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IMPROVED VIBRATING CONDUIT PARAMETER SENSORS AND METHODS
- OF OPERATION THEREFOR UTILIZING SPATIAL INTEGRATION

Field of the Invention
This invention pertains to process parameter sensors and methods of
operation therefor, and more particularly, to vibrating conduit parameter sensors
and methods of operation therefor.
Statement of the Problem
Coriolis effect mass flowmeters are commonly used 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, 1982, ali to J. E. Smith et al.
These flowmeters typically include one or more conduits having a straight'or a
curved configuration. Each conduit may be viewed as having a set of vibration

modes, including, for example, simple bending, torsional, radial and coupled .

modes. In a typical mass flow measurement application, each conduit is driven to
oscillate af resonance in one of its natural modes as a material flows through the
conduit. The vibration modes of the vibrating, material-filled system are effected
by the combined mass and stiffness characteristics of the conduits. and -the
characteristics of the material flowing within the conduits.

A typical component of a Coriolis flowmeter is the drive or excitation system.
The drive system operates to apply a periodic physical force to the conduit that
cauéés the conduit to oscillate. The drive system typically includes at least one
actuator fnounted to the conduit(s) of the flowmeter. The actuator typically
comprises one of many well known electromechanical devices, such as a voice coil
device having a magnet mounted to a first conduit and a wire coil mounted to a
second conduit, in an opposing relationship to the magnet. A drive circuit
continuously applies a periodic, e.g., a sinusoidal or square wave, drive signal to
the actuator coil. The periodic drive signal causes the actuator to drive the two
conduits in an opposing periodic pattern that is thereafter maintained.

When there is effectively "zero" flow through a driven flowmeter conduit,
points along the conduit tend to oscillate with approximately the same phase or a

"zero-flow" phase with respect to the driver, depending on the mode of the driven
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vibration. As matérial-begins to flow from an inlet of the flowmeter, through the

‘conduit and out of an outlet of the 'flowrneter, Coriolis -forces arising from the

material flow tend to induce phase shifts between spatially separate points along
the conduit. Generally, as material flows through the conduit, the phase on the inlet
side of the conduit lags the driver, while t_he phase on the outlet side of the conduit
leads the driver. The phase shift induced beﬁween two locations on the conduit is

B approximately proportional to the mass flow rate of material through the conduit.
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To measure mass flow rate, conventional Coriolis flowmeters typically
measure phase at two transducers, eg., coil-type velocity transducers, located near

respective ends of the conduit, symmetncally piaced with respect to a centrally

posmoned driver. However, manufactunng-lnduced errors |n transducer placement

as well as other structural variations and nonlmeantles in the conduit structure may
cause measurement inaccuracies.

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

parameter sensors and methods of operation therefor which can provide more

accurate techniques for measuring process parameters such as mass flow rate,

 totalized mass flow rate, viscosity and the like in a vibrating conduit parameter.

Sensor. ,

This and other objects, features and advantages are prowded accordmg
to the present invention by vibrating conduit parameter sensors and methods of
operatlon therefor in which a spatially mtegrated estimate of a process

parameter assoclated with a material in the conduit, e.g., mass flow rate,

 totalized mass ﬂow, viscosity and the like, is determined. A plurality of forces

asSOQiated with an excited sensor conduit is identified. Motion signals are
received representing motion at a number of locations on the sensor conduit that
exceeds the number of the identified forces such that the plurality of motion
signals provide an overdetermined information source for resolution of conduit
motion into motion attributable to the plurality of forces. A potentially more
accurate estimate of a process parameter associated with the moving material
may thereby be generated.

In particular, according to the present mventlon a process parameter
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. sensor for a material processing system includes a conduit configured to contain

material from the material processing system. A plurality of motion transducers
is operative to produce a plurality of motion signals representing motion at a
number of locations on the conduit. An overdetermined process parameter
estimator is responsive to the plurality of motion transducers and configured to
receive the plurality of motion signals. The overdetermined process parameter
estimator is operative to.resolve the conduit motion into motion attributable to
each of a predetermined number of forces and fo estimate a process parameter
associated with a material in the conduit according to the resolved motion,
wherein the number of locations exceeds the number of forces such that the
plurality of motion signals provides an overdetermined information set for
resolution of the conduit motion into motion attributable to the predetermined
number of forces. The overdetermined process parameter estimator may
include means for generating an estimate of motion attributable to a Coriolis
force, and means, responsive to the means for generating an estimate of -
moti'on', for generating an estimate of a process parameter such as mass flow
from the estimate of motion.

