
19/07/2005 MASS FLOW MEASUREMENT METHODS AND APPARATUS USING  MODE
SELECTIVE FILTERING Field of the Invention 5 The present invention relates
to sensors and related methods, and more  particularly, to mass flow
measurement methods and apparatus. Background of the Invention Many sensor
applications involve the detection of mechanical vibration or  other
motion. Examples of sensors that utilize such motion detection include 10
Coriolis mass flowmeters and vibrating tube densitometers. These devices
typically  include a conduit or other vessel that is periodically driven,
i.e., vibrated. Properties  such as mass flow, density and the like
associated with a material contained in the  conduit or vessel may be
determined by processing signals from motion transducers positioned on the
containment structure, as the vibrational modes of  15 the vibrating
material-filled system generally are affected by the combined mass,
stiffness and damping characteristics of the containing conduit or vessel
structure  and the material contained therein. A typical Coriolis mass
flowmeter includes one or more conduits that are  connected inline in a
pipeline or other transport system and convey material, e.g.,  20 fluids,
slurries and the like, in the system. Each conduit may be viewed as having
a set of natural vibrational modes including, for example, simple bending,
torsional,  radial and coupled modes. In a typical Coriolis mass flow
measurement  application, a conduit is excited at resonance in one of its
natural vibrational modes  as a material flows through the conduit, and
motion of the conduit is measured at 25 points along the conduit.
Excitation is typically provided by an actuator, e.g., an
electromechanical device, such as a voice coil-type driver, that perturbs
the conduit  in a periodic fashion. Exemplary Coriolis mass flowmeters are
described in U.S.  Patent Nos. 4,109,524 to Smith, 4,491,025 to Smith et
al., and Re. 31,450 to Smith. Unfortunately, the accuracy of conventional
Coriolis mass flowmeters may  30 be compromised by nonlinearities and
asymmetries in the conduit structure, motion  arising from extraneous
forces, such as forces generated by pumps and  compressors that are
attached to the flowmeter, and motion arising from pressure  forces exerted
by the material flowing through the flowmeter conduit. The effects of  



these forces are commonly reduced for by using flowmeter designs that are 1
19/07/2005 balanced to reduce effects attributable to external vibration,
and by using frequency  domain filters, e.g., bandpass filters designed to
filter out components of the motion  signals away from the excitation
frequency. However, mechanical filtering approaches are often limited by
mechanical considerations, e.g., material 5 limitations, mounting
constraints, weight limitations, size limitations and the like,  and
frequency domain filtering may be ineffective at removing unwanted
vibrational  contributions near the excitation frequency. PCT publication
WO 00/49371 discusses a system for determining a process  parameter (i.e.
mass flow) using force filtering techniques. The system force filters  10
motion signals representing motion of a conduit such that only signals
representing  force of interest are used in the determination of the
process parameter. PCT publication WO 00104345 utilizes a real normal modal
resolver to  estimate a process parameter. The real normal modal resolver
is used to  determine the real normal components of motion signals
representing motion of a  15 conduit. PCT publication WO 00/013423
describes a method and apparatus in which a  process pararneter 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
20 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. Summary of the Invention According to a preferred embodiment of
the invention, mass flow of a 25 material in a conduit is estimated by mode
selective filtering a plurality of motion  signals representing motion of
the conduit to generate a plurality of mode selective  filtered motion
signals such that the mode selective filtered motion signals
preferentially represent motion associated with a vibrational mode of the
conduit. A  plurality cif phase estimates Is generated from the plurality
of mode selective filtered 30 motion signals. A mass flow estimate is
generated from the plurality of phase  



estimates. T ho plurality of phase estimates may be estimated using a phase
reference derived from one of the plurality of made selective filtered
motion signals. In some embodiments of the invention, a modal
transformation is applied to  Lila plurality of motion signals to generate
a plurality of modal response signals in a 2 19/07/2005 I modal coordinate
domain. A mode selective transformation is applied to the  plurality of
modal response signals to generate the plurality of mode selective
filtered motion signals. In other embodiments of the invention, a frequency
of a  mode selective filtered motion signal of the plurality of mode
selective filtered 5 motion signals is estimated. Quadrature first and
second reference signals are  generated based on the estimated frequency.
The plurality of phase estimates is  generated from the plurality of mode
selective filtered motion signals and the first  and second reference
signals. In still other embodiments of the invention, a plurality of time
difference  10 estimates is generated from the plurality of phase
estimates, and the mass flow  estimate Is generated from the plurality of
time difference estimates. The plurality  of limo difference estimates may
be generated from the plurality of phase estimates  by dividing the
plurality of phase estimates by a mode frequency to generate a  plurality
of time difference values. A plurality of zero-flow reference time 15
differences may be applied to the plurality of time difference values to
generate the 211 19/07/2005 plurality of time difference estimates. The
mode frequency may be estimated from  a modal motion signal generated from
the plurality of motion signals. Density of  material in the conduit may
also be estimated from the estimated mode frequency. According to other
aspects of the invention, mass flow of a material in a 5 conduit may be
determined by processing a plurality of motion signals representing  motion
of the conduit using one of the plurality of motion signals as a timing
reference to generate a like plurality of difference estimates, and
estimating a slope  parameter of a scaling function that relates the
plurality of difference estimates to a  like plurality of reference
differences representing motion of the conduit at a known 



10 mass flow. A mass flow estimate may be estimated from the estimated
slope  parameter and the known mass flow. In some embodiments of the
invention, an augmented matrix including the  plurality of reference
differences is generated. The plurality of difference estimates  is
multiplied by a pseudoinverse of the augmented matrix to determine the
slope 15 parameter. In other embodiments, the plurality of difference
estimates is multiplied  by a pseudoinverse of the reference time
differences to determine the slope  parameter. The scaling parameter can
also be iteratively estimated to determine  the slope parameter, using, for
example, a Least Mean Square (LMS) estimation  procedure. . 20 According to
other aspects of the invention, an apparatus includes a conduit  configured
to contain a material. A plurality of motion transducers is operatively
associated with the conduit and operative to produce a plurality of motion
signals  representing motion of the conduit. A signal processing circuit
receives the plurality  of motion signals and mode selective filters the
plurality of motion signals to 25 generate a plurality of mode selective
filtered motion signals such that the mode  selective filtered motion
signals preferentially represent motion associated with a vibrational mode
of the conduit. The signal processing circuit generates a plurality  of
phase estimates from the plurality of mode selective filtered motion
signals, and  generates a mass flow estimate from the plurality of phase
estimates. The signal 30 processing circuit may generate the plurality of
phase estimates using a phase  reference derived from one of the plurality
of mode selective filtered motion signals.  According to still other
embodiments of the invention, an apparatus includes a conduit and a
plurality of motion transducers, operatively associated with the  conduit,
that generate a plurality of motion signals representing motion of the 3
19/07/2005 conduit. A signal processing circuit receives the plurality of
motion signals and  processes the plurality of motion signals using one of
the plurality of motion signals  as a timing reference to generate a like
plurality of difference estimates. The signal  processing circuit estimates
a slope parameter of a scaling function that relates the 5 plurality of
difference estimates to a like plurality of reference differences
representing motion of the conduit at a known mass flow, and generates a
mass  



flow estimate from the estimated slope parameter and the known mass flow.
The  signal. processing circuit may generate an augmented matrix including
the plurality  of reference differences, and may multiply the plurality of
difference estimates by a  10 psetidoinverse of the augmented matrix to
determine the slope parameter. Alternatively, the signal processing circuit
may multiply the plurality of difference  estimates by a pseudoinverse of
the reference time differences to determine the  slope parameter. The
signal processing may also iteratively estimate the scaling  function. .
19/07/2005 It can be seen that an aspect of the invention is an apparatus
comprising an  apparatus operatively associated with a structure and
operative to produce a  plurality of motion signals representing motion of
the structure; an apparatus that  filters the plurality of motion signals
representing motion of the structure; and an 5 apparatus that generates a
plurality of mode selective filtered 5 19/07/2005 motion signals such that
the mode selective filtered motion signals preferentially  represent motion
associated with a vibrational mode of the structure. Preferably the
apparatus further comprising an apparatus for generating a  plurality of
phase estimates from the plurality of mode selective filtered motion 5
signals. Preferably the apparatus further comprising an apparatus for
generating a  mass flow estimate from the plurality of phase estimates.
Preferably the apparatus further comprising an apparatus for generating a
plurality of time difference estimates between the plurality of mode
selective filtered  10 motion signals; and an apparatus for generating a
correlation measure from the plurality of time difference estimates; and an
apparatus for determining a status of a  mass flowmeter system from the
generated correlation measure. Preferably the apparatus for generating a
plurality of phase estimates  comprises an apparatus for generating the
plurality of phase estimates using a 15 phase reference derived from one of
the plurality of mode selective filtered motion signals.  Preferably the
apparatus for mode selective filtering comprises an apparatus 



for applying a modal transformation to the plurality of motion signals to
generate a  plurality of modal response signals in a modal coordinate
domain; and an 20 apparatus for applying a mode selective transformation to
the plurality of modal  response signals to generate the plurality of mode
selective filtered motion signals.  Preferably the apparatus for generating
a plurality of phase estimates comprises an apparatus for estimating a
frequency of a mode selective filtered  motion signal of the plurality of
mode selective filtered motion signals; an apparatus  25 for generating
quadrature first and second reference signals based on the estimated
frequency; and an apparatus for generating the plurality of phase
estimates from the plurality of mode selective filtered motion signals and
the first  and second reference signals. Preferably the apparatus for
generating the plurality of phase estimates from  30 the plurality of mode
selective filtered motion signals and the first and second  reference
signals comprises an apparatus for multiplying a mode selective filtered
motion signal by respective ones of the first and second reference signals
to- generate respective real and imaginary component signals of the mode
selective  filtered motion signal; and an apparatus for estimating an
arctangent of a quotient 6 19/07/2005 of the real and imaginary component
signals of the mode selective filtered motion  signal to generate a phase
estimate. Preferably the apparatus further comprising an apparatus for
generating a  plurality of time difference estimates from the plurality of
phase estimates. 5 Preferably the apparatus further comprising an apparatus
for generating a  mass flow estimate from the plurality of time difference
estimates. Preferably the apparatus for generating a plurality of time
difference  estimates from the plurality of phase estimates comprises an
apparatus for dividing  the plurality of phase estimates by a mode
frequency to generate a plurality of time  10 difference values. Preferably
the apparatus for generating a plurality of time difference  estimates from
the plurality of phase estimates further comprises an apparatus for
applying a plurality of zero-flow reference time differences to the
plurality of time  difference values to generate the plurality of time
difference estimates. 



