting coefficient for just one feedback signal
each time step 801 is executed. During step 802 the feedback signals are applied
to the modail filter where each modal fiiter amplifier has the gain set as determined

30 by step 801. During step 803 the filter output signal is measured and recorded as
appropriate to allow the necessary comparison with the feedback signal input to the

modal filter. Processing continues from step 803 to decision block 804.
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The neans by which the weighting factors are determned is not critical and
any one nethod or conbination of nethods is suitable and equival ent. 10
One et hoawofyssdd4écti ng the weighting factors for the nodal PETE®0SRE of a
Coriolis drive circuit is trial and error. As noted with respect to FIGS. 5
and 7, the desbheedioreblock 804 opdadtes itb tante&hidel § the fijtepdautputr signat éas

out put signal having, i nproved nodal content as conpared wth any one of

the feedbdBRTeVEHAIATE RRRENE 8s CRRAFRALC apy janeyof the tpedback sionalsinrudet
illustrati S . sel | ~ el |
coeffici entﬂ g &‘uggﬂgﬁtgpt ?ﬁ%ﬁséﬁ@&gkﬁﬁgﬁtoﬁgﬂé %Elgéprg‘?@ﬂé B%%J cg?éu@%%aéat ed
until a fijsteatisfaetaryt Thughdmpredd/@odaDeahtent scapbinanedfilterdutput signalaqi r ed
_nodal content. Steps 801-804 are conducted using an actual Coriolrs

f | ownet&r ,whish@pér mpdaleantentdione the degieg\drixe mhge Hepreseat. y'impeaveddroddlgnal s
.along with_a.driv ircuit that allows,the changin f th Ins, of the
“modal 111 tetENpIcRR i M. APPandineiaiting Usdie Pediieationsy fialithe dierred
recorded, drie MeABPARDIithda iDiliibadt 29 diROgrekRBe tHaM tRd amPitLdeeof B bigfért O
the nodal filter drive circuit wth each pass through steps 801-804.

Al t er nat i vebgies prasgst, suiexgmplar § itds detarsined,i byporeratiore of dedisiondddck &4, a

Coriolis flo t an ssociated drive circuit. T rocess. begins with
step 800 At TariTen Qo 5TaRE) Bog B taveRfaddi tistent JRed BrSGSing gttings
coeffiqe L H et (3 THY-! ; new
set ofmmﬁgﬁt?%gOggtﬁ%??%ﬁw}t@% ns G@%rogggﬂetaﬁﬂgségeg I%’Sld%‘?gw‘@égcut ed
or one carthatihediltea ootput segnghtdoesnovledve innproved aroqal sontemé tHerephoeeksisg gnal
each time step 801 is_executed. Duri_ngﬂstep 802 the feedback signals are

applied t'8WYRE Io8ieR 8G1. A rew satelweaightingsaaificiants isrselasieddusingrsiep 88t gai n
g . o A P = g2
T aasur GRS aU2-804 S Ddibbscldadif 16 60 oot vidibhfitg Mbfitiertt 908

wi th the fthatipaduceizfiltdr outputt sigealtisingrimptovied! hedal ddntemtssi ng conti nues
fromstep 803 to decisiaon block 804. 14 WO 99/ 02945 PCT/ US98/ 09572 Deci si on
bl ock 804 oper o dRethgd Ritselegting the waighting: eaefliciepts fosig) kariolis flowmetebv ed

modal 11115 GRaRIERAEGE ot MRnAlEe Br dsHBrb YRR b HePPRERyp AP nelt i ©

signal i sAsahotetiastiovey .a Vibtating iflow ess! ofad @orohist fsWnetAnha® Prederdti 4 t er
out put signal in 5 which only nodal content fromthe desired drive node is

present. "qamppipaten middpratioenmedes. cAnalzing e flovd dges dnaliororin tptysinsér ' s
specifi Catc‘io%r?ai’nau%?te.énﬁe %‘ﬁ%Lﬁaerdresponse at individual points and directions on the
20 flow tube, requires the analysis of coupled equations which do not easily yield
useful information about the motion of the flow tube. However, one can use a
modal transformation to transform a vector of physical responses to the modal

responses or modal coordinates of the system. The standard modal transformation

is given by:
25
(1) x = Pn
where:
x is the vector of physical response coordinates
30 ® is the eigenvector matrix, the columns of which are the flow tube

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

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

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

15



drive node anplitude is at |east 20 dB greater than the anplitude of the
other - nodes present, for exanple. If it is determ ned, by operation of
deci si on M%&’ﬁoz@!ﬁ, that the filter output signal has inprovedsisnesh
content then processing continues 10 to step 805 where the weighting
coeffici enﬁeeﬁgaeiéﬁgﬂﬁiﬁ.cﬂodbesnowl flkerd etrerefone dquatioh (tthés sbivee ooy e

si gnal does not have i,nproved dal _content then processing returns to
step 801. 'R°H@t&%°éf’"b%‘%@?@%ﬁezg) adfallowsient s is sel ected during step 801

and steps 802-804 are processed again to |locate a set of weighting
coefficients that produce a filter outp%fﬁsi gnal having i nproved nodal

content, 15 A hod of selecting theWei'g&ting coefficients for a Coriolis

fl ovvrret5er drive circuit is to calculate the inverse or pseudo-inverse of

the ei gendting epEatiPR (1) indhg deme ohpavation()irequiremitpkingthe piseidotinaerse

Coriolis f bi nat i _vi brat | des. Analyzin

Che 11 ow (ELEEIRnEIoPRESE, T e T ac Bt melrins SdiiarS Angu i Shausnae
e ndivi g . ysl Cal pocss Frd i