According to an aspect of the present invention, a group of motion signals -
is combined to produce a spatially averaged motion signal. A process
parameter is estimated from the spatially averaged motion signal using, for-
example, a conventional Coriolis measuring circuit.

According to another aspect of the present invention, a nﬁmber of real

‘modes are identified. A plurality of motion signals is produced, the plurality of

motion signals representing motion at a number of locations exceeding the
number of real modes such that the plurality of motion signals represent an
overdetermined information source for resolution of motion of the conduit into
motion in the plurality of real modes. An estimate of modal motion attributable to
a Coriolis force may be generated from the plurality of motion signals, and an
estimate of a process parameter may be estimated from the estimate of modal
motion.

According to yet another aspect of the present invention, a complex mode

is identified. A plurality of motion signals is produced, the plurality of motion

3 ThlS Sheet Has Been Replaced
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signals representing motion at a number of locations exceeding two such that I

. the plurality of motion signals provides an overdetermined information source for

resolution.of the conduit to motion in the complex mode. An estimate of a
complex modal transformation may be generatea'from the plurality of motion
signals, and an estimate of a process parameter may be generated from the
estimate-of the complex modal transformation. Improved estimates of process
parameters such as mass flow rate may thereby be provided-: '
' io e Drawings
- FIG. 1 illustrates an embodiment of a vibrating conduit pai'ameter sensor

according to the present invention.

FIGs. 2 and 3 illustrate embodiments of a vibrating conduit parameter sensor
utilizing complex modal estimation according to an aspect of the present invention.

FIG. 4 illustrates another embodiment of a vibrating conduit parameter
sensor according to the present invention.

Detai escription of odi
The present invention now will be described more fully hereinafter with

referqrjce to the accompanying drawings, in which embodiments of the invention -

-~ are s‘hbwn. Those skilled in the art will appreciate that the invention may be =

'embodied in many different forms and should not be construed as limited to the

embodiments set forth herein; 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. In the drawings, like numbers refer to
like elements throughout. '

The following discussion refers to Coriolis flowmeters in which a process
parameter of a material processing system, typically mass flow rate, is estimated
for a material, e.g., a fluid, flowing through a vibrating conduit configured to
contain a material which passes through the vibrating conduit as part of the
material processing system. Those skilled in the art will appreciate, however,
that the present invention is also applicable to vibrating conduit process
parameter sensors other than in-line sensors. For example, in addition to in-line

type mass flowmeters, the present invention is applicable to sampling-type
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vibrating-tube aéaéitometers which include acondunt configured to containa
sample of a material extracted from a material processing system.

- As used:herein, a "material processing system" may comprise a wide
variety of fluid or other material handling systenis in which a material is
transported, contained, reacted or otherwise processed. These systems may
include, but are not limited to, chemical and food processing systems, fluid
transport systems such as petroleum pipelines, hydraulic systems and the like.

FIG. 1 illustrates - an exemplary embodiment of a parameter sensor 5
according to the present invention. The sensor 5 includes a conduit assembly 10.

The conduit assembly 10 includes an inlet flange 101, an outlet flange 101’, a

-manifold 102 and first and second conduits 103A, 103B. Brace bars 106,106’

connect the conduits 103A, 103B. Connected to the conduits 103A, 103B is an
actuator 104 that is operative to vibrate the conduits 103A, 103B responsive to a
driver 20. A plurality of motion transducers 105A-D is operative to produce motion

-signals representing motion of the conduits 103A, 103B at a plurality of focations

thereon, e.g., signals representing displacement, velocity or acceleration. The

‘motion transducers 105A-D may include a variety of devices, such as coil-type -

velocity transducers, optical or ultrasonic motion sensors, accelerometers, inertial .

: rate sensors and the like. Leads 100: are connected to the actuator 104 and the

motion transducers 105A-D.

‘When the conduit assembly 10 is inserted into a material processing system
1, material flowing in the material processing system 1 enters the conduit assembly
10 through the inlet flange 101. The material then flows through the manifold 102,
where it is directed into the_ conduits 103A, 103B. After leaving the conduits 103A,
103B, the material flows back into the manifold 102 and exits the meter assembly

* 10 through the outlet flange 101°. As the material flows through the conduits 103A,

103B, it gives rise to Coriolis forces that perturb the conduits 103A, 103B.