15 Preferably the apparatus for mode selective filtering comprises an
apparatus  for applying a modal transformation to the plurality of motion
signals to generate a  modal motion signal in a modal coordinate domain,
and an apparatus for estimating  the mode frequency from the modal motion
signal. Preferably the apparatus further comprising an apparatus for
estimating  20 density of material in the conduit from the estimated mode
frequency.  Preferably the apparatus further comprising an apparatus for
estimating a parameter of a scaling function that relates the plurality of
time difference estimates  to a plurality of reference time differences
representing motion of the structure  under a known perturbation. 25
Preferably the apparatus wherein the perturbation is mass flow. Preferably
the apparatus for estimating a parameter comprises an apparatus for
generating an augmented matrix including the plurality of reference time
differences; and an apparatus for multiplying the plurality of time
difference  estimates by a pseudoinverse of the augmented matrix to
determine the parameter. 30 Preferably the apparatus for estimating a
parameter comprises the step of  iteratively estimating the scaling
function. Preferably the apparatus for iteratively estimating a parameter
comprises the  step of applying a Least Mean Square (LMS) estimation
procedure. 7 19/07/2005 Preferably the apparatus for estimating a parameter
is preceded by the  apparatus for processing a plurality of motion signals
representing motion of the  structure under the known perturbation to
generate the plurality of reference time  differences. 5 Preferably the
parameter of the scaling function is a slope parameter and  further
comprising an apparatus for generating a mass flow estimate from the slope
parameter and the known mass flow. Preferably the apparatus for estimating
a slope parameter comprises an  apparatus for multiplying the plurality of
time difference estimates by a 10 pseudoinverse of the plurality of
reference time differences to determine the slope  parameter. Preferably
the parameter of the scaling function is an intercept parameter  



and further comprising an apparatus for determining a system status from
the  intercept parameter. 15 Preferably the apparatus for mode selective
filtering is preceded by an  apparatus for receiving the plurality of
motion signals from a plurality of motion  transducers operatively
associated with the structure, and wherein said apparatus  for determining
a system status comprises an apparatus for determining a status of  a
motion transducer from the intercept parameter. 20 Preferably the apparatus
further comprising an apparatus for estimating  density of a material in
the structure from the estimated mode frequency.  Preferably the apparatus
further comprising an apparatus for estimating a frequency of a first mode
selective filtered motion signal of the plurality of mode  selective
filtered motion signals; and an apparatus for generating a difference  25
estimate from a second mode selective filtered motion signal of the
plurality of  mode selective filtered motion signals and the estimated
frequency. Preferably the apparatus for generating a difference estimate
comprises an  apparatus for generating quadrature first and second
reference signals based on  the estimated frequency; and an apparatus for
generating a difference estimate 30 from the second mode selective filtered
motion signal and the first and second  reference signals. Preferably the
apparatus for generating a difference estimate from the  second mode
selective filtered motion signal and the first and second reference
signals comprises an apparatus for generating a phase estimate from the
second 8 19/07/2005 mode selective filtered motion signal and the first and
second reference signals;  and an apparatus for generating a time
difference estimate from the phase  estimate. Preferably the apparatus for
generating a phase estimate from the second  5 mode selective filtered
motion signal and the first and second reference signals  comprises an
apparatus for multiplying the second mode selective filtered motion  signal
by the first and second reference signals to generate respective real and
imaginary component signals of the second mode selective filtered motion
signal;  and an apparatus for estimating an arctangent of a quotient of the
real and 



10 imaginary component signals of the second mode selective filtered motion
signal to  generate the phase estimate. It can be seen that an additional
aspect of the invention is a method of  operating an apparatus, the method
comprising the step of estimating movement of  a structure the step of mode
selective filtering a plurality of motion signals 15 representing motion of
the structure; and the step of generating a plurality of mode  selective
filtered motion signals representing motion associated with a vibrational
mode of the structure. Preferably the method further comprising the step of
generating a plurality of  phase estimates from the plurality of mode
selective filtered motion signals. 20 Preferably the method further
comprising the step of generating a mass flow  estimate from the plurality
of phase estimates. Preferably the method further comprising the steps of
generating a plurality  of time difference estimates from the plurality of
mode selective filtered motion  signals; and generating a correlation
measure from the plurality of time difference  25 estimates; and
determining a status of the mass flowmeter system from the generated
correlation measure.  Preferably the method wherein said step of generating
a plurality of phase estimates comprises the step of generating the
plurality of phase estimates using a  30 phase reference derived from one
of the plurality of mode selective filtered motion  signals. Preferably the
method wherein said step of applying a mode selective filter  comprises the
steps of applying a modal transformation to the plurality of motion signals
to generate a plurality of modal response signals in a modal coordinate  9
19/07/2005 domain; and applying a mode selective transformation to the
plurality of modal  response signals to generate the plurality of mode
selective filtered motion signals. Preferably the method wherein said step
of generating a plurality of phase  estimates comprises the steps of
estimating a frequency of a mode selective 5 filtered motion signal of the
plurality of mode selective filtered motion signals;  generating quadrature
first and second reference signals based on the estimated  



frequency; and generating the plurality of phase estimates from the
plurality of  mode selective filtered motion signals and the first and
second reference signals. Preferably the method wherein said step of
generating the plurality of phase  10 estimates from the plurality of mode
selective filtered motion signals and the first  and second reference
signals comprises the steps of multiplying a mode selective  filtered
motion signal by respective ones of the first and second reference signals
to  generate respective real and imaginary component signals of the mode
selective  filtered motion signal; and estimating an arctangent of a
quotient of the real and 15 imaginary component signals of the mode
selective filtered motion signal to  generate a phase estimate. Preferably
the method further comprising the step of generating a plurality of  time
difference estimates. from the plurality of phase estimates. Preferably the
method further comprising the step of generating a mass flow 20 estimate
from the plurality of time difference estimates. Preferably the method
wherein said step of generating a plurality of time  difference estimates
from the plurality of phase estimates comprises the step of  dividing the
plurality of phase estimates by a mode frequency to generate a plurality
of time difference values. 25 Preferably the method wherein said step of
generating a plurality of time  difference estimates from the plurality of
phase estimates further comprises the step of applying a plurality of
zero-flow reference time differences to the plurality of  time difference
values to generate the plurality of time difference estimates. Preferably
the method wherein said step of generating a plurality of time 30
difference estimates from the plurality of phase estimates comprises
correcting the  plurality of phase estimates using a plurality of zero flow
phase values. Preferably the method wherein said step of mode selective
filtering  comprises the step of applying a modal transformation to the
plurality of motion  signals to generate a modal motion signal in a modal
coordinate domain, and 10 19/07/2005 wherein the method further comprises
the step of estimating the mode frequency  from the modal motion signal.
Preferably the method further comprising the step of estimating density of



material in the conduit from the estimated mode frequency. 5 Preferably the
method further comprising the step of estimating a parameter  of a scaling
function that relates the plurality of time difference estimates to a
plurality of reference time differences representing motion of the
structure under a  known perturbation. Preferably the method wherein the
perturbation is mass flow. 10 Preferably the method wherein said step of
estimating a parameter  comprises the steps of generating an augmented
matrix including the plurality of  reference time differences; and
multiplying the plurality of time difference estimates by a pseudoinverse
of the augmented matrix to determine the parameter.  Preferably the method
wherein said step of estimating a parameter  15 comprises the step of
iteratively estimating the scaling function. Preferably the method wherein
said step of iteratively estimating comprises  the step of applying a Least
Mean Square (LMS) estimation procedure. Preferably the method wherein said
step of estimating a parameter is  preceded by the step of processing a
plurality of motion signals representing  20 motion of the structure under
the known perturbation to generate the plurality of  reference time.
differences. Preferably the method wherein the parameter of the scaling
function is a  slope parameter and further comprising the step of
generating a mass flow estimate  from the slope parameter and the known
mass flow. 25 Preferably the method wherein said step of estimating a slope
parameter  comprises the step of multiplying the plurality of time
difference estimates by a  pseudoinverse of the plurality of reference time
differences to determine the slope  parameter. Preferably the method
wherein the parameter of the scaling function is an  30 intercept parameter
and further comprising the step of determining a system status  from the
intercept parameter. Preferably the method wherein said step of mode
selective filtering is  preceded by the step of receiving the plurality of
motion signals from a plurality of  motion transducers operatively
associated with the structure , and wherein said 11 19/07/2005 



step of determining a system status comprises the step of determining a
status of a  motion transducer from the intercept parameter. Preferably the
method further comprising estimating density of a material in  the
structure from the estimated mode frequency. 5 Preferably the method
comprising the steps of estimating a frequency of a  first mode selective
filtered motion signal of the plurality of mode selective filtered  motion
signals; and generating a difference estimate from a second mode selective
filtered motion signal of the plurality of mode selective filtered motion
signals and  the estimated frequency. 10 Preferably the method wherein said
step of generating a difference estimate  comprises the steps of generating
quadrature first and second reference signals  based on the estimated
frequency; and generating a difference estimate from the  second mode
selective filtered motion signal and the first and second reference
signals. 15 Preferably the method wherein said step of generating a
difference estimate  from the second mode selective filtered motion signal
and the first and second  reference signals comprises the steps of
generating a phase estimate from the  second mode selective filtered motion
signal and the first and second reference  signals; and generating a time
difference estimate from the phase estimate. 20 Preferably the method
wherein said step of generating a phase estimate  from the second mode
selective filtered motion signal and the first and second  reference
signals comprises the steps of multiplying the second mode selective
filtered motion signal by the first and second reference signals to
generate  respective real and imaginary component signals of the second
mode selective 25 filtered motion signal; and estimating an arctangent of a
quotient of the real and  imaginary component signals of the second mode
selective filtered motion signal to generate the phase estimate. Glossary
of Terms Mode Selective Filter: A mode selective filter operates in the
physical-modal- 30 physical domain to pass only desired modes into the rest
of the signal  processing chain. A mode pass filter consists of a modal
filter, a selection  matrix, and a matrix to convert the modal information
back into the physical  domain (usually using the mode shape matrix, (D, or
some subset of it). 