Shal ysi 5 oo e e igehyibr Aot fo s o8l i o bATY) [ffer BB i on

about t he thepseudofinversef |The eigbpvedtonmatiix isaR@ar@andsrasinglidfwhen the

t ransf rnatioqr:edt of¥r%ﬂ?sf?(rma vect or of physical responses to the nodal
r esporiSes d21 "o HERRISrop, the, flowe beTRauatsatiea numbsd 20f modes

transf or ' ' ' ' =3r | 2y x 1S the vector of
physi cal rnr&e)?;g)'gr?gééégg‘k#ﬁ?nﬁ?%asl%%8(%)5i%eﬁ@§ag?§icﬁgp¢?&d§ﬁmt ri x, the colums

of which are tHef fallowinexaeipgenyaiioes toaligsratel P’ 8&cklsasy WREN one
vectors) of interest, and Tl is the vector of nodal response “coordi nates.

The e gem‘?@@tuéﬁteﬁa RSHEHC-InMereR <@fr Rb@edpkmatix B deteemieedhé oweighting
Cou o, SHBEANETeE GRS BBt TSROl S B e L
ggg% i1 Eia L ??ZI% i?‘iﬁ“ﬁ?‘#"?ﬁ%“ ng ﬂ%e ?%ﬁ!@kéﬁg bLRE thé eiddMectBMhtrix. In

the following example a numerical model of the flowmeter was used.

A finite element model is built of the tubes of a CMF100 model Coriolis mass
flowmeter (manufactured by Micro Motion, Inc.). The model fixes to ground the
ends of the flow tubes that, on a physical flowmeter, connect to the flowmeter

20 manifold. Finite element modeling techniques are well known to those skilled in the
art and do not form part of the present invention. The exemplary finite element
model was built using SDRC-Ideas and analyzed by MSC/NASTRAN, a finite
element code available from MacNeal-Schwendler. Those skilled in the finite
element modeling art recognize that any finite element code could alternatively be

25 used. The locations of the feedback sensors were modeled to produce output
representative of the relative motion between the locations on the flow tube of the

| magnet and coil corresponding to the right pick-off, the drive and the left pick-off.
These “scalar points” are a standard technique in advanced dynamic analysis.
See “A Finite Element for the Vibration Analysis of a Fluid-Conveying Timeshenko

30 Beam.”. (AIAA Paper 93-1552), for more information on finite element modeling of
Coriolis flowmeters.
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Putting equation (1) in the formof equation (2) requires taking the
pseudo-i nverse of the eigenvector matrix 4). If the eigenvector matrix is
squar e andwoonnzd4igul ar then the inverse of the eigenvect oPCHEBIS025(2(V) i s
used in Equation (2) rather than the pseudo-inverse. The ei genvector

matri x i s squar §randigeonakiencpdfficientseof theeCME 100mbedelodiref exdoicded froiny tlag s

fromthe fl ow tube equal s the nunber of nodes considered and the nodal
vectors ar énitereé@mﬁygmwgb%%mjther{ﬁéowmq g\?\ﬁ"ﬁé’)’eﬁ%ﬁ‘apg"’l %'gaf‘}/?a%ma?%x

illustrate W;q% @hs\@fﬁi ch one calcul ates the psuedo-inverse of a
nodal mattrifé?t 8%e ermne the weighting coefficients for a Coriolis

flowreter drive circuit nodal filter. One could use a 15 physical or a

numerical nodel of the flowneter to build the ei genvector trix. In the
fol I owi ng exanple a numeri calf onotfed8 of thel f HOvined ef Was3@s@Y. A finite

el ement nodel |§g£uilt of th ot ugew?s)g % 3 q)VFlog _rlfﬁdsl OCO]%?_II; S nmass

flowrretér (manufact ured BY*M{cro "Mbti on,” I'nc.). e node es to ground
the ends of the flow tubes tipat2s.en a physi gals fo oonet egs.78bnnect to the
flowreter 20 manifold. Finite el ement nodeling techni ques are well known to

those skil lm@hi fowhe tharfullasigefvedior matrim Pgr of efuatien D&%)emn*esbm@mttbcm
The exenplary finite el ement nodel was built using SDRC-1deas and anal yzed

by MSC/ NASPRysicah lddationeon tecfiew tulbedd he st aow eofiesprnds te dine Sfhpiskddfér .
Those skilled,in the finite elenent del i,n rt _recqqni ze .that, a finite
el oment - colfsty dR8 4eePR:revE PiBaPoaRt To e ARler ISR 85 B e e ack
sensors We"cSrr@E?ﬁgélg t6 Qh;@rrfgfmc{ﬁ‘cl@éﬁfﬂééatidrﬁp'E%%ﬁrﬁdl&m%ein%et fam éigéﬁ\fléc‘l:tér

noti on bet ween ocations on the flow tube of the nagnet and coi
cor r esp@ndinmatrik abgheomreégpundsi toka afdde dheibdatiore ahis miadrix & usgd akadfrowThese

"scal ar points" are a _standard technjque in advanced dynam ¢ anal ysis. See
AR i o ERORRBYDE TEHE ITBPo MORC AT OUR KRG Gl QPUCIENr by R okor

Ti meshenko ean. : P - f i i one.finite
el enent mégﬁlg%%' Oﬁhemrrﬁ%@ﬁg L?ﬁ%g{vm%%gr%gég%%d \R%r'%‘g%‘géifgggmg@ The
ei genval ue coef#fidiéntsdot theadriveeirddifrthodanfiitke| Teccaidinn3qredicl) aithtdeeoes imi t e

el ement nodel to build the following 3 row by 10 col umm ei genvector matri X
for the Cvth®fulkeigepvector pattgdan arep“ingphase noodesie Thes meang)that theresis mp o o

000 QIS3 6'rg'|gtive' motion between the tubes because both tubes are moving with the same
speed and direction. Thus, the sensors used to provide feedback signals, velocity
sensors in this example, themselves act as a kind of modal filter by filtering out all
the in-phase modes. The full eigenvector matrix Oy is reduced by removing all the
in-phase columns.