The conduits 103A, 103B are typically driven by the actuator 104 in opposite
directions about their respective bending axes W-W and W'-W’, inducing what is
éommonly referred to as a first out of phase bending mode in the conduit assembly
10. The actuator 104 may comprise any one of many well-known devices, such as

linear actuator including a magnet mounted to the first conduit 103A and an
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opposing coil mounted to the second conduit 103B. An alternating current induced .
by a drive signal provided by a driver 20 via a drive lead 110 passes thrdugh the
coil, generating mechanical force that vibrates the conduits 103A, 103B. Although
the parameter sensor.5 illustrated in FIG. 1 is shown as including an integral

‘actuator 104, those skilled in the art will appreciate that vibration of the conduits

103A, 103B according to the present invention may be achieved by other
techniques, such as by an excitation generated external to the conduit assembly
10 and conveyed to the conduit assembly 10, for example, via one of the flanges
101,101". _

An overdetermined process parameter estimator 30 is responsive the

. plurality of motion transducers 105A-D, receiving motion signals on leads 111
representing motion of the conduits 103A, 103B-as a material flows therethrough.

" .. The overdetermined process parameter estimator 30 processes the received

. motion signals to resolve motion of the conduit into motion attributable to a
_predetermined plurality of forces acting upon the conduits 103A, 103B including,

.. for.example, a Coriolis force imparted by a material passing through the conduits_
: .-103A, 103B and a force imparted by the actuator 104, The overdetermined

20

- process parameter estimator 30 is also operative to estimate a process parameter
- 35.associated with the material pas_sing th_rqu_gh the conduit, such as mass flow.

rate, totalized mass flow and the like, based on the resolved motion. _ 3

In a related United States patent application entitled "Improved .M'ass Flow
Measurement Methods, Apparatus and Computer Program Products Ulilizing
Complex Modal Estimation,” by Cunningham, assigned to the assignee of the

.. present application, filed concurrently herewith and incorporated by reference

25

_ herein in its entirety as if the text is physically present, methods, apparatus and

computer program products are described which utilize complex modal

" . transformation estimates to generate estimates of mass flow. According to the

30

above-referenced techniques, sensor conduit motion is resolved to motion
attributable to Coriolis force and motion attributable to an aggregate of other forces.
In particular, Coriolis force is resolved by determining the complexity introduced into

motion of a sensor conduit by mass flow through the conduit. A mass flow estimate
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may be generated by estimating-a complex modal transformation that is related to
mass flow. £ s

Other measurement techniques may be viewed as employing similar force
resolution techniques. For example, measurement techniques which resolve
sensor conduit motion into motion in a plurality of real normal modes, i.e., motion
of single degree of freedom (SDOF) systems, can be viewed as resolving conduit
motion into respective motions responsive to forces in respective ones of the SDOF
systems. The resolved motion in the SDOF systems can be used to generate
measurements of mass flow rate, totalized mass flow, viscosity, and the like as
described in a United States Patent Application entitled “Vibrating Conduit
Parameter Sensors, Operating Methods and Computer Program Products-Utilizing
Real Normal Modal Decomposition”, assigned to the assignee of the present

application, filed concurrently herewith and incorporated by reference herein in its

“entirety as if the text is physically present. For example, resolved motion in a so-

called twist mode of a Coriolis flowmeter having a u-shaped conduit can be
assumed to be substantially att[ibutabie to Coriolis force produced by a moving
mafer_ial, and therefore, an estimate of mass flow can be generated from an
estimate of'r'notion in the twist mode. |

| Accofdin'g to the present invention, the process parameter estimator 30 is-
overdetermined, providing a mechariisfn for producing more accurate estimates of
process parameters through spatial integration. As noted above, the .
overdetermined -process parameter estimator is operative to resolve motion of the
conduit into motion attributable to a predetermined number of forces. As used
herein, "overdetermined" means that the process parameter estimator is operative
to generate an estimate of a .process parameter from an overdetermined
information source, i.e., a source providing additional information beyond the
minimum amount of information needed to resolve motion into motion attributable
to the predetermined number of forces. According to the present invention, motion
signals are provided to the overdetermined process parameter estimator that
represent motion at a number of spatially diverse locations on the sensor conduit
that is greater than the number of forces to be resolved, providing a spatially