12 19/07/2005 Mode selection matrix: Diagonal matrix with ones in the
location  corresponding to the desired modes Mode shape matrix: Modal
matrix reduced to the desired physical locations;  modal domain to physical
domain transformation 5 Vibrational Mode: A unique property of a structure
which can be used to  define how the structure will respond (move) to
force. In mathematical terms,  an eigenvector of the matrix of equations of
motion of the structure (sometimes  called the dynamical matrix). Phase
estimate: The difference (in radians or degrees) between two 10 sinusoidal
signals. Any sinusoidal signal can be decomposed into 3 constant
parameters, Amplitude, Phase, and Frequency, which define the value of the
signal at any time t. Pickoff signals can be nearly exactly represented as
sinusoids, with a common frequency and an amplitude and phase for each. The
difference in phase between pickoff signals is proportional to flow. 15
Correlation measure: Correlation is a measure of how much of an output
quantity (e.g. motion, energy, delta t, etc.) is related to an input
quantity (e.g.  force, energy, flow, etc). Can be used to confirm that the
assumed relationship  (e.g. mass flow is proportional to time delay)
between measured and/or  calculated values hold true. A change from good
correlation to poor correlation 20 can imply that the assumed relationship
no longer holds true, e.g. due to a  pickoff failing. Poor correlation can
also be due to additional energy being put  into a system that wasn't
present during the initial setup or calibration. For  example a Coriolis
sensor that works fine in a lab condition, with the only energy  input
being the driver, may give errors in flow measurement when subjected to  25
noisy flows caused by air injection, since there is now significant
additional energy due to the flow. A correlation measure, such as the
standard error of the  estimate, may identify that the system has changed.
Modal transformation: A change in coordinate systems from physical  domain
to modal domain, defined as x = 4) r), where r/ is the modal coordinate.
30 The modal coordinate is one of those mathematical ideas that can be
thought of 



as defining something, and then seeing if it is a useful definition. Can
also be  thought of as something as simple as going from defining a circle
in the x-y  plane to using polar coordinates, which requires that both x
and y vary, to using 13 19/07/2005 polar coordinates r and 4, where only S
has to vary. The transformation to  new coordinates simplifies the
description of the system. Quadrature first and second reference signals: A
standard way to  demodulate sinusoidal signals. Demodulation is a method to
estimate the 5 amplitude and phase of any sinusoid, once its frequency is
known. The notch  filter provides the frequency estimate of the pickoffs
signals. From the  frequency estimate the twiddle function generates two
sinusoids at the same  frequency, 90 degrees out of phase with each other
(the definition of  quadrature, 90 degrees in phase), usually at some unit
amplitude. 10 Scaling function: Multiplying a signal by a constant, or a
vector of constants.  Augmented matrix: Augmenting a matrix is adding rows
or columns to a given  matrix. Used to combine an unknown matrix with a
known constant to use the  full dimension of the problem, i.e. adding a
column of ones, or a row with zero in  it. Augmenting the slope parameter
with the intercept parameter is a standard  15 least-squares curve fitting
technique. Slope and Intercept parameter: Equation y = mx + b is a
parametric  representation of a line. m is the slope parameter, b is the
intercept parameter.  Pseudoinverse of the augmented matrix: Mathematically
a line can be fitted to exactly two points. However, any two data points
also have an unknown  20 noise component. Fitting a line to every 2 points
gives a noisy estimate of the  line. Using many sets of data points can
average out the real life noise, giving a  better, less noisy estimate of
the slope and intercept parameters. One way to fit  a straight line through
many points with a lot of noise is to use a least-squares  technique. A
least- squares technique minimizes the sum of the distances of all 25 the
data points from the fitted line. A pseudoinverse is an efficient,
standard,  way to implement a least-squares fitting process. Using the
augmented matrix in the pseudoinverse finds both the slope and intercept
parameters in one  calculation. Augmenting the matrix for the pseudoinverse
allows the best fit line  



to have a non-zero intercept parameter, i.e. it doesn't have to pass
through the  30 origin. 14 19/07/2005 Brief Description of the Drawings
FIG. 1 is a schematic diagram conceptually illustrating a curved-tube flow
sensor structure. FIG. 2 is a schematic diagram conceptually illustrating a
straight-tube flow  5 sensor structure. FIG. 3 is a schematic diagram
illustrating a mass flow estimating apparatus  according to embodiments of
the invention. FIG. 4 is a schematic diagram illustrating a signal
processing circuit  according to other embodiments of the invention. 10
FIG. 5 is a schematic diagram illustrating a mass flow estimating apparatus
according to other embodiments of the invention. FIG. 6 is a schematic
diagram illustrating an apparatus for estimating mass  flow and density
according to embodiments of the invention. FIG. 7 is a schematic diagram
illustrating an apparatus for generating phase  15 estimates according to
embodiments of the invention. FIG. 8 is a schematic diagram illustrating an
apparatus for generating phase  estimates according to other embodiments of
the invention. FIG. 9 is a schematic diagram illustrating an apparatus for
generating time  difference estimates according to embodiments of the
invention. 20 FIG. 10 is a flowchart illustrating operations for estimating
mass flow  according to embodiments of the invention. FIG. 11 is a
flowchart illustrating operations for estimating mass flow  according to
other embodiments of the invention. FIGS. 12 and 13 are waveform diagrams
illustrating mass flow estimation 25 operations according to the invention.
FIG. 14 is a flowchart illustrating operations for iteratively estimating a
mass flow scaling vector according to embodiments of the present invention.
FIG. 15 is a flowchart illustrating operations for generating phase
estimates  according to embodiments of the invention. 



30 FIG. 16 is a flowchart illustrating operations for estimating mass flow
according to other embodiments of the invention. FIG. 17 is a flowchart
illustrating operations for generating difference  estimates according to
embodiments of the invention. 15 19/07/2005 FIG. 18 is a flowchart
illustrating operations for estimating mass flow  according to embodiments
of the invention. FIG. 19 is a flowchart illustrating operations for
estimating density according  to embodiments of the invention. 5 FIGS. 20A,
20B and 21-27 are waveform diagrams illustrating exemplary  effects of
system changes according to aspects of the invention. FIGS. 28-30 are
flowcharts illustrating operations for monitoring system  status and
compensating for system changes according to embodiments of the  invention.
10 Detailed Description of Embodiments The present invention now will be
described more fully hereinafter with  reference to the accompanying
drawings, in which preferred embodiments of the  invention are shown. This
invention may, however, be embodied in many different  forms and should not
be construed as limited to the embodiments set forth herein; 15 rather,
these embodiments are provided so that this disclosure will be thorough and
complete, and will fully convey the scope of the invention to those skilled
in the art. Like numbers refer to like elements throughout. As will be
appreciated by one of  skill in the art, the present invention may be
embodied as systems (apparatus),  methods, or computer program products. 20
The embodiments of the present invention described herein relate to
Coriolis  mass flowmeters. Those skilled in the art will appreciate,
however, that the  invention described herein is generally applicable to
determination of motion in a  wide variety of mechanical structures, and
thus the apparatus and methods of the  present invention are not limited to
Coriolis mass flowmetering. 25 As will be appreciated by one of skill in
the art, the present invention may be  embodied as apparatus and/or method
and/or computer program product. Accordingly, the present invention may be
implemented in hardware or in a  



combination of hardware and software aspects. Furthermore, the present
invention  may also take the form of a computer program product including a
computer-usable 30 storage medium having computer-usable program code
embodied in the medium.  Any suitable computer readable medium may be
utilized, including semiconductor  memory devices (e.g., RAMs, ROMs,
EEPROMs, and the like), hard disks, CD- ROMs, optical storage devices, and
magnetic storage devices. 16 19/07/2005 Computer program code for carrying
out operations of the present invention  may be written in an object
oriented programming language, such as Java(r) or  C++, and/or in a
procedural programming languages, such as "C." The program  code may
execute one a single computer or data processing device, such as a 5
microcontroller, microprocessor, or digital signal processor (DSP), or may
be  executed on multiple devices, for example, on multiple data processing
devices that  communicate via serial or parallel data busses within an
electronic circuit board,  chassis or assembly, or which form part of a
data communications network such as  a local area network (LAN), wide area
network (WAN), or internet. 10 The present invention is described below
with reference to flowchart  illustrations and/or block diagrams of
methods, apparatus (systems) and computer  program products according to
embodiments of the invention. It will be understood  that each block of the
flowchart illustrations and/or block diagrams, and combinations of blocks
in the flowchart illustrations and/or block diagrams, can be  15
implemented by computer program code (instructions). These computer program
code may be provided to a processor of a general purpose computer, special
purpose computer, or other programmable data processing apparatus to
produce a  machine, such that the instructions, which execute via the
processor of the  computer or other programmable data processing apparatus,
create means for 20 implementing the functions specified in the flowchart
and/or block diagram block or  blocks. These computer program products also
may be embodied in a computer- readable storage medium (e.g., magnetic disk
or semiconductor memory, code  magnetic memory or the like) that can direct
a computer or other programmable 25 data processing apparatus to function
in a particular manner, such that the  



computer program stored in the computer-readable memory produce an article
of manufacture including instruction means which implement the function
specified in  the flowchart and/or block diagram block or blocks. The
computer program code may also be loaded onto a computer or other  30
programmable data processing apparatus to cause a series of operational
steps to  be performed on the computer or other programmable apparatus to
produce a  computer implemented process such that the code that executes on
the computer  or other programmable apparatus provides steps for
implementing the functions  specified in the flowchart and/or block diagram
block or blocks. 17 19/07/2005 Modal Behavior of a Vibrating Conduit
Behavior of a vibrating structure such as a Coriolis mass flowmeter conduit
may be described in terms of one or more natural modes having associated
natural  frequencies of vibration. The modes and the associated natural
frequencies may be  5 mathematically described by eigenvectors and
associated eigenvalues, the eigenvectors being unique in relative magnitude
but not absolute magnitude and  orthogonal with respect to the mass and
stiffness of the structure. The linearly  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 10 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 desired modes and, therefore, may
corrupt measurements taken at 15 the resonant frequency of a desired mode,
such as phase difference  measurements taken at the drive frequency.
Conventional Coriolis mass flowmeters typically use structural and temporal
filtering to reduce the effects of undesirable modes. Conventional
structural filtering  techniques include using mechanical features such as
brace bars designed to 20 decouple in phase and out of phase bending modes,
actuators positioned such that  they are less likely to excite undesirable
modes, and transducers positioned such  that they are less sensitive to
undesirable modes. Structural filtering techniques  



can be very effective in reducing energy of undesired modes, but may be
limited by  geometric and fabrication constraints. 25 Temporal filtering
techniques typically modify transducer signals based on  time domain or
frequency domain parameters. For example, a typical Coriolis  mass
flowmeter may include frequency domain filters designed to remove
frequency components that are significantly correlated with undesired
modes.  However, off-resonance energy from undesired modes may contribute
considerably 30 to energy at the resonant frequency of a desired mode.
Because frequency- domain filters generally are ineffective at
distinguishing the contribution of multiple  modes at a given frequency,
the contribution of undesired modes at a  measurement frequency may be a
significant source of error in process parameter  measurements. 18
19/07/2005 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 difference
simultaneously.  However, a real conduit having non-negligible damping and
a material flowing 5 therethrough has a generally complex response to
excitation, i.e., points of the  structure generally do not simultaneously
reach maximum amplitude. The motion  of the conduit structure may be
described as a complex mode having real and  imaginary components or,
alternatively, magnitude and phase components.  Coriolis forces imparted by
the flowing material render motion of the sensor conduit  10 mathematically
complex. Even if complex, motion of a conduit structure can be described as
a  superposition of scaled natural ("normal" or "single degree of freedom"
(SDOF))  modes, as the real and imaginary parts of a complex mode are
linearly independent  by definition. To represent complex motion, complex
scaling coefficients may be 15 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.  Accordingly, these
particular real normal modes may be more closely correlated  with the
Coriolis forces associated with the material in the sensor conduit, and
thus 



