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VIBRATING CONDUIT AND METHODS FOR GENERATING COMPENSATED MASS
FLOW ESTIMATES

Background of the invention
Field of the Invention
The present invention relates to process parameter sensors, operating methods
and computer program .producfs, and more particularly, to vibrating conduit
parameter sensors', opé_rating methods and computer program products.
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. Patent Nos. 4,109,524 of August 29,
1978,4,491,025 of January 1, 1985, and Re. 31,450 of February 11, 1982, all to J. .
E. Smith et al. These ﬂonetem typically include one or more conduits having a
straight or a curved configuration. Each conduit may be viewed as having a set of
vnbratlon modes, lncludlng, for example, snmple bendmg, torsional, radial and
coupled modes. In a typical mass flow measurement appllcatton, each conduit is
driven to oseillate at 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 charécteriétics of the'mate_rial 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 -
causes the conduit to oscillate. The drive system typically includes at least one
actuator mounted to the conduit(s) of the flowmeter. The aduator may comprise
one of many well knoWn electremechanical devices, such as a voice coil device
having a magnet mounted to a first conduut and a wire coil mounted fo a second
conduit, in an opposing relatlonshlp to the magnet. A driver typically 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.

When there is effectively "zero" flow thro_ugh 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 material begins to flow from an inlet of the flowmeter, through the

conduit and out of an outlet of the flowmeter, Coriolis forces arising from the
material flow tend to induce phase shifts between spatially separate points along
the conduit, with the phase on the inlet side of the conduit generally lagging the
actuator and the phase on the outlet side of the conduit generally leading the
actuator. The phase shift mduced between two locations on the conduit is
approximately proportional o the mass ﬂow rate of matenal through the conduit.
Unfortunately, the accuracy of measurements obtained using conventional
phase shift or time delay methods can be compromlsed by nonlinearities and

asymmetries in the flowmeter siructure as well as by vibration introduced into the

flowmeter structure by extemal sources such as pumps. These effects may be
reduced, for example by usmg balanced mechanlcal deSIgns that reduce the
effects of external wbratlon and by usmg frequency domain filtering to remove
frequency components associated  with undeswable vibrations.  However,

" mechanical design approaches may be constrained by geometric considerations,

and frequency domain ﬁltering may be ineffective at removin'g unwanted vibrational
energy that occurs at or near resonant f're'quencfes' of interest such as_the drive
frequency used to excite the conduit.

One type of error commonly encountered in mass flow rate measurement

" applications is “zero offset.” As mentroned above, mass flow rate measurements

typically involve determmmg a phase or time difference between motion signals
produced by transducers on the sensor conduit structure. Zero offset represents
a bias or offset in these phase or time differences measurement, such that a zero
mass flow rate does not produce a zero phase or time difference.

To reduce zero offset, error, con_ventionaf mass flow measurement
techniques typically measure zero offset as a phase or time difference between
motion signals measured under a controlled zero':rna's"s flow condition. Phase or

time difference measurements conducted under oth’e'r'ﬂow conditions are then

compensated according to the measured zero-ﬂow phase or time difference to
produce more accurate results. '

These techniques have potential'dis'advantages', however. Changes in
process temperatures or sensor mounting conditions may cause the zero offset to

drift over time and lead to measurement errors.  To compensate for this drift, it

may be necessary io periodically re-measure zero offset.  This may be
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inconvenient, as conventlonal zero offset compensation techniques may require

that flow be stopped to generate an updated zero offset measurement.

S of ention

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

.mass flow sensors and methods of determining mass flow which are less sensitive

to changes in process and mounting conditions.

This and other objects, features and advantages are provided according to
the present invention by methods, apparatus and computer program products in
which “residual flexibility,” i.e., residual motion attributable to off-resonance
contributions of real normal modes, is determined by resolving motion of a

-vibrating conduit of a mass flow sensor into real normal modal components. A real

normal modal residual flexibility component associated with at least one real
normal mode of the conduit motion is estimated and used to generate a residual-
flexibility-compensated estimate of mass flow. ' '
According to an aspect of the present invention, the real normal modal -
residual flexibility component is estimated from signals representing motion of the
conduit at a subsfantially zero mass flow condition. - According to a related
“dynamic zeroing” aspect, two real normal modal residual flexibility components
are determined, including a "“static" real normal modal.- residual. flexibility
component measured at zero flow and a "dynamic” real normal modal residual
ﬂex_ibiIity component which is measurable under non-zero mass flow conditions.
The two real normal modal residual flexibility components are combined to provide
an estimate of residual flexibility that is used generate a residual-flexibility-
compensated estimate of mass flow. Because the dynamic real normal modal

residual flexibility component may be estimated as miaterial flows through the

sensor, the estimate of residual flexibility can be updated to compensate for
changes in the sensor’s structural dynamics without requiring stoppage of flow.
According to another aspect of the present invention, a function that
describes motion of the vibrating conduit in a real normal mode as function of
frequency is identified. The identified function is then used to estimate a residual
real normal modal component associated with the real normal mode by fitting
measurements of actual conduit motion, e.g., motion at non-zero mass flow rates,
to the identified function. For example, a plurality of values of motion of the sensor
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conduit in a real. normal mode may be measured at a plurality of selected

frequencies, and these values used to determine a mode scaling for the real
normal mode such that motion of the conduit in the real normal mode at an off-
resonant frequency, e.g., an excitation frequency of the sensor, can be estimated.

This measurement of residual motion can then be used to generate a residual-

flexibility-compensated estimate of mass flow through the sensor.
The present invention arises from the realization that residual flexibility in a
mass flow sensor may be attributed to off-resonance contributions of various

_ vibrational modes of the sensor structure. Using real normal modal decomposition

techniques, the present invention can accurately measure conduit motion
associated with off-resonant real normal modal motion, and thereby provide an
accurate measurement of residual flexibility for use in generating more accurate

‘measurements of mass flow. According to aspects of the present invention, the
eestimate of off-resonant conduit motion can be made without requiring zero mass

flow in the sensor conduit. o _

In particular, according to the present invention, a process parameter
associated with a material contained in a conduit is estimated. by estimating a real
normal modal residual flexibility component associated with a real normal mode of

‘motion of the conduit. A plurality of .motion- signals representing motion of the -

conduit is received. A residual-flexibility-compensated estimate of mass flow is
generated. from the received plurality. of motion signals and the estimated real .

‘normal modal residual flexibility component.

According to an aspect of the present invention, the conduit is excited at an
excitation frequency. A real normal modal  residual flexibility component
associated with the real normal mode at the excitation frequency is estimated. A
plurality of motion signals representing motion of the conduit in response to the
excitation is received and motion of the conduit at.the excitation frequency is
determined from the received plurality of motion signals. A residual-flexibility-
compensated estimate of mass flow is generated from the determined motion at
the excitation frequency and the estimated real normal modal residual flexibility
component.

According to another aspect of the invention, a first plurality of motion
signals representing motion of the conduit under a substantially zero mass flow
condition is received and processed 1o resolve the motion of the conduit under the
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substantially zero mass flow condition into a plurallty of real normal modal

components. A real normal modal residual flexibility-component is estimated from
the resolved plurality of real normal modal components. A second plurality of
motion signals representing motion of the conduit is received and a residual-
flexibility-compensated  estimate of mass flow is generated from the received
second plurality of motion signals and the estimated real normal modal residual
flexibility component.

