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DRIVE CIRCUIT MODAL FILTER :

FOR A VIBRATING TUBE FL_OWM_ET ER

FIELD OF THE INVENTION.
- The present invention relates to apparatus and methods of generating a

drive signal for a:Coriolis mass flowmeter driver: More particularly the present
inventionrelates to generating-a drive signal- which -excites only: the desired

vibration-made in the vibrating flow fube of the. Coriolis flowmeter. More particularly
the present invention relates to using modal filters to suppress the undesirable .

- drive signal components and enhance the desirable drive signal components.

STATEMENT OF THE PROBLEM-.

- Itis known to use Coriolis effect mass flowmeters to measure mass flow and
other. information for materials flowing through a conduit. Exemplary Coriolis -
flowmeters are disclosed in° U.S. Pat. Nos. 4,109,524 of August 29,
1978, 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 or 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 bending, torsional - -

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 fiow tube or tubes, and exits the

: ﬂbwmeter 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

- 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-'begin'_s to flow, Coriolis forces

cause each point along the flow tube to have a different phase. The phase on the

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 the phase difference between the pick-off

.
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sensors. The phase difference between two plck-off sensor signals is proporhonal
to the mass flow rate of materlal through the flow tube
An essential component of every Conohs flowmeter, and of every vibrating

- tube densitometer, is the drive or excitation system The drive system operates to
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‘apply a periodic physu:al force to the flow tube wh_u_:h causes the flow tube to

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

" flowmeter. The driver mechanism typically -oontain's one of many well known - .
" arrangements, such as a magnet mounted to one conduit and a wire coil mounted
to the other conduit in an opposing r‘elationshi'i_i to the magnet. A drive circuit

continuously applies a periodic, typically sinusoidally or square shaped, drive
voltage to the driver. Through interaction of the continuous alternating 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
skilled in the art recognize that any device capable of converting an electrical

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

4,777,833 issued to Carpenter and assighed on its face to Micro Motion, inc.) Also,

‘one need not use a sinusoidal ‘sighal but rather any periodic signal may be
appropriate as the driver signal (see U.S. Patent 5,009, 109 issued to Kalotay et.
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 flowmeter vibrate in opposition to one another. However, this is not
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 well as other modes. There are also in-phase and lateral
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
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in addltlon to multople modes being excited by the driven excitation of the. flow

tubes, modes can be excited due to vibrations extemal to the flowmeter. For
example, a pump located elsewhere in a process Im_e might generate:a vibration | : .

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

reason that additional and undesirable modes are sometimes excited in a Coriolis -
flowmeter is when.manufacturing tolerances are such that the driver.elementsare. - -
not located symmetrically .on the flow tubes. This results in the driver putting -

-eccentric forces into the flow tubes hence exciting muitiple modes:of vibration.
Thus a Coriolis flowmeter driven to oscillate or resonate at the first out-of-phase
bending mode actually has a conduit(s) oscillating in many other modes in addition - -

- . to the first: out-of-phase bending mode. ‘Meters driven to oscillate.in a different - .

15

20

‘mode than the first out-of-phase bending mode. experience the same phenomenon
of multiple excited modes in addition to the intended drive mode.. cl

Existing drive systems.process a feedback signal, typically one of the plck- :
off sensor signals, ' to produce the drive signal. Unfortunately, the drive feedback -
signal contains responsesf-from other modes in addition to the desired mode of

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

- fiilter 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
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 signal,
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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 muitiple 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 operétio_nal problems in Coriolis
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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N One problem caused by a multl-mode dnve sugnal is that external vibrations
| such as pipeline vibrations are relnforced by the drive srgnal if pipeline vibrations

- extemal to the Coriolis flowmeter cause the ﬂowmeter to vibrate, the drive feedback

" sngnal contalns the response to the plpellne vnbratron The frequency domain fi lter

10

| falls to remove the undesrred response if the pipelrne vibration falls at least in part
within the frequency pass bandE of the fi lter The filtered drive feedback signal,