20
25.1 40.3 36.8
(4) Brneg =1 354 0 366
25.1 40.3 36.8

Equation (4) is the reduced eigenvector matrix Ppauwcea. Equation (1), the standard
modal transformation, is rewritten using the reduced eigenvector matrix ®reguces @S

follows:

RPO\ (251 40.3 368) [
25 (5) DRV |={354 0 366| | n,

LPO 25.1 40.3 36.8 7
, 2
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0 25.08 0 0 0 40.3 0 0 0 36.78 Each row in the full eigenvector matrix

(Df," of weawed/zeas (3) corresponds to a physical location g t ube.
The first row corresponds to the left pick-off |ocation, thgt/gggg{gh%‘ﬁ’r ow

| | ' L r,d ds tqg th
Frant -y cEne B kSt GHHASR bt bR U il ETRg. b hg v,
cor r esponfist oat-af-phase bfistbiematl cdbidndlBirésporse éﬁc?ﬂ%biié‘tl?e Eaﬁcmb of@shi on
e

by the finite el ement nodel to nodel the signals generated by t pr ck- of f
sensors. Thehage bend medgseenal geoubinateirspbrisel vl RPO ische physicherespbass i ng
coefficie Jhe dri Cl rcuj dal filter. The colums (nodes) wth
zeroes | nﬁbtﬁh{ah%; ﬂ{;'lt?t %‘?B‘é’ﬁﬁ%%’?sﬁf ' PB\};FS)ﬁtenpf)ys%@ler 88PRNER fLrm b8 feedbapk s
means % hagendrat the dive Wealih BhdMP T | i ck}f‘s?tf}l&ﬁ th
tubes are noving with the sane spedggé!an @ﬁ(‘g??%él hus,%%%@ﬁé‘é&g used
to provi d%eﬂsm’d%met@'ng{ﬁ&i&solved(ﬁm the urieoaer sector GhaAtIRXSATE. ethd MRRBE! ves
act as a kind of nodal filter by filtering out all the in-phase nodes. The
full eige tr matrix (Dfg, is reduced by renoving all the in-phase
colums. 20 (4) ?reduced (25.1 40.3 36.8" 35.4 0 36.6 125.1 40.3 36.8
Equation (4) is the reduced eigenvector matrix Qd",. Equation (1), the

standard nodal transfor mel,S i n i t he reduced ei genvect or
20d) 165 3655 pRE: 8° DRy = 35 420 36. 6

matrix (Dred", as follo
LPO 25.1 40.3 8.8 i 1b" 3zh) 17 . 350 |99 PR9A
M2 25.1 40.3 368 LPO

' o

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

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

15 (7)
7, 8.23892.10" 1.657905.10"  8.23892.10° / ppo
7, |=|-1.240777.1¢" 0 1.240777.10° | | DRV

Nw) |\ 7.975764.10° 1.130755.10° 7.975763.19° | \LPO

The numerical coefficients in Equation (7) are the weighting factors for the modal
filter amplifiers in a Coriolis flowmeter drive circuit. For example, if one desires to
20 extract the first out-of-phase bend mode from the feedback signals, as is the case

here, then the first row of the above modal filter vector matrix is used as follows:
(8)  my=8.2389(RPO) + 16.5795(DRV) + 8.2389(LPO)

25 The first out-of-phase bend mode modal vector coefficients were multiplied by 10°
to simplify Equation (8). With reference to FIG. 5, gain G, of amplifier 504 is set
to 8.2389 (the modal filter vector coeffictent corresponding to the left pick-off
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PCT/ US98/ 09572 where rlb is the first out-of-phase bend node nodal
coordinate response, rl, is the first out-of-phase tw st node nodal
coor di nat e“@é?&?ﬁ%e and rl2b is the second out- of-phase befd/H8@%ddal
coordi nate response and RPO is the physical response fromthe right

pi ck- of f EMSOF), gm/Gz is gefdo @r@ﬁfs’caﬂe nwﬁ}bﬁkter yedar m&fﬁﬁ@@ﬂ barlcfa?mnmﬁn% or f ?t
he drive | i i s, t Wsi C t eft pick-

sonsor edRaie bRl iRt SEniybRg B B Rissbin o [BE madhy et vBe@r °the

nodal  vedgtfiert @brr8pdRdifd to YNe2@iverGodatidh) 3 T%_@&uéigﬁaﬁr% faﬁ’org age HBe8r{PRY

i
25.1 40.3 36.8 LPO The reduced ei genvector trix i erted by 1npotting
the nat riscaledrsa grauwpl & grovidsoadfiter oaliputraighehexérqzdth Sdrirhaving the mapkage

~such as. Math :ild apd .utiLj i 8 one ., of .the dzéandard i nver si on or

pseudo- n\?é?éll Wde 1ofepH 'Hi"a ¥¢ Fatrel GifcuWtle conputing packages. The
-resul ting equatdi@ngiis sSHHEWEhaRS| | (frhe - . :