20 can provide information for generating an accurate estimate of a
parameter  associated with the material. A conceptual model of one type of
Coriolis mass flowmeter sensor 100 is  provided in FIG. 1. Motion
transducers 105A, 105B, 105C, 105D (e.g., velocity  transducers) are
positioned to detect relative motion of first and second curved 25 conduits
103A, 103B of the sensor 100 that are vibrated by a an actuator 106 as a
material 108 flows through the conduits 103A, 1035, the motion transducers
105A,  105B, 1055, 105D producing motion signals 109. A "straight tube"
Coriolis  flowmeter sensor 200 illustrated in FIG. 2 includes a conduit 203
configured to  contain a material 208 from a pipeline 207 connected to the
sensor 200 at flanges 30 202. Within a housing 204 surrounding the conduit
203, an actuator 206 is  operative to excite the conduit 203. Motion
transducers 205A, 205B, 205C, 205D  (e.g., velocity transducers,
accelerometers or other motion-sensing devices) are  positioned along the
conduit 203. The motion transducers 205A, 2058, 205C,  205D produce motion
signals 209 representing motion of the conduit 203 in 19 19/07/20.05
response to a plurality of forces F that may include, for example, a drive
force  imparted by the actuator 206, Coriolis forces arising from the
flowing material 208,  pressure forces exerted by the material 208, and
other extraneous forces such as  forces imparted by the pipeline 207 and
forces generated by pumps, compressors  and other equipment (not shown)
connected to the pipeline 207 and conveyed to  the conduit 203 via the
flanges 202. For a flowmeter structure such as those illustrated in FIGS.
'Land 2, a  response vector x can be constructed from the signals produced
by motion  transducers that are operatively associated with the structure,
such as the motion 10 signals 109, 209 produced by motion transducers 105A,
105B, 105C, 1050, 205A,  20513, 205C, 205D of FIGS. 1 and 2. For example,
the motion signals may be  sampled to generate motion signal values x1, xZ,
..., x of a response vectorx. A  real normal modal matrix cb, that is, an
eigenvetor matrix relating the physical  motion vector to a modal. motion
vector rj representing motion in a plurality of 15 natural (SDOF) modes,
may then be identified such that:  x=(1)r/ (1) 



The  modal matrix r11 can be identified using a number of techniques,
including trial  and error or inverse techniques. Exemplary Mass Flowmeters
20 According to embodiments of the present Invention, selective modal
filtering  techniques are used to produce mode selective filtered motion
signals that are then  used to generate phase estimates, which are in turn
used to generate a mass flow  estimate. Exemplary embodiments according to
this aspect of the present invention will now be described, in particular,
embodiments using "straight tube"  25 sensors such as the sensor 200 of
FIG. 2. Those skilled in the art will appreciate,  however, that the
present invention is also applicable to curved-conduit structures,  such as
that used in the sensor 100 illustrated in FIG. 1, as well as to other
material-containing structures used in mass Flowmeters, densitometers and
the like.  Those skilled in the art will further appreciate that the
present invention is also .30 applicable to the characterization of motion
in a variety of other structures.  FIG. 3 illustrates a mass flow
estimating apparatus 300 according to  embodiments of the present
invention. The apparatus 300 includes a material- containing conduit 203
and operatively associated motion transducers 205A, 2058, 20 19/07/2005
2050, 205D of a flown-rotor sensor 200, along with a signal processing
circuit 301  that is operative to generate a mass flow estimate from motion
signals 305  produced by the motion transducers 205A, 2053, 2056, 205D,
Like numbers are  used in FIGS. 2 and 3 to denote like: components of the
sensor 200, detailed 5 description of which will not be repeated here in
light of the description of FIG. 2.  The signal processing circuit 301
includes a mode selective filter 310 that is  configured to rccoive the
motion signals 305 and operative to selectively pass one  or more
components of the motion signals 305 to produce a plurality of mode
selective filtered motion signals 315. The signal processing circuit 301
also 10 includes a phase estimator320 that is responsive to the mode
selective filtered  motion signals 315 and operative to generate a
plurality of phase estimates 325  thorefrom. The signal processing circuit
301 further includes a mass flow estimator  330 that is responsive to the
phase estimator 320 and produces a mass flow  estimate-, 335 from the
plurality of phase estimates 325. 



15 FIG, 4 illustrates an exemplary implementation of a mode selective
filter 410,  phase estimator 420 and mass flow estimator 430 according to
embodiments of the  present invention. A plurality of motion signals 405a,
e.g., analog outputs from  velocity or other motion transducers operatively
associated with a conduit or other  material containing vessel, is sampled
and digitized by an A/D converter 440, 20 producing Pl plurality of digital
motion signals 405b. The digital motion signals 405b  are processed by a
digital mode selective filler 410 to produce a plurality of mode  selective
filtered digital motion signals 415. A digital phase estimator 420
generates a plurality of digital phase estimates 425 from the plurality of
mode  selectives filtered digital motion signals 415. A digital mass flow
estimator 430 25 produces a digital mass flow estimate 435 from the
plurality of digital phase  estimates 425. As shown, the mode selective
filter 410, the phase estimator 420  and the mass flow estimator 430 may be
implemented as computer readable  program coda executed by a data processor
450, for example, a combination of a  computer (e g., a microcontroller,
microprocessor, digital signal processor (OSP), or 30 other computing
device) and an associated storage medium (o.g., semiconductor  memory
magnetic storage and/or optical storage). FIG. 5 illustrates an exemplary
mass flow estimating apparatus 500  according to other embodiments of the
present invention. The apparatus 500  Includes a material-containing
conduit 203 and operatively associated motion 21 19/07/2005 transducers
205A, 205B, 2050, 2050 of a straight-tube sensor 200 such as that
described with reference to FIG. further detailed description of which will
not be  repeated in light of the description of FIG. 2. A signal processing
circuit 501  includes a mode selective filter 510 that is configured to
receive the motion signals ti 505 produced by the sensor 200 and operative
to selectively pass one or more  components of the motion signals 505 to
produce a plurality of mode selective  filtered motion signals 515. The
mode selective filter 510 is further operative to  produce at least one
modal motion signal 517, Le,, at least one signal that  represents motion
of the conduit 203 in a modal domain defined by at least one 10 natural
(SDOF) mode of the conduit 203. The mode selective filter 510 is
preferably derived from a modal characterization of the sensor 200. 



The signal processing circuit 501 further includes a phase estimator 520
that  is responsive to the mode selective filter 510 and operative to
generate a plurality  of phase estimates 525 from the plurality of mode
selective filtered motion signals 15 515. The signal processing circuit 501
also includes a mass flow estimator 530 that  is responsive to th phase
estimator 520 and produces a mass flow estimate 535  frorn the plurality of
phase estimates 525 using at least one mode frequency  estimate 545
generated by a mode frequency estimator 540. The mode frequency  estimator
5,10 produces the at least one mode frequency estimate 545 responsive 20 to
the at least one modal motion signal 517. The signal processing circuit 501
further includes a density estimator 550 that is responsive to the at least
one mode  frequency estimate 545 to generate a density estimate 555. FIG. 6
Illustrates an apparatus 600 operative to estimate mass flow and  density
from a plurality of motion signals 605, according to embodiments of the  25
invention. The apparatus 600 includes a mode selective filter 610, a phase
estimator 620, a mass flow estimator 630, a mode frequency estimator 640
and a  density estimator 650. The mode selective (or "mode pass") filter
610 includes a  modal transformation 612 that transforms a plurality of
motion signals 605 into a  plurality of modal motion signals 613 that
represent motion in a plurality of natural 30 modes, as describedd above
with reference to equation (1). The mode selective  filter 610 also
includes a mode selective transformation 614 that selectively transforms
the plurality of modal motion signals 613 back out of the modal domain,
producing mode selective filtered motion signals 615 that are filtered such
that  components of the original motion signals 615 that are associated
with one or more 22 19/07/2005  desired modes are preferentially passed in
relation to components associated with  other, undesired natural modes, The
modal motion signals 613 are passed on to  1110 MOdf) frequency estimator
640, which generates one or more mode frequency  estimates 645. 5 The mode
selective Filtered motion signals 615 are passed on to the phase  estimator
620, which generates a plurality of phase c5timates 625 therefrom using  a
phase reference, that is derived from the Plurality of motion signals 605.
For  example. as described in detail with reference to FIG. 7 below, the
phase reference  



may be derived from one or more of the mode selective filtered motion
signals 615. 10 Alternatively, [lie phase reference may be derived from one
or more mode  frequency estimates 645 generated from one or more of the
modal motion signals  6 13 by the mode freqUency estimator 640. The phase
estimates 625 are passed onto the mass flow estimator 630 that  includes a
time difference estimator 632 and a spatial integrator 634. Using the  15
one or more mode frequency estimates 645 generated by the mode frequency
estimator 640, the time difference estimator 632 generates a plurality of
time  difference estimates 633 from the plurality of phase estimates 625.
Tile time  difference estimator 640 may also use zero-flow reference time
differences 631,  Lu., values representing time differences under a zero
mass flow condition which 20 may  corrupt rneasurements at other mass flow
rates, to generate time differences  633 that are corrected for such "zero
offse". As described below, an estimate of a  drive mode frequency may be
generated by the mode frequency estimator 640, and  phase estimates may be
divided by this estimated drive mode frequency to yield  uncorrected time
difference estimates. The uncorrected time difference estimates 25 may then
be corrected using the zero-flow reference time differences 031 (e.g., by
subtraction therefrom) to generate the time difference estimates 633; The
time difference estimates 633 generated by the time difference  estimator
632 are provided to a spatial integrator 634. As described in detail below,
the spatial integrator 634 may determined a slope parameter of a scaling
vector function that relates the plurality of time difference estimates 633
to a plurality  reforonre tinio differences 637 corresponding to a known
mass flow. This slope  parameter may then be -used to genarate a mass flow
estimate 635 from the known  .mass flow. 23 19/07/2005 As also shown in
FIG. G, the density estimator 650 may also use the mode  frequency estimate
G45 to generate an estimate of density of the material for which  mass now
is being determined. The density estimator 650 may utilize techniques
similar to those used to generate a density estimate 655 from a non-mode
selective 5 filtered transducer signal. For example, according to
embodiments of the present  invention, density estimates may be generated
by using modal frequency estimates  



