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DRIVE CIRCUIT MOPAL FILTER 

FORA VIBRATING TUBE FLOWMETER 

FIELD OF THJ: INVENTION 

PCT/US98/09572 . 

·. The present invention relates to apparatus and methods of generating a 

. drive signal for a· Coriolis mass flowmeter driver~ More· particularly· the .present 

invention· relates to generating·· a drive signal which ex~es only the desired 

vibration-mode in the yibratin~ flow tube of the. Coriolis flowmeter. ~ particularly 

5 the present invention relates to using modal filters to suppress the undesirable 

drive signal components and enhan~ the desirable drive signal components~ 

STATEMENT OF THE PROBLEM . 

ltis known to use Coriolis effect mass flowmeters to measure mass flow and 

other. information for materials flowing through. a conduit.· Exemplary Coriolis 

10 flowmeters are disclosed in· U.S. Pat. Nos. 4, 109~524 of August 29, 

19781 4,491,025 of· January·1, 1985, and Re. 31,450 of February 11, 1962, all to · 

J. E. Smith et al. These flowmeters have. one ot more flow tubes of straight or 

curved configuration. Each flow tube configuration in a Coriolis mass·flowmeter 

has a set of natural vibration modes, which may be of a simple bendingi 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 dire!3d through the fiow 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 faxed 

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 senso,._ are processed to determine the phase difference between the pick-off 
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sensors. The phase difference between two pick-off sensor signals is proportional 

to the mass flow rate of material through the flow tut)$. 

An essential component of every Coriolis flowmeter, and of every vibrating 

tube. densitometer, is the drive or excitation.system. The drive system operates to 
. . 

5 apply a periodic physical force to the flow tube which· causes the flow tube to 

oscillate. ·The drive system includes a driver mounted to the flow tube(s) of the 

flowmeter. The driver mechanism typically contains one of many well known 

arrangements, such as a magnet mounted to one conduit and a wire eoil mounted 

to the other conduit in an opposing relationship ·to the magnet. A drive circuit 

1 O continuously applies a periodic, typieally sinusoidally or square shaped, drive 

voltage to the driver. Through interaction of the continuous altemating magnetic 

field produced by the coil in response to the periodic drive signal and the constant 

magnetic field produced by the magnet, both flow conduits are initially forced to 

vibrate in an opposing sinusoidal ·pattern which is· thereafter maintained.. Those 

15 skilled in the art recognize that ariy deVice capable: of converting· an electrical 

signal to mechanical force is suitable for application as a driver. (See U.S. Patent 

4,m,833 issued to Carpenter and assigned on its face to Micro Motion, Inc.) Also, 

one need not use a sinusoidal signal but ·rather any periodic signal ·may be 

appropriate as the driver signal (see U.S; Patent 5,009,109 issued to Kalotay et. 

20 al. and assigned on its face to Miero Motion, Inc.). 

A typical mode, although not ttie only mode, inwhidl 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 niOdeat which the two tubes of a dual 

tube Coriolis flowmeter vibrate in opposition to one another. However, this is not 
25 the only mode of vibration present in the vibrating structure of a Coriolis flowmeter 

driven in the first out-of-phase bending mode. There are, of course, higher modes 

·of vibration which may be excited. There is also, as a result of fluid flowing through 

the vibrating flow tube and the consequent Coriolis forces, a first out-of-phase twist 

mode that is excited as wen 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. 

2 



:..:.· 

'WO 9.9/02945 PCTIUS98I09572 

In addition. to multiple .. modes being excited by. thEI driven excitation of the. flow 
'< ... t·' ., .. 

tubes, modes can. be excited due to vibrations external to the flowmeter. For 

examplei a pump. located. elsewhere in a process line might generate ,a vibration 

along.a pipeline that excites a mocle of vibration in a Coriolis flowmeter. Another 

5 reason that additional and undesirable modes are sometimes excited in a Coriolis 

flowmeter is when, manufacturing. tolerances are sudi that the driver. el.ements·are. 

not located symmetrically ,on the flow tubes. This results· in the driver putting 

· eccentric forces into the flow tubes hence exciting. multiple modes of vibration. 

Thus a Coriolis flowmeter driven to.: oscillate or resonate at the first.out-of-phase 

10 bending mode actually has a conduit(s) oscillating in many other modes in addition · 

. to the first.out-Qt-phase bending mQde .. ·Meters driven to oscillat&:in a different·· 

.mode than .the first.o~-of-phase bending mode experience the same phenomenon · 

of multiple.excited modes in addition to thEt intended. drive mode. 

Existing drive systems. process a feedback signal, typically one of the pick-

15 · off sensor signals, to produce the.drive signal. Unfortunately, the drive.feedback 

signal contains responses fl'Qm other modes in addition to the desired mode of 

excitation.. Thus, the drive feedback signal is .filtered through ,a frequency domain .· 

filter to remove unwanted components and the filtered signal is.then ·amplified and 

applied to the driver~ However, the frequency domain filter used to filter the drive 

20 feedback signal is not effective· at isolating:.the single desired d.W, mode from other 
· mode r&Sponses. 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 signal, 

25 i.e., the drive signal, typically contains modal content at frequencies other than just 

the desired mode for exci~tion of the flow tube. A drive .. signal composed of 

resonant response from multiple modes inputsi through the driver, energy to the 

flow k.lbe that excites each mode for,which the.drive.signal contains modal content 

.Such a multi-mode drive signal causes operati~I 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 amplitud$. 
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One problem caused bY a ·multi.mode .drive •ignal is that external vlbratio~ 
· such as pipe~ine vibrations are reinforced. by the drive signal. If pipeline vibrations · 

external to the. Coriolis floWmeter cause the flowrneter to vibrate, the drive feedback 
:. . ·. . . : ~ .. • ... '. ·. ( . ' : . . 

signal contains the response to the· pipeline" vibration. The frequency domain filter 

. 5 fails to remoVe the undesired response' if the pipeline vibration falls at. least in part 

within the frequency pass band of the filter. The filtered drive feedback signal, 

including the undesired. response to the pipeline vibi'ation, is amplified and applied 

to the driver. The driver then operates'to reinforce the exeltation ·mode of the 

pipeline vibration. 