overdetermined source of information for the estimation process. The process
-
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- parameter estimator thus produces a process parameter estimate that is spatially -

integrated.. _ .
The followmg discussion |Ilustrates use of spatlally overdeten'nmed data sets

to generate process parameter estimates usmg .complex modal estimation

- techniques. 1t will be understood that spatial mtegratlon according to the present
- invention may be employed with a variety of measurement techniques other than
_those utilizing complex modal estimation. For e_xa_mple, the spatial integration

techniques described with reference to compl_e‘>§-"modal estimation are also

generally applicabl_e, to measurement techniques using real modal estimation. As

~-also described herein. spatial integration can be us:e'd to combine information from

spatially diverse transducers in a vibrating ;cond,u'lt_.parameter sensor, forming

- spatially averaged motion signals that can be ‘processed using, for example,
~conventional phase difference type Coriolis caletjlations to provide improved

. measurements of process parameters such as ma'_s__'sf._flow rate, totalized mass flow,

viscosity, and the like. . . , _
Determination of Mass Flow Using Complex Modal Estimation

. Avibrating conduit of a parameter sensor such asa Conolls flowmetercan .- .
__be.modeled as a system operating in a state of_ forced response. The forced

response may be modeled as a superposition ofa plurality of real normal modal .

responses. According to such a model,

{x3(0) = [®1{h|cos(@ 1~ angm))} (1)
=10l
) =[01"{x},
{x}=[H{F},

and
m=OrHEE), @)

where {n} is a modal response vector, {F} is a forolng function vector, [H] is a

. frequency response function (FRF) matrix and ¢'_‘.js:_'a_n inverse of a mode shape
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matrix ®. As-can be seen from Equation (1), each term of the vector {x} has a
phase associatéd therewith. With zero flow through the conduit, if the force vector
{F} and the system characteristics embodied in the FRF matrix [H] are known,
measuring the phase at any-one point on the coHduit generally will yield the correct
phase at any other point on the conduit.

Flowing fluid in a conduit may be represented as Coriolis forces which
introduce complexity in a modal model of a conduit assembiy. The Coriolis forces
can be modeled using terms in the matrix associated with the velocity term in the -
linear differential equations describing the motion of the sehso_r conduit. When
these Coriolis force terms are included in the éigenvalue represention of the
conduit, the eigenvectors, i.e., the mode shapes, become complex. in detail, the

linear differential equations of motions for the conduit becdme:

[M]{x} +[Cl{x} +[K){x} = {F}, (3

where [M] is a mass matrix, [K] is a stifiness matrix, {F} is an applied force vector,

and [C] is a matrix of Coriolis forces acting on the velocity term. Including the

~ Coriolis matrix [C] introduces complexity to the eigenvalue problem, i.e., results in
" complex eigenvectors. '
20

Motion of a conduit with fluid flowing therethrough can be modeled as a
scaled .complex eigenvector. A complex eigenvector has two independent
components at each degree of freedom. These components may include real and
imaginary components or, alternatively, magnitude and phase components.
According to this model, the motion of the conduit can be described by a free
response, i.e., the drive force can be neglected in the description of the motion.
The motion of a discrete set of points {x} on the conduit can be described by:

{x}(1) =a{|¢dl°°s((° L —ang@,N}, 4)



WO 00/04346 PCT/US99/14241

10

~ where {$}, is a complex eigenvector associated with the drive mode, o, is 2 natural

frequency associated with the drive mode, and the scalar o. scales the magnitude
of the ergenvectorto ‘match the amplitude of operatlon

"l can be assumed that a.{ip}, }, the magmtude of the complex eigenvector

{¢}d, is controlled by the drive circuit that drives the transducer to a given amplitude.

