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APPARATUS AND METHOD FOR DETECTING VIBRATIONS, E.G. IN A CORIOLIS MASS-FLOWMETER, USING 
NOISE FILTERING. 

5 

Field of the Invention 

The present invention relates to analysis of sensors and similar structures, and 

more particularly to process parameter sensors such as mass fl.owmeters, and related 

methods and computer program products. 

Background of the Invention 

Many sensor applications involve the detection of mechanical vibration or 

other motion. Examples of sensors that utilize such motion detection include Coriolis 

mass flowmeters and vibrating tube densitometers. These devices typically include a 

conduit or other vessel that is periodically driven, i.e., vibrated. Properties such as 

10 mass flow, density and the like associated with a material contained in the conduit or 

15 

vessel may be determined by processing signals from motion transducers positioned 

on the containment structure, as the vibrational modes of the vibrating material-filled 

system generally are affected by the combined mass and stiffhess characteristics of 

the containing conduit or vessel structure and the material contained therein. 

A typical Coriolis mass fl.owmeter includes one or more conduits that are 

connected inline in a pipeline or other transport system and convey material, e.g., 

fluids, slurries and the like, in the system. Each conduit may be viewed as having a 

set of natural vibrational modes including, for example, simple bending, torsional, 

radial and coupled modes. In a typical· Coriolis mass fl.ow measurement application, 

20 each conduit is excited at resonance in one of its natural vibrational modes as a 

material flows through the conduit. Excitation is typically provided by an actuator, 

e.g., an electromechanical device such as a voice coil-type driver, that perturbs the 

conduit in a periodic fashion. Exemplary Coriolis mass flowmeters are described in 

U.S. Patent Nos. 4,109,524 to Smith, 4,491,025 to Smith et al., and Re. 31,450 to 

25 Smith. 

A commonly used type of Coriolis mass flowmeter includes parallel U-shaped 

conduits that form parallel material paths. The conduits are driven by a voice coil 

actuator connected between the conduits near their apices. A periodic drive signal 
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applied to the actuator causes the conduits to be excited ih opposing periodic patterns. 

When there is substantial~y zero flow through a conduit, points along the conduit tend 

to oscillate with approximately the same phase. When material is flowing through the 

conduit, however, Coriolis forces arising from the material flow tend to induce phase 

5 shifts between spatially d~verse points along the length of the conduit, with· the phase 

of the inlet end of the conduit generally lagging the driver and the pha8e of the outlet 

end of the conduit generally leading the driver. The phase shift induced betweentWo 

locations on the conduit is approximately proportionai to the mass flow rate of the 

material flowing through the conduit. This phase shift typically is measured by 

10 measuring a phase shift between motion signals produced by first and second motion 

transducers placed near the inlet and outlet ends of the conduit, respectively, at the . 

excitation frequency.ofthe mass flowmeter. 

Unfortunately, the accuracy of such a phase shift measurement may be 

compromised by nonlinearities and asymmetries in the conduit structure, as well as by 

:15 unwanted contributions to the phase shift caused by extraneous forces such as forces 

generated by pu~ps and compressors that are attached to the flowmeter, as well as 

pressure forces exerted by the material flowing through the flowmeter. The effects of, 

these forces are commonly compensated for by usin~ flowmeter designs that are 

balanced to reduce effects attributable to external vibration, and by using frequency 

20 domain filters, e.g.,. bandpass filters designed to filter out components of the motion; 

signals away from the excitation frequency. However, mechanical filtering 

approaches are often limited by mechanical considerations, e.g., material limitations, 

mounting constraints, weight limitations, size limitations and the like, and frequency 

domain filtering may be ineffective at removing unwanted vibrational contributions 

25 near the excitation frequency. 

Summary of the Invention 

In light of the foregoing, it is an object of the present invention to provide 

process parameter sensors and associated methods and computer program products 

30 that can more accurately measure process parameters associated with material 

contained in a vibrating conduit or vessel. 
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It is another object of the present invention to provide apparatus, methods and 

computer program products that can provide more accurate characterization of 

structural motion. 

These and other objects, features and advantages are provided according to the 

5 present invention by apparatus, methods and computer program products that utilize a 

force filter configured to receive motion signals representing motion of a conduit, 

vessel or other mechanical structure, and operative to produce a force-filtered motion 

signal that discriminates motion attributable to a force of interest among a plurality of 

forces acting on the structure. In process parameter sensing embodiments, the force-

1 O filtered motion signal may be used to estimate a process parameter, such as mass flow 

or density, associated with a material contained in a conduit or other vessel. In other 

embodiments, additional mode pass and/or band pass filtering is applied to produce a 

spatially and/or temporally filtered motion signal that may also be used, for example, 

for process parameter estimation. 

15 The present invention arises from the realization that a force filter operative to 

filter motion attributable to selected forces acting on a structure may be generated 

from a modal analysis of the structure, thus carrying the applicability of modal 

analysis beyond the mere identification of modal responses. In addition, such a force 

filter may be combined with modal and temporal filtering techniques to provide 

20 improved accuracy in motion detection. 

According to an embodiment of the present invention, a process parameter 

associated with a material contained in a vibrating structure is estimated. A plurality 

of motion signals representing motion at a plurality of locations of the vibrating 

structure is received. The received plurality of motion signals are force filtered with a 

25 force filter to produce a force-filtered motion signal that discriminates motion 

attributable to a force of interest among a plurality of forces acting on the vibrating 

structure. A process parameter associated with the material in the vibrating structure 

is estimated from the force filtered motion signal. Preferably, a plurality of motion 

signal values is generated from the received plurality of motion signals, and force 

30 filtering comprises the step of applying a force filter matrix to the plurality of motion 

signal values to produce a force filtered motion signal value. A process parameter, 

such as mass flow, density or the like, is then estimated from the force filtered motion 

signal value; According to an aspect of the present invention, the force filter matrix 
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represents. a product of a frequency response function matrix for the vibrating 

stru.cture, a force selectivity matrix and an inverse ofthe frequency response function 

matrix. 

·· . According to one embodiment of the present invention, the force filter may 

5 represent a function of frequency evaluated at a frequency of interest, e.g., a drive 

mode resonant frequency .. A process parameter is estimated from the force filtered 
•···· . 

motion signal at the frequency of interest. The received motion signal may represent 

motion in response to an excitation of the structure at the frequency of interest. 