1 o Another exemplary problem· cauaed by a multi-mode drive signal ·occurs 

when the total amount of drive' power available for driving the flow tubes is an 

issue. In order to meet intrinsic safety requirements set· by various approvals 

agencies, the total power available at the driver of a Coriolis flowmeter ·is limited. 

This pc>wer limitation can be· a problem for Coriolis flownieters partieularly with 

15 respect to larger flowmeters ·aid.more partiCularty with respect to larger fl0wmeters 

· measuring fluids with entrained gas. A multi-mode drive signal is inefficient since 

it is putting energy into lnodes in addition to the desired drive mode. · Thus the 

intrinsic safety power limitation is reached sooner than necessary for a given set 

of operating conditions. 

·· 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 pasition ·of.maximum amplitude tor 

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. 

Ari 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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resonance from the true ~sonant frequency of the desired drive mode. An error 

in the density measurement can result. 
·;• .. ·. i ~: . 

There is a need for a drive.circuit system for a Coriolis flowmeter that drives 

the vibrating tube(s) of the flowmeter solely at the desired drive frequency. There 

. 5 exists a further need for a drive circuit system th~t enh'1nces the desired drive 

. mode in a: drive feedback: signal and suppresses unwanted vibration. modes to 

. produce a drive signal having modal content only at the desired drive frequency. 

,. , ,_ ·:. STATEMENTOFTHE·SOLUTl()N 

.~ , .• The' above identified· problems,, and others, are solved· and. a technical 

1 o advance achieved in the.field by the drive cirCLiit··system of the present invention. 

The present invention provides a method and apparatus for using a modal filter 

to generate a Coriolis flowmeter or densitometer· drive signal. The modal filter 

receives feedback signals from the vibrating flow· tube and produces a drive 'Signal· 

in:which undesirable vibration modes are suppressed and· desirable modes are 

15 enhanced .. Thus, using the drive system of the present invention, a drive signal is 

produced that contains only the desired excitation mode of the Coriolisflowmeter 

flow tube(s). 

·The system of the present invention filt81'.S feedb~ 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 mEt.asured :at different points· 

in:. space and/or in different directions in sp•C$, 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:multiple 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 tubei 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 feedbElck eigoals 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 generat~. by b. pick-0.ff sensors on a Coriolis 
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flowmeter are·utilized by· the System of the. presel'lt invention as feedback· signals. 

A modal filter requires at least two feedback signals as input. · 

The drive system of the present invention is ~Uized in one embodiment to 

drive a Coriolis flowmeter having dual~ parallel ·flaw ·tUb8s. Two pick-off sensors 

5 provide two feedback signals. ·A third feedback signal is supplied by a sensor 
: .. ·· 

. located at the position· of the driver. The.three fe8dback·signals are·fed into a 

modal .filter. The modal filter includes an··amplifier for each feedback·signat A 

. different weighting factor,· i.e. amplifier gain, 's applied to each feedback signal and 

the three feedback signals are linearly combined by·~ :summer in the: modal·filter~ 

1 o The resultant signal output from the ·modal filter is simplified to produce the drive 

signal and the drive· signal is applied to the diiVer. · · The amplifier ·gains of the 

modal. filter amplifiers are selected s.uch• that ·th& mOdal ·filter operates :to suppress 

modaLcontent in the drive. signal at the first out~i>hase twist mode and the 

second out~-phase bending mode~ Further,· the drive signal has modal content 

· . 15 substantially only at the first out..of-phase ~nding mcJ(l9 whidi is the desired drive 

mode· of the flowmeter; The abov.-descii~ signal. f)R.>Cessing could; of course, . 
;, ; .. 

· be irnPl~ented in discrete analog components or in·• digital implementation. The 

' .· 'tenns ,•amplifier" and'."SU1111Tl$r" used herei~. tor example, apply to both analog and 

. · digital implementations. 

··20··.. The modal filter' itself is'·comprised of a·sepa~te aniplifierassociat8d with 

' eaeh feedback signal and 8· summer fOr summing the Weighted feedback signals .. 

The magnitude of the gain of an .amplifier in the rnOc:lal filter is referred to as a 

weighting factor. The feedback signal is referred to a8 a weighted feedback signal 

after it has been amplified by its respective ampl~er in 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 detennine the ·weighting fadors applied by 

the modal filter to the feedback signals. All of these various approadies 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 

6 



--~· 

wo99102945 . PCT/US98/09572 
. . 

and error uitH a driv~ signal is obtained having modal content substantially only at. 

the desired drive rn&:ii: Various other approachetfihelucte·calculating the inverse 

or pseudo-inverse of. the matrix of eigenvectors of the flowmeter structure. · Each· 

rrN1 of this matrix comprises the appropriate ~ighting.factors for.a particular mode. 