Estimation of residual flexibility and mass flow may be performed in a
physical coordinate domain or a modal coordinate domain. The first plurality of
motion signals méy be mode pass filtered to produce a mode pass filtered
representation of the conduit motion under the substantially zero mass fiow
condition, and an estimate of residual physical motion associated with a real
normal mode may be generated from the mode pass filtered representation of
conduit motion. Alternatively, the first plurality of motion signals may be processed
to estimate residual real normal modal motion under the substantially zero mass
flow condition. '

-According to a related "dynamic zeroing" aspect of the present invention, a -
first real normal modal residual flexibility component associated with a first real
normal mode of conduit motion under the substantially zero mass flow condition is
estimated. A second real normal modal residual flexibility component associated
with a second real normal mode of conduit motion under a non-zero mass flow .
condition is estimated. A residual-flexibility-compensated estimate of mass flow is
generated from the received second plurality of motion signals, the estimated first
real normal modal residual flexibility component and the estimated second real
normal modal residual flexibility component. The first real normal mode preferably
is more highly correlated with flow of material in the conduit than the second real
normal mode. '

According to yet another aspect of the present invention, a function
operative to describe motion of the conduit in a real normal mode as function of
frequency is identified. A first value representing motion of the vibrating conduit at
a selected frequency is determined. A real normal modal residual flexibility
component associated with the real normal mode is estimated by fitting the first
value to the identified function. A plurality of motion signals representing motion of
the conduit is received and a residual-flexibility-compensated estimate of mass
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flow is generated from the received second plurality of motion signals and the.

estimated real normal modal residual flexibility component.
In a modal coordinate domain embodiment, a real normal modal residual
flexibility component is estimated by determining a scaling transformation relating

the first value to the identified function, and estimating a real normal modal

residual flexibility component associated with the real normal mode from the
identified function and the determined scaling transformation. A residn.ial-ﬂexibility—
compensated estimate of mass flow is generated from the estimated real normal
maodal.residual flexibility component in a modal -coordinate domain.

In a mode pass filtering embodiment, residual physical motion associated
with.'a real normal mode is estimated from a frequency response function. A

residual-flexibility-compensated estimate of mass flow is generated by mode pass

filtering a received plurality of motion signals to produce a mode-pass-ﬂltered
representation of conduit motion as a material flows therethrough, and generating

a residual-flexibility-compensated estimate of mass flow from the mode pass

filtered representation and the estimated resndual physmal motion.

Related apparatus and computer program products for generating a:
res|duaI—ﬂexnbnllty-compensated mass ﬂow ‘estimate for materlal in "a vibrating
condunt are also described.

Brief Descri he Dray
FIG. 1 illustrates an exemplary sensor conduit structure.
F1Gs. 2-4 illustrate frequency responses of real normal modes of the

‘exemplary conduit structure of FIG. 1.

FIGs. 5-6 illustrates an embodiment of a vibrafing conduit parameter sensor
according to the present invention. - _ _ _

FIGs. 7-11 are flowchart illustrations and schematic diagrams illustrating
operations for generating a residual-flexibility-compensated estimate of mass flow
according to aspects of the present invention.

- FIGs. 12A-B illustrate frequency responses of modes of an exempiary
sensor conduit structure.

FIGs. 13-16 are flowchart illustrations and schematic diagrams illustrating
operations for generating residual-flexibility-compensated estimates of mass flow
according to aspects of the present invention.
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Detailed Description of Embodiments
The present invention now will be described more fully hereinafter with
reference to the accompanying-drawings, in which embodiments of the invention
are shown. 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. '

In embodiments described herein, motion signals representing motion of a
sensor conduit are processed to resolve the conduit motion into a plurality of real
normal modal components. Real normal modal decomposition “may be
implemented in a number of ways. For example, a mode pass filter may be
employed to pass components of sensor conduit motion that are associated with a
set of desired real normal. Although modal responses corresponding to the
conduit motion need not be explicitly determined, the mode pass filtering
nonetheless "resolves" the conduit motion into respective components associated
with respective real normal modes. Alternatively; real normal modal motion, i.e.,
motion in the coordinate systerns of a plurality of single degree of freedom (SDOF)
systems, can be explicitly estimated from the motion signals and used to generate
process parameter estimates. '

L Overview
A. Modal Behavior of a Sensor Conduit

As discussed in a United States Patent Application entitled "Vibrating
Conduit Parameter Sensors, Methods and Computer Program Products Utilizing
Real Normal Modal Decomposition,” filed July 16, 1998, and assigned to the
assignee of the present application, behavior of a vibrating structure such as a
Coriolis flowmeter conduit may be described in terms of one or more natural or real
normal modes having associated natural frequencies of vibration. These real

-normal 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
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respect to the mass and stiffness of the structure. The linearly 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

-undesirable because they may contribute energy at the: resonant frequency of a

desired mode and therefore may corrupt measurements taken at the resonant
frequency of the desired mode, such as phase difference measurements taken at

. the excitation frequency.

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, 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 hot 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 flowing material introduce the complexity-into the -
- motion of the sensor conduit. .

Even if complex, motion of a conduit structure can be described as a
superposition of scaled natural or "normal” modes. To represent complex motion,
complex scaling coefficients are used in combining the constituent real normal
modes. Particular real normal 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. Acéordingly, these particular real normal
modes may be more closely correlated with the Coriolis forces associated with the
material in the sensor conduit, and thus can provide information for generating an
accurate estimate of a parameter, e.g., mass flow, associated with the material.

As an illustrative example, a dual curved tube 3-inch Coriolis flowmeter was
experimentally analyzed. A conceptual model of the conduit structure of this meter
is illustrated in FIG. 1. Conventional velocity transducers 105A, 1058, 105C,
oriented to measure velocity in a direction z, were positioned at respective left,

8
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right and drive. locatlons .on the. conduit assembly 10 Respective accelerometers

105D, 105E were placed on respective ones of the conduits 103A, 103B, near the
right transducer location, and were oriented to measure lateral acceleration along
a direction x. The outputs of the accelerometers 1050, 105E were integrated to
produce lateral absolute velocity information.

A response vector {x..p.ms} Can be constructed from the outputs of the
motion transducers 105A-E:

right response,z
drive response,z
X response } = left response, z . (1)
skewed lateral response, xz

i lateral response,x
where the skewed lateral response is a response along a direction 45 degrees with
respect to the x and z axes. A real normal modal matrix [®], i.e., a real normal
modal transformation matrix relating the physical motion vector {X,eponse} (in
"physical” coordinates) to a real normal modal motion vector {n} (in "modal" -

coordinates), may be identified such that.
{Xreponses =[@J0}.  (2)

The real normal modal transformation matrix [®] can be identified using a
number of techniques. For example, trial and error or inverse techniqgues may be
used as described in United State Patent Application Serial Number 08/890,785,
filed July 11, 1997 and assigned to the assignee of the present application, and in
a United States Patent Application Serial Number 09/030,453, filed February 25,
1998 and assigned to the assighee of the present application.

For the exemplary conduit structure 10 of FIG. 1, a real normal modal
transformation matrix [®] was experimentally determined:
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5.893 0.033 -0.198 -11.958 1195 ] - :

14973 0085 -0.68 -7.666 -—10.388
. [®]=| 6024 -0.15 -0.169 12312 12239
1891 084 133 36 3864 |
0124 1728 -3.587 0198 0232 |

1
e o2\
lbf.sec: ) 2 (3)

"in

" From left to right; the columns of the real normal modal transformation matrix [®]

correspond to a first out-of-phase bend mode, an in-phase lateral mode, an out-of-
phase lateral mode, an out-of-phase twist mode and a second out-of-phase bend
mode, respectively, for the conduit structure 10.

" The modal trahsformétion matrix [®] can be used to resolve the physical
motion _represénted by the motion vector {x,,,,,_.,,,,,} into real normal modal
components. For example, Equation (2) may be explicitly solved for the modal
motion vector {n}, by premultiplying both sides of Equation (2) by the inverse of the

- modal transformation matrix [P]:

S =IOT Ko} (4)

" where, for the exemplary structure of FIG. 1,

[ 0.0056 0.0498  0.0326 - 0.0135 -0.0063]
~0.08 00002 -01999 0.6436 02485 | 1
- 1fb-sec? 2
[®]” ={-0.0035 0.0002 .-0.0916 03109 —0.1591}— :
~0418 00 00394 00044 00021 [
| 00391 -0.0245 00223 00011 0.0019 |

®)

'As described in the aforementionéd patent application "Vibrating Conduit
Parameter Sensors, Methods and _Computer Program Products Ulilizing Real
Normal Modal Decomposition," the real normal modal motion {n} may be used
directly to estimate a process parameter associated with one or more of the real
normal modes of the conduit siructt]re, e.g., modes associated with Coriolis force.
Alternatively, the modal transformation matrix [®] may be used to identify a “mode
pass filter” that may be applied to the physical motion {x,.spense} t0 produce a filtered

physical domain response that preferentially includes components of the physical

10
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motion {X:esponse} assomated with one or more modes of the conduit. This filtered

response may be used to estimate a process parameter.