in place of the conventional frequency estimates utilized in the
aforementioned  patents. FIGS. 7-9 illustrate exemplary structures for
implementing various 10 components of FIG. 6. It will be appreciated that
the mode selective filter 610,  phase estimator 620, mass flow estimator
630, the mode frequency estimator 640  of FIG. 6. as well as the structures
of FIGS. 7-9, may be implemented in a digital  domain, e.g., as executable
modules, subroutines, objects and/or other types of  software and/or
firmware running on a microprocessor, microcontroller, DSP or 15
othercomputing device. In such implementations, "signals," such as the
modal  motion signals 613, mode selective filtered motion signals 615 and
phase estimates  633 may include vectors of digital signal values that are
produced at calculation  intervals and upon which computations are
performed to implement the functions described: However, it will be
appreciated that all or some of these signals may, In  20 general, be
digital or analog, and that the operations performed thereon may be
performed by special-purpose digital hardware and/or analogous analog
hardware.  FIG. 7 illustrates an example of a phase estimator 700 according
to  embodiments of the present Invention. The phase estimator 700 includes
a  frequency estimator 710 that estimates a frequency of a mode selective
filtered 25 motion signal 701, of a plurality of mode selective filtered
motion signals 7011,  7012,. .. 70 t,,. The frequency estimator 710
produces a frequency estimate 715  which is applied to a quadrature
reference signal generator 720 that generates first  and second (o.g_, sine
and cosine) reference signals 725a, 725b that have the  estimated frequency
and that are in phase quadrature with respect to one another. 30 The
frequency estimator 710 may, for example, be a digitally-implemented
adaptive  notch filter that is operative to determine the frequency
estimate 715. and the  qundrature reference signal generator 720 may
generate the quadrature reference  signals 725a, 725b using a "twiddle"
function. However, it will be appreciated that  other techniques, Including
other digital and analog signal processing techniques 24 19/07/2005 for
generating phase and quadrature reference signals, may be used to generate
the frequency estimate 715 and/or the quadrature reference signals 725a,
725b.  For example, miter than generating the frequency estimate 715 from a
mode- 



scioctively filtered signal as shown in FIG. 7, the frequency estimate may
be a 5 mode frequency estimate, such as one or more of the mode frequency
estimates  645 produced by the mode frequency estimator 640 of FIG. 6. The
first and second phase reference signals 725a, 725b are applied to a
plurality of phase calculators 7301, 7302, . , 730,,, respective ones of
which  generate respective phase estimates 7351, 7352, . - . , 735n from
respective ones of 10 the mode selective filtered motion signals 7011,
7012,- .. , 701,,. Phase estimates  735;,, ... , 735, are then normalized
with respect to one of the phase estimates  phase estimates 7351 by a
normalizer 740 to produce a plurality of normalized  phase estimates 7451,
7452,. .., 745,. The normalized phase estimates 745.i,  7452, ... , 74511
may then be used to estimate mass flow, as described above with  15
reference to FIG- 6. Referring again to FIG. 6, the mode frequency
estimator 640 may use  frequency estimation techniques similar to those
described above with reference to  FIG. 7. For example,
frequency-determining adaptive notch filtering techniques  may be used to
generate at least one frequency estimate 645 for at least one of the  20
modal motion signals 617. Exemplary computing operations for demodulating a
mode selective filtered  motion signal 701j using tho synthesized
quadrature (e.g., sine and cosine)  reference signals 725a, 725b are
illustrated in FIG. 8. The mode selective filtered  motion signal 701j is
separately multiplied by each of the quadrature reference 25 signals  725a.
725b, generating real and imaginary component signals 805b, 805a.  An
,arctangent calculator 810 then computes an arctangent of the real and
imaginary component signals 805b, 805a to generate a phase estimate 735j.
Prefereably, the real and imaginary component signals 805b, 805a are
filtered  before application to the arctangent calculator 810, such that
non-DC components 30 of ilia signals L05b, 805a are attenuated. FIG. 9
illustrates an exemplary computing structure for generating corrected  limo
different estimates 633 according to embodiments of the present invention.
A vector of phase estimates 625 (which may be normalized) is divided by an
estimated mode frequency 645, preferably one or more frequencies associated
with 25 19/07/2005 



35010/1 22W O a drive mod-. The resulting vector of time differences 915 is
then corrected by  subtracting a corresponding vector of zero-flow
reference time differences 631,  producing a vector of corrected time
difference estimates 633. A similar correction  could alternatively be
achieved by subtracting a vector of phase values associated 5 will ; zero
now from the phase estimates 735,, 7352....,735" described above.  Spatial
integration of Time Difference Estimates According to other aspects of the
present invention, time differences  estimates, such as the corrected time
difference estimates described above, may  be processed using a "spatial
integration" procedure to produce a mass flow 10 estimate. According to
various embodiments of the present invention described  below, numerous
techniques may be used to determine a slope parameter that  relates tim.
difference estimatcs associated with an unknown mass flow to  reference
time differences associated with a known mass flow, including closed- form
pseudoinverse techniques and iterative techniques. This slope parameter 15
may be used to generate an estimate of the unknown mass flow. 26 19/07/2005
As described in the aforementioned United States Patent Application Serial
Number 09/116,410, filed July 16, 1998, a vector Ye of time difference
values at  known mass flow FF may be identified, and an unknown mass flow
can be  described in terms of this reference time difference vector Ye by a
scalar 5 multiplication, that is, a vector of estimated time differences Xe
for an unknown  mass flow can be scaled by a scale factor a (hereinafter
referred to as a "slope  parameter") to produce the reference time
difference vector Y. In order to  determine the unknown mass flow, the
known mass flow F. is multiplied by the  slope parameter a. The reference
time difference vector Ye and the time difference  10 estimate vector Xe
may be related as: xe = aY +b (2) Rearranging equation (2) gives:  15 r al
xe=(Y MI] j }=Zc, 



1 b (3) where the augmented matrix Z is formed by augmenting the reference
time 20 difference vector Ye with a column of ones. Equation (3) may be
solved for the  scaling vector c by premultiplying the time difference
estimate vector Xe by the  pseudo inverse Wof the augmented matrix Z: 25 c
=Z-'X, = WXe, . .. (4) where the matrix inverse operator (-') is used to
denote a pseudo inverse. Solving  for the vector c and then multiplying FF
by the slope parameter a of the vector c can  30 yield an estimate of mass
flow. FIGS. 10 and 11 are flowchart illustrations of exemplary operations
for  generating a mass flow estimate from a plurality of time difference
estimates  according to various embodiments of the present invention. Those
skilled in the art  will understand that the operations of these flowchart
illustrations may be can be 35 implemented using computer instructions.
These instructions may be executed on  a computer or other data processing
apparatus, such as the data processor 450 of  27  19/07/2005 FIG. 4, to
create an apparatus (system) operative to perform the illustrated
operations. The computer instructions may also be stored as computer
readable  program code on a computer readable medium, for example, an
integrated circuit  memory, a magnetic disk, a tape or the like, that can
direct a computer or other 5 data processing apparatus to perform the
illustrated operations, thus providing  means for performing the
illustrated operations. The computer readable program  code may also be
executed on a computer or other data-processing apparatus to  cause the
apparatus to perform a computer-implemented process. Accordingly,  FIGS. 10
and 11 support apparatus (systems), computer program products and  10
methods for performing the operations illustrated therein. FIG. 10
illustrates operations 1000 for generating a mass flow estimate from  a
vector Xe of time difference estimates along the above-described lines
according  to embodiments of the present invention. A pseudoinverse W of an
augmented  



matrix Z including a vector of reference time differences Ye associated
with a 15 known mass flow FF augmented by a column of ones is determined
(Block 1010).  The determination of the augmented matrix Z and the
pseudoinverse matrix W may  be done on an intermittent basis, e.g., at
calibration, to reduce computational  burdens. The vector of time
difference estimates Xe is multiplied by the  pseudoinverse matrix W, to
produce a scaling vector c, including a slope parameter 20 a and an
intercept parameter b (Block 1020). The slope parameter a is then
multiplied by the known mass flow Fc to produce a mass flow estimate (Block
1030). It will be appreciated that the mass flow estimate may be further
processed;  for example, the mass flow estimate may be averaged with other
mass flow  estimates determined over a time period to produce a filtered
mass flow 25 measurement (Block 1040). The intercept parameter b may also
be monitored, for  example, to detect system changes (Block 1050). There
are several advantages to monitoring the intercept parameter b of the
vector c, as will be discussed in detail below. However, it is not
necessary to  calculate the intercept parameter b in order to generate a
mass flow estimate.  30 Equation (2) can be rewritten as: Xe=Ya (5) 28
19/07/2005 using no intercept parameter b. Equation (5) may be viewed as an
attempt to  match the shape of the time difference estimate vector Xe to
the shape of the  reference time difference vector Ye without accounting
for phase normalization.  Equation (5) may work if the time difference
estimate vector Ye and the reference 5 time difference vector Xe are
arbitrarily normalized, and may produce better results  if all of the
phases are normalized by the reference phase before determination of  the
time difference estimates Xe. To solve for the slope parameter a, the
following  relation may be used: 10 a=Y-'X~. (6) FIG. 11 illustrates
operations 1100 for generating a mass flow estimate  without determining
the intercept parameter b according to embodiments of the  present
invention. A pseudoinverse Ye' of vector of reference time differences Ye
15 associated with a known mass flow F. is determined (Block 1110). The  



determination of the pseudoinverse Ye' may be done on an intermittent
basis, e.g.,  at calibration, to reduce computational burdens. The vector
of time difference  estimates X. is multiplied by the pseudoinverse Ye' to
determine a slope  parameter a (Block 1120). The slope parameter a is then
multiplied by the known 20 mass flow Ft o produce a mass flow estimate
(Block 1130). It will be appreciated  that the mass flow estimate may be
further processed; for example, the mass flow  estimate may be averaged
with other mass flow estimates determined over a time  period to produce a
filtered mass flow measurement (Block 1140). FIGS. 12 and 13 graphically
illustrate test results for a prototype Coriolis  25 mass flowmeter
according to embodiments of the invention that indicate that  determination
of the intercept parameter b is not needed to generate mass flow
estimates.,,In particular, FIGS. 12 and 13 illustrates that mass flow
estimates  generated overtime intervals of interest (approximately 10 to
approximately 30  seconds) using respective ones of the pseudoinverse
methods described above 30 (i.e., with and without determination of the
intercept parameter b, respectively )  show a similar degree of agreement
with experimental mass flow rate  measurements for the time intervals
obtained using other means. 29 19/07/2005 According to other embodiments of
the present invention, a iterative  technique may be used to solve for the
vector c in place of the pseudoinverse  techniques described above. An
error equation 5 L(k)=Xe(k)-Zc(k-1), (7) and an associated cost function
J=2L2 (8) 10 can be defined. A gradient method can be used to find a
solution that reduces the  cost function J to a desired level, with the
gradient given by: aJ= -LZ. (9)  Sc 15 20 Small steps may be taken down the
gradient towards a minimum value of the. cost.,  