' including the undesired response to the pipeline vibration, is amplified and applied -~

to the driver. The driver then operates to reinforce the excitation mode of the

plpehne vibration.
- Another exemplary problem caused 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
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agencies, the total power available at the driver of a Coriolis flowmeter is limited.
This power limitation can be a problem for Coriolis flowmeters particularly with
respect to larger flowmeters -and'f‘more particularly with respect to larger flowmeters
'measuring fluids with entrained gas. A multi-mode drive signal is inefficient since

" it is putting energy into modes in addition to the Idesired drive mode. Thus the -

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

of operating conditions. ' - -

A further problem is that, in the exarnple of a meter driven at the first out-of
phase bend mode, the driver location is also a posrtron of maximum amplitude for -

the second out-of-phase bend mode. Henca the second out-of-phase bend mode
is solidly excited ina 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-pha'se bend mode. :

- An additional problem of a drive signal ha\)infg' modal content at multiple
frequencies occurs with respect to the density measurernent 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
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 resonant frequency of the desired drive mode. An -erroi'

in the density measurement can result.
There is a need for a drive CII'CUIt system for a COﬂOlls ﬂawmeter that drives

the vibrating tube(s) of the flowmeter solely at the desired drive frequency. There
-exists a further need for a drive circuit system-that enhances 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. -
o -STATEMENT OF THE SOLUTION _ o
+ 1,7 The: above identified: problems,:- and others, are s_olved- and a technical
advance achieved in the field by the drive circuiit 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
enhanced. Thus, using the drive system of the present invention, a drive signal is
produced that contains only the desired excitation mode of the Coriolis flowmeter.
flow tube(s). -
‘The system of the present mventuon fi Iters feedback signals from the flow .

tube of a Coriolis flowmeter through a modal filter. A modal filter is a spatial filter
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 multiple feedback signals from different points
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

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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ﬂewmaer are utilized by the system of the p'resent‘invention as feedbat':k'signale.
A modal filter requires at least two feedback signals as input. '

" The drive system of the présent invention is gi’ti_’ﬁzed in one embodiment to

drive a Coriolis ﬂowme'_te__jr having dual, parallel flow tubes. Two pick-off sensors

provide two feedback signals. A third feedback si_ﬁ;al is supplied by a sensor

- located at the position of the driver. The three fe’ef@back-signals are fed into a

modal filter. The modal filter includes an-amplifier -fp'r each feedback signal: A

different weighting factor, i.e. amplifier gain, is applied to each feedback signal and

the three feedback slgnals are linearly-combined by a ‘summer in the modal filter.

The resultant signal output from the-modal filter is ampllfed to produce the drive . -
- signal and the drive signal is applied to the driver. - The amplifier gains of the
“modal filter amplifiers a_re_ selected such that the modal filter operates to suppress

modal content in the-drive signal at the first -but’—'qffjbha'se twist mode and the
second out-of-phase _b'e”nding mode. Further, the dﬁy}e_“,Signal has modal content

substantially only at the first out-of-phase bending mode which is the desired drive
- mode of the flowmeter. The above-described’ slgnal processmg could, of course,
. - be.implemented in discrete analog components or in: a dlgltal lmplementatron The

<. terms *amplifier” and "summer" used herein, for example apply to both analog and

- . digital implementations.

2000

- The modal filter itself is’ comprlsed ofa separate amplifier assoclated with

* each feedback signal and a summer for summrng the y_v_elghted feedback signals.
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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 aweighted feedback signal -
-after it has been amplified by its respective ampllfier in the modal filter. The

" summer simply adds the weighted feedback signa:l"?fto- 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-'predut:e the drive signal.
The drive signal has the same modal content but a greater amplitude than the
filter output signal. ' : i
There are a number of ways to determine the welghtung factors applied by
the modal filter to the feedback signals. All of these various approaches are
-equivalent in their resuits'but-oertain approaches are rﬁOre efficient and repeatable
than others. One approach is simply to select the we'ighting factors through trial