A selective inverse real normal modal transformation matrix [®') can be
used to translate a real normal modél motion vector {n} to a filtered motion vector .
{xsneresy I Which components associated with undesired real normal modes are

attenuated:
{xﬁlm-d} =[0'{n}. (6)

For the exemplary structure of FIG. 1, a selective inverse real normal modal
transformation matrix [@’] was constructed from the real normal modal
transformation matrix [®] with by replacing those elements of the real normal

modal transformation matrix [©] associated with the undesired real normal modes

with zeroes:
(5893 0 0 -11.958 0]
114973 0 0 -7.666 0 (1of 500" -1
[®]=)6.024 0 0 12312 O ————J . (7)
1891 0 0 36 of
0124 0 0 0198 0

As shown in Equations (6) and (7), components of the conduit motion vector
{Xresponsey COrresponding to undesired real normal modes may be attenuated by

employing a selective inverse real normal modal transformation matrix [@'] that
corresponds to the real normal mddal transformation matrix [®] with zeroes
replacing those elements of the real normal modal transformation matrix [®]
associated with the undesired real normal modes. Those skilled in the art will
appreciate, however, that attenuation of these components could be achieved

- using nonzero values for these elements of the selective inverse real normal modal

transformation matrix [@’].

Combining Equations (4) and (6):

5 tere} = [P UPT X, cnse } = (¥ X e} (8)
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where the mode pass filter matrix [¥] is given by .
[¥l=[®®]". - (9)

The mode pass filter matrix [¥ ] processes the conduit motion vector
{x,,,p,",e} such that the filtered output motion vector {xm..s preferentially
represents components of the conduit motion vector {X,.pense} associated with one

or more desired modes. The mode pass filter matrix ['¥ | may also be generated

by:

[¥]=[®1[ AT, (10)

where [4] is a "diagonal" matrix whose off-diagonal elements are zeros, with

~ selected diagonal elements correponding to desired modes set to one, e.g.,

10 0 o
0 0 0 o

(=, . an
0 1

The filtered output {xs..s} may be processed to generate accurate
estimates of process parameters such as mass flow. ‘For example, the filtered
output fxme.st May be processed according to conventional phase or time
difference Coriolis- measurement techniques, as described in the aforementioned
patent application "Vibrating Conduit Parameter Sensors, Methods and Computer
Program Products Ultilizing Real Normal Modal Decomposition." For the
exemplary system illustrated in FIG. 1, this could be done by determining a phase
difference or time difference between components of the filtered output {xuered}
corresponding to the right and left transducers 105A, 105B using, for example,
zero crossing or similar phase or time difference techniques such as those
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, or similar

12
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phase or time dlfferen’ée techniques lmplemented ina dlgltal domain using a digital

signal processor (DSP) or other computing device.

B. Residual Flexibility and Zero Offset

A Coriolis flowmeter is typically excited or "driven” to cause a fluid or other
material in the conduit of the meter to undergo a Coriolis acceleration. This
excitation typically is imparted at or near a resonant frequency of a vibrational
mode of the sensor conduit structure, e.g., at the resonant frequency of a so-called
“drive” or “excitation” mode. It is often assumed that a periodic excitation applied
at the resonant frequency of a mode of the sensor conduit produces a unimodal
response, i.e., a response limited to that drive or excitation mode. ' In reality,
however, excitation typically produces motion in additional real normal modes

‘beyond the drive or excitation mode. As described above, the off-resonance

response of real normal modes other than the drive mode can contribute to
residual flexibility at the drive mode frequency, and thus to measurement
phenomena such as zero offset in phase or time difference measurements
performed at the excitation frequency. o

For the experimentally-analyzed three-inch Coriolis flowmeter, nine modes
having resonant frequencies between 0 and 400 Hz were identified. FIG. 2

filustrates the total physiéal response 210 of the sensor's left transducer, and the

frequency responses of the first nine modes of the structure. As illustrated, there
are many modes having a nonzero response at the excitation frequency wq. The
off-resonance responses of these modes contribute to residual flexibility at the
excitation frequency wg. Of partiéular interest is the prbminent first out-of-phase

twist mode 220 having a resonant frequency at approximatély 325 Hz. For the

experimentally-analyzed sensor, this mode represents one of a family of "flow
modes" thaf are highly correlated with Coriolis acceleration of material within the
sensor conduit. For the illustrated responses of FIG. 2, this twist mode contributes
the greatest residual flexibility at the excitation frequency oq.

FIG. 3 illustrates phase responses corresponding to' the magnitude
responses of FIG. 2. Residual flexibility can affect the phase of the res.ponse and
thus can introduce bias or zero offset in phase or time d:fference measurements
used to estimate mass flow. As illustrated in FIG. 4, which shows the phase

responses of FIG. 3 magnified near the excitation frequency w4, the difference 430

13
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between phase 410 of the left motion transducer signal and the phase 420 of the

right motion transducer signal exhibits a bias at zero flow, illustrating the potential
effects of off-resonance contributions of modes other than the drive mode on

- phase difference measurements.

il_. Determining Residual F.Iexibility by Real Normal Modal Decomposition

Analytically, the off-resonance contributions of real normal modes other
than the drive mode at zero flow can be determined by identifying a portion of the
conduit response at the excitation frequency that is_attributable to these off-
resonance contributions, i.e., by estimating a “real normal modal residual flexibility
component” of conduit motion that contributes to residual flexibility. The estimated
real hormal modal residual flexibility component ma'y then be used to generate a
residual-flexibility-compensated estimate of mass flow according to a number of

dlfferent techniques.

FIG. 5 illustrates an exemplary embodiment of a vnbratmg conduit parameter
's‘ensor 5 accordmg 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. .Motion transducers 10_5_A,_.1OSB are operative to.
produce a plurality of motion signals representing motion at a plurality of locations

~.of the conduits 103A, 103B, e.g., signals representing displacement, velocity or
-acceleration of the conduits 103A, 103B. The motion transducers 105A, 105B 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 co_hnected to the actuator 104 and the motion transducers 105A,

105B.

When the conduit assembly 10 is mserted mto a matenal processing
system, material ﬂowmg in the material processing system 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 ﬂangé 101’. As the material flows through
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_the conduits 103A, 103B, it gives rise to Coriolis forces that perturb the conduits

103A, 103B.

The conduits 103A, 103B may be driven by the actuator 104 in opposite
directions about their respective bending axes W-W and W'-W’, inducing what is
commonly 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 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 through the coil, generating mechanical force that vibrates the conduits
103A, 103B. The excitation supplied by the actuator 104 may be substantially
coherent, e.g., confined to a narrow frequency range, or may be broadband.

Although the parameter sensor 5 illustrated in FIG. 5 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. For example, broadband excitation may be generated external to the
conduit assembly 10 by such sources as pumps or compressors and conveyed to
the conduit assembly 10, for example, via one of the flanges 101, 101°. - Similarly,
broadband excitation may be generated by transfer of energy from a material in

- the conduits 103A, 103B through, for example, a fluid-structure interaction (FSI)
- mechanism.

The parameter sensor 5 includes a real normal modal residual flexibility
cdmponent estimator 30 that is configured to receive motion signals from the
motion transducers 105A, 105B over leads 111 and operative to estimate a real
normal modal residual flexibility component 35 of motion of the conduits 103A-B.
A residual-flexibility-compensated mass flow estimator 40 is responsive to the real
normal modal residual flexibility component estimator 30, configured to receive
motion signals from the motion transducers 105A, 105B, and operative to generate -
a residual-flexibility-compensated estimate 45 of mass flow from the motion signals
and the estimated real normal modal residual flexibility component 35.

As illustrated in FIG. 6, the real normal modal residual flexibility component -
estimator 30 and the residual-flexibility-compensated mass flow estimator 40 may
be implemented using a computer 50, e.g., a microprocessor, microcontroller,
digital signal processor (DSP) or the like. In the illustrated embodiment of FIG. 6,
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- both the real normal modal residual flexibility component estimator 30 - and the:

residual-flexibility-compensated mass flow estimator 40 include circuitry 610 that
received motion signals 605, such as a sampler 612, for example, a sample-and-

- hold or similar circuit, that samples the motion signals 606 and produces samples

613 therefrom for subsequent conversion to digital signal values 615 by an analog-
to-digital converter (A/D) 614. Operations of the sampler 612 and A/D 614 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 motion signals 606 can be processed in a number of ways. For example, anti-

 alias filtering, post-sampling filtering and similar signal processing may be applied.