5 The eigenvectors (or modal vectors) necessary to build:~ eigenvector matrix can 

be obtained through different means including; but not limiteclto, numerical means 

such as a finite· element model of the flowrneter or experimental. means ·such as 

experimental· modal analysis.· Another approach for d•rrnining. the modal filter 

weighting factors is :to use a- technique known as the. -m9dified reciprocal. modal 

·-· 1 O vector method. A further approach is known as an adaptive modal filter~ The 

means by which the weighting factors -are determined_ .. ·is not critical ·and any one 

method or combination of methods is· suitable. · · · · · 

. The modal filter can be configured to:filter a greater number of undesirable· 

modes from the ·drive signal by using a greater number of feedback signals. At 

15 least two feedback ·signals must be supplied to the modal filter in order to achieve 

the beneficial effects of the present invention~ For example, the two pick-off signals 

of a Coriolis flowrneter could be used as the sole feedback signals to the modal 

filter to produce a drive signal having·two modes· affected_ by the modal filter. In this 

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-pha•~Jwist· mode. To totally · 

suppress all undesired modes in a frequency range.of intt:tr.est requires as·many 

feedback signals as the total number of modes in the frequency rang~ of interest.. 

If fewer feedback signals are available than number of~. the amplitude of the 

desired mode is still enhanced relative to the ampli~d8$ .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 flowrneter and assqqiated meter electronics. 

FIG. 2 depicts a block diagram of a priqr art: CoripH~ flowrneter electronics. 

·FIG. 3 depicts a block diagram of a, prior -art drive system for a· Coriolis 

flowmeter. 
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: FIG. 4 depicts a block diagram· of a Coriolis flowmeter electronics aceording 

. . . to the present invention. 

· '·'· :>FIG. 5 depicts a block diagram of a Coriolis flowmeter drive system 

.. ·· according to the present:invention." ·· . · : : · · 

5 .· ·:FIG. 6 depicts a frequency response function ·of a reptesentative flow tube ·· 

. feedback signal and the: frequericy responae function of the resultant drive.signal . · 

·- . 

.. according to an existing:drive Circuit · · :·' · · - · · . 

:FIG. 7 depicts a frequency response function· Of ·a representative flow tube · -· 

feedback signal and additional frequency. response functions representing the 

1 o. ·contribution of constituent vibration mOcies-.to the feedback signal • 

. ·FIG. 8 is a flowchart illustrating the process steps for selecting modal filter-

weighting coefficients by trial:and error .. ·... - ' 

FIG. 9 is a floWchart illustrating the proce~ for ·selecting modal filter 

weighting coefficients . by calculating the inverse:. or pseudo-inverse ··of the, 

15 ··eigenvector matrix · · ·· · - · · 

- ·FIG. 1 o ·is a flaWchart illustrating the process for using ·a modal filter to 

· ··· · · develop· a flowmeter drive signat .: 

· ·· · _ .. · ··.. DETAILED DESCRIPTION . 

Coriolis Flovlmeter jn General-- FIG. 1 

. 20 < ·. ·· · · :;Figure 1 Shows a CorioliS ;f1owrneter5 oompnsing a Coriolis meter a8Sembly 

· · · 1 o and meter eleCtronies 20. Meter electronics 2o is ·~nected to meter·asserllbly · 

1 o via leads 100 to provide density,. mass flow rate, vOlume flow rate and totalized 

·mass flow information over path 26. A Coriolis flC>Wfneter structure is described · 

althoUgh it ·is apparent to those: skilled in ·th& 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 ftowmeter. 

Meter assembly 1 o includes a pair of flanges 101 and 101 ', manifold 102 

and flow tubes 103A and 1038. Comected to flow tubes 103A and 1038 are driver 

104 and pick-off sensotS 105 and 105'. Brace bars 106 and 106' serve to define 

30 the axis w and w about which each flow tube oscillates. . . 

When flowmeter10 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 



wo99J02945 PCT/US!>S/09572 
. . 

. is directed to enter flow tubes 103A and 1038, flows through flow tubes· 1 a3A and 

1038 and back .intd m~nifold 102 from where. it exits meter assembly 10 through 

flange 101'. 

Flow tubes 103A and .1038 a~ selected and appropriately mounted to the 

· · .. · 5 manifold 102 so as to have substantially the· ~me mass distribution, moments of 

. . inertia and elastic module$ about bending. axes W-W and· W-W, respectively. The 

· · .· '"' flow tubes extend· outwardly from the manifold. in ·an -.essentially parallttl .. fashion. 

. · < · Flow tubes, 103A-103B are drivf:Vl by driver 104 in opposite directions about 

their respective bending axes Wand W and at _what is termed the first out of phase 

· .. 1 O . bending mode of the flowmeter. ··Driver 104. may comprise ·any one.of many well 

known arrangements, such .as a. magnet mounted· to flow,· tube 103A and an 

opposing coil mounted to flow tube 1038 and·. through whidl an altemating,current 

is. passed for vibrating both flow tubes. A suitable. drive signal is applied by meter 

electronics 20, via ·lead 110, to driver 104. 

15 Meter electronics 20receives the left and right velocity signals appearing:on 

leads 111 and 111 ', respectively. Meter electronics, 20 produces the drive signal 

appearing on lead 110 and causing.driver 104 to vibrate tubes 103Aand·103B. 

Meter electronics 20 processes the ·left and. right velocity signals to· compute ·the 

mass flow rate and the density of the material passing throlJgh 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 Ile art flat 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 

flowme~er already has two feedback signals availabl$ tCJ: input to a modal filter, an 

existing vibrating tube d~sitometer has only Qne f~l?ack signal typically 
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available. Thus one need only provide additional t8edback signals in a.vibrating 

tube densitometer in prder to. apply the present imlention to a vibrating tube 

, .. densitometer. 

: ··: ! ... ~; · Prior Art Drive, System .... FIGS~ 2;3 and 6 

5. ·· ·FIG. 2 depictS a bloek diagram of meter electronics 20. :·Meter electronics : 

. 20Jncludes mass flow rate circuit 30, and. drive circtiit 40. Mass flow rate,clrcuit 30 · ·· 

is one of many known circuits for calct.Jlating the mass flow rate ot a fluid through .. • 

a vibrating tube based on the. difference in .phase · betw&en two points on the ·. 