B o862 0.1 CAgNois A 8.ag@gg%@%@%ﬁ%bgﬁé.%%%3951:8?t86mT"}918‘f79r."i90-' DRV
Y12b) 7. 97E6dit hwdal fite7 66eflidientsTbyP ZalE6Ritihg' the RiveFbe anpseutoahversebf ttsd ent s

in Equation (O are the geicgjhtj ng factors for the nodal filter anmplifiers
in a Cori QigeNVErighmAtex. Gaicationcf the invesse enxpigside-inverseras thireeiges¥ester 20

The case MirikBpeiod AbofTaad WiElesBBOe T oL Kbl BHbed 5§08 I ofih. 1
i's usad asrf of ddwsicedBiyndmicarilysi8 3ndRe)a tsdfl ddAYoPRélemifing3B8 (AR 25
The first out-of-phase bend node nodal vector coefficients were multiplied
by 103 t &irsuikplada) fitghseefbpienty. . The flewchbpereffd6. thbegias vaith glement, 905
ampl i f :Og[] glﬁﬁgbrpgeefiﬁée tg *ésfe[p8%§1gﬁ?304r¥rfb§§(£‘&d€61 thd ERJenteet mS& it hif "as
noted above, a method of determining the eigenvectors for the eigenvector matrix
is by building a finite element model of the flowmeter from which the eigenvectors
15 are extracted. Another approach is to use experimental modal analysis to
determine the eigenvectors directly from a physical sample of the flowmeter.
Experimental modal analysis is well known to those skilled in the art and its
methods and use to not form part of the present invention. Once the eigenvectors
are obtained by any appropriate method, the eigenvector matrix is compiled.
20 Equation (3) is an example of a full eigenvector matrix for 10 modes of vibration at
three points on the flow tubes. Each column of the eigenvector matrix represents
a different mode while the number of rows of the eigenvector matrix represents
degrees of freedom. The eigenvector matrix is then reduced to the modes to be
filtered. For the current example this is done by eliminating the columns with 0's
25 as coefficients. For the exemplary structure and sensors described herein, the
columns (modes) with coefficients as O's are in-phase modes. Processing
proceeds from step 901 to step 902.
During step 902 the inverse or pseudo-inverse of the eigenvector matrix is
calculated. Each row of the inverse or pseudo-inverse of the eigenvector matrix
30 contains the modal filter coefficients associated with a particular mode. This is
expressed in general by Equation (2) and is shown for the above example by

Equation (7). Processing next proceeds to step 903.
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WO 99/ 02945 PCT/ US98/ 09572 sensor), gain & is set to 8.2389 (the nodal .
fiJter vector coefficient corresponding to the right pick-off sensor) and
gain GN i ¥Q&V0WE 16. 5795 (the nodal filter vector coeffi cREHYSI8/09572
corresponding to the driver location). The weighting factors are linearly
scal ed as a grodgring 5;3@@\/9% the fapnrepn@tat pwdas fifealweighbting atdefficidntsauieng

t he proper t npu drlve cont rol it 40. FIG 9 is
a fl (F;V\cﬁar%el%tsggtlb tﬁ naé;o ﬁe ’ﬁ?%%'g Oggget‘e&ls &’é'f’@PdMﬁ%S'f%tr%Jto?er)%ase
circuit nuskid mbbeeindBefdfore eBtniody ital Eé@fﬁéxbﬁ& fbPhd ﬁ}gf&ﬁgofodhase bend
pseudo-i nverse of the envector matrix. Calculation o nverse or
pseudo- i nvepde ase selected. ggiweaneor oneraebuldbultes diffiebernt mbdalefileard foi tiffarespect
to FIG.9 is kn{) i) r] sl%lledlnthe 10 art of advanced dynam c

anal ysi% &mplicatiang, RHElYe tF%r’“?i%@'eﬂ'?ﬁrrﬁ‘?ﬁjf"f‘ﬁ@tsdfqrv@ffe@mdUP@e&od%wr
filter coghbhfieBrie de_&JﬁbL‘lB%‘Wﬁg%&thﬁg n?ulh |4 e‘Pé hﬂ%nﬁéﬁéw %rn?o and

proceeds to step 901 ring step e~el ge vec Fix |

noted aboview tmbnhhbel fiest aitiopiiasie ngist hode |getamcdfqhé flfﬂromlﬂﬁ-pﬁbgérbé?ﬁt Or
matrix 1S b{ building a finite el enent nodel of the flowneter from which

the eigen r ) 1S ggse thgimadaldiiter ppeffinientsfop thaafitst put-ofophase w$tenodegnt al

nodal anal S L.rect fro

saml e of End T pecodiFlifé  Bauaitn 11 30 Fsha=S RelEbbitne CRER BN fer

t hose 1¥Ki Inhedhli fiiterhe Aafurthen destdndplenist WRER BRE &fHded W%lrﬁlﬂféﬁe%%rsi %Bdt he
present invention. Once the eigenvectors are obtained by any appropr| ate

met hod, t RECEPEfERXEHE Fultipiermadesirca Boriols flogtubegu it srenwasls tosirave 2fiewpl e
f a ful | t f d f t th t

Che 11 ow (hsEENSEERe SR o oemRang e anons pe e fist 2Ur-Bhpastn sl gode”
di fferent tt@dﬁvd%dcﬁl‘ﬁhérs‘@@@ée@f Orfdho86! il (Riems é@ﬁ Hgtcﬁb?‘f icients

represents degrees of freedom The eigenvector nmatrix
t he nodes fercthedirst put-ef- ptdaseFmoddmnd produtesed diltpt @utgutsigrsaldevind Ynodal
s .w.th 0.s, 25 coefficients. For the exenplary