It will also be understood that, in general, the receiving means 610 illustrated in
FIG. 6 rhay be implemented using special purposé hardware, firmware or software
running 'on special or general-purpose data processing devices or combinations
thereof. For example, the sampling and analog to digital conversion functions may
be integrated with the transducers 105A, 105B.

The computer 50 may comprise, for example, a pipelined DSP_especially
suited for linear algebraic computations, $uch as a DSP 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 thelike, the

- computer 50 provides means 620 for computing an estimate of the residual real

normal modal component 35 from the digital values 615, as well as means 630 for

-computing a residual-flexibility-compensated estimate 45 of mass flow. from the

digital values 615. It will be appreciated that other computing devices, such as
microcontrollers, microprocessors, field-programmable gate arrays (FPGAs) and .
the like may be similarly used. -

FIG. 7 illustrates operations 700 for estimating a process parameter from
motion signals representing motion of a conduit containing a material. A real
normal modal residual flexibility component associated with a real normal mode of

. motion of the conduit is estimated (Block 710). A plurality of motion signals is

received representing motion of the sensor conduit as a material flows
therethrough (Block 720). A residual-flexibility-compensated estimate of mass flow
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is then generated from the received plurality of motlon signals and the estimated

real normal modal residual flexibility component (Block 730).

The real normal modal residual flexibility component estimate and the
residual-flexibility-compensated mass flow estimate can be generated in a number
of ways.. According to one aspect of the present invention, the real normal modal

‘residual flexibility component is estimated from motion signals representing conduit

motion under a substantially zero mass flow condition. According to a related
"dynamic zeroing" aspect, a first real normal modal residual flexibility component
associated ‘with a flow-correlated real normal mode is estimated from motion
signals representing conduit motion under a substantially zero mass flow condition,
a second real normal modal residual flexibility component is estimated from motion
signals representing conduit motion under a non-zero mass flow condition, and a
residual-flexibility-compensated estimate of mass flow is generated from the first
and second estimated real normal modal residual flexibility components. The
second real normal modal residual flexibility component can be updated by
measurements under non-zero flow conditions, allowing accurate residual-

: ﬂexibility—compensated estimates to be generated without requiring the stopping of .. - -
" mass flow for recalibration of the sensor. |

According to another aspect of the present invention, a real normal modal
residual flexibility component can be estimated without requiring measurements

‘under a no-flow condition. A fréquency response functipn or "delta function" for a

mode other than the drive mode, e.g., a function describing the frequency
response of a flow-correlated twist mode, is identified using, for example, pole
estimation techniques. Measurements are made of the actual frequency response
for this mode.at frequencies other than the excitation frequency, preferably at

- frequencies near the resonant frequency of the mode. The measured values are

then fitted to the identified frequency response function to estimate scaling of the
mode. The estimated mode scaling is then used to generate an estimate of the
residual flexibility contribution of this mode at the excitation frequency. Because
the mode scaling can be determined from conduit motion information under non-
zero flow conditions, stoppage of flow is not required for sensor calibration.

" The discussion herein' describes various techniques for generating
estimates of a real normal modal residual flexibility component and generating a
residual-flexibility-compensated estimate of mass flow therefrom. This discussion
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is conducted with reference to the flowchart illustrations and schematic diagrams
of FiGs. 5-16. It will be understood that, in general, blocks: or combinations of
blocks in the flowchart illustrations and schematic diégrams of FIGs. 5-16 can be
implemented using computer readable program code, e.g., program instructions
and/or data operated on in a computer or data processor such as the computer 50
illustrated in FIG. 6. As used herein, computer readable program code may
include but is not limited to such things as operating system commands (e.g.,
object code), high level language instructions, and the like, as well as data which
may be read, accessed or otherwise utilized in conjunction with such program

" instructions.

The program code may be loaded onto a computer or similar data
processing apparatus - including, but not limited to, a microprocessor, a
microcontroller, a digital signal processor (DSP) or the like. The combination of

- the program code and computer may. provide an apparatus that is operative to
-implement a function or functions specified in a block or blocks of the flowchart
illustrations or schematic diagrams. - Similarly, the program code may be loaded

onto a computer or data processing device such that the program code and.
computer provide means for performing the function or functions specified in a

‘block or blocks.

- The program code may also- be stored in a computer-readable storage
medium: such as a magnetic disk or tape, a bubble memory, a programmable .

~ memory device such as an electrically-erasable programmable read-only memory .

(EEPROM), or the like. The stored program code may direct a computer
accessing the storage medium to function such that the program code stored in the
storage medium forms an article of manufacture including program code means for
implementing the function or functions specified in a flowchart or schematic
diagram block or blocks. The program code may also be loaded onto a computer

to cause a series of operational steps to be performed, thereby implementing a
. process such that the program code, in conjunctidn with the computer, provides

steps for implementing the functions specified in a flowchart or schematic diagram
block or blocks. Accordingly, blocks of the flowchart illustrations and schematic
diagrams - support apparatus operative -to perform the specified functions,
combinations of means for performing the specified functions, combinations of

- steps that perform the specified functions and computer readable program code
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means, embodled in a computer-readable storage medium, for performing the

specified functions.

it will also be understood that, in general, each block of the flowchart
illustrations - and schematic diagrams, and combinations of blocks in the flowchart
illustrations and schematic diagrams, can be implemented by special purpose
hardware, software or firmware executing on a general purpose computer, or
combinations thereof. For example, functions of the blocks of the flowchart
illustrations and schematic diagrams may be imblemented by an application

- specific integrated circuit (ASIC), programmable gate array or similar special

purpose dévice, or by program instructions and data loaded on and executed by a
microprocessor, microcontroller, DSP or other general-purpose computing device. .
Those skilled in the art will also appreciate that although reference is- made to
digital implementation using a microprocessor, microcontroller DSP or other
computing device, functions of the flowchart illustrations and schematic diagrams
may also be implemented using analog computing or processing elements, such
as analog filters, analog arithmetic components and the like. '

A. Estlmatmg a Real Normal Modal ReSIdual flexibility component Usmg
Drive Mode Filtering

According to a first aspect of the present invention, re'sidual conduit motion -
under a subétantially zero mass flow condition associated with modes other than
the drive mode at a frequency of interest, e.g., the excitation frequency of the
sensor, is determined by filtering out that portion of the conduit motion attributable
to the “drive” or "excitation” mode. The real normal modal residual flexibility -
component is then used to generate a residual-flexibility-compensated estimate of
mass flow at unknown mass flow rates. The drive mode filtering may be
accomplished in a modal coordinate domain or by mode pass filtering in a physical
coordinate domain. . '

According to a first technique, a residual-flexibility-compensated mass flow
estimate is generated using modal domain computations. Residual real normal
modal motion under a substantially zero mass flow condition in at least one mode
other than the drive mode is estimated. Motion signals representing motion of the
sensor conduit under a subsequent unknown mass flow condition are then
processed to estimate real normal modal motion of the conduit under the unknown
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mass flow condition. : The residual real normal modal motion. at the substantially
zero mass flow condition is then subtracted from the estimated.real normal modal
motion at the unknown mass flow condition to generate a residual-flexibility-
compensated estimate of real normal modal conduit-motion at the unknown mass
fiow condition. The residual-flexibility-compensated - estimate of conduit motion

“may then be used to generate a residual-flexibility-compensated estimate of mass
flow using modal domain mass flow estimation techniques.

- Referring to FIG. 8, real normal motion. {n}u.sme under a substantially zero
mass flow condition may be estimated from a physical coordinate domain
representation {x}..m Of the conduit motion under the substantially zero mass flow
condition by using a modal filter [®]™:

{n}naﬁow = [q)]-l {'x}mﬁmv l. (12) h
where {n},,,,,,,.., represents the modal response under the substantially zero mass

velocny or the like under the substantlally zero mass flow condntron represented,

'for example by a motron srgnal recelved from a ‘motion transducer operatively
assocnated with the sensor conduxt structure.