According to other embodiments, force filtering may be combined with 

10 temporal (frequency) and modal filtering. For example, a band pass filter, e.g., a filter 

having a passband. around a frequency of interest such as a drive mode resonant : 

frequency, may be applied to the force filtered motion signal to produce a temporally 

filtered motion signal. A process parameter may then be estimated from the 

temporally filtered motion signal at the frequency of interest. In another embodiment, 

15 a combination of the· force filter and a modal resolver, e.g., a "mode pass" filter, is 

applied to the plurality of motion signals to produce a spatially and temporally filtered 

motion signal that discriminates motion.of the structure associated with a vibrational 

mode of interest, "8nd a proce$s parameter is estimatecl from the spatially and 

temporally filtered motion signal. Force, temporal and modal filtering may also be 

20 applied in combination. 

According to yet another aspect of the present invention, motion attributable to 

a force of interest among a plurality of forces applied to a structure is estimated. A 

motion signal representing motion of the structure is force filtered to produce a force 

filtered motion signal that discriminates motion attributable to the force of interest.· 

25 Preferably, the force filtering comprises applying a force filter matrix to a motion 

signal value generated from the motion signal.to produce·a force filtered motion. 

signal value. The force filter matrix may represent a product of a frequency response 

function matrix for the structure, a force selectivity matrix and an inverse of the 

frequency response :function-matrix 

30 According to another aspect of the present invention,·a process parameter 

sensor comprises a structure configured to contain a material, and ·a plurality of 

motion transducers operatively associated with the structure and operative to produce 

a plurality of motion signals representing motion of the structure. A force filter is 
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responsive to the plui-ality of motion signals and operative to produce a force-filtered 

motion signal therefrom that discriminates motion attributable to a force of interest 

among a plurality of forces acting on the structure. A process parameter estimator is 

operative to estimate a process parameter.associated with material in the structure 

5 responsive to the force filtered motion signal. Preferably, the sensor includes means 

for generating a plurality of motion signal values from the plurality of motion signals, 

the force filter comprises means for applying a force filter matrix to the plurality of 

motion signal values to produce a force filtered motion signal value, and the process 

parameter estimator comprises means for·estimating a process parameter from the 

10 force filtered motion signal value. The force filter matrix may represent a product of 

a frequency response function matrix for the structure, a force selectivity matrix and 

an inverse of the frequency response function matrix. 

According to yet another aspect of the present invention, a computer program 

product for determining motion attributable to a force of interest among a plurality of 

15 forces applied to a structure is provided. The computer program product comprises a 

computer-readable storage medium having computer-readable program code means 

embodied in the medium, the computer-readable program code means including 

computer-readable program code·means for force filtering a motion signal 

representing motion of the structure to produce a force .filtered motion signal that 

20 discriminates motion attributable to the force of interest. The computer-readable 

program code means preferably comprises computer-readable program code means 

for applying a force filter matrix to a motion signal value to produce a force filtered 

motion signal value, wherein the force filter matrix may represent a product of a 

frequency response function matrix for the structure, a force selectivity matrix and an 

25 inverse of the frequency response function matrix. 

30 

Improved methods, apparatus, and computer program products for estimating 

motion in a structure, such as a Coriolis mass flowmeter conduit, are thereby 

provided. 

Brief Description of the Drawings 

Fig. I conceptually illustrates a conventional Coriolis mass flowmeter 

structure. 
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· Figs~ 2A-2B," 3A-3B, 4A-4B, and 5 illustrate exemplary frequency responses ·· 

for a prototype Coriolis mass flowmeter according to einbodinients of the present 

invention. 

Fig. 6 illustrates a parameter sensor according to· an embodiment of the present · 

5 invention. 

Figs. 7-8 are schematic 'diagrams illustrating components for implementing· 

force filters and process parameter estimators according to embodiments of the 

present invention. 

Fig. 9 illustrates an exemplary process parameter estimator according to an· 

• 10 embodiment of the present invention. 

Figs. 10-11 illustrate exemplary operations for estimating a process parameter 

according to aspects of the present invention. 

Fig. 12 illustrates a parameter sensor according to another embodiment of the 

present invention. 

, 15 Fig. 13 is a schematic diagram illustrating components for implementing a · 

force filter, band pass filter and process.parameter estimator according to an 

embodiment of the present invention. 

Figs. 14-16 illustrate parameter sensors acc~rdingto.yetother embodiments of· 

the present invention. 

20 Fig. 17 is a schematic diagram illustrating components for implementing a 

force filter, modal resolver and process parameter estimator according to an 

embodiment of the present invention. 

Fig. 18 illustrates a parameter sensor according to another embodiment of the . 

present invention. 

25 Fig. 19 is a schematic dia8ram illustrating components for implementing a 

30 

force filter, modal resolver and process parameter estimator according to an· 

embodiment of the present invention. 

Detailed Description of Embodjments 

The present invention now will be described more fully hereinafter with 

reference to the accompanying.drawings, in which preferred embodiments of the · 

invention are shown. This invention may, however, be embodied in many different 

fonns and should not be construed as limited to the embodiments set forth herein; 
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rather, these embodiments are provided so that this disclosure will be thorough.and· 

complete, and will fully convey the scope of the invention to those skilled in the art~ 

Like numbers refer to like elements throughout. As will be appreciated by one of skill 

in the art, the present invention may be embodied as systems (apparatus), methods, or 

5 computer program products. 

The embodiments of the present invention described herein relate to Coriolis 

mass flowmeters. Those skilled in the art will appreciate, however, that the force 

filtering and related concepts described herein are generally applicable to 

determination of motion in a wide variety· of mechanical structures, and thus the 

10 apparatus and methods of the present invention are not limited to Coriolis mass 

flowmetering. 

Modal Behavior of a Vibrating Conduit 

Behavior of a vibrating structure such as a Coriolis mass flowmeter conduit 

15 may be described in terms of one or more natural modes having associated natural 

frequencies of vibration. The modes and the associated natural frequencies may be 

mathematically described by eigenvectors and associated eigenvalues, the 

eigenvectors being unique in relative magnitude but not absolute magnitude and 

orthogonal with respect to the mass and stiffness of the structure. The linearly 

20 independent set of vectors may be used as a transformation to uncouple equations that 

describe the structure's motion. In particular, the response of the structure to an 

excitation can be represented as a superposition of scaled modes, the scaling 

representing the contribution of each mode to the motion of the structure. Depending 

on the excitation, some modes may contribute more than others. Some modes may be 

25 undesirable because they may contribute energy at the resonant frequency of desired 

modes and therefore may corrupt measurements taken at the resonant frequency of a · 

desired mode, such as phase difference measurements taken at the drive frequency. 