6
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‘and error until a drive signal is obtained having modal_oontqnt substantially only at
the desired drive modé&. Various other approaches ificlude calculating the inverse

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

row of this matrix comprises the appropriate weighting factors for a particular mode. -
The eigenvectors (or modal vectors) necessary to build:the eigenvector matrix can
be obtained through different means including, but not limited to, numerical means:

* such as a finite element model of the flowmeter or experimental. means such as
- experimental modal analysis.- Another approach for determining the modal filter .
- weighting factors is'to use a technique known as the modified reciprocal modal -
10

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 -
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method or combination of methods is suitable. - R
. 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 -

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 flowmeter 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. Inthis - - -
- case, the filter would effectively enhance the first out-phase-bending mode; i.e., the -

.desired drive mode, '_and. suppress the first out-of_—ph_a_:s,:e_, 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,
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 piace of
existing drive signal systems. o _
' BRIEF DESCRIPTION OF THE DRAWINGS

'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. h '

7
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‘FIG. 4 depicts a block dlagram ofa Conolls ﬂowmeter electromcs acoordmg :

:_' to the present invention.

-FIG. 5 depicts a ‘block. dlagram of a COnolls flowmeter drive system

aooordlng to'the presentinvention. -

FIG. 6 depicts a frequency response function of a representatwe flow tube -

- .. feedback signal and the frequency response functnon of the resultant drive. srgnal---- '

. 'aocordmg 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:

10.
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contribution of constituent vibration modes: to the feedback slgnal
. ‘FIG. 8 is a flowchart lllustratlng the prooess steps for selectlng modal filter- -

.- weighting coefficients by trial-and error:-

" FIG. 9 is a ﬂowchart illustrating the prooess for -selecting modal filter

~ - weighting coeffi clents by oelculatlng the inverse: or pseudo-tnverse ‘of the

--ergenvector matrix. -
- ‘FIG. 10is a flowchart |Ilustrat|ng the prooess for uslng a modal filter to
+: develop-a flowmeter dnve slgnal s - : S
' DETAILED DESCRIPTION

‘mass flow information over path 26. A Coriolis flowmeter structure is described -

" although it is apparent to those skilled in'tl"le”aﬂrt'tl'\at'ﬁie present invention could be * -

practiced in conjunction with a vibrating tube d'e'ns:itorneter 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 toﬂo’whabéledosAand 103B are driver

104 and pick-off sensors 105 and 105, Brace bars 106 and 106' serve to define
the axis W and W' about which each flow tube osclllates
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

-iFigure 1 shows a Coriolis flowmeter 5 oompnsln'g"a'"cor'idis"met*er 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
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is directed to enter flow tubes 103A and 1038, flows through flow tubes 163A and . -

103B and back into fianifold 102 from where it exits meter assembly 10 through

flange 101°.
Flow tubes 103A and 103B are selected and appropnately mounted to the -

~ manifold 102 so as to have substantially the same mass distribution; moments of
. inertia and elastic modules about bending axes W-W-and W'-W, respectively. The
.- flow tubes extend outwardly from the manifold in an-essentially parallel.fashion.

.- Flow tubes:103A-103B are driven by driver 104 in opposite directions about

-« . their respective bending axes W and W' and at what is termed the first out of phase
-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 103B and through which 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.

Meter electronics 20 recsives the left and right velocity slgnals 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 103A and 103B.

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

~ mass flow rate and the density of the material passing through meter assembly 10.
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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 5is quite snmllar

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

densitometer, within which fiuid 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
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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- ... densitometer.