As ang(éd), the complexrty of the elgenvector ls unknown information about

~ motion at two Iocatlons can be used to determine the Coriolis forces. Refemng to
_Equatron (2), the: complex modal response {n} lnvolves the system characteristics,
represented by the FRF matrix [H], and the applled force vector {F} It may be

assumed that the applied force vector- {F} is known However the system
charactenstrcs embodled in the FRF matnx [H] are a functlon of the mass flow rate

.and thus are unknown Addltlonal mformatlon e. g phase at a point other than the

driver, allows determlnatlon of the mass flow rate.
In sum, knowledge of complex motion at more than two Iocatlons prov:des

suff' cient mformatron to resolve motron of the condurt into motlon attnbutable to

. Conolrs forces and’ motlon attnbutable to other forces An approach to measunng _

20

- mass flow thus mrght mclude for example, precrsely controlllng amphtude atone

location, e.g., the driver locatlon such that the amplrtude or phase of another

location can provrde suffi cnent information for a mass flow calculation. Alternatlvely, _
amplitude measured simultaneously at two separate locations, each amplitude

measurement being normalized to a maximum amplitude at the location, can

_ provide sufficient information for a mass flow measurement

‘The complexity of a mode may be viewed as a rotation of an elgenvector in

~the complex plane. Knowing the imaginary part o.f- the eigenvector at any two

25

30

"locations can provide information on the mode shape complexity, with the imaginary

rotation being related to the mass flow rate. To estimate mass flow, for example,
a meter is callbrated such that the rotation, i.e., a complex eigenvector, is known
at a known mass.flow. An unknown mass flow determining a corresponding
complex vector and assuming that this vector corresponds to a complex modal
transformation of the calibrated complex eigenvector. The transformation may be

estimated from the calibrated complex eigenvector and the measurement vector

. This Sheet Has Been Rep 10
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using, for example, a curve fitting technique. The estimated transformation may
then be used to estimate the unknown mass flow from the known mass flow.

A generalized linear regression technique may be used to determine mass

flow from complex modal measurements. For example, an n x 1 element vector

{Y.} may be constructed at a known mass flow rate; {Y, } could include, for
example, phase measurements at a plurality of locations on a sensor conduit. With
material flowing through the conduit at an unknown mass flow rate, another n x 1
element vector {X} may be constructed from complex measurements at the plurality
of locations. As described above, complex values may be generated for {Y,} and
{X} using measurements other than phase measurements.

In performing a linear regression, a transformation is found such that:
{F}=a{X}+b, (5

where a and b are constants representing slope and offset, respectively.-

Manipulating Equation (5):
ot
. 1 T
x, 1

where [Z] is an augmented matrix constructed from {X} and {c} is a vector having
a and b as réspective first and second elements. Equation (6) is in a form that
allows computation of {c}.

According to the present invention, the number of locations for which motion
information is available, e.g., the number of transducer locations, exceeds the
number of forces for which motion of the conduit is to be resolved, and thus [Z]
represents an overdetermined system, i.e., {Z] has more rows than columns. In
such an overdetermined case, Equation (6) can be solved by premultiplying both
sides by the transpose of [Z]:

11
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[ZI'[Z] is a square matrix, which for a physically well—ﬁ_osed- problem has an inverse.

Premultiplying both sides of Equation (7) by the inverse of [Z1"IZ] and solving for
R SR | |

P=q2rizy’izrgy. - ®

The result {c} represents a best fit of the vector {X} to the complex

elgenvector {Y.} according to a least squares criteria. The first element of {c}, the

slope a, represents a ‘'scaling factor for a scaled rotatlon of {X} to fit {Y.}. For

_example, if {X} and {Y,} are constructed from phase measurements, the mass flow

rate Ko cOMesponding fo {X} may be estimated from the known mass flow rate

o kknown by:

5.
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kxmknawn.

Overdetermined Complex Modal Sensor

FIG. 2 illustrates an embodiment of a parameter sensor 5 that employs

| complex modal estimation according to the present invention. Conduits 103A, -
103B of a conduit assembly 10 are excited by one or more actuators 104. A

plurality of motion transducers 105A-D produce a plurality of motion signals on a

‘plurality line 111 of representing motion at more than two locations on the conduits

103A, 103B. An overdetermined process parameter estimator 30 includes a
complex modal transformation estimator 232 that is responsive to the plurality of
motion transducers 105A-D, receiving the plurality of motion signals and estimating
a complex modal transformation 233 therefrom. The estimated complex modai
transformation 233 resolves motion of the conduit into motion attributable to Coriolis
force and motion attributable to an aggregate of aother forces by determining the
complexity introduced into the motion of the conduits 103A, 103B by a Coriolis
force, as described above. A process parameter estimator 234 is responsive to the
generation of complex modal transformation 233 and generates an estimate 35 of

a process parameter, e.g., mass flow rate, totalized mass flow rate, viscosity, and