~ A real normal modal residual ﬂeX|b|I|ty component {n,ﬁ,d,,,,},,,ﬂ,., of the zero-

flow modal response {n},.,,,,.,.., at the excrtatron frequency associated with modes

other the the drive mode can be used to generate a residual-flexibility-

compensated estimate of mass flow under an unknown mass flow condition by
estimating the real normal modal motnon {n}gew under the unknown mass flow
condition from a physrcal domain representation {x}_ﬂaw of conduit motion under the
unknown mass flow condition, and subtracting the real normal modal residual
flexibility component {Nesiawa}noiow 10 generate a residual-flexibility-compensated

estimate {n},zow, compensaea Of cONduit motion under the unknown mass flow condition:

n} flow compensated n} flow — mmkhinl } noflow * (1 3)

The residual-flexibility-compensated estimate {0} siomcompensares OF real normal modal

motion under the nonzero mass flow condition- may then be used to generate a
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resudual—ﬂexnbll|ty-compensated estimate of mass: ﬂow 45 using, for example, a

mass flow estimator 810 that is operative to estimate mass flow directly from real
normal modal motion in modal domain coordinates as described in the
aforementioned patent application "Vibrating Conduit Parameter Sensors, Methods
and Computer Program Products Utilizing Real Normal Modal Decomposition."
FIG. 9 illustrates exemplary operations 900 for generating a residual-
flexibility-compensated mass flow estimate using modal domain computations. A
plurality of motion signals representing conduit motion under a substantially zero
mass flow condition is received (Block 910). Residual real normal modal motion
under the substantially zero mass flow condition is estimated from the received
motion signals (Block 920). Motion signals representing conduit motion under an

“unknown mass flow condition are then received (Block 930). Real normal modal

motion under the unknown mass flow condition is estimated from the received
motion signals (Block 940). A residual-flexibility-compensated estimate of mass
flow is then generated from the estimated residual real normal modal motion and .
the estimated real normal modal motion under the unknown mass flow condition
(Block 950). _ .
Acoording to an altemnative technique, a residuél-ﬂexibiIity-compensated.- '

- mass flow estimate is generated Using mode pass filtering techniques in a physical- -

coordinate domain. Motion {x} of a sensor conduit may be viewed as the.sum of
physical motion {x...} attributable to the drive mode and residual physical motion -
{xresianas} @ttributable to other modes:

{x} = {Xgive } + {X estatuar} - (14)
Rearranging Equation (14),
{ Idual} {x } {xdrlve} (1 5)

- A general form of a mode pass filter matrix [¥}, using an inverse approach,

is:
(%] =[O AL, (16)
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where |[4] is a diagonal matrix designed to.pass. selected modes as described

above, [®] is a mode shape matrix with the columns corresponding to the mode

"shapes and the rows to the physical response locations, and [®]" is the

- generalized inverse of the modal matrix.

The portion of the physical conduit motion attributable to the drive mode

- may be described as:

o} =¥l (A7)

where [Wawe 1 is @ mode pass "f'ilter'(':on'figUred "-t'o'.pa's.s dnly the.' drive .or excitation
mode. Substituting Equations (16) and (17) into Equation (15), and factoring

. yielde:

) = [Pl)B. (18

Refering to FIG. 10, a residual-flexibility-compensated  estimate

{x},,,,,,,,,,,,,.,,,,,,,,,,, of physical motion under an unknown flow condition may be.
esttmated from a physwai response {X}sow under the unknown ﬂow condltlon and a
_physical response {x},,,ﬁ,,,., under a substantlally zero mass ﬂow condmon by:

03 o compon = 15} g = 1T D 5 o+ (19)

- Thus, the residual flexibility compensatio.n process involves calculating a residual

flexibility vector at substantially zero flow and subtracting this vector.from the
physical response {x}z..» at an unknown flow. The residual-flexibility-compensated

. response {x}sow,compensarets 1.€., the response with the residual flexibility phase

. differences removed, can then be used to generate an estimate 45 of mass flow

usmg, for example, a conventional mass estimator 1010 using phase
measurement techniques as described in the aforementioned patent application
“Vibrating Conduit Parameter Sensors, Methods and Computer Program Products
Utilizing Real Normal Modal Decomposition."
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FIG. 11 |Ilustrates exemplary operatuons for 1100 generating a residual-

flexibility-compensated mass flow estimate according to this modal-filtering based

" technique. Motion signals representing conduit motion under a substantially zero

mass flow condition are received (Block 1110). The received signals. are mode
pass filttered as described above to estimate residual physical motion: under the
substantially zero mass flow condition (Block 1120). Motion signals representing
conduit motion under an unknown mass flow condition are then received (Block -
1130). Physical motion under the unknown mass flow condition is determined
(Block 1140) and a residuai-ﬂexibility—compensated mass flow estimate is
Qenerated from the estimated physical motion under the unknown mass flow
condition and the estimated residual physical motion (Block 1150).

B. Dynamic Zeroirig

According to another aspect of the present invention, two real normal modal
residual flexibility components are estimated and used to generate a residual-
flexibility-compensated mass flow estimate. A first real normal modal residual
ﬂexibility component is estimated from motion signals representing motion undera
substantially zero mass flow condition, as described above. A second, “dynamic” .
real normal modal residual flexibility component is estimated under non-zero .mass
flow conditions, and thus can be periodically re-estimated as the sensor is used to
update the sensor's zero offset calibration without requiring stoppage of flow. The
first and second real normal modal residual flexibility components are used to
generate a residual-flexibility-compensated estimate of mass flow.

This aspect of the present invention arises from the realization that real
normal modes of a sensor conduit may be categorized as either "more flow-
correlated” or "less flow-correlated.” More flow-correlated modes are modes that
have a response that is sensitive to flow through the sensor conduit, while less
flow-correlated modes are, as might be expected, significantly less sensitive to
flow rate. Less flow-correlated modes might include, for example, the lateral mode
of the experimentally analyzed sensor described above.

More flow-correlated modes contribute to residual flexibility at substantially
zero flow. In many cases, it is reasonable to assume that the residual flexibility
associated with more flow-correlated modes is relatively fime-invan‘ant, meaning
that zero drift probably is not caused by changes in the flow modes. Less flow-
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correlated modes, however, may be relatively insensitive to.flow rate, but sensitive

to changes in boundary conditions. -Changes in boundary conditions can result in
short or long term zero offset drift as these modes: change For example, changes
in the boundary conditions may- shift the lateral- mode frequency for the above-
described exemplary sensor, resulting in a change in.this mode's contribution to
the residual flexibility or zero offset. - _

By way of illustration,. using experimental data for the three inch sensor
described above, the modal (or “mode shape”) matrix [®] for the sensor may be

‘reduced to 3 columns, corresponding to a drive (otxt-of.-phase bend) mode at 125

Hz, an in-phase lateral mode at 132 Hz, and an out-of-phase twist mode: -

[0.445 0.002 —0.904]
1131 0.006 -—0:029
[@]=|0.445 -0.011 = 0.904
{0143 0064 0272
0.009 0131  0.015 |

The rows of the modal matrix [<15] correspond to the right drive and left transducer .

locations and the later skewed and lateral accelerometers as descnbed above.
- The modal matrix [®}, mode scale factors Q, and poles A, for N real normal

‘modes r may be used to determined the frequency:r_esponse. function matrix {H]: -

. .- T )
Hjo)= §[ o _.‘I’}mQ_;? } . 0)

The response vector {x} may be calculated from the frequency response function
{H]} and the drive force {F}, recalling that: :

W=lEF. @1

The modal responses for the three modes can be extracted with the modal filter
constructed from the mode shape. matrix (®] using, for example, an inverse

method. FIGs. 12A-B show magnitude and phase, respectively, for a physical
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response x and moda! responses Noends Nowists Niateral as a function of frequency for

the exemplary system:

The time delay caused by the residual ﬂexublllty of a physical response can
be calculated by calculating the phase angle between motion signals produced by -
the right and left transducers and dividing by the excitation frequency wy to

determine a time difference At. For the data given in FIGs. 12A-B:

£(x,)- é(f_:)
®,

_ _At= =146 nsec.

Two different mode pass filters can be defined, including a first mode pass
filter that passes the bend and lateral modes to produce a physical response

- vector {x}s, and a second mode pass filter that passes the bend and twist mode to

produce a physical response vector {x}s.

100 )
(@0} =[9]0 1 0|-f1(w,)} ,and
0 00 '

1 00

{xm(ma)}=[¢’]0 00 '{’n(wd)}.
0 01

where {xy (®4)}, {xs (0g}, and {n(ey} are the combined bénd and lateral mode
physical response vector, the combined bend and twist mode physical response
vector, and the modal response vector, respectively, all evaluated at the excitation
frequency wg.