10

" available. Thus one need only provide additional feedback signals in a vibrating

tube densitometer in order to. apply the present invention to a vibrating tube

PnorArt Dnve- ._.stem - FIGS: 2-3 and6

FIG 2 deplcts a block diagram of meter electronics 20. :Meter electronics - . .. s
.. 20includes mass flow rate circuit 30, and drive circuit 40. Mass flow rate.circuit30 . . - . -

is one of many known circuits for calculating the mass flow rate of a fluid through -
a vibrating tube based on the. difference in phase between two points on the -

- vibrating tube. Mass flow.circuit 30 produces output to a utiliza_tiari means {not
shown) over line 26. The utilization means might be; for example, a display. The - -
.. details of mass flow rate circuit 30 are well known to those skilled inthe artanddo - -

.. notform part of the present invention. See;U.S. Patent RE 31,450 issued-to Smith
: on November 29, 1983 and assigned on.its:face to Micro Motion, \Inc. or us.

15

_ Patent 4,879,911 issued to Zolock on November14, 1989 and assigned on its face

to Micro Motion, Inc. or U.S. Patent 5,231,884 issued to Zolock on August 3, 1993

Lk and assigned on its face to Micro Motion, inc. for. exemplary information regarding -
- mass flow rate circuit 30. - '

- 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 detail with respect

-to FIG: 3, 9xisﬁng drive'_circuit--systems'ipr;;idtjce,"':ai= drive signal over path.110to - .

. 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 plck-off signails as the -
. - feedback to drive circuit 40. . R

25 .

- FIG. 3illustrates a block dlagram of an exnstang drive circtiit 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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_compares the average amplltude signal from mtegrator 301 to a reference voltage o

Vi - If the average amplltude falls below the referenoe voltage then the pick-off
signal is amplified at multiplier 303 and an amphtude-ponqmoned_ p:ck-off signal is
output from muitiplier 303. The amplitude conditioned pick-off signal is amplified-
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 these skilledin
‘the art of Coriolis flowmeter electronics and do not form part of the present
- invention. ‘See U.S. Patent No. 5,008,109 for a more detailed dlscussnon of

mulitiple embodiments of drive circuit 40.

FIG.: 6 illustrates the modal content of the mput to and output from drive -

circuit 40, ‘FIG. 6 depicts two Frequency Response Function (*FRF”) graphs 600

and 602 having vertical axes representing the log ratio of the flow.tube response. - -

amplitude over the input force amplitude and horizontal- axes: :representing
frequency. The input force amplitude includes components due to the drive signal,

fluid flow turbulence, external vibration sources, etc.. It is assumed, 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 depicts a FRF 601 corresponding

to a feedback 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
(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. _ _ . S _ _
 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
applied to the flow tube. FRF 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

11
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" 602) but the high frequency components drop off due to the frequency domam -

filtering of existing drive circuit 40.
- Drive System According to Present invention - In General - FIGS. 4, 5 and 7
. FIG. 4 depicts a block diagram of a meter. electronics 400 including mass

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 circuit 50 differs from:drive circuit 40, as described in more detail : -
- with respect to FIG. 5. Also, drive circuit 50 receives additional feedback signals -

-as inputs as compared to drive circuit 40. Left ‘and right pick-off signals are . -

received at drive circult 50 over paths 41-42, respectively. Additional feedback
signals are received from additional feedback sensor 401 over path 403. Feedback-

" -sensor 401 represents any number of additional feedback sensors attached to the

flow tube(s) of a Coriolis flowmeter. In one embodiment of the present invention; -
discussed below, feedback sensor 401 is a pick-off sensor located at the posmon o
‘of the driver on the flow tube(s) ofa COI’IOIIS flowmeter: S

- ‘control curcuut 40 and modal filter 500. Existing dnve control circuit 40 is the same
- circuit ‘described with respect to FIG: 3. :lnstead of receiving a pick-off signal

- - directly from one of the pick-off sensors (feedback sensors 503), existing-drive

2
~ 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 -

25
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control circuitry 40 receives the signal output by modal filter 500." Modal filter 500

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

‘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 piek-oﬁs 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
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
12
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Gy, amplifier 505 has a gaun of G, and amplifier 506 has a gain Gy. .Gains G-Gn

are referred to as the welghtung 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 -~ -
. summer 510 to produce a filter output signal over path 511.