12
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the like, associated with a material passing through the conduits 103A, 103B from
the estimated complex modal transformation 233. Because the number of locations
for which motion ,i"nfbrrhation is provided exceeds fhe number of forces for which
motion 13 resolved, the process parameter estimate 35 is spatially integrated.
FIG. 3 illustrates an exemplary embodiment of overdetermined
process parameter estimator 30. As illustrated, the complex modal transformation
estimator 232 includes a sampler 332, for example, a sample-and-hold or similar
circuit, and an analog-to-digital converter (A/D) 334. The sampler 332 and the A/D
334 brovide means 331 for receiving motion transducer motion signals 333,
sampling the motion signals 333 and producing sambles 333 therefrom which are
converted to digital signal values 335 by the analc;g-to-digital converter (A/D) 334.
- Detailed operations of the illustrated sampler 332 and A/D 334 may be performed
by a number of circuits known to those skilled in the art, and need not be discussed
in greater detail herein. Those skilled in the art will appreciate that the receiving
means 331 illustrated in FIG. 3 may be implemented in a number of ways, including
additional pre-sampling anti-alias filtering, post-sampling filtering and the like. It wil
also be understood that, in general, the receiving means 331 illustrated in FIG. 3
may be implemented using special purpose hardware, firnware or software running

‘on special or general-purpose data processing devices, or combinations thereof.

Portions of the complex modal transformation estimator 232 may be
embodied in a computer 50, e.g., a microprocessor, microcontroller, digital signal
processor (DSP) or the like. For example, the computer 50 may comprise a
pipelined DSP especially suited for linear algebraic computations, such as one of
the DSPs of the TMS320C4X family of DSPs sold by Texas Instruments, Inc.
Configured with appropriate program code, e.g., software and/or firmware and data
stored, for example, in a storage medium 60 such as a random access memory
(RAM), electrically erasable programmable read-only memory (EEPROM),
magnetic disk or the like, the computer 50 provides complex modal transformation
estimator 232 for estimating a complex modal transformation 233 from the digital
values 335.

13



. 'WO 00/04346 PCT/US99/14241

10

15

- The process parameter estimator 234 may also be implemented in the

computer 50. Embodied as, for example, software or firmware running on the

 computer 50, the process parameter estimator 234 computes an estimate 35 of a

process parameter, e.g:, computes an unknown mass flow rate from a known mass
flow according to the computed estimated comple_x_ modal fransformation 233
produced by the complex modal transformation estimator 232. Detailed discussion

- of apparatus, methods and program products for peﬁOMing these operations are
. discussed in the aforementioned .patent application "Improved Mass Flow

Measurement Methods, Apparatus and Computer Program Products Utilizing

.Complex Modal Estimation."

The spatial integration techniques described above with respect to complex
modal - estimation 'are ‘similarly applicable to process parameter estimation
techniques which employ real modal estimation. Analogous to the above-described
resolution of conduit motion into real and complex components, motion of a sensor

conduit can be resdlved into a plurality of real 'normal modes, e.g., multiple bend

_modes twist modes and the like, representing motion of the conduit as motion of

| ~a plurality of single degree of freedom (SDOF) systems subject to respective forcing .

20

__functrons Process. parameter estrmates can be generated from the resolved

motions in each of the modes in a manner similar to that described above for
complex modal estimation. Motion in the SDOF systems may then be combined -

- iru a weighted combination, for example, to identify: Coriolis force imparted by

25

30

- material moving in a sensor conduit, thus enabling estimation of mass flow.

Overdetermined Estimator Using Conventional Coriolis
Measurement Techniques
According to another aspect of the present 3"ihvention, the s'p'atial integration
concepts described above may also be combined with conventional Coriolis
measurement techniques. An exemplary embodiment of a parameter sensor 5
according to the present invention is illustrated in FIG. 4. The parameter sensor 5
includes a plurality of motion transducers 105A-105D that produce motion signals |
representing motion at an overdetermined plurality of locations on the conduits
103A, 103B. In the illustrated embodiment, respective groups 113A, 113B of
\
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motion transducers are clustered ‘about respective locations on the u-shaped
conduits 103A, 103B. .