Conventional Coriolis mass flowmeters typically use structural and temporal 

filtering to reduce the effects of undesirable modes. Conventional structural filtering · 

30 techniques include using mechanical features such as brace bars designed to decouple 

in phase and out of phase bending modes, actuators positioned such that they are less 

likely to excite undesirable modes and transducers placed such that they are less 

sensitive to undesirable modes. Structural filtering techniques can be very effective in 

7 
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reducing energy of undesired modes, but may be limited by geometric and fabrication 

constraints. 

Temporal filtering techniques-typically modify transducer signals based on 

time domain or frequency domain parameters. For example, a typical Coriolis mass 

5 flowmeter may include frequency domain filters designed to remove frequency 

components that are significantly corr~lated with undesireci modes. However, off-

_ resonance energy from undesired modes may contribute considerably to energy at the 

resonant frequency of a desired mode. Because frequency-domain filters generally 

are ineffective at distinguishing the contribution of multiple modes at a given 

·10 frequency, the contribution of undesired modes at a measurement frequency maybe a 

significant source of error in process parameter measurements. 

A sensor conduit structure with negligible damping and zero flow may be 

assumed to have purely real natural or normal modes of vibration, i.e., in each mode, 

each point of the structure reaches maximum displacement simultaneously. However, 

15 a real conduit having non-negligible damping and a material flowing therethrough has 

a generally complex response to excitation, i.e., points of the structure generally do 

not simultaneously reach maximum.amplitude. The motion of the conduit structure 

may be described as a complex mode having real and imaginary components or, 

alternatively, magnitude and phase components. Coriolis forces imparted by the 

·20 flowing material render motion of the sensor conduit of the sensor conduit 

mathematically complex. 

Even if complex, motion of a conduit structure can be described as a 

superposition of scaled natural or ''nonnal" modes, as the real and imaginary'parts of 

a complex mode are linearly independent by definition. To represent complex motion,· 

25 complex scaling coefficients are used in combining the constituent real normal modes. 

Particular real nonnal modes may be closely correlated with the imaginary ·component 

of the complex mode while being significantly less correlated with the real component 

of the complex mode. Accordingly, these particular real nonnal modes may be more 

closely correlated with the Coriolis forces associated with the material in the sensor 

30 conduit, and thus can provide infonnation for generating an accurate estimate of a 

parameter associated with the material. 

A conceptual model of a Coriolis mass flowmeter conduit structure 1 is 

·provided in Fig. 1. Motion transducers 5A, 5B, 5C (e~g~, velocity transducers) are 

8 
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positioned to detect relative motion of first and second conduits 3A, 3B of the conduit 

structure 1 as a material 8 flows through the conduits 3A, 3B. A response vector {x} 

can be constructed from the outputs of the motion transducers SA-C, for example, by · 

sampling motion signals produced by each of the transducers to generate motion 

5 signal values xi. x2, x3 for the response vector {x}. A real normal modal matrix [<I>], 

that is, an eigenvector matrix relating the physical motion vector to a modal motion 

vector {Tl} representing motion in a plurality of single degree of freedom (SDOF) 

modes, may be identified such that: 

10 {x} =[<I>] {r}} . (1) 

The modal matrix [<I>] can be identified using a number of techniques. For 

example, trial and error or inverse techniques may be used as described in United 

State Patent Application Serial Number 08/890, 785, filed July 11, 1997, assigned to 

15 the assignee of the present application and incorporated by reference herein in its 

entirety. 

20 

Derivation of a Spatial Force Filter 

A dynamic system may be described by a differential equation of motion: 

[M] {.X} +[C] {i} + [K] {x} = {F}, (2) 

where x represents displacement in response to forces {F} applied to the system. A 

solution of equation (2), assuming harmonic forces and a linear time invariant system, 

25 takes the form: 

{i} = , jm {F} . (3) 
-m -[M]+ jro[C]+K 

Solving equation (3) for eigenvalues [A.] and eigenvectors, [cl>] of the system: 

30 
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where [o{ro)] represents poles associated with r vibrational niodes of the system 

[o (ro )J::;[ _ 1 ~ J, 
. )©-A, 

' 5 

[Q] represents a mode scaling matrix 

and * denotes a complex conjugate. 

10 A frequency response function matrix [H(ro)], in terms of the displacement 

response of the system, may be given by: 

[H(ro )] ::; [<1> JQI<> (co )l<?J r + [<1> {Q }a-(co )}<t>]. 
. ' 

(5) 

· 15 If the eigenvector matrix [<I>] is mass normalized, the mass matrix (Ml is transformed . 

into the identity matrix [I], and the modal_ scaling matrix [Ql becomes: 

[QJ=[;:.]. 

20 The eigenvalues [A.] are complex numbers containing the damping and damped 

natural frequencies of the system. 

Equation (5) may be reduced to: 

[H(ro )] ::; [<1> Iw, IA(co )1<1> Y, (6) 

25 

where 

10 
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5 

10 

[W,]=[~J 

and 

[ 

(I} -(I) ] [6(ro )] = + . 
jro -A.,. jro -A.r • 

It will be noted that (3 (ro )] , [W,.], [6(ro )] , and [Q] are all diagonal matrices. 

The physical response { x} of the system may be calculated by a compact 

form ofa combination of equations (4) and (5): 

{x} = [H(ro )]{F}. (6) 

The inverse of the frequency response function matrix [H(ro)]"1 may be viewed 

as the impedance of the system. In other words, given a plurality of physical 

15 responses {x}, forces {F} acting on the system maybe determined by multiplying the 

physical responses of by the impedance of the system: 

{F} = f H(ro >r' {x} . (7) 

20 To determine a force-filtered physical response {i} FF, both sides of equation 

(7) may be pre-multiplied by a scaling matrix [A]. 

[A] {F} = [A][H(ro )r1 {x}. (8) 

25 For example, the scaling matrix [A] may represent a "selectivity matrix" that 

attenuates components in the response {.i:} that are attributable to undesirable 

extraneous forces, e.g., a diagonal matrix with zeroes ("0") at positions on its diagonal 

that correspond to the extraneous forces, and ones ("l ") elsewhere. It will be 

understood, however, that the scaling matrix [A] could implement any of a number of 

11 
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5 

: 10 

15 

20 

other filtering operations on the response {.X}, including amplification and phase 

inversion. 