-Gains G4-Gy of amplifiers 504-506 are selected such that the f iter. output

_ sngnal over path 511 has an improved modal content as compared with any one of.
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the feedback signals from.feedback sensors 503. A filter output signal having

improved. modal content means: a filter output signal in which a desired modal
response is amplified and at least one undesired modal response is suppressed.
- FIG. 7 illustrates the result of the modal filter described with respect to FIGS.

. 4-5. FIG. 7 includes, for comparison purposes, graph 600 from FIG. 6. Like graph. - .-

- 600; graphs 700-702 have. vertical axes representing the log ratio of flow tube - -
response amplitude over mput force amplitude. .- Graphs 700-702 individually - -

- illustrate FRF's corresponding to the three modes of vibration which, when added

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

-corresponds to the first out-of-phase bend mode component of FRF 601. Graph

701 illustrates FRF 704 which cormresponds to the first out-of-phase twist mode
component of FRF 601. Graph 702 iliustrates signal component 705 which
corresponds to the second out-of-phase bend mode component of FRF 601.. With- -

_ reference.-t_o FIG. 5, FRF 601 characterizes a signal from one of feedback sensors
- 5083 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 component of FRF

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

- adifferent 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
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

13
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10

existing drive circuit) and FRF 703 of FIG. 7 (modal content of drive. slgnal from

- drive circuit of present invention)..

- Selection of weighting - factors (gains- G,-Gu in FIG. 5) for a Coriolis

-flowmeter drive circuit modal filter is dlscussed in more detail below with respect

' to'FIGS. 8-0. 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 determined is not critical and any

one method or combination of methods is suitable and equivalent. -
One method of selecting the weighting. factors for the modal fi lter(s) of a

| Coriolis drive circuit is trial and error.:As noted with respect to FIGS. 5 and 7, the

16

. desired result of modal filter 500 is to produce a filter output signal having improved
" modal content as compared with any one of the feedback signals input to the modal
filter. FIG. 8 is a flow chart illustrating the steps one uses to select modal filter

weighting coefficients using-a trial and error approach.. Steps 801-804 are

‘repeated until a filter output signal (drive signal) is obtained having the desired

.- - modal content. -Steps 801-804 are conducted using an :_actual Coﬁblie-aﬁowmaer,
. properly instrumented to provide the necessary feedback signals along with a drive
- circuit that allows the changing of the gains: of the modal filter amplifiers. -

20

25

. Altematively, 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 usung a numerical model

of & Coriolis flowmeter and associated drive circuit. - :
The process begins with step 800 and ‘continues to step 801 where a first
set of weighting coefficients are selected. During step 801, one can select a

- complete new set of weighting coefficients (gains G,'-Gu) 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 modal filter where each modal filter amplifier has the gain set as determined

- 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 804 operates to determine |f the filter output signal has

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

the modal filter. The user determines what modal content i in the filter output signal
is satisfactory. Thus, “improved modal content” can mean a filter output signalin

~ .which only modal content from the desired drive mode is present. “Improved modal
-content” can-also mean, depending on the user's specifications, that the desired

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 signal has improved modal content then processing continues
to step 805 where the welghtmg coefficient process concludes. If |t is determined

~that the filter output s:gnal does not have improved modal oontent then processing

retumns to step 801. A new set of weighting coefrclents |s selected during step 801
and steps 802-804 are prooessed agam to locate a set of weighting coefficients
that produce a fi lter output sngnal having lmproved modal content.

A method of selectmg the weighting coefficients for a Coriolis flowmeter '
drive circuit is to calculate the inverse or pseudo-inverse of the eigenvector matrix.