St uctiar o CoRleCeRBA dhs Stk ali Bt Phese PRndrivae.  Bhe sReondiaees) filanupes th
coef fi ci St cseMERN I ABCHrAPEEEor FRASE RIS hadY 968 RH3ILAL TR 901

to step 902. During step 9 he 1 nverse or pseudo-1nNvers

ei genvect outpuitsignal |rmwngaﬂnodbhc@rmtenEanHy atame ﬂfsttdw-dfméé(twwt mode. The
pseudo in er?ge;of t he eigenvector matrix 30 contains the nodal filter
coef fi ci e YHtPyt %an Bhe supEned todevelomadrivaisignal bavipg meedal ¢ontent

gener al E%Pt%'eof”rs t-8f1 §95§? O%té@t%@nggé ér{aeth%bf?r%? ot %FBkgsg YwistIHg4e On

(7). Proces I Nng next proce
20 After selecting the appropriate modal filter weighting coefficients, processing

concludes with element 904.

Flowmeter Drive Circuit Modal Filter Flowchart - FIG. 10

FIG. 10 is flowchart illustrating the processing steps for utilizing a modal

filter to produce a Coriolis flowmeter drive signal. Processing begins with step

25 1000 and proceeds to step 1001. During step 1001 the modal filter drive circuit
receives two or more feedback signal signals from the vibrating flow tube.

Processing next proceeds to step 1002 where each feedback signal is amplified by

its corresponding weighting factor. The weighted feedback signals are, during step

1003, summed to produce a filter output signal. During step 1004, the filter output

30 signal is amplified to produce a drive signal which is fed back to the flow tube drive

element. Step 1004 may also include a gain control function. This process

continues until element 1005 during which operation of the flowmeter concludes.

Although specific embodiments are disclosed herein, it is expected that
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19 WD 99/ 02945 PCT/ US98/ 09572 During step 903 the appropriate nodal filter
wej ghting coefficients are selected. In the above exanple the flowreter is
driven i nWO®/62P455t out - of - phase bend node and therefore tREE/YRIGAPS7Ri | t er
coefficients for the first out-of-phase bend node are sel ected. However,
one coul d garsors gkifledrr the agdan and will design alterhativeCaiodip flowraetes dsivey
selecting the nodal fi.lter fficients for .different des., For xanpl e,
one i ght SYEIAES STRIQYRAriedal Tuters thaliare witbinihe, SpGP3 GLMS Filod e TG t he
flow tube dief hferhily oF uRbér Me‘ﬂ?@&?i%etdﬁﬁui@gﬁﬁsl nstead of the first

out - of - phase bend Tnode. In this case t nodal filter coefficients for the
_first out-of-phase twist node, i.e. the second line in Equation (7), are

. used as the weighting coefficients for the 10 nodal filter. A further
exanple i s where one chooses to sinultaneously and precisely excite
-multiple nodes in a Coriolis flow tube. If one wants to drive a flow tube
. at both the first out-of-phase bend node and the first out-of-phase tw st
node then two nodal filters are used. One nodal filter uses the weighting
coefficients for the first out-of-phase node and produces a filter output
signal having nodal 15 content only at the first out-of-phase bend node.
The second nodal filter uses the weighting coefficients for the first

out - of - phase twi st node and produces a filter output signal having noda
content only at the first out-of-phase twi st node. The two filter output
signals are sunmed to develop a drive signal having nodal content only at
the first out-of-phase bend node and the first out-of-phase tw st node. 20
After selecting the appropriate nodal filter weighting coefficients,
processing concludes with elenment 904. Flowreter Drive G rcuit Mdal

Filter Flowmchart - FIG 10 FIG 10 is flowhart illustrating the processing
steps for utilizing a nodal filter to produce a Coriolis flowmeter drive
signal. Processing begins with step 25 1000 and proceeds to step 1001.
During step 1001 the nodal filter drive circuit receives two or nore

f eedback signal signals fromthe vibrating flow tube. Processing next
proceeds to step 1002 where each feedback signal is anplified by its
correspondi ng wei ghting factor. The wei ghted feedback signals are, during
step 1003, sunmed to produce a filter output signal. During step 1004, the
filter output 30 signal is anplified to produce a drive signal which is fed
back to the flow tube drive elenent. Step 1004 may al so include a gain
control function. This process
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continues until elenment 1005 during which operation of the flownreter .
concl udes. wiy dohossgh specific enbodi nents are disclosed herein, it is
expected that 20 WO 99/ 02945 PCT/ US98/ 09572 persons ski | | ed PCA/Y80%72 can
and w Il desjgn. alternative Coriolis flowreter drive systens enploying
nodal filters that are within the scope of the followng clains either
literally or unger tARedbost ki f j ts. 2
PCT/ US98/ 09572 | Claim 1. Ay“a‘rg{"v’eff?%*%’ }e/eﬁ!rgoraqutﬁéa |nt§ﬁ{aeqf ({730 e 98B ner
(103A, 103®mMprigydgpri sing: drive means (104) positioned adjacent said fluid
cont ai ner and r(fs\{)onsi ve 1¢r§)aa dr.ive signal for vibrating said fluid
container; 5 fiF&e UEABY( Resitianey adiacgphsaid: fivid containen anchtesponsivesai d
fluid contal G : 1 i signal indicative of the