The overdé{ér:rnined process parameter ésiifhator 30 includes multiple signal
combining means 423A, 423B. Output signals pfoduced by a group of transducers
113A, 113B are fed to a signal combining means 423A, 423A where the signals
are combined to produce a spatially averaged motion signal 433A, 433B. Means
434 are provided for generating an estimate 35 of a process parameter from the
spatially averaged motion signals 433A, 433B, such as a conventional Coriolis
measuring circuit as described in United States Patent RE31,450 to Smith, United -
States Patent 4,879,911 to Zolock, and United States Patent 5,231,884 to Zolock.

It will be appreciated that the signal combining means 433A, 433B and the
process parameter estimate generating means 434 may in general be implemented
using special purpose hardware, software or firmware running on general or special
purpose computing devices, or combinations thereof. For example, the signal
combining means 423A, 423B may comprise any one of a number of analog
combining circuits that are operative to produce an output signal that represents a -
weighted combination of input signals, such as resistor networks, weighted .
summing amplifiers, and the like. The operations of these circuits are well known
to those skilled in the art and need not be discussed in detail herein. The signal
combining means and the process parameter estimate:generafing means may
alternatively be implemented in a digital domain, with the combination of motion
signals and the generation of a process parameter estimate, e.g., phase difference
calculation, occurﬁng in a computing device such as a microprocessor, digital signal -
processor (DSP) or the like. Those skilled in the art will also appreciate that spatial
integration for process parameter measurements can be implemented in ways other
than the clustered fashion illustrated in FIG. 4. For example, a number of
transducers could be placed about the sensor conduits 103A, 103B and output
signals combined in a general weighted signal combiner or equalizer to produce
one or more sighals which can be used to perform Coriolis measurements.

The drawings and specification of the present application disclose
embodiments of the invention. Although specific terms are employed, they are

used in a generic and descriptive sense only and not for purposes of limitation. It
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is expected that persons skilled in the art can and will make, use or sell alternative
embodiments that are within the scope of the following claims. either literally or

under the Doctrine of Equivalents. .

16




T

WO 0004346 ' ‘ - o PCT/US99/14241
THAT WHICH IS CLAIMED IS:
1. A process parameter sensor (5) for a material processing system

(1), the sensor (5) comprising:
a conduit (103A-103B) configured to contam material from the material
processing system;

5 " a plurality of motion transducers (105A-105D) operative to produce a
plurality of motion signals representing motion at a number of locations on the
conduit wherein said number of locations exceeds a predetermined number of
forces such that the plurality of motion signals provides an overdetermined
information set for resolution of conduit motion to motion attributable to the

10 predetermined number of forces; and
an overdetermined process parameter estimator (30) configured to
receive said plurality of mation signals and operative to resolve conduit motion
into motion attributable to each of a predetermined number of forces and to
eéﬁmate a process parameter (35) for the material processing system (1)

15 according to the resolved motion.

2. A sensor according to Claim 1, wherein said overdetermined
process parameter estimator (30) comprises: | o
means (434) for generating an estimate of motion attributable to a Coriolis
force; and ' '
5 means (234), responsive to a generation said estimate of motion
attributable to said Coriolis force, for generating an estimate of a process
parameter from the estimate of motion.

3. A sensor according to Claim 2, wherein said means (234) for
generating said estimate of a process parameter (35) comprises means for

generating an estimate of mass flow.

4. A sensor according to Claim 1, wherein said overdetermined
process parameter estimator (30) comprises:

means (423A-423B) for combining a group of motion signals to produce a

is Sheet Has Been Replaced 17
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spatially averaged motion signal; and o _
‘means (434), responsive to a combination of said group of motion

‘signals, for generating an estimate of a process pa}ameter from the spatially

averaged motion signal.

5. A sensor according to Claim 4, wherein said means (30) for
generating an estimate of a process parameter (35) comprises means for

generating an estimate of mass flow.

6. A sensor according to Claim 1:

wherein said overdetermined process parameter estimator (30) is

- operative to resolve motion of said conduit to motion in each of a number of real

‘modes; and

wherein said plurality of motion transducers (105A-105D) is operative to
pr-oddce- a plurality of motion signals representing motion at a number of
locations exceeding the number of real modes such that the. plurality of motion -

“signals provides an overdetermined information source for resolution of motion -
*~in each of the number of real modes.
100 -

7. . Asensor according to Claim 6, wherein said overdetermined
process parameter estimator (30) comprises:

means (434) for generating an estimate of modal motion attributable to é
Coriolis force; and _

means (234), responsive to a generation of said estimate of modal
motion, for generating said estimate of a process parameter (35) from said

estimate of modal motion.