Calculating the zero offset contribution of each of the mode pass filtered
components {x, (04}, {xi (0g} at zero flow for the experimentally-analyzed
sensor:

L(xy) -~ £(xy,)

o d

At, = =11 nsec, and

25



10

15

20

25

30

wo 00/08423 PCT/US99/15907

1, = )= L)
d

= 13_5 nsec ,

i.e., the lateral mode'responsé is associated with '11 nanoseconds of zero offset

and the twist mode response is associated with 135 nanoseconds of zero offset.
The flow-correlated twist mode response is geherally confounded with flow,

so it may be difficult to determine the zero offset due to this mode under flowing

" conditions. However, the ﬂow-correlate_d twist moc'l_eE is generally decoupled from

the boundary conditions and can be considered time-invariant. The less flow-
correlated lateral mode component can be assumed to be insensitive to flow rate,

 but can vary considerably with boundary conditions.. :

- For example, if the resonant frequency of th_e lateral mode decreases by 4

- Hz due to changes in boundary conditions, the individual modal contributions to

zero offset become:

L(x,, )= L(x,,
At, = (o) = £0x) _ s nsec, and
. ﬂ)‘

= A(x,,l)—Z{x,,J) = 135 nsec
" a, . nsec.

br

The total zero offset using the contribution from this new lateral mode frequency is
thus 158 nanoseconds, a change aftributable to the change in the resonant
frequency of the lateral mode. ‘The zero offset Az, associated with the twist mode

response is unchanged at 135 nanoseconds, since the lateral mode frequency

- shift does not affect the twist mode.

From these observations it becomes apparent that changes in a less flow-
correlated mode can be tracked to monitor changes .in the boundary conditions.

The changes in the less flow-correlated mode can be monitored under non-zero
- flow conditions, thus allowing compensation for residual flexibility to be dynamically

updated without requiring a stoppage of flow.

FIG. 13 illustrates exemplary operations 1300 for generating residual-
flexibility-compensated estimates of mass flow according to a dynamic zeroing
technique. A first real normal modal residual fiexibility component associated with
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a more flow-correlated real normal mode, e.g., the twist mode of the sensor

described above, i$3_g'.§ej_§timated for a substantially zero mass flow condition (Block

1310). A second real normal modal residual flexibility component associated with

a less flow-correlated mode, e.g., the lateral mode of the sensor described above,

is then estimated under a non-zero mass flow condition (Block 1320). Motion

signals representing conduit motion are then received (Block 1330), and a

residual-flexibility-compensated estimate of mass flow is estimated therefrom using

the first and second real normal modal residual flexibility components (Block

1340). Subsequently, the second real normal modal residual flexibility component

is updated (Block 1320), additional motion signals are received (Block 1330) and a

new residual-flexibility-compensated estimate of mass flow is generated from the

received motion signals using the updated second real normal modal residual -
flexibility component (Block 1340). It will be understood that the estimation

processes indicated in FIG. 13 may be performed in either the modal or physical

domain, using the techniques and apparatus described above_in reference to FIGs. .
5-11. _ _

The modal response of a particular real normal mode, e.g., the lateral mode-
described above, can also be calculated from an estimate of the pole for the
desired mode using a predetermined frequency' response' function for the mode.
instead of by measurement of actual conduit motion. For example, instead of
measuring the modal response for the lateral mode, an estimate of the modal
response of the lateral mode could be computed using Equations (20) and (21) for
a known force {F} by setting r=2.

C.  Estimating Real Normal Residual Motion By Estimating Mode Shape
Scaling '

According to ancther aspect of the presenting invention, residual flexibility
associated with a real normal mode at a given frequency, for example, an
excitation frequency at which phase or time difference measurements are
performed, is estimated from measured motion in the real normal mode at
frequencies other than the given frequency. For example, real normal modal
motion rhay be measured at frequencies near the excitation frequency, and the
measured motion used to interpolate the residual flexibility at the excitation
frequency. According to the present invention, various linear, polynomial or other
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interpolation techniques may be used to generate an estimate of real normal

modal motion at the excitation frequency from measured real normal modal motion

at frequencies other than the excitation frequency. -

According to. one aspect of the present invenﬁgn. a least squares technique
is used to fit measured data representing motion -in a real normal mode to an
assumed frequency response or “delta® function using measurements at

frequencies at which the response is more easily measured. A frequency response -

or “delta” function A, for a single degree of freedom for a mode r of interest

. generally takes the form:
10 - ¢

L)

=N
Amw_N_x[m e x] (22)

r

~ where A, is the eigenvalue of the mode r, 7, represents motion in the mode r, N, is

the modal excitation in the mode r, «, is a scalar that scales the modal response

_A,, and * indicates a complex conjugate. An eigenvalue A, can be assumed or

estimated from measurements, For example, an eigenvalue A, may be estimated-

: _: using a number of well known pole estimat'ion technidues such as thosé described. -

in "Modal Testlng Theory and Practrce by D.J. Ewing, published by John Wiley
and Sons, Inc (1984). : _

An eigenvalue 2, is a complex number havmg a real part representmg the
damping of the mode r and the imaginary part representlng the damped natural
frequency o, of the mode r. A mode's damping may be difficult to measure, but

~for a typical Coriolis mass flowmeter, damping can be assumed to be low.

Assuming negligible' damping:

n, =K,( _j l+ (—j). ]. (23)

A ()=
@) jo - jo,, jo+jo,, )

=2

r

As described above, the response of flow-correlated modes such as the
twist mode of the exemplary sensor of FIG. 1 generally is confounded with flow,
which can make it difficult to measure residual fiexibility associated with such a
mode near the excitation frequency under a non-zero flow condition. However,
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letting {A;} represent a vector of delta functions corresponding to highly flow-

correlated real normal. modes, a least squares technique can be used to calculate
a "scaling matrix” [xc]ﬁ?hat relates measured motion 'in. the flow-correlated modes at
frequencies removed from the excitation frequency to the vector {A;} of delta
functions. The scaling matrix [x] can then be used to generate an accurate
estimate of residual flexibility at the excitation frequency that is attributable to the
flow-correlated modes by applying the scaling transformation [k] to the vector {A,}
of delta functions.

In particular, the conduit structure is excited at one or more selected
frequencies o, under a non-zero flow condition. Although the selected frequencies
o, can be arbitrarily chosen, the further away from the excitation (drive) frequency
w4, generally the less the modal response of the flow-correlated modes is distorted
by mass flow through the conduit. Preferably, the selected frequencies o, used to
estimate a mode r are chosen near the resonant frequency o,,, of the mode r.

A physical force {F}, known, for example, by either direct measurement or
by inference from a parameter such as drive current, is applied at a selected

frequency o,. The physical force {F} may be transformed to a modal excitation {/V}

by:
{N}=[0]{F}. (24)

A physical response {x} to the force {F} can be transformed into a modal response
{n} by:

n}=[0]" {x}. (25)

For a matrix of modal responses [1’-@] for modes r obtained at a
flow

r

plurality of selected frequencies [o,], it is assumed that:
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N,(»,)

_FM£Q]:%mnMnmm; (26)
| L L@

~ where [A(), ,0,)] represents a matrix generated by evaluating the vector {A,} of

delta functions for the modes r at the plurality of selected frequencies w,;. Solving
Equation (26) for the scaling matrix:

k-] ooy, @n

flow

* where 1 indicates a pseudo-inverse.

at a frequency o under zero

noflow -

_ Accordingly, the modal response [—_-"'(m)]

N, (@)

flow, i.e., the motion associated with the flow-correlated modes at the frequency o,
can be estimated (in modal domain coordinates) by: -

n@q 0} A
= E[K]{A,(l,,m)}=[———— [A, 4,00 {4, 0)}. 28)
[Mm) V@), - (
Normally, it is desired to estimate residual fiexibility associated with the flow-
correlated modes at an excitation frequency w,, which can be achieved by
estimated by setting o=w, in Equation (28).

As described above, residual flexibility for a flow-correlated mode, i.e., the

- twist mode, is determined. However, it will be appreciated that the above-

described techniques are also applicable to less flow-correlated modes. For
example, residual flexibility associated with a negligibly flow-correlated lateral
mode such as that described for the exemplary sensor of FIG. 1 could similarly be
estimated from a delta function describing the frequency response of the lateral
mode. | |

An estimate of residual-flexibility-compensated real normal modal motion at
a given frequency, i.e., real nbrmal modal motion compensated for residual
flexibility associated with undesirable modes, can be produced by measuring real
normal modal motion {n}s.. at the given frequency and subtracting the residual
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real normal modal motion {n}ueme associated with the undesired modes.