·vibrating tube. Mass flow.circuit 30 Produces oUtput·to a utilization means .(not 

1 o shown) over line 26. The utilization means .might be~ for example, a display. The · 

details of. mass flow rate Qircuit 30 are wen known to thc>se skilled in the art and do 

notfonnpart of the presentinvention. see~u.s~ .Patent RE31.,450 issued to Smith 

on November 29, ·19aa.and assigned .on.itS,face to Micro Motion, Inc. or u~s ... 
. . Patent4,879,911 issuedtoZolockon Novemb-.>14, 1989and assigned·on its face 

15 to.Micro Motion, Inc. or.u~s. Patent 5,231,884issued·toZolock on August 3, 1993 

, . · ·· and assigned on its face to·~icro MQtion, Inc. for, exemplary infOrmation regarding 

mass flow rate circuit 30. · 

· · In existing drive circuitsystems. drive circt;1it 40 receives a· feedback signal 

over path 41 from left pick-off sensor 105. As described in more detail with respect 

20 . to FIG. 3, existing drive circuit ·systems PrcJdUCEfa:, drive signal over path 11 O to 

driver 104. Those skilled in the art recognize that existing· drive systems may 

alternatively utilize the right pick-off senSQr a~ the feedback to drive circuit 40. 

· Also, -some existing· drive systems· utilize the $Um 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 receive.s a feedback signal in the fonn 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 11 o. 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 
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compares the averag~ .. ~mplitude signal from integn,d.'?" ~1; to a reference voltage 
. .:. :·"··:."·· .:··:·; 

V"'. If the average amplitude falls below the ref&rence voltage then;.the pick-off 

signal is amplified at multiplier 303 and an amplitlild.-cc>ncjitionec:t pick-off' signal is 

output from multiplier 303. The amplitude conditioned pick-<>ff signal is amplified · 

5 by power amplifier: 304 to produce·the·final drive signal that'. is fed ·back to driver 

104. Thus drive circuit 40 operates to maintain a relatively constant amplitude • 

. ·The details of existing drive control circuitry 40 are well known to thE>se skilled in 

the art of Coriolis: flowmeter electronics and do not form part of. the present 

invention. · See u~s~ Patent No. 5,009, 109. for a more detailed discussion of 

1 o multiple embodiments of drive circuit 40. 

FIG. 6 illustrates the modal· content of the input to and -output trom drive · 

circuit 40. FIG. 6 depicts. two Frequency Response Function (•FRF•) graphs 600 

and 602 having_vertical axes.representing.the log ratio oftheflow.tube response 

amplitude over the input force amplitude and horizoot;il · axes: ·. repre~nting 

15 frequency. The input force amplitude includes components due to the· drive signal, 

.. fluid flow turbulence, external vibration sources, etc. It is ~ssumed, for purposes 

. of describing FIG~ 6, that the input: force has equal amplitude at all frequencies. 

The scales of the vertical axes of graphs 600 and 602 are different and. the scales 

of the horizontal axes are the same. Graph 600 depi<U a F~ 601 corresponding 

20 to a feedback signal. With reference to FIG. 3, FRF 601, chan.teterizes a signal · 

carried over path 41 from pick-off sensor .105 to existing driVC\l circuit· 40, with 

respect to the .input force applied to. the flow tube. FRF 6Q1 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 Bl and second out-of-phase bend mode 

25 (amplitude peak at point C). Graph 602 depicts a FRF 60~ .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 c8rried over path 

11 O from ·existing drive circuit 40 to driver 104, with respect to the input force 

30 applied to the flow tube. FRF 603 illustrates the effect of the frequency domain 

filtering of drive feectback signal 601. FRF 603 stm .has modaJ content from the 

same tpree mqd~s that comj)rise signat 601 (indicated as, a dotted line in graph 
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· 602) but the high· frequency components drop· off· due to the frequency domain . 

filtering of existing drive circuit 40. 

·. Drive Svsteni According to Present invention - In General ~ FIGS. 4. 5 and 7 

.· .. · · 'FIG. 4 depicts a block diagram of a. meter electronics 400 including :mass 

5 flow. rate circuit 30 and flow tube drive circuit 50. · Meter electronics 400 is similar·. 

to meter electronics 20, described with respect·to 'FIGS. 2-3, with the following··:. 

-exceptions. DriVe circuit50 diff&rs,froril:driVe circuit~. as desaibed in more detail ; .·. 

with respect to FIG. 5. Also, drive cireuit 50 receives additioiiai feedback signals 

as inputs· as compared to drive circuit 40. Lett and right pick-off signals are .. 

1 o received· at drive circuit 50 over. paths· 41-42, respectively. Additional feedback 

signals are received from additional feedback sensor 401 oVerpath 403. Feedback··· 

·sensor 401 represents any number Of additional feedback· sensors attached to the 

·flow tube(s) of a Coriolis flowrneter. In one embodimerlt of the present invention; · 

discussed below; feedback sensor 401 is:apiCk-offsensor located at the position · 

-15 · of·the driver on the flow tube(s) of a ·coriolis flowmeter/ · 

FIG~ 5.depicts··a block diagram:of:drive·circuit 50 including existing' drive 

· control circuit 40 and modal filter 500> Existing drive 'control circuit 40.is the same · 

· circuit described with respect to FIG~ a .. ·· Instead of· receiving a piCk.;off signal 

. directly from one of the pick-off seiiSorS :·(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 sensor8105-105' 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 

so~. Each additional feedback signal produced by each aclditiOnal feedback sensor 

25 ·is communicated to drive circuit 50 over a· separate path 4o2. Pick-d'fs 1OS-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 antjway for computation of mass flow rate. 