8. A sensoraccording to Claim 1:
whgrein'said overdetermined process parameter estimator (30) is
operative to resolve motion of said conduit to motion in a complex mode; and

wherein said plurality of motion transducers is operative (103A-103D) to

produce a plurality of motion signals, a respective one of the motion signals

Thls Sheet Has B
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representing motiéiﬁ" at a respective spatially distiricf iocation on the conduit in

PCT/US99/14241

response to the excitation, the number of locations exceeding two such that the
plurality of motion signals provides an overdetermined information source for

resolution of motion in the complex mode.

9. A sensor according to Claim 8, wherein said overdetermined
process parameter comprises:

means (232) for generating an estimate of a complex modal
transformation (233); and | '

means , responsive to generation of said estimate of a complex modal
transformation (233), for generating an estimate of a process parameter (35) - |
from the estimate of the complex modal transformation.

- 10. A method of determining a process parameter. (35) aséociated with

a material in a conduit (103A-103B) configured to contain material from a
material processing system, the method comprising the steps of:

exciting said conduit (103A-103B) as a material flows through said
conduit with a driver (104);

identifying a number of forces associated with the excited conduit (103A-
1038B; | '

producing a plurality motion signals from a plurality of motion transducers
(1 05A—105D) operatively associated with said conduit (103A-103B), a respective
one of the motion signals representing motion at a respective spatially distinct
location on the conduit in response to the excitation, the number of locations
exceeding the identified number of forces such that the plurality of motion
signals represents an overdetermined information source for resolving motion of
the conduit into motion attributable to each of the identified number of forces;
and

generating an estimate of said process parameter (35) for the material
processing system (1) from the plurality of motion signals.

11. A method according to Claim 10, wherein said step of generating

19 ' ' :
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comprises the step of generating an estimate of motion attributable to a force of
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the identified number of forces.

12. A method acc@rding to Claim 11, Whérein‘ said step of generating
an estimate of motion comprises the sfeps of:
- generating an estimate of motion-attributable to a Coriolis force; and
generating an estimate of a prdcess parameter from the estimate of
motion attributable to the Coriolis force. B

13. A method according to Claim 13, wherein said step of generating
an estimate of a process parameter comprises the step of generating an-

estimate of mass flow. -

- 14. - A method according to Claim 10, wherein said step of generating
- an estimate of a process parameter comprises the steps of: -
combining a group of motion signals to produce a spatially averaged -

* - motion signal (433A-433B); and-

generating an esti'ma.te' of a process parameter from the spatially -

" averaged motion signal.

15. . A method according to Claim 14, wherein said step of generating
an estimate of a process parameter comprises the step of generating an

- estimate of mass flow.

16. A method according to Claim 10:

wherein said step of identifying-a number of forces comprises the step of
identifying a number of real modes; and |

wherein said step of producing a plurality of motion signals comprises the
step-of producing a plurality of motion signals repr,e'senting motion at a number
of locations exceeding the number of real modes such that the plurality of
motion signals represent an overdetermined information source for resolution of

motion of the conduit into motion in each of the plurality of real modes.
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17. A met:hod according to Claim 16, vlvher_ein said step of generating
an estimate of a brbcess parameter comprises the éteps of:
generating an estimate of modal motion attributable to a Coriolis force;
- and

5 generating an estimate of a process parameter from the estimate of
modal motion.

18. A method according to Claim 10:
wherein said step of identifyihg a number of forces comprises the step of
© identifying a complex mode; and
wherein said step of producing a plurality of motion signéls comprises the
5 step of producing a plurality of motion signals representing motion at a number

of locations exceeding two such that the plurality of motion signals provides an
overdetermined information source for resolution of the conduit into motion in
the complex mode. | |

19. A method according to Claim 18, wherein said step of generating .
an estimate of a procéss parameter comprises the steps of:
génerating an estimate of a complex modal transformation; and
generating an estimate of a process parameter from the estimate of the -
5 complex modal transformation.
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