- As noted above a vubratlng flow tube of a Coriolis flowmeter 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

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

25

30

. modal transf__ormation to transform a vector of physical responses to the modal

responses or modal coordinates of the system. The standard modal transformation
is given by:

where:
x is the vector of physical response coordinates
@ 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 coordmates

The eigenvector matrix can, as described below be developed for any Coriolis
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 equatlon (1) is solved for n, the
" modal coordinate response(s) as follows: -

-Puttlng equatron (1)in the formof equation (2) requires takung the pseudo-mverse :

" ofthe engenvector matrix @. If the eigenvector matrlx is square and non-singular
then the inverse of the eigenvector matrix (@) is used in Equation (2) rather than -~

" the pseudo-inverse. The eigenvector matrix is square and non-srngular whenthe

10

“calculates the' psuedo-inverse of a modal ‘matrix to determine the weighting

 number of feedback signals from the ﬂow tube equals the number -of modes

consudered and the modal vectors are Ilnearly independent.
" The following example is utl_llzed to illustrate the process by which one

“* coefficients for a Coriolis flowmeter drive cifcuit modal filter.” One could use a

15

physical or a numerical model of the flowmeter to build the eigenvector matrix. In

"~ thefollowing examplé a numerical model of the flowmeter was used.

Afinite element model is built of the tubes of a CMF100 model Coriolis mass

- flowmeter (manufactured by Micro maﬁbﬁ;-'lné;);' The model fixes to ground the

20

- 25

30

~ ends-of the flow tubes that, on ﬁa*phy‘sicél‘ﬂiiv‘vmeter" connect to the flowmeter
" manifold. Finite element modelmg teehmques are well known to those skilled in the -
* art and do not form part of the present invention. The exemplary finite" élement -
" ‘model was built using ‘SDRC-Ideas arid analyzed by MSCINASTRAN, a finite
" element code available from MacNeal-Schwendler. Those skilled in the finite
~ element modeling art recognize that any finite element code could altematively be

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 technlque in advanced dynamlc analysis.

See *A Finite Element for the Vibration Analysis of a Fluid-Conveying Timeshenko
Beam.”. (AIAA Paper 93-1552), for m_ore mformatnon on finite element modeling of
Coriolis flowmeters. | o " '

16
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- fashlon by the finite element model to model the signals generated by the pick-off -

. sensors. “The matrix is used, as descnbed below to develop the welghtmg .
 coefficients for the drive circuit modal filter. The columns (modes) with zeroes in

15
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The eigenvalue coefficients of .me-CMF1m:_mwel are extracted from the

finite element model te build the following 3 row by 10 column eigenvector matrix

for the CMF100 sensor:

02508 000 4.3 0 0 0 3678
() . ®um=|0 35390 00 000 0 3655
- 0.2508 0.0 0 403 0 0 0 3678

" Each row'in the full eigenvector matrix ®ns 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 eerreeponds' to the driver location and the third row

corresponds to the right pick-off location. Each column in the full eigenvector
matrix O oorrespends to a mode of vnbratnon This matrix is used in a known

the full eigenvector matrix ®wa are “in-phase modes”. This means that there is no
relative 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 elgenvector matrix Oy is reduced by removing all the

in-phase columns.

25.1 40.3 368
@ 7 Ouuwa=|354 0 366)
- 251 40.3 368
Equation (4) is the reduced eigenvector matrix ®mauwes. Equation (1), the standard
modal tran_sformation, is rewritten using the'redueed' eigenyector Matrix Greduces S
follows: . |
RPO\ (25.1 40.3 36.8 T
(5) DRV |=|354 0 366|_]| g,

LPO) \ 251 40.3 368 7

17
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* ‘where 1y is the first out-of-phase bend mode modal coordinate response, 1itis the

" " first out-of-phase twist mode modal coordinate response and n is the second out-
- of-phase bend mode modal coordinate responsé and RPO Is the physical response
- fronthe right pick-off sensor, DRV is the physical response from the feedback

- sensor at the drive Iocatton and LPO is the physml response from the left pick-off -
: Sensor. Equatlon (5) is solved for the unknown vector quantatres i.e., the modal :