Each of feedback signals 503 is input to one 'of amplifiers 504-506. Again, 

amplifier 506 represents any nl.imber of additional amplifiers for receiving signals 

from any number of additional feedback sensors 401. Amplifier 504 has a gain of 

12 
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G1, amplifier 505 has a gain of G2 and amplifier 506 has a gain GN. :Gains G,,.GN . 

·. ··.~A ... :· .· 

are referred to as the weighting factors applied by modal filter 500 to the feedback 

signals. The outputs of amplifiers 504-506 over paths 507-:509 are referred. to as 

the weighted feedback signals·~ The weighted feedback signals are summed by · · 

5 .. summer 510 to produce a filter output signal over path 511. 

·. . . .· ·. Gr;1ins G1-GN of amplifiers .504-5()6· are selected suc;h th.at the filter output 

signal over path 511 has anJmproved modal content as compared with any. one of. 

·tl'le feed~~ck signals from, feedback sensors 503. :A filter output signal having. 

improved modal content means· a filter output signal in which a desired modal 

10 response is amplified and at least one undesired modal response is· suppressed. 

Fl~• 7 illustrates the resuJt of the modal filter descri~ with respect to: FIGS. 

45 .. FIG. .7 incJudes, for comparison purposes, graph 600 from FIG. 6... Like graph.· 

6001 graphs 700-702 have vertical axes ·representing the log ratio of flow tube · 

response amplitude over input force amplitude. ·Graphs 700-702 individually .. 

15 illustrate FRF's corresponding to the three modes .of vibration which, when added· 

through s.uperposition, make up FRF 601. .Graph 700 illustrates FRF .703 which 

corresponds to the first out-of-phase bendmode component of FRF 60.1. Graph 

701 illustrates FRF 704 which corresponds. to the first out-of-phase twist mode 

component .of FRF 601. Graph 702 illustrates signal c:omponent 705 which 

.20 co~esponds 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 50Q operates, asdesai~ above with.respect 

to FIGS. 4-5, to remove all but the desired vibration mode from FRF .601. Thus, 

FRF 703( corresponding tq the first out-of-phase bend mode component of FRF 

25 . · 601,. represents the modal content of a signal over path 51.1 from modal filter~ 

to drive control cirooit 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 11 O to driver 104 

from drive .circuit 50 excites only the first out-of-phase bend .. mode of flow sensor 

30 1 O. The difference.between the drive signal produced by existing drive circuits and 

the drive signal produced· by the drive circuit of. the present invetntion is illustrated 

graphi~lly by CQmparing FRF 603· of FIG. 6 .(modal ·cont•nt of drive signal from 

13 
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existing drive circuit) and ·FRF 703 of FIG. 7 (modal content of drive signal from 

· drive circuit of present invention). 

Selection of Modal Filter Weightina Factors - FIGS~ 8-9 

.. . · Selection of weightin·g · factors (gains· :G1-GN in FIG. · 5) for a Coriolis 

5 · flowmeter drive circuit modal filter is di8CUSSed in more• detail below with respect 

.to· FIGS. 8-9. There are a variety of methods one can use to select the weighting 

. factors for the modal .filter(s) applied to a drive circuit of a Coriolis mass flowmeter. 

· The means by which.the Weighting factors are· detennined is not critical and any 

·one method or combination of.methods is suitable and equivalent. . 

1 o· One method of selecting the weighting f8ctors for the modal filter(s) of a 

, Coriolis drive circuiUs trial and error.: :As noted with resj>ect to FIGS. 5 and 7, the 

,• ' : desired result of modal filter 500 is to produce· a filter output signal having improved 

modal content as compared with any orie of the feedback signals input to the modal 

filter. FIG. 8 is a flow chart· illustrating the steps orie uses to select modal filter 

15 weighting coefficietitS using ··a .trial and error approach. Steps 801-804 are 

· repeated until a filter output signal (drive signal) is obtained h8Ving the desired 

• .. ·. . , modal content. Steps 801-804-are eonducted using an actual Coriolis ·flowmeter, 

· ·. ·properly instrumented:to provide the neceSSaryfeedbSck signals along;with a·. drive 

· ·. -circuit that allows the changing of ·the gains: of the modal· filter amplifiers. 

20 · .•. Altematively, the feedback signals can be recoR:led, fOr example iri a Digital Audio 

Tape fonnat, and re-applied to the mOdal filter drive circuit with each pass through 

steps 801-804. Alternatively, 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 step 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 G1-GN) each time step 801 is 

executed or one can select a new weighting c()efflCient for just one feedback signal 

each time step 801 is executed. During step 802 the feedback signals are applied 

to the modal filter where each modal filter 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. 

14 
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Decision block EK)4 operates to determine if the filter output signal has 
·~···~. . ~ . 

improved modal conterit as compared to any one of the feedback signals input to 

the modal filter. The user determines what modal content in the fitter output signal· 

is satisfactory. Thus, •improved modal content• can mean a filter output signal.in 

5 · which only modal content from the desired drive· mode is present. · •Improved modal 

content• can alSQ mean, .depending on the user's spec:ifications, that the desi~ 

drive mode amplitude is at least 20 dB greater than. the amplitude of the other 

modes present, for example. If it is determined, by operation of decision block 804, 

that the filter output sign~I has improved modal content then processing continues 

1 o to step 805 where the.weighting coefficient process conclud8$. · If it is determined 

that the filter output signal does not have improved modal content then processing 

returns to step 801. A new set of weighting coefficients is selected during step 801 
. . 