Both sides of equation (8) may then be pre'-multiplied by the frequency 

response function matrix'[H(m)]: 

{xff} = [H(ro )][A]{F} {.i} = [H(ro )][A][H(ro >r' {.i}' (9) 

from which a force filter [FF( co)] may be defined as: 

[FF(ro)] = [H(ro )][A][H(ro >r'. (10) 

Combining equations (5) and (10): 

(11) 

or 

(12) 

The force filter [FF(ro)] may thus be determined from the eigenvector (modal) matrix 

[<I>] and information about the poles of the system, all of which is detenninable using 

finite element modeling, experimental modal analysis, or similar techniques.· Such 

teclmiques are generally described in a text entitled Vibrations: Analytical and 

25 Experimental Modal Analysis, by Allemang, published by the University of 

Cincinnati (UC-SDRL-CN-20-263-662) (March 1994). Such techniques are also · 

described in United States Patent Application Serial Number 09/116,410filed16 

July 1998, assigned to the assignee of the present invention and incorporated by 

reference herein in its entirety. 

30 As described above. a force filter may be applied to a physical response, such 

as a velocity vector {.X}, to derive a force filtered response. The force-filtered 

12 
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response preferably represents motion of a structure minus components of the 

physical response that are attributable to extraneous forces. It will be appreciated by 

those skilled in the art that the force-filtered motion may be used for a number of 

different purposes, including a number of control and measurement applications. In 

5 the metering applications described herein, for example, force filtered motion signals 

may be generated from motion signals representing motion of a conduit or vessel 

containing a material, e.g., signals representing displacement, velocity or acceleration 

at positions on the conduit or vessel. Conventional phase or time difference 

measurements may be applied to the force filtered motion signal to generate estimates 

10 of mass flow, density, and other process parameters associated with the contained 

material. 

Figs. 2A-5 illustrate effects of a force filter applied to motion signals produced 

from a transducer of an exemplary Coriolis mass flow meter, in particular, responses 

for a transducer (or pick oft) location of a prototype three-inch Coriolis mass 

15 flowmeter, subject to excitation from both a driver and a plurality of other, extraneous 

forces. Figs. 2A-2B illustrate an unfiltered physieal response IO and an ideal 

response 20 representing conduit motion if only the normal drive force (a force 

bending the conduits 3A, 3B of Fig.I about axes W, W') were acting upon the 

conduit structure without extraneous excitation. A force-filtered response 30 

20 represents the result of application of a force filter as described above to the unfiltered 

response 10. The unfiltered response 10 exhibits a peak at the resonant frequency 

(-325Hz) ofa first twist mode of the conduit structure (corresponding to motion about 

axes Z, Z' in Fig. 1), indicating excitation of the twist mode by the extraneous forces. 

The ideal response 20 illustrates a response at the twist mode frequency that is 

25 nonnally approximately two orders of magnitude lower. The force-filtered response 

30 illustrates that the force filter can reduce excitation due to extraneous forces. 

The force-filtered response 30 of Figs. 2A-2B was determined by using a force 

filter (a function of frequency as described above) evaluated at each of a range of 

frequencies. In a practical Coriolis mass flowmeter or other sensor application, 

30 however, it may be preferable to evaluate the force filter at a limited number of 

frequencies. For example, in Coriolis mass flowmetering applications in which 

conventional phase or time difference type measurements are employed at the drive 

13 
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mode frequency' it may be desirable to calculate the force filter at only the drive mode 

frequency. 

· ·· As ·shown in Figs. 3A-3B, applying a· force filter evaluated only at the drive 

mode frequency results in a modified force filtered response 40 that exhibits an · 
5 amplified response away from the drive mode resonant frequency. This amplification 

away from the drive mode resonant frequency can be compensated by applying a 

temporal (frequency domain) bandpass filter, The band pass filter may be, for 

example, an analog two-pole filter or a digital filter such as a finite impulse response · 

(FIR) filter. Such a temporal filter attenuates components of the force-filtered 

· I 0 response at frequencies other than those near the drive frequency. A simple analog, 

two pole band pass filter may be mathematically represented by: 

bandpas/...m) = . ( ro ) . ( ro ) 2 
, 

1+1ro - - -
roe . <tic 

'15 where the center frequency, me is the drive frequency. Figs. 4A-4B illustrate a 

temporally filtered response 50 resulting from combining a si:t~gle frequency force· 

filter with a bandpass filter. 

Increased accuracy in discriminating motion attributable to a force ofinterest 

may also be achieved using modal filtering to filter out components of the force : 

20 filtered response that are associated with motion in undesired vibrational modes. · 

Such modal filtering techniques are described in detail in the aforementioned United · 

States Patent Application Serial Number 091116,410 filed 16 July 1998. A spatial 

"mode pass" filter of the type described therein applied to the motion signals from a 

motion transducer on the simulated structure described·above yields the mode pass 

25 filtered response 60 illustrated in Fig. 5. The response 60 exhibits a reduced response 

at the second bend mode frequency (-700Hz). When this mode pass filtering is 

combined with a force pass filter as described above, a spatially filtered response 70 is 

produced. If a temporal band pass filter having a pass band centered on the drive 

mode frequency is also applied, a spatially and temporally filtered response 80 is ·. 

14 
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produced. The spatially and temporally filtered signal 80 can be used, for example, 

for conventional phase-difference type Coriolis mass flow measurement. 

The force filtering and ancillary bandpass and modal filtering described above 

may be applied to other types of conduits, vessels or other material-containing 

5 structures than the dual-tube configuration illustrated in Fig. 1. As described in detail 

below, for example, force filtering may be applied to characterize motion of a 

straight-:-tube flowmeter conduit. Those skilled in the art will also appreciate that the 

present invention is also generally applicable to characterization of motion of any 

number of types of structures other than flowmeters and similar parameter sensors. 

10 

Exemplary Mass Flowmeters 

Specific embodiments according to the present invention will now be 

described, in particular, exemplary embodiments of so-called "straight tube" Coriolis · 

mass flowmeters. Those skilled in the art will appreciate, however, that the present 

15 invention is also applicable tlJ curved-conduit structures such as the structure 1 

conceptually illustrated in Fig. 1, as well as to other material-containing structures 

such as may be used in mass flowmeters, densitometers and the like. Those skilled in 

the art will further appreciate that the pre.sent invention is also applicable to the 

characterization of motion in a wide variety of other structures. 

20 The following discussion relates to the use of "force filtering" to process 

components of motion signals representing motion of a structure such as a mass 

flowmeter conduit. The force filters described herein are operative to discriminate 

motion attributable to one or more forces of a plurality of forces acting on the 

structure. Those skilled in the art will appreciate that "discrimination" of a motion 

25 signal component, as described herein, may be viewed as identification of a 

component associated with a given force of interest, as well as attenuation of one or 

more components associated with extraneous forces other than the force of interest. 

For example, motion components associated with Coriolis force arising from flow of 

a material through a conduit of a mass flowmeter may be discriminated by attenuating 

30 components associated with extraneous, "undesirable" forces arising from such things 

as pressure pulses in the material and vibrations of equipment connected to the 

flowmeter such as pumps and compressors, and the like. 