function J. At a kth step, a new estimate of the vector c(k) is produced
using the  following relation: c(k)=c(k-1)-y ac =c(k-1)+yLZ, (10) where the
vector c(k-1) represents the result produced by the preceding k-1 25
iteration and y is an adaptive rate for the process. Computations may be
repeatedly  performed until the cost function J is reduced to a
predetermined level. y should be  greater than zero and less than 2 to
ensure convergence. The value of y generally  impacts the rate of
convergence and the sensitivity of the iterative process to noise.
Generally, the larger the value of y, the faster the process converges;
however, a  30 large value for y may increase sensitivity to noise. An
optimum value for y may be  determined experimentally, which a typically
value being 0.1. Equation (10) represents a Least Mean Square (LMS)
approach to  parameter estimation. A potentially more robust Normalized
Least Mean Square  (NLMS) version of this adaptive approach may also be
used as follows: 35 30 19/07/2005 c(k)=e(k-l)-yZTL(k) (11) a +lIZp, 2 where
O<y<2 (12), 5 and a is a constant that is included to reduce the likelihood
of numerical instability if  the norm of Z approaches zero. In order to
provide convergence for equation (11),  equation (12) should be satisfied.
The value of a preferably is a small positive 10 value and may be selected
based on experimentation. FIG. 14 illustrates operations 1400 according to
embodiments of the present  invention, in which a scaling vector c is
iteratively determined along the lines  described above. A vector Xe of
time difference estimates is generated (Block  1410). An initial scaling
vector estimate c(k) is generated (Block 1420). The initial 15 value c(k)
may be, for example, zero or a final estimate of a scaling vector c
generated from a previous value of Xe. Assuming that flow rate does not
change  



drastically between flow measurements, the latter choice may increase the
speed  of convergence, as the previously estimated value for the scaling
vector c should  be close to the new value to be determined. An associated
error L(k) and cost J(k) 20 are determined, e.g., using equations (7) and
(8) (Block 1440). If the cost J(k) is  less than a predetermined value,
indicating an acceptable accuracy of the scaling  vector estimate c(k), an
estimate of mass flow may be generated (Blocks 1450,  1455) and a new
vector of time difference estimates Xe generated (Block 1410). if  not, an
updated estimate of the scaling vector c(k) is generated using, for
example, 25 equation (10) or equation (11) (Blocks 1460, 1470), and new
error and cost function  values are computed (Blocks 1430, 1440). Those
skilled in the art will appreciate that operations other than those
described with reference to FIG. 14 may be used with the present invention.
For  example, it will be appreciated that many of the computations may be
combined or 30 varied. It will also be appreciated that there are many
different iterative techniques  that can be used to solve equation (3)
beyond the LMS and NLMS techniques  described above. FIGS. 15-19 are
flowchart illustrations of exemplary operations according to  various
embodiments of the present invention. Those skilled in the art will 31
19/07/2005 understand that the operations of these flowchart illustrations
may be implemented  using computer instructions. These instructions may be
executed on a computer or  other data processing apparatus, such as the
data processor 450 of FIG. 4, to  create an apparatus (system) operative to
perform the illustrated operations. The 5 computer instructions may also be
stored as computer readable program code on a  computer readable medium,
for example, an integrated circuit memory, a magnetic  disk, a tape or the
like, that can direct a computer or other data processing  apparatus to
perform the illustrated operations, thus providing means for performing
the illustrated operations. The computer readable program code may also be
10 executed on a computer or other data-processing apparatus to cause the
apparatus to perform a computer-implemented process. Accordingly, FIGS.
15-19  support apparatus (systems), computer program products and methods
for  performing the operations illustrated therein. 



According to embodiments of the present invention illustrated by FIG. 15,
15 operations 1500 for generating phase estimates associated with motion of
a.  structure include mode selective filtering a plurality of motion
signals representing  motion of the structure to generate a corresponding
plurality of mode selective  filtered motion signals using, for example,
techniques such as those described  above with reference to FIG. 6. (Block
1510). A plurality of phase estimates is then 20 generated from the
plurality of mode selective filtered motion signals (Block 1520).  In
exemplary mass flow estimation operations 1600 according to  embodiments of
the present invention illustrated in FIG. 16, a plurality of motion
signals representing motion of a conduit are mode selective filtered to
produce a  plurality of mode selective filtered motion signals (Block
1610). A plurality of phase 25 estimates is then generated from the
plurality of mode selective filtered motion  signals (Block 1620), and is
used to generate a mass flow estimate (Block 1630). In exemplary difference
estimation operations 1700 according to other  embodiments of the present
invention illustrated in FIG. 17, a plurality of motion  signals
representing motion of a structure are mode selective filtered to produce a
30 plurality of mode selective filtered motion signals (Block 1710). A
frequency of a  first mode selective filtered motion signal is determined
using, for example, the  adaptive notch filtering operations described
above with reference to FIG. 7 (Block  1720). A difference estimate, e.g.,
a phase difference estimate and/or a time  difference estimate, is then
determined from a second mode selective filtered 32 19/07/2005 motion
signal using, for example, the demodulation operations described with
reference to FIG. 7. (Block 1730). FIG. 18 illustrates Operations 1800 for
generating a mass flow estimate  according to yet other embodiments of the
present invention. A plurality of motion  5 signals representing motion of
a conduit are processed to generate a plurality of difference estimates,
for example, time difference estimates or phase difference  estimates
(Block 1810). A slope parameter relating the plurality of difference
estimates to a plurality of reference difference values corresponding to a
known  mass flow is then estimated (Block 1820), and a mass flow estimate
is generated 10 from the estimated slope parameter and the known mass flow
(Block 1830). These  



operations may be implemented using, for example, the operations described
above with reference to FIGS. 10 and 11. In exemplary density estimation
operations 1900 according to other  embodiments of the present invention
illustrated in FIG. 19, a modal transformation  15 is applied to a
plurality of motion signals representing motion of a material-- containing
vessel to generate at least one modal motion signal representing
corresponding motion in a modal domain defined by at least one vibrational
mode  of the vessel (Block 1910). At least one mode frequency is then
determined from  the at least one modal motion signal (Block 1920), and a
density of the material in 20 the vessel is determined from the at least
one mode frequency estimate (Block  1930), for example, as described above
with reference to FIG. 6. Monitoring of spatial intercept or other
correlation measures to detect system  status - As mentioned above with
reference to FIGS. 10 and 11, although the  25 intercept parameter b of the
scaling vector c is not needed for mass flow  estimation, it may be useful
for detecting system changes, such as motion  transducer failure, changes
in mounting conditions and the like. Potential  usefulness of the intercept
parameter is illustrated by the graphs of FIGS. 20A-20B and 21. FIGS.
20A-20B graphically illustrates simulated changes in computed 30 mass flow
rate and spatial intercept parameter, respectively, for failures of a
motion  transducer at approximately 20 seconds, the failure of particular
transducer being  simulated by zeroing out the corresponding elements in
the vectors of time difference estimates produced by the transducer. As
shown in FIG. 20A, loss of a 33 19/07/2005 transducer produces a change in
computed mass flow rate, which might be  erroneously interpreted as an
actual change in mass flow rate. The change in the intercept parameter may
be used, according to  embodiments of the present invention, to trigger a
fault correction scheme. For 5 example, as shown in FIGS. 20A and 20B, the
pseudoinverse Wof an augmented  matrix Z may be recalculated by striking
the row corresponding to the failed  transducer, and then used to generate
new mass flow estimates. As shown in FIG.  20A, where such a correction is
implemented for mass flow estimates beginning at  



approximately 40 seconds, improved accuracy may be achieved. In particular,
for 10 the example shown, an error of 0.5% is achieved with such a
correction in  comparison to the 4% error occurring without such a
correction. As shown in FIG. 21, which illustrates intercept parameter
values for failures  of each member of a group of five motion transducers,
failures of a motion  transducer may be signaled by a corresponding large
change in the intercept 15 parameter, a phenomenon which typically would
not occur in response to a mere  change in mass flow. Other system changes,
such as changes in mounting or  other conditions, may also be identified by
changes in the intercept parameter. In  particular, FIG. 22 illustrates
changes in the intercept parameter fora prototype  Coriolis mass flow meter
after damping is added to the structure of the meter. 20 The intercept
parameter is one of a variety of different correlation measures  that may
be used to detect system changes according to embodiments of the  present
invention. In general, once a scaling vector c has been calculated,
equation (3) above can be applied to give a vector of time differences
Xesr, which is  a least square fit of a "measured" vector of time
differences X. ( produced as 25 described above) to a basis vector: X~,=Zc.
(13) The predicted vector of time differences Xesr may be compared to the
measured 30 vector of time difference estimates Xe to produce a correlation
measure that can be  used for various purposes. The comparison can be done
intermittently or at each  computation of mass flow. In embodiments of the
present invention, a coefficient of correlation r may  generated from the
predicted vector of time differences Xesr and used to detect 34 19/07/2005
system changes. The coefficient of correlation r is a dimensionless scalar
quantity  between +1 and -1, and uses a quantityX, which is an average of
the time  difference estimates Xe: mean(X,)=Z N" , (14) 5 where Nis the
number of data points, e.g., the number of motion transducer  signals. The
correlation coefficient r may be defined as a ratio of explained  variation
over total variation: 