- Assuming a constant modal excitation {N} the resnduaI-ﬂexubxllty-compensated

{n } JSlow.compensated = {n} flow — {nr } noﬂew_ . (29)

The compensated real normal modal motion may then be used to generate a
resndual—ﬂexlblllty—compensated estnmate of mass flow at the unknown flow rate, in
a manner similar to that descnbed above.

In some applications, however, it may be more convenient to determine
residual flexibility in physical coordinates. Transforming from the modal coordinate
domain to the physical coordinate domain, a re_sidnal-ﬂexibility-compensated -

estimate of conduit motion in the physical domain is given by:

{x((o } } Jlow.compensuted = [d)] {T‘ (‘D ) } Slow.compensuted * . (30)

To compensate for a residual flexibility associated with a flow-correlated mode, for

example:

{X(®)} o compersate = [PV Agire LOT £x(0)} o + [PV A pumote HPT™ {30} e “@1)
1P A oo LT ' [x(0,))[A, (A,.0,)]" {4, (A, 0)},

where [A4ive] and [4pomnate] are diagonal matrices designed to pass drive and flow-
correlated modes, respectively. Restating Equation (31) in terms of mode pass
filters [Wamve 1 @and [Yaowmore) for the drive and flow-correlated modes, respectively:

{x(0)} iow.compensares = [ irine 19502} e + [ poumote XD} pions = (32)
(¥ ftowmiode HX (@ A, (R, .0, )] {4, (A, @)}

FIG. 14 illustrates exemplary operations 1400 for generating a residual-
flexibility- compensated estimate of mass flow. A function is identified that
describes motion of the sensor conduit in a real normal mode as a function of
frequency (Block 1410). A value representing motion of the conduit at a selected
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frequency, e.g., a frequency near the resonant frequency of the real normal mode,
is determined (Block 1420). For example, motion signals representing motion of
the sensor conduit under a non-zero flow condition could be received and motion
in the real normal mode could be determined therefrom at a plurality of selected
frequencies near the resonant frequency of the real normal mode. A real normal
modal residual flexibility component associated with the real normal mode is then

- estimated (Block 1430) using, for example, the least squares techniques described

above. A plurality of motion signals representing conduit motion at an unknown
mass flow rate is then received (Block 1440), and a residual-flexibility-
compensated estimate of mass ﬂow'is ge'nerated from the received motion signals
and the estimated real normal modal reéidual flexibility 'compoh'ent (Block 1450).

" FIG. 15 illustrates operatlons 1500 for estlmatmg residual real normal modal
motion for use in generatlng a re5|dual-ﬂexlblhty-compensated estimate of mass

flow in a modal coordinate domain. A deita function describing motion in a real

normal mode is identified (Block 1510). Motion signals representing conduit
motion are received (Block 1520). The received motion signals are processed to
generate a first plurality of values representing the conduit motion at a plurality .of -

“selected frequencies (Block 1530). For example, the first plurality of values may
- describe motion in a flow-correlated mode at a plurality of selected frequencies

near the resonant frequency of the mode.. The identified delta function is
evaluated at the plurality of selected frequencies to generate a second plurality of .
values (Block 1540). A mode scaling transformation is then determined from the
first and second pluralities of values, e.g., using Equation (27) (Block 1550).
Residual real normal modal motion at a frequency of interest, e.g., the excitation
frequency, may then be determined from the scaling transformation and the delta
function (Block 1560), and used to generate a residual-flexibility-compensated
estimate of mass flow (Block 1570) using, for example, the techniques described
w:th respect to FIG. 9.

FIG. 16 illustrates exemplary operations 1600 for generatlng a residual-
flexibility-compensated estimate of mass flow in a physical coordinate domain. A
delta function describing motlon in a real normal mode e.g., a flow-correlated or
other mode, is identified (Block 1610). Motion SIgnaIs representmg conduit motion
are received, e.g., motion signals representing conduit motion under a non-zero
mass flow condition (Block 1620). _The received rﬁe_tion signals are proce.ssed to
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generate a first plurality of values representing the conduit motion at a plurality of
selected frequenci:._es (Block 1630). The identified _ge]ta function is evaluated at the

plurality of selecté equencies to generate a second plurality of values (Block
1640). The delta function is evaluated at the frequency of interest, e.g., the
excitation frequency (Block 1650), and a mode pass filter is applied to a product of
the first plurality of values, the second plurality of values and the value of the delta
function at the frequency of interest to generate an estimate of residual physical
motion at the frequency of interest (Block 1660), along the lines of Equation (32)
The estimated residual physical motion can then be used to generate a residual- .
flexibility-compensated estimate of mass flow (BIock 1670) using, for example, the

techniques described with respect to FIG. 11.

. Conclusion _

According to the present invention, “residual flexibility,” i.e., residual motion
attributable to off-resonance contributions of real normal modes, is determined by -
decomposing motion of a vibrating conduit of a mass flow sensor into real normal

- modal components. A real normal modal residual flexibility component associated -

with at least one real normal mode of the conduit motion is estimated and used to
generate a residual-flexibility-compensated estimate of mass flow.

The real normal modal residual flexibility component may be estimated from
signals representing motion of the conduit at a substantially zero mass flow
condition. Estimation may be performed in a modal coordinate domain, or by .
utilizing mode pass filtering in a physical coordinate domain. The real normal
modal residual flexibility component may comprise a first component estimated
from motion signals representing sensor conduit motion under a substantially zero
mass flow condition and a second, "dynamic" component that can be generated
from motion signals representing conduit motion under non-zero mass flow
conditions. The second component may be dynamically updated under non-zero
flow conditions.

According to another aspect of the present invention, a function that
describes motion of the vibrating conduit in a real normal mode as function of
frequency, e.g., a frequency response or “"delta" function, is identified. The
function is used to estimate’'a residual real normal modal component associated
with the real normal mode by fitting measurements of actual conduit motion to the
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function, e.g., by measuring plurality of values of motion of the sensor conduit in-a

-real normal mode at a plurality of selected frequencies and using a least squares
technique to determine a mode scaling for the real normal mode. The mode
scaling can be used generate an estimate of a real normal modal residual flexibility
-component.

_ The. real normal modal decomposmon utilized according to the present
invention can provide more accurate estimates of residual flexibility. The more
accurate estimate of residual flexibility can lead, for example, to improved
compensation for zero offset in phase or time difference-type mass flow
measurements.  In addition, according to aspects of the present invention,
estimates of residual flexibility can be made without requiring zero mass flow in the

sensor conduit.

The drawings and specification of the present application disclose

~ embodiments of the inv_e_ntion. Although specific terms are employed, they are
~ used in a generic and descriptive sense only and not for purposes of limitation. It

is expected that persons skilled in the art can and will make, use or sell alternative

“embodiments that are within the scope of the followmg claims either literally or

under the Doctrine of Equwalents
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THAT WHICH IS CLAIMED IS:
1. A method for estimating a process parameter of a material

flowing through a vibrating condui_t in a process parameter measuring
apparatus, said method comprising the steps of: |
5 (710) estimating a real normal modal residual flexibility
component associated with a real normal mode motion of said conduit;
(720) receiving a plurality of motion signals representing motion
of said conduit at different points along said conduit; and
(730) generating a residual flexibility compensated estimate of
10 said process parameter from said plurality of motion signais and said real
normal modal residual flexibility component.

2. A method of Claim 1 wherein said real normal modal residual
flexibility component includes a real normat modal motion undera -
‘substantially zero flow condition and a real normal modal condition under an

5 unknown mass flow condition, said step (710) of estimating said real normal .
modal residual flexibility component comprising the steps of:
(91 0) receiving a first plurality of motion signals representing
motion of said conduit under substantially zero mass flow condition;
(920) estimating said residual real normal modal motion under
10 said substantially zero flow condition from said first plurality of motion signals;
(930) receiving a second plurality of motion signals representing
motion of said conduit under an unknown mass flow condition; and
(940) estimating said residual real normal modat motion under
said unknown mass flow condition from said second plurality of motion
15 signals.