15 
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Fig. 6 illustrates an exemplary process parameter sensor 600 that implements 

force filtering according to· an embodiment rifthe present invention. The process 

parameter sensor 600includes a "straight-tube" conduit structure l including a 

conduit 3 configured to contain a material 8 from a pipeline 7 connected to the · 

5 structure 1 at flanges 2. Within a housing 4 surrounding the conduit 3, ail actuator 6 

is operative to· excite the conduit 3. Motion transducers SA-SD are provided, · 

including velocity transducers SA, SB_ positioned along the conduit 3 on opposite 

sides of the actuator 6, and strain gauges SC, SD positioned near the flanges 2. The 

motion transducers SA-SD produce motion signals 60S representing motion of the 

10 conduit 3 in response to a plurality of forces F that may include, for example, a drive 

force imparted by the actuator 6, pressure forces exerted by the material 8, and other 

extraneous forces such as forces imparted by the pipeline 7, and forces generated by 

pumps, compressors and other equipment (not shown) connected to the pipeline 7 and 

conveyed to the conduit3 via the flanges 2. 

15 The process parameter sensor 600 also includes a force filter 610 that is 

configured to receive the motion signals 605 and operative to filter motion attributable 

to extraneous forces to produce a filtered motion signal 615. The force filter 610, 

preferably derived from a inodal characterization of the structure 1 as described 

above, characterizes motion as motion in a plurality- of vibrational modes and 

'20 discriminates motion attributable to a force ofinterest of the plurality of forces F 

acting on the structure 1. A process parameter estimator 620.is responsive to the force 

filtered motion signal 615 and operative to estimate a process parameter, such as mass 

flow, from the force filtered inotion signal 615. 

As described above, the force filter 610 may be used fo attenuate components 

25 of the motion signals 605 that are associated with extraneous forces, e.g., components 

which might, for ·example, corrupt or otherwise render a parameter estimate generated 

by the sensor 600 inaccurate. For example, the force filter 610 iliay be used to 

attenuate components of the motion signals 605 that are associated with shear forces 

acting at the flanges 2 of the structure 1. For the sensors SA-D illustrated, these shear 

30 forces may be best observed, for example, by the strain gauges SC, SD positioned 

near the flanges 2. Thus, it will be appreciated that discrimination of forces acting on 

a structure from motion transducer signals is generally dependent upon transducer 

characteristics such as placement, bandwidth and the like .. ___________ _ 
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It will be understood that other configurations may be used for the sensor 600. 

Multiple actuators may be emp~oyed, as well as additional motion transducers or 

motion transducers positioned at different locations on the structure 1. For example, a 

motion transducer may be positioned at an actuator location. In addition, a set of 

5 motion transducers may be employed that provides an overdetermined source of 

information for determining structural motion, i.e., a number of transducers greater 

than the number of forces acting on the structure 1. Least squares techniques may be 

applied to such an overdetermined set in a manner similar to that described in United 

States Patent Application Serial Number 09/116845, filed 16 July 1998, assigned to 

10 the assignee of the present invention and incorporated herein by reference in its 

entirety. 

Fig. 7 illustrates a digital implementation of a force filter 610 according to an 

embodiment of the present invention. Motion signals 605 are sampled by a sampler 

710 to produce analog voltage samples that are converted to digital motion signal 

15 values 725 by an analog-to-digital (AID) converter 720. Implemented, for example, 

as program code stored in a storage medium 740 and executing on a computer 730, 

the force filter 610 processes the digital motion signal values 725 to produce filtered 

motion signal values 615.· The filtered motion signal values 615 may then be further 

processed by a process parameter estimator 620, here shown as implemented by 

20 program code stored in the storage medium 740 and executing on the computer 730, 

to produce an estimated process parameter 625. 

As illustrated in Fig. 8, the force filter 610 may comprise means 611 for 

generating a motion vector, for example, the velocity response vector { x } described 

above, from the motion signal values 725. The force filter 610 may also include 

25 means 613 for multiplying the motion vector by a force filter matrix, e.g., the force 

filter matrix [FF(ro)] described above, to produce a filtered motion vector, e.g., the 

force filtered velocity response { x FF } • 

Those skilled in the art will appreciate that the computer 730 of Figs. 7 

and 8 may include a variety of different computing devices, such as microprocessors, 

30 digital signal processors (DSPs) and application specific integrated circuits (ASICs) 

with specialized computational capabilities. For example, as the force filter 610 

preferably is implemented using matrix computations, the computer 730 may be 

implemented using a DSP such as a chip of the TM320C40 line (produced by Texas 
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Instruments Inc.) for optimally perfqnning such matrix computations, under control of 

a general purpose processor such as.an Alpha microprocessor (produced by Compaq·· 

Computer Corp.). However, those skil1ed in the· art will appreciate that the present 

invention may be amenable to imple,mentation using a variety of computing devices, 

5 dependent on the computational burpens associated with the number of motion signals 

processed, timeline requirements, and the like. 

Fig. 9 illustrates an exemplary mass flow implementation of the process 

parameter estimator 620 of Fig. 6. Motion signals 605 produced by motion 

transducers 5 are filtered 'by a force filter 610 that produces first and second force 

10 filtered values 615a, 615b. The first and second force filtered values 615a, 615b may 

correspond, for example, to first and second components x FFI , x FF2 of a force-filtered 

motion vector {.XFF} representing motion at respective first and second locations on 

the conduit structure 1 ·of Fig. 6 (components corresponding to the velocity 

transducers SA, SB). The .process parameter estimator 620 incl~des means 622 for 

15 determining a phase difference 623 between the first and second force filtered values 

615a, 615b. Means 624 a~e provided for generating an cistimate 625 of mass flow 

from the determined phase difference 623. 

Figs. 10 and 11 are flowchart illustrations of exemplary operations for 

estimating process param~ters according to aspects of the present invention.· Those 

20 skilled in the art will unde:rStand that the operations of these flowchart illustrations 

may be can be implemented using computer instructions. These instructions may be 

executed on a computer or other data processing apparatus (such as the computer 730 

of Figs. 7 and 8) to create an apparatus (system) operative to perform the illustrated · 

operations. The computednstructions may also be stored as computer readable 

25 program code on a computer readable medium such as the storage medium 740 of 

Figs. 7and 8, for example, an integrated circuit memory, a magnetic disk, a tape or the 
like, that can direct a computer or other data processing apparatus to perform the 

illustrated operations, thus providing means for performing the illustrated operations. 