@i 8five Siohabic? Yitiiaifiaaid fifk Stk

novenent of sal_d uid contaln _ t !ocati on; secon_d sensor
means (9105') atfirsic$mrdsar cearseCi0E) dtteehbdas aoﬂrrsﬁRﬂcﬁtiEthndsaiG?lﬁﬁd?‘l:Qﬁtrair{ec}g
o) sal

produci ng .a second notion signal indicative of the novenent

fluid cont'® HEAUGNIA IS E@él@%&l@r&ﬁ!aﬂm@aﬁves@ﬁtbefrmmmmmmf saicftuld cohiaiver
signal s hayisagy fimffca -gﬁtent at a plurality of wvibration nodes; and
spatial filter neans ?' ) for receiving said first and second notion

signals and geeeoatlisegsonnteaty V@) Qﬂ‘é‘éhe(fi?%g S8R E)ngs?&rln éﬁa%@gﬂur}gdal

content at less 15 than said plurality of vibration np

appar at us centaing; mfar prRsdusing gsecondundticosignaléndicative bf 6w rdvemeirgpugh
whi ch 4f ui.d: : ratus .of claim2 wherein said flow tube is
part (;P a%&iélﬁﬁgnﬁaﬁggg%%%cgpa 'Q‘?at"ﬂ% apparatus of claim2 wherein

sai d flow tube saii fret Bn@fsedorb RGtidMS; ! %t a0 apparat us
of claim2 wherein said drive mans”‘?‘g”%%%ﬂ@ﬁ%%ﬁ%oﬁem 4t a pluraliy of

vibration modes; and

spatial filter means (50) for receiving said first and second motion signals

and generating said drive signal, said drive signal having modal content at less
15 than said plurality of vibration modes.

2. The apparatus of claim 1 wherein said fluid container is a flow tube
through which fluid flows.
3. The apparatus of claim 2 wherein said flow tube is part of a Coriolis

mass flowmeter.

4, The apparatus of claim 2 wherein said flow tube is part of a vibrating
tube densitometer.

5. The apparatus of claim 2 wherein said drive means is attached to
said flow tube.

0. The apparatus of claim 2 wherein said spatial filter means (50)
includes:

first weighting means (504) for aprlying a first weighting factor to said first
motion signal to develop a first weighted signal (507);
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said flow tube. 6. The apparatus of claim2 wherein said spatial filter
means (50) includes: first weighting neans (504) for applying a first

wei ghti ng Wa&Y8%4%0 said first notion signal to devel op a HGHE$I8RBIFht ed
signal (507); 22 WD 99/02945 PCT/ US98/ 09572 5 second wei ghting neans (505)
for appbyi ng a semmrdweihiingi mgafacd0s) for apphying sesacuhdweighting fgetdr tbo
devel op a second i ghted signal (508) ; and sunm ng neans, _f conbi ni ng
said fi rsts‘%{gisﬁﬁf’é\g f@?%ﬁ'ga%bw%&&?%%éoﬁ?&mweg@nt@g %9@%6(50%); ﬁ?gguce sai d
drive signal. 7 t Al b [ ] grgg&g

i ncl udes: sunrﬁ%rgnﬁnggﬁ;@ 51%?@@?%@%‘%}3% Wg%?g%?@@?rs I%vaerglqﬂg ?ae' SI gﬂgl and
.sai d secongeightaghsigthas tgpaidute spidbdrice sgnabdal |y filtered signal (511); and
amplification neans (40) for anplifying said nodally filtered signal to 5
produce said drive signal. 8 The apparatus of claim7 further conprising:

-a third sensor ans - [: | i t ube
.for producing -};et hi Iéé%k%)?gér%&g?gg%ﬁ%ngp%%{"ﬁ gg’@%@m@&%r{ﬂd&bgg& d
flow tube at sadunrifg ntedrRc@109or BombitingRizad AFtSwaibhtdPRsigndl wWher 4ig sai d
third location is near a position at which said drive neans interacts with

sai d fl ow safeed weightersigpphioaaraguee agnadatgfiteredisignaldapi ). eindg: third

i ghti f lyj t hi i ght]j t t id third
ot on oignar PRG0S sRBBeY R Br AneliviRy el P B8 iRRy Hoans
for combi nhrpdusaisdid drivé sigharond and third weighted signals 5 to produce

said drive signal. 11. The apparatus of claim1 wherein said first and
second sensor neans are velocity sensors. 12. The apparatus of claiml

wherein said figst second sepsor ns are position sensors. 13. The

apparatus of cl@im ﬁaﬁ@PB?WqQ%PBC?fmg%r §8’6‘8ﬁ3'”§ensor means are

accel eration sepgfifdsensor means (401) attached to a third location on said flow tube for
producing a third motion signal indicative of the movement of said flow tube at said

third location.

9. The apparatus of claim 8 wherein said third location is near a position

at which said drive means interacts with said flow tube.

10.  The apparatus of claim 8 further comprising:

third weighting means (506) for applying a third weighting factor to said third
motion signal to develop a second weighted signal (509); and

summing means for combining said first, second and third weighted signals

5 to produce said drive signal.

11.  The apparatus of claim 1 wherein said first and second sensor means

are velocity sensors.

12.  The apparatus of claim 1 wherein said first and second sensor means

are position sensors.