·and steps 802-804 are processed again to· 1ocate a set of weighting. coefficients 

that produce a filter output signal having improved modal content. 

15 A method of· selecting the weighting coefficients for a Coriolis flowrneter 

drive circuit is to calculate the inverse or pseudo-inverse of the eigenvector matrix. 

. As noted above, a vibrating flow tube of a Coriolis flowrneter has present a 

combination of vibration modes. Analyzing . the flow tube motion. in physical 

coordinates, e.g. the singular response at individual points and directions on the 

20 flow tube, requires the analyeis of coupled equations whi~ do not easily yield 

useful information about the motion of the flow it.lb$. HQWever, 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=~ 

where: 
x is the vector of physical response coordinates 

30 4> is the eigenvector matrix, ·the columns of whiCh are the. flow tube 
eigenvectors (also reterred to as modal vectors) of interest, and 

11 is the veetor 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 
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feedback signals, to the .modal filter. Therefore equ,tion (1) is solved for 11, the 

modal coordinate response(s) as· follows: · 

... ' (2) 1:" ~·· ·. ' 

Putting equation (1) in the fonn of equation (2) requirea taking the pseudo-Inverse . 

of the eigenvector matrix G>. If the eigenVector matriX is square and non-singular .. 

then the inverse Of the eigenvector matriX (G>.1) ·is used in ·Equation (2) rather than 

the pseuc:fc>.;.inverse. The eigenvedor matrix is square and non-singular when the··: 

10 number· of. feedback signals from the flow tube equals the: number ·of. modes· 

considered and the modal veCtors are linearly independent 

The following ·example· is· ·utmzed to illustrate the process by whidl one 

.. calculates the psuedo-inverse Of. a modal rnatrix to determine the . weighting· 

coefficients for a Coriolis flowmeter drive: cireuit modal filter. One could· use 'a 

15 physical or a numerical model ofthe'flawmeter to build the eigenvedormatrix. In 

the·following example a numerical· model· of the flewmeter was. usect~ 

Afinite element model is built of the:tub8s of a CMF100 ri1od8I COriolis mass 

· floWn1eter (inanufacturect ·by Mien>" Mdtion, Inc~)~ · The model fixes to ground the 

. etids·of'the flow tubes:that, on a''physical flbwmeter, connect to the flowmeter 

20 manifold. Finite elemenfmodeling techniques are weJfl<nown to·thosErskilled in the 

art·anddo not.form parfof th9 present in\terition. The exemplary finite·element 

:model was built t.ising·soRC-ideas arid.analyZed 'byMSCJNASTRAN,· a finite· 

element code available from MacNeal-SchW9ndler~ Those skilled in· the finite 

element modeling art recognize that any finite element Code could alternatively be 

25 used. The locations of the feedback sensars were modeled to produce ·output 

representative of the relative motion bet\veen 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.•. (ArAA Paper 93-1552), for more information on finite e1apent· modeling of 

Coriolis flowmeters. 

16 
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The eigenvalue .coefficients of the -CMF100. .model are extracted from the 

finite element model to build the following .3 row by 10 .CPIJ,Jmn eigenve.ctor matrix 

for the CMF100 sensor: 

[

O -25.08 :O.- 0 -0 -40.3 0 0 0 36.78] 

Cb-= o _35.39 _o o o o o o o 36.55 

0 25.08 0 0 0 40.3 0 0 0 36.78 

(3). 

· Each rovl in the full eigenvector ·matrix -4f>ru, of equation (3) corresponds· to a 

physical location on the flow tube~· -·The first row corresponds to the left pick-off 

location, the second row corresponds· to the driver location and the third. row 
corresponds to the right pick-off loCation. EaCh column in the full eigenvector 

1 o - matrix cJ>tuif COrresponds to a mode Of vibration. This matrix is used in a known 

fashion btthe finite element model to model'the signals generated by the piCk.off -

sensors. ·:The matrix is used, as desCribed below, to develop the weighting. 

coefficients for the drive circ:Uit rriOdal filter. The columns (modes) with zeroes in 

the full eigenvector matrix G>run are •in-phase modes•. This means that there is no 

15 relative motion between the tubes because both tubes are moving with the same 

20 

-- 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 ifli>hSse modes. -The full eigenvector matrix cl>u is redUced by removing all the 

in-phase columns. 

(4) 
[

25.J. 40.3 

Cb.--== 35.4 0 

25.1 40.3 

;::] 
36.8 

Equation (4) is the reduced eige~ector matrix Cb ....... ~Equation (1 ), the standard 

modal transformation, is rewritten using the reduced eigenvector matrix Cbreduced as 

follows: 

40.3 

25 (5) [
RPO] [25.1 
:~ == ;~: 

36.8] ,,. 
0 36.6· ,,, 

40.3 36.8 .,,,,, 

17 
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Whe·re Ttb is t'1e first oUt-d-phase 'bend mode modal coordinate response, tlt is the 

: first out.;of.:ptiase twist mode modal coordinate resp0nse and .... is the second out­

.·· ·ofi)hase ·bend mode modal coordinate respans9 and ·~p() is the ptiys;cal· response 

fronfthe ·right pick-off sensc>r, · DRV is the 'phylical reSponse trom the feedback 

5 . sensor at the drive location and LPO is·the.phySical ~nse from the left pick-off 

· sensor. Equation (5) is solved for the unknown vector·quantities, i.e., the modal 

· vectors: · 

·. (6) E-[:.: :~ ~;:J-[~J 
·.. . 
'· .... ' · ... , ''.; :-·: 

1 O . The reduced eigenveqtor rnatr.ix ~s inv~~ py importin,g the matrix into a •tandard, 
·. .. ~. ·. ' . •. : •. :· ~· . . . . . . ·;. . '.~ . ...: "'. : .:· . . . . . . . .. ; .. , :. ;. . . . . ··: . '. :; : . 

comme~al mathematic;al computation pacl(age sud1·~_1\,1athcad and.utilizing one 
·.. . .. - .. · . ... ; .. :· . . ·,···. : . .·· :: : . 