The computer readable program code may also be executed on a· computer or other 

30 data-processing apparatus to cause the apparatus to perform a computer-implemented· 

process. Accordingly, Figs. 10 and 11 support apparatus (systems), computer 

program products and methods for perfonning the operations illustrated therein. 

18 



.. 
W000/49371 PCT/US00/02725 -· - .. 

Exemplary operations iOOO for estimating a process parameter according to an 

aspect of the present inveiiH6n are illustrated in Fig. 10. M~Ht>h signals representing 

motion of a conduit structure such as the conduit structure 1 of Fig. 6 in response to a 

plurality of applied forces are, received (Block 1010). A force filter is applied to the 

5 received motion signals 1020 to produce a filtered motion signal that discriminates 

motion attributable to a force ofinterest (Block 1020). A process parameter , e.g.,. 

mass flow. density or the like, is estimated from the force filtered motion signal 

(Block 1030). 

According to an aspect of the present invention illustrated in Fig. 11, 

10 operations 1100 for estimating mass flow include receiving motion signals 

representing motion of a conduit structure such as the structure 1 of Fig. 6 as a 

material flows through the structure (Block 1110). A motion vector, for example, a · 

velocity vector constructed from a plurality of motion signal values such as the digital 

motion signal values 725 of Fig. 7, is generated from the received motion signals 

15 (Block 1120). The motion vector is multiplied by a force filter matrix to produce a 

force filtered motion vector. Mass flow is estimated from the filtered motion signal 

vector (Block 1130). 

Fig. 12 illustrates an exemplary parameter sensor 1200 according to another 

embodiment ofthe present invention. The parameter sensor 1200 includes a conduit 

20 structure 1 including components as described above in relation to Fig. 6. The 

process parameter sensor 1200 also includes a force filter 610 that is configured to 

receive the motion signals 605 and operative to produce a force filtered motion signal 

615, as described above in relation to Fig. 6. 

The force filtered motion signal 615 is further processed by a band pass filter 

25 650, i.e., a temporal (frequency domain) filter that preferentially passes frequency 

components of the force filtered motion signal 615 in a selected range of frequencies. 

For example, the selected range of frequencies may be a narrow band defined about a 

resonant frequency of a drive mode of the conduit structure 1 excited by the actuator 

6. The bandpass filter 650 produces a temporally filtered motion signal 655 from 

30 which a process parameter estimator 620 generates an estimate 625 of a process 

parameter, such as mass flow, density or.the like. 

Fig. 13 illustrates an exemplary digital implementation of the force filter 620 

and the bandpass filter 650 of Fig. 12. Motion signals 605 are sampled by sampler 
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710, producing analog motion signal values that are converte~ to digital motion signal 

values 725 by an AID converter 720. The force filter 620, implemented by program 

code stored in a storage medium 740 and executing on a computer 730, processes the 

digital motion signalvalues 725to produce force filtered motion signal values 615. 

5 The bandpass filter 650, also implemented by program code stored in the storage 

medium 740 and executed on the computer 730, temporally filters the force filtered 

motion signal values 615, producing temporally filtered motion signal values 655. 

The temporally filtered motion signal values 655 are then used by a process parameter 

estimator 620, also implemented by progtam code stored in a storage medium 740 and · 

10 executing on the computer 730, to generate an estimate 625 of a process parameter. 

Those skilled in the art will appreciate that the computer 730 of Fig. 13 may. 

include a variety of different computing devices, such a8 microprocessors, digital 

signal processors (DSPs}and application specific integrated circuits (ASICs) with 

specialized computational capabilities. For example, as the force filter 610 preferably 

15 is implemented using matrix computations, the computer 730 may be implemented 

using a DSP such as a chip of the TM320C40 line (produced by Texas Instruments 

Inc.) for optimally performing such matrix computations, under control of a general 

purpose processor such ·as.an Alpha microprocessor (produced.by Compaq Computer 

Corp.). However, those skilled in the art will appreciate that the present invention 

20 may be amenable to implementation using a: variety of computing devices, dependent 

on the computational burdens associated with the number of motion signals 

processed;timeline requirements; and the like. 

Fig. 14 illustrates an exemplary process parameter sensor 1400 according to 

another embodiment of the present invention. The pararileter sensor 1400 includes a 

25 conduit structure 1 as describe above in refation to Figs. 6 and 12. The process 

parameter sensor 1400 includes a force filter 610 that is configured to receive the 

motion signals 605 and operative. to produce a force filtered motion signal 615, as 

described above in relation to Figs. 6 and 12. 

The force filtered motion signal 615 is further processed by a modal resolver 

30 660 that is operative to resolve motion represented by the force filtered motfon signal 

615 into a plurality of modal components, i.e., components associated with a plurality 

of vibrational modes of the conduit structure.l. The modal :resolver 660 produces a 

spatially filtered motion signal 665 (i.e., a signal which may represent motion in either · 
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a physical or modal ~oordinate frame, as is discussed in gre~ter detail below), from 

which a process parameter estimator 620 generates an estini~tb '625 of a process 

parameter, ·such as mass flow. Operations of a modal resolver such as the modal 

resol.ver 660 of Fig. 14 are described in the aforementioned United States Patent 

5 Application Serial Number 09/116.410 filed 16 July 1998. 

As illustrated in Fig. 15. a parameter sensor 1400 may comprise a modal 

resolver implementing a "mode pass" filter 660' that produces a spatially filtered 

response 665 in a physical coordinate domain. e.g .• a filter that applies a mode pass 

filter matrix [\JI] to produce a spatially filtered physical response { x MPF } from the 

10 force filtered response { x FF } that preferentially includes components of the force 

filtered response { x FF } associated with one or more particular modes of interest: 

15 where 

['I']= [<l>][A][<I>r'. 

and where [ <l> J represents a modal transformation matrix. as described above and [A] 

represents a diagonal modal selectivity matrix having "Os" at locations along its 

20 diagonal corresponding to undesired modes, and "ls" at diagonal locations 

25 

corresponding to modes of interest. The spatially filtered response { x MPF } may be 

used to generate estimates of process parameters such as mass flow, as described in 

the aforementioned United States Patent Application Serial Number 09/116,410 filed 

16 July 1998. 

As illustrated in Fig. 16, in another embodiment of the present invention, a 

parameter sensor 1400 may comprise a modal resolver implementing a modal motion 

estimator 660" that produces a spatially filtered signal 665 in a modal coordinate 

domain, e.g .• an estimator that applies a modal transformation matrix [<I>] to produce 

an estimated modal response {11FF}. Selected components of the modal response 

30 ·ITtFF} may be used by the process parameter estimator 620 to estimate a process 

parameter, as described in the aforementioned United States Patent Application Serial 

Number 09/116,410 filed 16 July 1998. 
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Fig. -17 illustrates an exemplary digital implementation of the force filter 620 

and the modal resolver 6~~ of Pig. 14.: Motion signals 605 ?I"e sampled by sampler 

710, producing analog motion signal values that are converted to digital motion signal -- ... 

values 725 by an ND C()l'iverter 720. The force filter 610, implemented by program 

5 code stored in a storage l?lj;:dium 740 and executing on a computer 730, processes the 

digital motion signal val~~s '725 to produce force filtered motion signal values ;615. 