13.  The apparatus of claim 1 wherein said first and second sensor means

are acceleration sensors.
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23 WO 99/ 02945 PCT/ US98/ 09572 14. The apparatus of claim 1l wherein said
first and_second sensor neans are strain gauges. 15. The apparatus of
claime w¥E?é"?°4id first and second wei ghting neans are BEBUERP/09572
anplifiers. 16. The apparatus of claim®6 wherein said spatial filter neans
further includes: an analog to digital converter for converting said first

and second not4.on i i gi.ta ignals;, and 5 said first and second
wei ghti ng means” beiﬁé;eg%aﬁ?%\% Ojr?%'fnfi gﬁ@%’ﬁ??'d'lfﬁét AHBESANGSSASISOE MAams|
further bRgktidimgaugeé®! i tude control neans, responsive to said drive signal

and a reference voltage, for maintaining a nmaxi mumvibration anplitude of
said fluid container at a substantially constant |evel. 18. A nethod for

vibrating a fl1gi d ﬁg{]t ainer . (11 Oﬁaﬁ, 03B),. conprising the steps of:
receiving a fi'Pst 9 8RPiaYEPf PlRIMG Wheseipr sai dirfbelshsecopd waightingui d
cont ai nehe%tnsaargiérgm?%ljﬁgps.on said fluid container, said first notion
signal having 5 nodal content at a plurality of vibration nodes; receiving
a second notion signal indicative of the novenent of said fluid container
at a second Igéati ﬁ_n on said fluid container, said second notion 3ignal

havi ng nodal nt edt'€8PRATAIYS Al Flajmdi Whergintsaid spediekfiltepeaanisl furthiert er i ng
said fi rﬂcl‘_fd%zsecond notion signals to generate a drive 10 signal, said
drive signal having nodal content at |less than said plurality of vibration

modes; and apghydnaiog % digital Vceneelgéﬁfortc@n%eﬁlfdg"%id(fﬁ@ﬂén@%%Eahhvrﬁoﬁcgﬁcause

said fluid container to vibrate in response to said drive signal. WO

99/ 02945sipoR)sUsaligiabsignals; amde met hod of clai m 18 wherein said appl yi ng
nal . to a driver erative to cause

SLeh el e il Ko Sosahd BN aRL o ol S B Loec2 %S,
fluid container is a flow tube
17. The apparatus of claim 1 further including:
amplitude control means, responsive to said drive signal and a reference
voltage, for maintaining a maximum vibration amplitude of said fluid container at a

substantially constant level.

18. A method for vibrating a fluid container (103A, 103B), comprising the
steps of.
receiving a first motion signal indicative of the movement of said fluid
container at a first location on said fiuid container, said first motion signal having
5 modal content at a plurality of vibration modes;
receiving a second motion signal indicative of the movement of said flui{
container at a second location on said fluid container, said second motion signal
having_modal content at a plurality of vibratioh modes;
spatially filtering said first and second motion signals to generate a drive
10 signal, said drive signal having modal content at less than said plurality of vibration

modes; and

applying said drive signal to a driver (104) operative to cause said fluid

container to vibrate in response to said drive signal.
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of a vibrating tube flowreter. 20. The nethod of claim 18 wherein said
spati,ally filtering step includes: applying a first weighting factor to
said first WOPY¥RIignal to develop a first weighted signalPCTARSPYINY a
second weighting factor to said second notion signal to develo 5 a second
wei ght ed si gnall®. and'haunaineg aflaint 18 sihefgingiaid applyirmptemiachiles: second

Wherel i sai d oGRS SRR Faityi 86 =Gyt BBy’ o clSe TRl iR G BRE] “and
sai d secoglvitgh@hhedssorgeab said davedigpal aharsigaibyiuid toetaaterss @ndw tarl

anplifying said nodally filtered signal to produce said drive signal. 22.
The met ho@f sfviliading tube flawmeder. conpri sing: receiving a third nmotion signal
dindicative of the novenent of said fluid container at a third | ocation on
said fluid container, said third notion signal having nodal content at a

plurality of vighy at iTeR HBHBE of éim HHEWAB P Saiefs tiﬁil)é”htﬁﬁriirﬁ%ﬁﬁé‘gzte’lhcludes:

.conprising: applying a third weighting factor to sal I on signal
to devel op a t kipplyingwifigsttvesighstinm fdclorandsasd first mptm sighat &t desstop adirand
third wei %htsﬁﬂ 8isgé}gls to produce said drive 5 signal. 24. The method of
claim1 fWeiGrERdisali ng: controlling a maxi mum vi bration anplitude of

said fluid contgj rgéwﬁ,b i ' il j : ref
vol t age, for ntg?m@?gn?r?g sai ;lpﬁﬁ%&ﬁtﬁb%?;égﬁég%pﬂﬁt&oﬁ\}ggg?l tgacfer (YE Wi d
cont ai ber asecandwaighted ssgrhal; andst ant | evel . 25 0 WO 99/ 02945

PCT/ US98/ 09572 25. A rreé I?,od for generating nodal filter weighting factors
for a nodal fi SHEIMIPGARHA firstaveighied sighabandseaidosgcongr waighiad signainto

i nstrunenb[)cg@c&eé’g}b(awv@gégerpal.vi brating tube (103A, 103B), conprising the
ul 1di

steps of: ng an ei genvector matrix for the notion of said vibrating
tube at N5 | ocations on said vibrating tube;

21.  The method of claim 20 wherein said summing step includes:
summing said first weighted signal and s=id second weighted signal to
produce a modally filtered signal; and

amplifying said modally filtered signal to produce said drive signal.

22,  The method of claim 21 further comprising:
receiving a third motion signal indicative of the movement of said fluid
container at a third location on said fluid container, said third motion signal having

modal content at a plurality of vibration modes;

23.  The method of claim 22 further comprising:

applying a third weighting factor to said third motion signal to develop a third
weighted signal; and

summing said first, second and third weighted signals to prcduce said drive

5 signal.