. .. . .. _ ~ . Jh~ ~~ndard inv~~'on. ()r . P8'1JdQ-inv~~i()n ~~ions . available in .these 
. . . . . .· . - .: . ·.: ·. . ·. . . . . . ·. ~ : . . . 

com~il'.lg. package~. ·]"he resulting equation is shc>Wti as equation (7): 
. . ·:·:·:'. . . . ;:,, ... ··. . . .· .. :i 

··.·•· .. ·· 

15 (7.) 
..... , ,·,_ .. · ... - . '·=:""=:.: 

. "• . 8.23~2.1rr
11 

. l.657?0$ •. Jrr
1 

.· . . 8.23892.Jlf.: ... [:. ··DRl'iw·:.· •n
00
Y. J 

,,, == -1.240777.Jrr' .o .·. J.240777.Jtl rn 

,,,. ·. 7.975764.Jrr' J.130755.Jo' 7.975763.1rr
11 

The numerical coefficients in Equation ·(7) are tile weighting factors for the modal 

filter amplifiers in a Coriolis t1Meter drive circUit F!Jr 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,mabix is used as follows: 

(8) Tlb = 8.2389(RPO) + 16.5795(DRV) + 8.2389(LPO) 

25 The first out-of-phase ~nd mode modal vector coefficients were multiplied by 1 a' 
to simplify Equation (8). With ~erence to FIG. 5, gain G1 of amplifier 504 is set 

to 8.2389 (the modal filter vector coefficient corresponding to the left pick-off 

18 
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senl$0r), gain .~ is set to 8.2389 (the modal filter vectc:>r ~fficient corresponding 
to the right pick-off sensor) and gain Gt. is set to 16i5795 (the modal. filter vector 
coefficient corresponding to the driver locatie>n). The weighting fa~ are Hnearly 
scaled as a group to provide a filter output signal c:>ver ~h 511 having the proper · 

. 5 amplitude for input into drive. ce>ntrol circuit 40~ 

··FIG. 9 iS: a flC>Wdlart illustrating the process steps for d$t8rmining the drive 
'"" circuit modal. filter coefficients by calculating the inverse or ~ud~inv .. of the 

eigenvector matrix. .Calculation of the inV91'$e or pseudc)..inverse of the eigenvector 

matrix desaibed above and with respect to. FIG~ 9 is known to these skilled in the 
1 o art of advancect dynam,.c analysis and is a useful· tool. for determining the drive 

circuit modal filter coefficients. The flowchart.of FIG. 9 begins with element 900 
and proceeds to step_ 901. During step 901 the eigenvector matrix, is built As 

noted above, a method. of determining the eigenvectors for-:the eigenvector matrix 
is by building a finite element model of the flowrneter from which the eigenvectors 

15 are extracted.. Another approach is to use expaimental modal· analysis to 
determine the eigenvectors directly from a physical sample of·the flowrneter. 
Experimental modal analysis is well known to those skilled in the art and its 
methods and use to not form part of the present invenQon .. 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 1 O modes·of vibration at 
three points on the flow tubes. Each column of th.:t eig~or 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 O's 
25 as coefficients. For the exemplary structure and sensors describ&Q herein, the 

columns (modes). with coefficients as as . are .. in-phase modes. Processing 
proceeds from step 901 to step 902. 

During step 902 the inverse orpseu~o-inverse of the eigenvector matrix is 

calculated. Each row of the inverse or pseudo-inverse of the eigenvector matrix 

30 contains the modal filter c;:oefficients associated with a particular mode. This is 

expressed· in general by Equation (2) and is shown for the above example by 
Equati~ (7). Processing next proceeds to step 903. 

19 
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. During step 903 · the· appropriate. modal filter weighting coefficients are 

· selected. In the above example the flowmeter .. is dri~en in lhe first out-of-phase 

.- ... , . ·.. . beoctmodeandthereforethe:modalfiltercoefficients:fc>rthefirstout-of-phasebend 

.·. ·· · .. .. mode are selected. ·.However~· :one CX>Ulcl build. different·modal· filters for different 

5 applications by selecting the: modal .filter cOefficJents · tOr different modes. For 

. ·example, one might build a flowmeter having multiple.drivers positioned to drive the 

flow tube in the first out-of-phase tWist' mode instead Of the first out~-phase bend 

mode.· In this·case the· modal filter~ tor th& first out-of-phase twist mode, 

i.e. the second line in Equation (7), are tised as the weighting coefficients for the 

10 modal filter. A further example is where one ChC>oSes to simultaneously and 

precisely excite multiple modes·in a Corioiis flaw tube. ·If one wants to drive a flow 

tube at both the first out-of~phase bend rfiOde: and the.first out-of-phase. twist mode 

then two modal filters are used~ Ontit: modal filter uses the weighting coefficients 

for the first out-of-phase mode and pri>dl.lces a ·fitter Output signal having modal 

· · 15 content only at the first out-of-phase bend madEt. The second .modal filter Uses the 

weig~ting coefficients for the first. out4i>h8se twist mode and produces a filter 

· output signal having modal content onty at the· first out-of-phase twist mode. The 

two filter output signals are summec:t·to develop a drive signal having modal content 

' ' only at the first out-of-phase b&nd rTiCKle and the first out-of-phase twist mode. 