The modal resolver 660~ also implemented by program code stored in the storage 

medium 740 and executed on the computer 730, processes the force filtered motion 

signal values 615, producing spatially filtered motion signal values 665 (e.g., in either 

10 modal or physical coordiri~tes, as described above). The spatially filtered motion 

signal values 665 are then used by a process parameter estimator 620, also · · 

implemented by pro~ code stored in a storage medium 740 and executing on the 

computer 730, to generate an estimate 625 of a process parameter. 

Those skilled in the art will appreciate that the computer 730 of Fig. 17 may 

15 include a variety of different computing devices, such as microprocessors, digital 

signal processors (DSPs) and application specific integrated circuits (ASICs) with 

specialized computational capabilities. For example, as the force filter 610 preferably·, 

is implemented using matrix computations, the computer 730 may be implemented 

using a DSP such as a chip of the TM320C40 line (produced by Texas Instruments 

20 Inc.) for optimally performing such matrix computations, under control of a ·general 

purpose processor such as an Alpha microprocessor (produced by Compaq Computer ·· 

Corp.). However, those skilled in the art will appreciate thatthe present invention 

may be amenable to implementation using a variety of computing devices, dependent · 

on the computational burdens associated with the number of motion signals . 

25 processed, timeline requirements, and the like. 

As illustrated in Fig~ 18, a parameter sensor 1800 may implement both 

temporal and spatial filtering in conjunction with force filtering. The process 

parameter sensor 1800 indudes a force filter 610 that produces a force filtered motion· 

signal 615 that is further pr~cessed by a bandpass filter 650 and a modal resolver 660 ' 

30 to produce a spatially and temporally filtered motion signal -665, which may represent , 

motion in either a physical· or modal coordinate frame, as described above. A process 

parameter estimator 620 generates an estimate 625 of a process parameter such as 

mass flow from the spatially and temporally filtered motion signal 665. 
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As illustrated in Fig. 19, the- force filter 610, bandpass· filter 650, and modal 

resolver 660 of Fig. 18 m!y :be digitally implemented. Motibiisignals 605 are · 

sampled by sampler 710, pr<;iducing analog motion signal values that are converted to 

digital motion signal values 725 by an ND converter 720. The force filter 610, 

5 implemented by program code stored in a storage medium 740 and executing on a 

computer 730, processes the digital motion signal values 725 to produce force filtered 

motion signal values 615. The bandpass filter 650, also implemented by program 

code stored in the storage medium 740 and executed on the computer 730, temporally 

filters the force filtered motion signal values 615, producing temporally filtered 

10 motion signal values 655. The temporally filtered motion signal values 655 are then 

spatially filtered using the modal resolver 660 to produce spatially and temporally 

filtered motion values 665 that may be used by a process parameter estimator 620, 

also implemented by· program code stored in a storage medium 740 and executing on 

the computer 730, to generate an estimate 625 of a process parameter. 

15 Those skilled in the art will appreciate that the computer 730 of Fig. 19 may 

include a variety of different computing devices, such as microprocessors, digital 

signal processors (DSPs) and application specific integrated circuits (ASICs) with 

specialized computational capabilities. For example, as the force filter 610 preferably 

is implemented using matrix .computations, the computer 730 may be implemented 

20 using a DSP such as a chip of the TM320C40 line (produced by Texas Instruments 

Inc.) for optimally performing such matrix computations, under control of a general 

pwpose processor such as an Alpha microprocessor (produced by Compaq Computer 

Corp.). However, those skilled in the art will appreciate that the present invention may 

be amenable to implementation using a variety of computing devices, dependent on 

25 the computational burdens associated with the number of motion signals processed, 

timeline requirements, and the like. 

Those skilled in the art will appreciate that the force filtering, bandpass 

filtering and modal filtering described herein may be implemented a number of other 

ways than the embodiments described herein. For example, matrix computations for 

30 force :filtering, bandpass filtering and modal filtering described herein may be 

implemented as separate computations, or may be combined into one or more 

computations that achieve equivalent results. The force filtering, temporal 

(bandpass)filtering and spatial (modal) filtering described herein may also be 
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5 

implemented in panimetric forms that produce: ~quivalent results to the computational 
;.. ; . 

techniques. described herein. The order of the fc:>rce filtering, bandpass (temporal) 

filtering and modal (spatial) filteri~gfunctionsmay also be changed from that·· 

described for the embodi1:11ents depicted herein .. 

Portions of these ·filtering functions may also be implemented using analog 

signal processing techniques .. For example, the bandpass filtering described in 
' •• I ; ' 

reference to Fig. 12 may be implemented:in analog electronic circuits instead ofa 

digital computer. The analog filtq-ed signals produced by such analog filtering may 

be directly used, for example, in the conventional phase measurement circuits, e.g., 

I 0 zero-crossing type detector circuits, that are commonly used in conventional Coriolis 

mass flowmeters. 

Those skilled in the art will also appreciate that although the present invention • 

may be embodied as an·apparatus, for.example, as part of a Coriolis mass flowmeter, 

or as methods which may be perfoi::med by such apparatus, the present invention may ·· 

15 also be embodied in an article of manufacture in the form of computer-readable 

instructions or progiam code means embodied jn a computer readable storage·medium 

such as a magnetic disk, integrated circuit memory device, magnetic tape, bubble 

memory or the like. For example, according to an aspect of the present invention, a 

force filter and associated parameter estimator may be embodied in computer-> 

20 readable program c.ode means that may be loaded .onto a computer or other data 

processor and executed responsive to motion signals supplied from motion 

~ucers operatively:associated with a structure such a8 a Coriolis mass flowmeter 

conduit. 