3. A method of claim 2 wherein said step (730) of estimating said
process parameter includes the step of:
' (950) generating said residual flexibility compensated estimate
5 of said process parameter from said residual real normal modal motion under
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said substantially zefo flow condition and said residual real normal modal
motion under said unknown mass flow condition.

4. A method of Claim 1 wherein said step (710) of estimating said
real normal modal residual flexibility component comprises the step of:

(1110) receiving a first plurélity of motion signals representing
motion of said conduit at a substantially zero' mass flow condition;

(1120) mode pass filter said first plurality of motion signals to
estimate residual physical motion under said substantially zero mass flow
condition; '

" (1130) receiving a second plurality of motion signals
represehting motion of said conduit at an unknown mass flow condition; and -

(1140) estimating physical motion at said unknown mass flow
condition.

5. A method of claim 4 wherein said step of (730) of estimating
$aid process parameter comprises the step of: | -
generating said residual compensated estimate of said process

parameter from said plurality of motions signals said physical motion and said

residual physical motion.

6.  The method of claim 1wherein said step (710) of estimating said
real normal modal residual flexibility component comprises the steps of:
' (1310) estimating a first real normal r_hbdal residual flexibility
component associated with flow-correlated real normal mode under a

‘substantially zero flow mass condition; and

" (1320) estimating a second real normal modal residual flexibility
component associated with flow-correlated mode at an unknown mass flow
condition.

7. The method of claim 6 wherein said step (730) of estimating
said process parameter comprises the step of:
(1340) generating residual flexibility compensated estimate of
said process parameter from said received plurality of motion signals, said
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first real normal modal residual flexibility component and said second real
normal modal residual flexibility component.

8. The method of claim 1 wherein said step (710) of estimating

said real normal modal residual flexibility component comprises the steps of:

(1410) identifying a function describing conduit motion in a real
normal mode as a function of frequency;

(1420) determining a value representing motion of said conduit
at a selected frequency; and |

(1430) estimating said real normal residual flexibility component
by fitting said value to said function.

0. The method of Claim 1 wherein said step (710) of estimating
said real normal modal residual flexibility component comprises the steps of:
(1510) identifying a function describing conduit motion in a real
normal mode as a function of frequency.

10. The method of claim 9 wherein said step (730) of estimating
said process parameter comprises the step of.
(1630) generating a first plurality of values representing real

 modal motion at a plurality of selected frequencies;

(1540) evaluating said function at said plurality of selected
frequencies near a mode resonant frequency to generate a second plurality of
values;

(1550) determining a mode scaling transformation from said first
plurality of values and said second plurality of values;

(1560) estimating residual real normal modal motion at a drive
frequency from said mode scaling transformation and said function; and

. (1570) generating said residual flexibility compensated process
parameter from said estimated residual real normal modal motion at said drive
frequency..

11.  The method of claim 9 wherein said step (730) of estimating

said process parameter comprises the step of:
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{1630) generating a first matrix representing physical motion of
said conduit at a plurality of selected frequencies;

(1640) evaluating said function at said pidrality of selected
frequencies near a mode resonant f_re'quency to genefa_te a second matrix;

- (1650) evaluating said second matrix at said drive frequency;

(1660) applying a mode pass filtterto a prOduct of said first
matrix'_said second matrix, and said evaluation of said function to generate an
estimate of said residual physical motion at said drive frequency; and

(1670) generating said estimate of said'pr.ocess paremeter from

| seid estimate of said residual physical motion at said drive frequency.

12.  An apparatus (5) for producing an estimate of a process

~parameter of a material flowing through a vibrating co_nduit (103A-103B) in
~ said: apparatus said apparatus including: |

a driver (104) that vibrates said condmt
‘sensors (105A-105B) that measure motion of saxd conduit at at

Ieast two dlfferent locations and generate signals representive of said motion;

-a real normal modal res:dual ﬂexnblhty component estimator (30)
that receives S|gnals from said sensors (105A—1 OSB) and estimates a real

normal modal residual component assomated wath areal normal mode of said
 conduit (103A-103B);

a residual-flexibility-compensated mass flow estimator (40) that

~ is responsive to an estimation of said real normal modal residual component

and that generates a residual flexibility compensated process parameter from

" said signals and said real normal modal component..

13.  The apparatus of claim 12 wherein said real normal modal
residual flexibility component estimator (30) comprises:
means (910) for receiving a first plurality of motion signals
representing motion of said conduit under substantially zero mass flow

_ condition; and

means (920) for estimating said residual real normal modal
motion under said substantially zero flow condition from said first plurality of

motion signals;
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means (930) for receiving a second plurality of motion signals
representing motio_n%%f said conduit under an unknown mass flow condition;
and | .
means (940) for estimating said residual real normal modal
motion under said unknown mass flow condition from said second plurality of
motion signals.

14. The apparatus of claim 13 wherein said residual-flexibility-
compensated rriass flow estimator (40) comprises:
means (950) for generating said residual flexibility compensated
estimate of said process parameter from said residual real normal modal
motion under said -substantially zero flow condition and said residual real
normal modal motion under said unknown mass flow condition.

16. The apparatus of claim 12 wherein said real normal modal

residual flexibility component estimator (30) comprises:

means (1110) for receiving a first plurality of motion signals
representing motion of said conduit at a substantially zero mass flow
condition; '

means (1120) for mode pass filtering said first plurality of
motion signals to estimate residual physical motion under said substantially
zero mass flow condition;

means (1130) for receiving a second plurality of motion signals
representing motion of said conduit at an unknown mass flow condition; and

means (1140) for estimating physical motion at said unknown
mass flow condition.

16. The apparatus of claim 15 wherein said residual-flexibility-
compensated mass flow estimator (40) comprises:
means for generating said residual compensated estimate of
said process parameter from said plurality of motions signals said physical
motion and said residual physical motion.
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17. The apparatus of claim 12 wherein said real normal modal
residual flexibility component estimator (30) gomprises:'
means (1310) for estimating a first real normal modal residual
flexibility component associated with flow-correlated real normal mode under
a substantially zero flow mass condition; and :
means (1320) for estimating a second real normal modal
residual flexibility component associated with flow-correlated mode at an
unknown mass flow condition. - | '

18. The apparatus of claim 17 wherein said residual-flexibility-
compensated mass flow estimator (40) comprises:
means (1340) for g'eneratin'g residuall flexibility compensated
estimate of said process parameter from said received plurality of motion
signals, said first real normal modal residual flexibility camponent and said
second real normal modal residual ﬂexibil_ity_ cbmponent-,

1_9. The apparatus of claim 12'said real normal modal residual
flexibility component estimator (30) comprises:

means (1410) for |dent|fy|ng a function descrlblng conduit
motion in a real normal mode as a function _of frequency;

means (1420) for determining a value representing motion of
~ said conduit at a selected fréquency; and
B means (1430) for estiinating said real normal residual flexibility
component by fitting said value to said function.

20. A apparatus of claim 18 wherein-said real normal modal residual
flexibility component estimator (30) cdmprises:
means (1510) for identifying a function describing conduit
motion in a real normal mode as a function of frequency.

21. The apparatus of claim 20 wherein said resndual-ﬂemblhty-
compensated mass flow estimator (40) comprises:
means (1530) for generating a first plurality of values
representing real modal motion at a plurality of selected frequencies;
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means (1540) for evaluating said function at said plurality of

selected frequencie%%gar a mode resonant frequency to generate a second
plurality of values;

means (1550) for determining a mode scaling transformation
from said first plurality of values and said second plurality of values;

means (1560) for estimating residual real normal modal motion
at a drive frequency from said mode scaling transformation and said function;
and _

means (1570) for generating said residual fiexibility
compensated proéess parameter from said estimated residual real normal
modal motion at said drive frequency.

22. The apparatus of 20 wherein said residual-flexibility-

compensated mass flow estimator (40) comprises:

means (1630) for generating a first matrix representing physical
motion of said conduit at a plurality of selected frequencies; |

means (1640) for evaluating said function at said plurality of
selected frequencies near a mode resonart frequency to generate a second
matrix; | :

means (1650) for evaluating said second matrix at said drive
frequency;

means (1660) for applying a mode pass filter to a product of said
first matrix said second matrix, and said evaluation of said function to
generate an estimate of said residual physical motion at said drive frequency;
and

means (1670) for generating said estimate of said process
parameter from said estimate of said residual physical motion at said drive
frequency. '
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