- vectors:

10

m) (251 403 368\ (RPOY
@ |ulfse o ss : owr |

o ,, 251 403 36.8 LPO

'The reduced elgenvector matrlx is mverted by rmpcrtrng the matnx intoa standard

E | commerclal mathematlcal computatlon package such as Mathcad and utilizing one
of the standard mversuon or pseudo-rnversnon functlons ‘available in these
N computmg packages The resultlng equatron is shown as equatlon (7)

15

o

n,) (. 823892.10° 1.657905.10° .. 8.23892.10°") (R
n, |=|-1.240777.10° - 0.-1.240777.10°
ns) ' 7.975764.10° 1.130755.10° 7.975763. w

20

The numencal coeffi clents in Equatlon (7) are the welghtrng factors for the modal
filter ampllﬁers ina Conolls ﬂowmeter drive crrcult. For example, if one desires to

extract the first out-of-phase bend mcde from the feedback slgnals as is the case

_' here then the first row of the above modal fi Iter vector matrix is used as follows:

' (8) = 8.2389(RPO) + 16.5795(DRV) + 8.2389(!.-!?_0)

25

The first out-cf-phas_e 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 coefficient correspcnding to the left pick-off

18
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sensor), gain G; is set to 8.2389 (the mod_a_l filter vector coefficient oon'esponding '
to the right pick-off serisor) and gain Gy is set to 16:5795 (the modal filter vector
coefficient corresponding to the driver location). The weighting factors are linearly

scaled as a group to provide a filter output signal over path 511 having the proper - .-

amplitude for input inta drive. control circuit 40.
FIG. 9 is:a flowchart illustrating the process steps for determining the drive

-circuit modal filter-coefficients by calculating the inverse or pseudo-inverse of the - -

eigenvector matrix. Calculation of the inverse or pseudo-inverse of the eigenvector
matrix described above and with respect to FIG. 9 is known to these skilled in the
art of advanced dynamic. anaiysis 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 flowmeter from which the eigenvectors
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.

.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 modestobe

filtered. For the current example this is done by eliminating the columns with 0's
as coefficients. For the exemplary structure and sensors described herein, the
columns (modes) with coefficients as 0's are. in-phase modes. Processing
proceeds from step 201 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
contains the modal filter coefficients associated with a pani;:ul_ar 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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" During step 903 the appropriate modal filt'er weighting cosfficients are

. selected. In the above example the flowmeter.is driven in the first out-of-phase

. bend mode and therefore the modal filter coefficients for the first out-of-phase bend

10

" mode are selected. : However; one could build different modal filters for different

applications by selecting the;:'-modal.ﬂ_lt_e? coefficients for different modes. For

_example, one might build a flowmeter having multiple drivers positioned to drive the

flow fube in the first out-of-phase twist mode instead of the first out-of-phase bend

" mode. In this case the modal filter coefficients for the first out-of-phase twist mode,

i.e. the second line in Equatlon (7) are used as the weighting coefficients for the -
modal filter. A further example is where one chooses to simultaneously and

_ precisely excite multiple modes i ina C_onol;s fiow tube. If one wants to drive a flow

tube at both the first out-of-phase bend mode and the first out-of-phase twist mode
then two modal filters are used. One modal filter uses the weighting coefficients
for the first out-of-phase mode and produces a filter output signal having modal
content only at the first out-of-phase bend mode.. The second modal filter uses the

. weighting coefficients for the first out-of—phase twist mode and produces a filter -

20

25
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- output signal havmg modal content only at the first out-of-phase twist mode. The

two filter output signals are summed to develop a diive signal having modal content -

. only at the first out-of-phase: bend mode and the first out-of-phase twist mode.