· In the drawings and specification, there have been disclosed typical preferred 

25 embodiments of the invention and, although specific terms are employed; they: are 

used in a generic and descriptive sense only and not for purposes oflimitation, the 

scope of the invention being set forth in the following claims. 
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THAT WHICH. IS CLAIMED IS: 

1. A method d bOO)of estimating a process parlUlibter of a material from 

a plurality ·of motion signals (605) generated by sensors (5A-5D) affixed to a 

vibrating structure (3) through which said material flows, the method comprising the 

steps of: 

5 receiving ( 1010) a plurality of motion signals (605) representing motion at a 

plurality of locations of the vibrating structure (3); 

force filtering (1020) the received plurality of motion signals (605) with a 

force filter (610) to produce a force-filtered motion signal (615) that discriminates 

motion attributable to a force of interest among a plurality of forces acting on the 

I 0 vibrating structure (3); and 

estimating (1030) a process parameter associated with the material in the 

vibrating structure (3) from the force filtered motion signal. 

2. The method (1000) of claim 1 further comprising the step of: 

generating {1120) a plurality of motion signal values from the received 

plurality of motion: signals responsive to receiving said plurality of motion signals. 

3. The method (1000) of claim 2 wherein said step (1020) of force 

filtering comprises the step of: 

applying (1130)a force filter matrix to the plurality of motion signal values to 

produce a force filtered motion signal value. 

4. The method of claim 3 wherein said step (I 030) of estimating said 

process parameter comprises the step of: 

·estimating {1140) a process parameter (625) from the force filtered motion 

signal value. 

5. A method {I 000) according to Claim 2, wherein the force filter matrix 

represents a product of a frequency response function matrix for the vibrating 

structure, a force selectivity matrix and an inverse of the frequency response function 

matrix. 
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6. · A method (1000) according to Claim 1, wherein the force filter 

represents a· function of frequency evaluated at ·a frequency of interest, and wherein 

. said step of estimating a process parameter comprises the' step of: 

estimating a prQcess parameter (625) from a force filtered motion signal 

5 (615) at the frequency of interest. · 

7. A method (1000) according to Claim 6 further comprising the step of: 

exciting the stru~ture (3) at the frequency ofinterest; 

and wherein said step.ofreceiving (1010) said motion signals (605) is 

responsive·to said excitatjon. 

8. A method according to Claim 6 further comprising the step of: 

applying a band pass filter (650) to the force filtered motion signal (615) to 

produce a temporally filtered motion signal (655); and 

wherein said step (1030) of estimating a process parameter (625) comprises 

5 the step of estimating a process parameter from the temporally filtered motion signal 

(655) at the frequency of interest. · 

9. · A method according to Claim· I ·further comprising the step of: 

applying a combination of the force filter (610) and a modal resolver (660) to 

the plurality of motion signals (605) to produce a spatially and temporally .filtered 

motion signal (665) that discriminates motion of the structure (3) associated with a 

5 vibrational mode of interest; and 

wherein said step (1030) of estimating a process patameter(625) comprises the 

step of estimating process parameter from the spatially and temporally filtered motion· 

signal ( 665). 

10. A method according to Claim 9, wherein the modal resolver (660) 

comprises a mode pass filter (660) 

11. A method (1000) according to Claim I further comprising the step of: 

applying a combination of the force filter ( 610), a band pass filter ( 650) and a 

modal resolver (660) to the plurality of motion signals (605) to produce a spatially 
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and temporally filtered motion signal; and wherein said step of estimating ( 1030) a 

5 process parameter ( 625) cdffiprises the step of estimating a r>fotess parameter from 

the spatially and temporally filtered motion signal (665). 

12. A method according to Claim 1, wherein said step of estimating a 

process parameter comprises the step of: 

estimating mass flow from the force filtered motion signal. 

13. Electronics for a process parameter sensor (600) that determines a 

process parameter (625) of a material flowing through a structure (3) being vibrated 

by an actuator (6) from motion signals (605) generated by motion transducers (5A­

SD) affixed to said structure (3), said electronics comprising: 

5 a force filter (610) that receives said plurality of motion signals (605) and 

operative to produce a force-filtered motion signal (615) therefrom that discriminates 

motion attributable to a force of interest among a plurality of forces acting on the 

structure; and 

a process parameter estimator (620) operative to estimate a process parameter 

I 0 ( 625) associated with material flowing through said structure (3) responsive to the 

force filtered motion signal. 

14. Electronics according to Claim 13 wherein said force filter ( 610) 

comprises: 

means (1120) responsive to said plurality of motion signals (605) for 

generating a plurality of motion signal values from said plurality of motion signals 

5 (605); 

means {1130) for applying a force filter matrix to the plurality of motion 

signal values to produce a force filtered motion signal value; and 

wherein said process parameter estimator (620} comprises means (1140} for 

estimating a process parameter from the force filtered motion signal value. 

15. Meter Electronics according to Claim 14 wherein the force filter matrix 

represents a product of a frequency response function matrix for the structure, a force 

selectivity matrix and an inverse of the frequency response function matrix. 
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16. Electronics according to Claim 13, wherein said force filter (610) 

represents ·a function of frequency evaluated at a :frequency ·of interest, and wherein 

said process parameter estimator is operative to estimate a process parameter from the 

force filtered motion signal at the :frequency of interest: 

17. Electronics according to Claim 16, wherein said force filter ( 610) is 

operative to produce a plurality of force filtered motion signals (615) having periodic 

components at the :frequency of interest, and wherein said process parameter estimator 

comprises a phase detector operative to detect a phase difference between respective 

5 ones of periodic components of the plurality offorce filtered motion signals at the 

frequency of interest. 

18. Electronics of claim 16 wherein said actuator (6) is operative to excite 

sa~d structure (3) at the :frequency of interest. 

19. ·Electronics according to Claim 16, further comprising: 

a band pass filter (650) that receives the force filtered motion signal and is 

operative to produce a temporally filtered motion signal (655) from force filtered 

motion signal; and 

5 wherein said process parameter estimator is operative to estimate a process 

parameter from the temporally filtered motion signal. 

20. . Electronics according·to Claim 13 further comprising: 

a modal resolver (660) that receives the force filtered motion signal from the 

force filter (610) is operative to produce a spatially filtered motion signal (665)that 

discriminates motion of the structure associated with a vibrational mode; and 

5 wherein said process parameter estimator (620) is operative to estimate a 

process parameter (625) from the spatially filtered motion signal (665). 

21. Electronics according to Claim 13 further comprising: 
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a mode pass .filter (660) that receives the force filte:r:eq motion signal (615) and 
.· ' . ~:~~:· ... 

is operative to produce a spatially and temporally filtered motion signal (665) from 

the force filtered motion signal (615); and 

5 wherein said process parameter estimator (620) is operative to estimate a 

process parameter (625) from the spatially and temporally filtered motion signal 

(665). 

22. Electronics according to Claim 21, wherein said process parameter 

estimator (620) comprises a mass flow estimator. 
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