24.  The methed of claim 1 further including:
controlling a maximum vibration amplitude of said fluid container, responsive
to said drive signal and a reference voltage, for maintaining said maximum

vibration amplitude of said fluid container at a substantially constant level.
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solving for the inverse of psuedo-inverse of the eigenvector matrix to
obt ai,n-. aW@a¥P29%%3 | ter vector for said vibrating tube, sai dpapgiadsdoiist er
vector containing N sets of coefficients wherein each one of said N sets

of coeffi CI ent25. r elAmathod fongenerfatiagnhodal fllié/r wéig thﬁla%gftas?s g?rdggg %'ilegtnt ]

on said tu and 10_sel ecting one of said

as sai d Féqd]%? & (Pr%@ ‘i’rﬁéso 98 tarsa measer eap@ti ivstroment s Emgiogngnal s
fromfee a Iocatlos on said vibrating tube.
26. The Q%ﬁﬂ‘a&ﬁ@’léﬁ?jﬂ?ﬂ@%é@ 3 ﬁ%ggﬁé\lpmﬁ F@Pﬁ f'step includes: performng
an experi ment duildindoan &ctordfiae f e

ei genyectors, for said gl%invgctrorangd'tﬁr¥hg rﬁéﬁd}ﬂg? %\%ﬁ]g@r%ﬁﬁﬁeﬁ%g
vvhere)lg %8&06&%%19 vifirafing febides; devel oping a finite el enent nodel of

said vibrating, envectors fromsaid finite el enment

model for sai r?\ggfg ' Ps:%ﬁ;?%y%@% %%Fﬁ@éﬁ%%@t%matﬂstman sai d
sol vi ng atm@dalrfmleud@%tor f&ﬁbéldﬁlb?éﬁ] ere. X is a
vect or of physical response coordi ng? |l§]osagl @Terl \égeént\c/)g ﬁ{]a"ﬂﬁg and

5 -q is selsPfiregH|cientsiwhergirceach ooem.sa.mu st$ of Dosficrerné r@l@ﬁiﬁt‘o%rf‘é“s 26
WO 99/0 (1% E %3’618 /2 29. The nethod of claim 28 wherein said
sel ecti n(g P"gg r@'OndE‘P%‘?W’rﬁ%‘?@tMﬁﬁﬁdberéﬁngiftﬁbﬂjmd ty of vibration

nodeg) pr esent i xtra a dri ve, signal
for caﬁsl ng %%ﬁ'?%?% %%Iﬂggs%gb& &‘geiﬁ'gw asgmi %@? ier Weé@ﬂfm%l ve to
sai d dEthCtﬁrﬁltheWEdaodeedbwﬁ stgrhaleffrd?ﬁ?éédtﬁcﬁrgeﬁsofsr %Fe%i % %& FK S of

coefficients as ilter weighting factors.
char act eIPF?%S ﬁnﬁﬁﬂ%lp%f&Fri%?ub@BOO) ina drive system (50 104) for a

vi brating tube flowneter (5), conprising the steps of: choosing a tenporary
first weighting factor and a tenporary second weighting factor; 5

receiving a f26.st Thedmthkdof glah 15 afefeihisatd blifGH attached at
a first Iocatern on a flow tube of said vibrating 9 %"f’fé’oﬁ%

orming an experimental modal analysis on said vibrating tube to
generate eigenvectors for said eigenvector matrix.

27.  The method of claim 25 wherein said building step includes:
developing a finite element model of said vibrating tube; and

extracting eigenvectors from said finite element model for said eigenvector

matrix.
28.  The method of claim 25 wherein said solving step includes:
solving the equation x = ®n for n where:
X is a vector of physical response coordinates
® is said eigenvector matrix, and
5 7 is said modal filter vector containing said N sets of coefficients.
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receiving a second feedback signal froma second feedback sensor attached
at, a,second location on said flow tube of said vibrating tube flowreter;
appl yi ng sal@°t&ifdrary first weighting factor to said first FEERK"

signal to 10 produce a fi ra wej ght ed si nal;.ag | ying said tenporary

second wei ght i mf-f acti® meh Pac@gﬂcﬁﬁj‘”h@ n said é?ﬁ%\@ step ‘BF"b'Hgge a second
Cahted s I : . . _ " b . od

adrive st gnat ;So SRR HRA cb S AORIRP B ibieBbA HiBheS tBcm bR SgCLre

content asyibrhling b i eoedraded iasH davelsigpafod chasitgasaid sibgatmgstubend
selecting said tenporary first weighting factor as an operational first
wei ght i ng viiét@iranthd sai d tenporary second wei ghting factor as an

operational - secola eIt ACLAL delk A T3RGNE, LadHEl UM olilng ¢

drive gnal
' from said N sets of coefficients as said modal filter weighting factors.

30. A method for characterizing a modal filter (500) in a drive system (50,
104) for a vibrating tube flowmeter (5), comprising the steps of:
choosing a temporary first weighting factor and a temporary second
weighting factor,;
5 receiving a first feedback signal from a first feedback sensor attached at a
first location on a flow tube of said vibrating tube flowmeter;
receiving a second feedback signal from a second feedback sensor
attached at a second location on said flow tube of said vibrating tube flowmeter;
applying said temporary first weighting factor to said first feedback signal to
10 produce a first weighted signal,
applying said temporary second weighting factor to said second feedback
signal to produce a second weighted signal;
summing said first and second weighted signals to produce a drive signal;
determining whether said drive signal has improved modal content as
15 compared to said first and second feedback signals; and
selecting said temporary first weighting factor as an operational first
weighting factor and said temporary se ~ond weighting factor as an operational
second weighting factor in response to determining that said drive signal has

improved modal content.
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