After selecting the appropnate modal ﬁlter welghtmg coefficients, processlng

- concludes with element 904

FIG. 10 is flowchart |llustrat|ng the processing steps for utilizing a modal

~ filter to produce a Coriolis flowmeter d_nve sugnal. Processmg begms with step

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
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

20
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-persons skilled in the art.can ah'd will de_éign alterative Coriolis flowmeter dnve
systems employing modal filters that are within the scope of the following claims .
either literally or underthe Doctrine of Equivalents.

21
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+ | Claim:

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

- comprising:

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

- to a drive signal for vibrating said fluid container;
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;
| second sensor means (105') attached to a second location on said fluid
container for producing a second motion signal indicative of the movement of
10 -

said fluid container at said 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 h'a_ving ‘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.

" motion signal to develop a first weighted signal (507);

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 claim 2 wherein _said spatial filter means (50)

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

22 This Sheet Has Been Replaced
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5 second weighggpg means (505) for applying_.__._a__ second weighting factor to
said second motion' slgnalto develop a second we.ighted 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 includes:
summing means (510) for combining said first weighted: signal and said
second weighted signal to preduce a modally filtered 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.

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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- 14, Theapparatus of claim 1 wherein saldﬁrstandseoondsensormeans

" 1. ‘are strain gauges.

‘The apparatus of claim 6 where:n said first and second welghtmg -

. ‘means are analog ampluﬁars

- steps of.:

10

16. The apparatus of claim 6 wherein said spatial filter means further -

- includes:

an analog to digitél converter for conVerting said first and second motion

- signals to digital signals; and

- 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 a reference

- voltage, for maintaining a maximum _vibratio_n: amplitude of said fluid containerata -
- 'substantially constant level. - :

18, -Amethod for vnbratmg a fluid container (1 03A, 1038) compnslng the

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

" container at a first location on said fluid container, said first motion signal having
- 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
signal, said drive signal having modal content at less than said pluraluty of vibration
modes; and . AR o

applying said drive signal to a driver (104) operative to cause said ﬂund
container to vibrate in response to said drive signal.

This Sheet Has Been Replaced
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- 19. The method of claim 18 wherein said applymg step includes: -
applying said drwe signal to a driver operatnve to cause said fluid: container
to vibrate in response to said drive signal where said fluid container is a flow tube
of a vibrating tube flowmeter.

20: The method of claim 18 wherein said spatially filtering step includes:

-applying a first weighting factor to said first motien signal to develep a first
weighted signal;

applying a second weighting factor to said second motion slgnal to develop
a second weighted signal; and -

summing said first weighted. signal and said sebo'nd 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- 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 fiuid.
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 welghted signals to produce said drive
signal.

24. The method of claim 1 further including:

controliing 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 ﬂyid container at a substantially constant level.

25
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- 25. A method for generating modal filter weighting factors for a modal -

“filter (500) .in a drive.system (50, 104) for a measurement instrument (5) employmg .
‘a vibrating tube (103A,.103B), compnslng the steps of: ' :

building an eigenvector matrix for the motion of said vibrating tube at N
locations on said vibrating tube; _ _

. solving for the inverse of psuedo-inverse of the eigenvector matrix to obtain

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

sets of coefficients wherein each one of said N sets of coefficients relates to one -

- of a plurality of vibration modes present on said vibrating tube; _and- "

selecting one of said N sets of coefficients as said modal filter weighting :

factors to be applied to feedback signals from feedback sensors located at'said N -

locations on said vnbratlng tube.

- '26." The method of claim 25 WhSrein said building step includes:
. performing an experimental modal analysis on said vibrating tube to -
generate eigenvectors for said elgenvector matrix. - R

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 mode! 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

D is said eigenvector matrix, and _

7 is said modal filter vector containing said N sets of coefficients.

AN
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29.  The method of claim 28 wheréin said sel_eeting 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 o . .
selecting, responsnve to sald determining step, a desired set of cosfficients
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;

receiving a first feedback signal from a first feedback sensor attached ata

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
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

compared to said first and second feedback signals; and
selecting said temporary first weighting: factor as an operational first
weighting factor and said temperary 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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