-+ explained variation =+ ZX-, -X) (15)  totalvariation IZ(X -7) 10 FIG. 23
illustrates how such a correlation coefficient may be used, in  particular,
in detecting transducer failure. Mass flow is estimated over a first time
period of 0 to 15 seconds using vectors Xe of time difference estimates
generated  from motion signals produced by transducers #145. Subsequently
produced 15 vectors XQ of time difference estimates are then perturbed by
zeroing out motion  signal values corresponding to one motion transducer
(#2) from 15 to 30 seconds,  simulating failure of that transducer for that
time period. Vectors Xe of time  difference estimates are again perturbed
from 45 to 60 seconds by doubling the  motion signal value associated with
the #2 transducer, simulating a gain change in 20 the transducer or a
"noisy" transducer signal. As seen in FIG. 23, the mass flow  estimate is
reduced approximately 20 Ibm/min low when the #2 transducer input is
zeroed and increased approximately 15 Ibm/min with the motion signal input
doubled. With standard flow measurement techniques, it may be difficult to
tell 25 whether such changes are attributable to actual mass flow changes
or  measurement failures. However, in a manner similar to that described
above with  reference to the intercept parameter, the correlation
coefficient r may be used to  detect such system changes. As shown in FIG.
24, which illustrates behavior of the  correlation coefficient rover the
same time interval as FIG. 23, the correlation 30 coefficient r may show a
relatively large change in value with a failed (zeroed) or  noisy motion
signal. 35 19/07/2005 5 Error of estimate is another correlation measure
that may be used for  detecting system status. A standard error of estimate
s,1,y may be expressed as: = OX, -Xej,)2  N 



(16) As shown in FIG.25, which shows behavior of the standard error of
estimate s,,y for  the time interval of FIGS. 23 and 24, the standard error
of estimate s,1,y may exhibit  10 large changes for the system changes
described above (it will be noted that sampling theory indicates that for a
small number of transducer inputs (e.g., 6),  greater accuracy may be
achieved by replacing the N in the denominator with N-2.)  Qther properties
of the error of estimate measure can be exploited to determine the source
of a failure, such as the identity of a particular failed 15 transducer.
The standard error of estimate may be viewed as being analogous to  the
standard deviation of a data set, i.e., one can expect that 99.7% of the
time, the  error of estimate for a time difference estimate will be within
three times the  standard error estimate s,,,y of the predicted vector of
time differences Xe5t.  Accordingly, the respective errors of estimate for
respective time difference 20 estimates associated with respective
transducers can be checked to see if they are  within a predetermined
multiple (e.g., within three times) of the standard error of the  estimate.
Such a test may be expressed as the following inequality: -K*s,.,,
<-XX-<X61+K*s,.,., (17) 25 which can be rearranged to give: -K*s,:, -< XX
-XX, 5+K*s,y (18) 30 To identify a failed transducer, for example, the
criterion of equations (17 )  and (18) can be applied to each component of
each generated vector of time  difference estimates. An error (Xe-Xest) of
a particular time difference estimate Xe  associated with a failed
transducer will typically be many times the standard error of 35 estimate.
This is illustrated in FIG. 26, which shows error (Xe -Xest) for a failed
36 19/07/2005 transducer # 2 of a group of transducers in relation to the
standard error of estimate  for the group (the values of which are
normalized for convenience by subtracting  out a nominal vector). As shown,
the error associated with transducer #2 is well  outside the standard error
of estimate bounds for the group (which, for the example 



5 shown, is approximately  0.07, too small to be seen on the plot of FIG.
26).  It is also possible to correct the computed mass flow rate for a
failed  transducer once it has been identified. For example, the augmented
matrix Z may  be reformulated by deleting the row associated with the
failed transducer. A new  pseudoinverse matrix W may then be formed by
inverting the reformulated 10 augmented matrix Z. Mass flow rate may then
be estimated premultiplying a  reduced dimension vector of time difference
estimates X. in which the row  associated with the failed transducer by the
new pseudoinverse matrix W is zeroed  out. FIG. 27 illustrates such
correction of a mass flow rate estimate. According to embodiments of the
present invention, a flowmeter apparatus  15 may monitor an intercept
parameter, correlation coefficient, standard error of  estimate or other
correlation measure to detect system status. For example, upon  detection
of a large change in the intercept parameter, a particular failed
transducer  may be identified and the modal selective filter and/or the
pseudoinverse matrix  used by the apparatus to generate difference
estimates may be recomputed to 20 compensate for the failed transducer.
Similarly, an error of a time difference  estimate associated with a
particular transducers moving outside of a range defined  by a standard
error of estimate may be used to detect transducer failure, and thus
trigger corrective action. FIG. 28 illustrates operations 2800 for
detecting system status according to  25 embodiments of the present
invention. A plurality of difference estimates, e.g., a  vector of time
difference estimates Xe as described above, is generated (Block 2810). A
correlation measure, such as an intercept parameter, a correlation
coefficient or an error of estimate is determined (Block 2820). System
status is  determined from the determined correlation measure (Block 2830).
30 FIG. 29 illustrates exemplary operations 2900 according to other
embodiments of the present invention. A vector of time difference estimates
Xe is  generated (Block 2910). A correlation measure, such as an intercept
parameter, a  correlation coefficient or an error of estimate, is
determined (Block 2920). If a  change in the correlation measure meets a
predetermined criterion, a failed 37 19/07/2005 transducer is identified
(Blocks 2930, 2940). After identifying the failed transducer,  



appropriate elements of the augmented matrix Z may be zeroed out, and the
pseudoinverse matrix W may be recomputed for use in subsequent mass flow
and  other computations (Blocks 2950, 2960, 2910). In this manner, input
from the failed 5 transducer may be excluded from subsequent mass flow
estimates. Other corrective action may be taken based on a correlation
measure. For  example, in exemplary operations 3000 according to
embodiments of the present  invention illustrated in FIG. 30, an intercept
parameter is monitored (Block 3010)  and, if a change in the intercept
parameter meets a predetermined criterion, the 10 apparatus may recompute
the mode selective filter it uses in generating mass flow  estimates
(Blocks 3020, 3030). A variety of change criteria may be used, such as
criteria based on maximum deviation of the intercept parameter from an
initial  value, average deviation of the intercept parameter over a
predetermined time  interval, and the like. 15 Those skilled in the art
will appreciate that the present invention may be  implemented a number of
other ways than the embodiments described herein. For  example,
computations described herein may be implemented as separate  computations,
or may be combined into one or more computations that achieve  equivalent
results. The functions described herein may, in general, be 20 implemented
using digital and/or analog signal processing techniques. Those  skilled in
the art will also appreciate that, although the present invention may be
embodied within an apparatus such as a Coriolis mass flowmeter, or as
methods  which may be performed by such apparatus, the present invention
may also be  embodied in a apparatus configured to operate in association
with a flowmeter or 25 sensor apparatus, such as in process control
apparatus. It will also be appreciated  that the present invention may be
embodied in an article of manufacture in the form of computer-readable
instructions or program code embodied in a computer  readable storage
medium such as a magnetic disk, integrated circuit memory  device, magnetic
tape, bubble memory or the like. Such computer program code 30 may be
executed by a computer or other data processor and executed responsive  to
motion signals supplied from motion transducers operatively associated with
a  structure, such as a conduit or other vessel. In the drawings and
specification, there have been disclosed typical  preferred embodiments of
the invention and, although specific terms are employed, 



38 19/07/2005 they are used in a generic and descriptive sense only and not
for purposes of  limitation, the scope of the invention being set forth in
the following claims. 39 19/07/2005 THAT WHICH I CLAIMED IS. 1. An
apparatus comprising: an apparatus (105 A-D) operative to produce a
plurality of motion signals  (109) representing motion of a structure
(100); 5 an apparatus (310) that filters the plurality of motion signals
representing  motion of the structure; and an apparatus that generates a
plurality of mode selective filtered motion  signals (31 5) such (fiat the
mode selective filtered motion signals represent motion  associated with a
vibrational mode of the structure; and 10 further characterized by an
apparatus (320) for generating a plurality of  phase estimates (325) from
the plurality of mode selective filtered motion signals. 2. The apparatus
of Claim 1, further comprising an apparatus (330) for generating a mass
flow estirnato (335) from the plurality of phase estimates. 15 3. The
apparatus of Claim 1, further comprising: an apparatus (632) for generating
a plurality of time difference estimates  (633) between the plurality of
mode selective filtered motion signals; and an apparatus (634) for
generating a correlation measure from the plurality of  20 lime difference
estimates; and an apparatus (450) for determining a status of a mass
flowmeter system  from the generated correlation measure. 4. The apparatus
of Claim 1, wherein the apparatus for generating a 25 plurality of phase
estimates comprises an apparatus (620) for generating the  plurality of
phase estimates using a phase reference derived from one of the  plurality
of mode selective filtered motion signals. 5. The apparatus of Claim 1,
wherein said apparatus for mode selective  30 filtering comprises: 



an apparatus (612) for applying a modal transformation to the plurality of
motion signals to gnerates a plurality of modal response signals in a modal
coordinate domain; and 40 19/07/2005 an apparatus (614) for applying a mode
selective transformation to the  plurality of modal response signals to
generate the plurality of mode selective fillered motion signals. 5 6. The
apparatus of Claim 1. wherein said apparatus for generating a  plurality of
phase estimates comprises: an apparatus (710) for estimating a frequency of
a mode selective filtered  motion signal of the plurality of mode selective
filtered motion signals; an apparatus (720) for generating quadrature first
and second reference  10 signals based on the estimated frequency; and an
apparatus (740) for generating the plurality of phase estimates from the
plurality of mode selective filtered motion signals and the first and
second reference  signals. 15 7. The apparatus of Claim 6, wherein said
apparatus for generating the  plurality of phase estimates from the
plurality of mode selective filtered motion  signets and the first and
second reference signals comprises: an apparatus (725) for multiplying a
mode selective filtered motion signal by  respective ones of the first and
second reference signals to generate respective  20 real and imaginary
component signals of the mode selective filtered motion signal;  and an
apparatus (810) for estimating an arctangent of a quotient of the real and
Imaginary component signals of the mode selective filtered motion signal to
generate a phaso estimate. 25 8. The apparatus of Claim 1, further
comprising an apparatus (632) for  generating a plurality of time
difference estimates from the plurality of phase estimates. 30 9. The
apparatus of Claim 8, further comprising an apparatus (630) for  generating
a mass flow estimate from the plurality of time difference estimates. 



10. The apparatus of Claim 8, wherein said apparatus for generating a
plurality of lime difference estimates from the plurality of phase
estimates 41 19/07/2005 comprises an apparatus (530) for dividing the
plurality of phase estimates by a  mode frequency to generate a plurality
of time difference values. 11. The apparatus of Claim 10, wherein said
apparatus for generating a  5 plurality of Limo difference estimates from
the plurality of phase estimates further comprises an apparatus (632) for
applying a plurality of zero-flow reference time  differences to the
plurality of time difference values to generate the" plurality of time
difference estimates. 10 12. The apparatus of Claim 10, wherein said
apparatus for mode  selective filtering comprises: an apparatus (612) for
applying a modal transformation to the  plurality of motion signals to
generate a modal motion signal in a modal  coordinate domain, and 15 an
apparatus (640) for estimating the mode frequency from the modal  motion
signal. 13. The apparatus of Claim 12, further comprising an apparatus
(650) for  estimating density of material in the structure from the
estimated mode frequency. 20 14. The apparatus of Claim 8, further
comprising an apparatus for  estimating a parameter of a scaling function
that relates the plurality of time  difference estimates to a plurality of
referenco time differences representing motion of the structure, under a
known perturbation. 25 15. The apparatus of Claim 14, wherein the
perturbation is mass flow. 16. The apparatus of Claim 14, wherein said
apparatus for estimating a  parameter comprises: 30 an apparatus for
generating an augmented matrix Including the plurality of  reference time
differences; and an apparatus for multiplying the plurality of time
difference estimates by a  proudoinverse of the augmented matrix to
determine the parameter. 