'' 20 After selecting the appropriate modal·' filter weighting coefficients, processing 

concludes with element 904~ 

Flowmeter. Drive Circuit.Modal Filter flowcbart - FIG. 1 O 

FIG. 1 o is flowchart illustrating the processing steps for utilizing a modal 

filter to produce a Coriolis flowi'neter 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 ead"I 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 dri\te 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 

20 
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- . 
. persons skilled in the art can and will design altemative Coriolis flowmeter drive 

systems employing modal filters that are within the sc.ope of the following:claims 

either literally or uncl!f": the .Doctrine of: Equivalents. 
:.··.··!·.·. 
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* C L M S * 
· · , I Clairn: 

1 .. · A drive system for vibrating· a fluid container (103A, 1038), 

comprising: 

drive means (104) positioned adjacent said fluid container and responsive 

to a drive signal for vibrating said fluid container; 

5 first sensor means (105) attached to-a first location on said fluid container · .. ' 

for producing a first motion signal indicative Of the movement of said fluid-container 

··.. at said first location; 

10. 

second sensor means (105') attached to a second location on said fluid 

container for producing a second motion .signal indicative of the movement of 

said fluid container at.~aid second location; 

said first and second ·motion signals having modal content at a plurality 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. 

6. The apparatus of clail'l'.1 2 wherein said spatial filter" means (50) 

includes: 

first weighting means (504) for applying a first weighting factor to said first 

motion signal to develop a first weighted signal (507); 
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5 second weighting -means (505) for applying a second weighting fader to 
. · ... ··~. ::'. . - .·. 

said second· motion signal to develop a second weighted signal (508)' ; and --

summing means for combining said first weighted signal and said second 

weighted signal to produce said drive signal. 

7. The apparatus of claim 6 wherein said summing means includ•: 

summing means (510) for combining said first· weighted~ signal- and said 

second weighted signal to produce a modally filterect signal (511 ); and 

amplification means (40) for amplifying said modally filtered signal to 

5 · produce said drive signal. 

8. The apparatus of claim 7 further comprising: 

a third sensor 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. 

1 O. 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 saidfi~ 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 Ser1$0r means 
are acceleration sensors. 
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· 14. The apparatus·of claim 1 wherein said first and second sensor means 

·- ·· · are strain gauges. 

·. · . .: 
'.- ... 

15. The apparatus of claim 6 wherein said first and second weighting · 

'means are analog amplifiers. 

16. The apparatus of Claim ·s wherein said· spatial filter means further · .. 

ineludes: 

an analog to digital converter for converting said first and· second motion 

· signals to digital signals; and 

5 said first and second weighting means being digital amplifiers. 

· 17~ The apparatus of claim-1-·further including: ·-

.. amplitude control means, responsive to -said drive signal-·and-areference 

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. 1038), comprising the 

·Steps of: 

·. -receiving -a first motion ·signal· indicative of the· movement of said fluid 

container at a first location on said fluid 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 fluid 

container at a second location on said fluid container, said second motion signal 

having modal content at a plurality of vibration modes; 

spatially filtering said first and second motion signals to generate a drive 

1 o 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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19. The meth~d of .claim 18 wherein said applying step includes: · 

_applying said aHv~ signa1 to. a driver operative to.caU$8 said fluid, container 

to vibrate in response to said .drive· signal·where said fluidcontainet is a flow tube 

"of a vibrating tube flowmeter. 

20~ The method of claim· 18 ~rein said spatially filtering.step inc;ludes: 

.applying a first weighting factor to said first motion signal to develop a first 

weighted signal; 

applying a. second weighting factor to said second mOtion signal to develop 

5 a second weighted signal; and 

summing said first weighted signal and said second weighted signal to 

produce said drive signal. 

21. The method· of claim 20 wherein said summing~ step includes: 

summing said first weighted signal and said,second weightect·.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 firs~ second and third weighted signals to produee said drive 

5 signal. 

24. The method 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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· 25. ·. A method for g~rating ·modal· filter weighting factors for a modal . 

filter (500) in a· drive system (50, 104) .for a measurement instrument (5) employing . 

a vibrating tube (103A,. 1038)~ comprising the steps of:. 

building an eigenvector matrix for the motion of said vibrating tube at N 

5 locations on said vibrating tube; 

solving for.the ·inverse:of psuedo-lnvarse of the :elgenvecter matrix to: obtain · 

a modal filter vector for'said vibrating tube, said rnOdal·filter vector containing N · 

sets of coefficients wherein each one of said N sets of coefficients:relates·to one ,c 

·. of a· plurality of vibration modes present on said vibrating tube; and .· 

1 o selecting one of said N sets of coefficients as said modal filter weighting •· 

5 

. factors to be applied to feedback signals from feedback sensors located ·at uid N .. : 

locations on said vibrating tube. 

26. · The method of claim 25 wherein said ·building step includes: 

performing an experimental modal analysis on said vibrating tube to · 

generate eigenvectors for said eigenvector matrix. . 

· 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 ·, 

28. The method of claim 25 wherein. said solving step includes: 

solving the equation x = ·4>1\ . for.., where: ·. 

x is a vector Of physical response·coordinates 

.~ is said eigenvector matrix, and 

11 is said modal filter vedoi" containing said N sets Of coefficients. 

111111111111111111111111111111 
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29. The method of claim '28' Wherein said s~lecting step includes:· 

determining which of said plurality of vibration modes present on said 

vibrating tube is to be extracted as a drive signal for causing said vibrating.tube to . 

vibrate; and 

5 selecting, responsive to said determining step, a desired set of CQefficients 

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 (SO, 

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 flowrneter; 

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 feecl>ack signal to 

1 O 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 second weighting factor as an operational 

second weighting factor in response to determining, that said drive signal has 

improved modal content 
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