42 19/07/2005 17. The apparatus of Claim 14, wherein said apparatus for
estimating a  parameter comprises the stop of iteratively estimating the
scaling function. in. The apparatus of Claim 17, wherein said apparatus for
iteratively  estimating.3 a parameter comprises the stop of applying a
Least Mean Square (LMS)  estimation procedure. 19. 'rho apparatus of Claim
14, wherein said apparatus for estimating a  parameter is preceded by the
apparatus for processing a plurality of motion signals 10 representing
motion of the structure under the known perturbation to generate the
plurnlity of reference time differences. 20. The apparatus of Claim 15,
wherein the parameter of the scaling  function is 7 slope parameter and
further comprising an apparatus (630) for 16 generating a mass flow
estimate from the slope parameter and the known mass  flow. 21. The
apparatus of Claim 20, wherein said apparatus (634) for  estimating a slope
parameter comprises an apparatus for multiplying the plurality of 20 time
difference estimates by a pscudoinverse of a matrix of the plurality of
reference time differences to determine the slope parameter. 22. Tito
apparatus of Claim 14, wherein the parameter of the scaling  function Is an
intercept parameter and further comprising an apparatus for 25 determining
a system status from the Intercept parameter. 23. The apparatus of Claim
22, wherein an apparatus for mode selective  filtering is preceded by an
apparatus for receiving the plurality of motion signals  from a plurality
of motion transducers operatively associated with the structure, and 30
wherein said apparatus for determining a system status comprises an
apparatus for  determining a status of a motion transducer from the
intercept parameter. 24. The apparatus of Clain 12, further comprising an
apparatus (650) for  estimating density of a material in Iha structure from
the estimated mode frequency. 43 19/07/2005 6 25. The apparatus of Claim 1,
further comprising: 



an apparatus (640) for estimating a frequency of a first mode selective
filtered motion signal of the plurality of mode selective filtered motion
signals; and  an apparatus for generating a difference estimate from a
second mode selective filtered motion signal of the plurality of mode
selective filtered motion  signals and the estimated frequency. 26. The
apparatus of Claim 25, wherein the apparatus for generating a  10
difference estimate comprises: an apparatus (720) for generating quadrature
first and second reference  signals based on the estimated frequency; and
an apparatus for generating a difference estimate from the second mode
selective filtered motion signal and the first and second reference
signals. 15 27. The apparatus according to Claim 26, wherein the apparatus
for  generating a difference estimate from the second mode selective
filtered motion  signal and the first and second reference signals
comprises: an apparatus for generating a phase estimate from the second
mode  20 selective filtered motion signal and the first and second
reference signals; and  an apparatus for generating a time difference
estimate from the phase  eslirnate. 28. The apparatus of Claim 27, wherein
the apparatus for generating a  25 phase estimato from the second mode
selective filtered motion signal and the first  rant) second reference
signals comprises: an apparatus for multiplying the second mode selective
filtered motion signal  by the first and second reference signals to
generate respective real and Imaginary  component signals of the second
mode selective filtered motion signal; and 30 an apparatus for estimating
an arctangent of a quotient of the real and  Imaginary component signals of
the second mode selective filtered motion signal to  generate the phase
estimate. 44 19/07/2005 29. A method of operating tho apparatus of Claim 1,
the method  comprising: step of estimating movement of a structure; 



a stop of mode selective filtering a plurality of motion signals
representing  5 motion of tho structure; a step of generating a plurality
of mode selective filtered motion signals  representing motion associated
with a vibrational mode of the structure; and  further characterized by a
stop of generating a plurality of phase estimates from Urn plurality of
mode selective filtered motion signals. 10 30, A method according to Claim
29, further comprising the step of  generating a mass flow estimate from
the plurality of phase estimates. 31. . A method according to Claim 29,
further comprising the steps of. 11) generating a plurality of time
difference estimates from the plurality of mode  selective; filtered motion
signals; and generating a correlation measure from the plurality of time
difference  estimates; and determining a status of the structure from the
generated correlation  20 measure. 32. A method according to Claim 29,
wherein said step of generating a  plurality of phase estimates comprises
the step of generating the plurality of  phase estimates using a phase
reference derived from one of the plurality of 25 mode selective filtered
motion signals. 33. A method of Claim 29, wherein said step of applying a
mode selective  filter comprises the steps of: applying a modal
transformation to the plurality of motion signals to generate  30 a
plurality of modal response signals in a modal coordinate domain: and
applying a mode selective transformation to the plurality of modal
response signals to generate the plurality of mode selective filtered
motion  signals. 45 19/07/2005 35010/ 122WO 34. A method according to Claim
29, wherein said step of generating a  plurality of phase estimates
comprises the steps of: estimating a frequency of a mode selective filtered
motion signal of the  



plurality of mode selective filtered motion signals; 5 gcncrating
quadrature first and second reference signals based on the  estimated
frequency; and generating the plurality of phase estimates from the
plurality of mode  selective filtered motion signals and the first and
second reference signals. 10 35. A method according to Claim 34, wherein
said step of generating the  plurality of phase estimates from the
plurality of mode selective filtered motion  signals and the first and
second reference signals comprises the steps of: multiplying a mode
selective filtered motion signal by respective ones of the  first and
second reference signals to generate respective real and imaginary 15
component signals of the made selective filtered motion signal; and
ostimating an arctangent of a quotient of the real and imaginary component
c>gr-iais of tho mode selective filtered motion signal to generate a phase
estimate.  36. A method according to Claim 29, further comprising the step
of 20 gonoraling a plurality of time difference estimates from the
plurality of phase  estimates. 25 30 V. A method according to Claim 36,
further comprising the step of  generating a mass flow estimate from the
plurality of time difference estimates. 33. a method according to Claim 36,
wherein said step of generating a  plurality of limo differenco estimates
from the plurality of phase estimates  comprises the stop of dividing the
plurality of phase estimates by a mode frequency  to generain a plurality
of time difference values. 39. A method according to Claim 38, wherein said
step of generating a  plurality of time difference estimates from the
plurality of phase estimates further  comprises the step of applying a
plurality of zero-flow reference time differences to 46 19/07/2005 35010/1
22W O the plurality of time difference values to generate the plurality of
time difference  estimates. 40. A method according to Claim 38, wherein
said step of generating a  



6 plurality of Limo difference estimates from the plurality of phase
estimates comprise correcting the plurality of phase estimates using a
plurality of zero flow  phase values. 41. A method according to Claim 38,
wherein said step of mode selective  10 filtering comprises the step of
applying a modal transformation to the plurality of motion signals to
generate a modal motion signal in a modal coordinate domain,  and wherein
the method further comprises the step of estimating the mode  frequency
from the modal motion signal. 15 42_ - A method according to Claim 41,
further comprising the step of  estimating density of material in the
conduit from the estimated mode frequency. 43. A method according to Claim
36, further comprising the step of  estimating a parameter of a scaling
function that relates the plurality of time 20 diffe rnrice astirnates to a
plurality of reference time differences representing motion  of the
structure under known perturbation. 44. A method according to Claim 43,
wherein the perturbation is mass (low. 25 45. A method according to Claim
43, wherein said step of estimating a  parameter comprises the steps of:
generating an augmented matrix including the plurality of reference time
difforcncos; and 30 multiplying the plurality of time difference estimates
by a pseudoinverse of  the augmented matrix to determine the parameter. 4G.
A method according to Claim 43, wherein said step of estimating a
parameter comprises the step of iteratively estimating the scaling
function. 47 19/07/2005 QT. A method according to Claim 46, wherein said
step of iteratively  estimating comprises the step of applying a Least Mean
Square (LMS) estimation  procedure. 48. A method according to Claim 43,
wherein said step of estimating a  parameter is preceded by the step of
processing a plurality of motion signals  representing notion of the
structure under the known perturbation to generate the  



plurality of reference time differences. 10 49. A method according to Claim
44, wherein the parameter of the scaling  function is a slope parameter and
further comprising the step of generating a mass  flaw estimate horn tho
slope parameter and the known mass flow. 15 50- A method according to Claim
49, wherein. said step of estimating a  slope parameter comprises the step
of multiplying the plurality of time difference  estimates by a
pseudoinverse of a matrix of the plurality of reference time  differeneos
to determine the slope parameter. 20 51. A method according to Claim 43,
wherein the parameter of the scaling  function is an intercept parameter
and further comprising the step of determining a  system status from the
intercept parameter. 52. A method according to Claim 51, wherein said step
of mode selective  25 filtering is preceded by the stop of receiving the
plurality of motion signals from a plurality of motion transducers
operatively associated with the structure, and  wherein said step of
determining a system status comprises the step of determining  a status of
a motion transducer from the intercept parameter. 30 53. A method according
to Claim 41, further comprising estimating  density of a material in the
structure from the estimated mode frequency. 54. A method of Claim 29, said
method comprising the steps of:  48 19/07/2005 ostirnating a frequency of a
first mode selective filtered motion signal of the  plurality of mode
selective filtered motion signals; and generating a difference estimate
from a second mode selective filtered  motion signal of the plurality of
mode selective filtered motion signals and the  6 estimated frequency. 55.
A method according to Claim 54, wherein said step of Venerating a
difference estimate comprises the steps of. generating quadrature first and
second reference signals based on the  10 estimated frequency; and
generating a difference estimate from the second mode selective filtered
motion signal and the first and second reference signals. 



56. - A method according to Claim 55, wherein said step of generating a  15
difference estimate from the second mode selective filtered motion signal
and the  firm and second reference signals comprises the steps of.
generating a phase estimate from the second mode selective filtered motion
signal and the first and second reference signals; and generating a time
difference estimate from the phase estimate. 2..0 57. A method according to
Claim 56, wherein said step of generating a  phase. estimate from the
second mode selective filtered motion signal and the first  and second
inference signals comprises the steps of., multiplying the second mode
selective filtered motion signal by the first and  25 second reference
signals to generate respective real and imaginary component  signals of the
second mode selective filtered motion signal; and estimating an arctangent
of a quotient of the real and imaginary component  signals of the second
mode selective filtered motion signal to generate the phase  estimate. . 49




