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STARTUP AND OPERATIONAL
TECHNIQUES FOR A DIGITAL
FLOWMETER

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of U.S. application Ser.
No. 10/402,131, filed Mar. 31, 2003, now U.S. Pat. No.
6,950,760 titled STARTUP AND OPERATIONAL TECH-
NIQUES FOR A DIGITAL FLOWMETER, which is a
Continuation in Part of U.S. application Ser. No. 10/400,
922, filed Mar. 28, 2003, now abandoned and titled DRIVE
TECHNIQUES FOR A DIGITAL FLOWMETER, which
claims priority from U.S. Provisional Application No.
60/368,153, filed Mar. 29, 2002, and titled ELLIPTICAL
FILTER FOR DIGITAL FLOWMETER, all of which are
incorporated by reference.

TECHNICAL FIELD
The invention relates to flowmeters.

BACKGROUND

Flowmeters provide information about materials being
transferred through a conduit. For example, mass flowmeters
provide a direct measurement of the mass of material being
transferred through a conduit. Similarly, density flowmeters,
or densitometers, provide a measurement of the density of
material flowing through a conduit. Mass flowmeters also
may provide a measurement of the density of the material.

Coriolis-type mass flowmeters are based on the Coriolis
effect, in which material flowing through a rotating conduit
becomes a radially travelling mass that is affected by a
Coriolis force and therefore experiences an acceleration.
Many Coriolis-type mass flowmeters induce a Coriolis force
by sinusoidally oscillating a conduit about a pivot axis
orthogonal to the length of the conduit. In such mass
flowmeters, the Coriolis reaction force experienced by the
traveling fluid mass is transferred to the conduit itself and is
manifested as a deflection or offset of the conduit in the
direction of the Coriolis force vector in the plane of rotation.

Energy is supplied to the conduit by a driving mechanism
that applies a periodic force to oscillate the conduit. One
type of driving mechanism is an electromechanical driver
that imparts a force proportional to an applied current. In an
oscillating flowmeter, the applied current is periodic, and is
generally sinusoidal. The period of the input current may be
chosen so that the motion of the conduit matches a resonant
mode of vibration of the conduit, which generally reduces
the energy needed to sustain oscillation. An oscillating
flowmeter may use a feedback loop in which a sensor signal
that carries instantaneous frequency and phase information
related to oscillation of the conduit is amplified and fed back
to the conduit using the electromechanical driver. Other
types of driving mechanisms, such as an electromechanical
driver that imparts a force proportional to an applied voltage,
also may be used.

Many conventional flowmeters are essentially analog
devices in which a sensor signal frequency and phase
information are amplified, for example by an analog op-
amp, before being fed back into the electromechanical
driver. In such flowmeters, there may be little or no phase
delay between the signal(s) being sensed at the conduit and
the driving signal being applied to the conduit at the other
end of the feedback loop. Such analog flowmeters may be
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prone to the introduction of high harmonics of a desired
oscillation frequency, particularly during start-up operations
when an estimated drive signal is applied to the conduit to
begin the feedback loop described above. Moreover, analog
flowmeters may be prone to gain saturation of the op amp,
which may occur during “two-phase flow” through the
conduit (e.g., an air pocket or entrained air in a flow of
liquid) and which can lead to a damping effect on the
conduit, or a stalling of the entire oscillation process.
Finally, analog flowmeters may be prone to typical short-
comings of analog circuitry, e.g., relatively low precision
and high noise measurements.

In contrast to analog flowmeters, digital flowmeters also
exist. For example, U.S. Pat. No. 6,311,136 and U.S. Pat.
No. 6,507,791, which are hereby incorporated by reference,
disclose the use of a digital flowmeter and related technol-
ogy. Such digital flowmeters may have various advantages
over analog flowmeters; for example, they may be more
precise in their measurements, with less noise, and may be
capable of enabling a wide range of positive and negative
gains at the driver circuitry. Such digital flowmeters are thus
advantageous in a variety of settings. For example, U.S. Pat.
No. 6,505,519 discloses the use of a wide gain range, and/or
the use of negative gain, to prevent stalling and to more
accurately exercise control of the flowtube, even during
difficult conditions such as two-phase flow.

SUMMARY

According to one general aspect, a digital flowmeter is
operating in a random sequence mode, where the random
sequence mode is characterized by a first drive signal that
includes randomly-generated values and that causes a vibra-
tion of a flowtube. The digital flowmeter also is operated in
apositive feedback mode, where the positive feedback mode
is characterized by a sensor signal that corresponds to the
vibration and that is used as a second drive signal for
maintaining the vibration. The digital flowmeter also is
operated in a digital synthesis mode, where the digital
synthesis mode is characterized by a synthesis of a third
drive signal for maintaining the vibration.

Implementations may include one or more of the follow-
ing features. For example, the digital flowmeter may be
transitioned between two or more of the random sequence
mode, the positive feedback mode, and the digital synthesis
mode.

In operating the digital flowmeter in the random sequence
mode, the randomly-generated values may be filtered to
remove frequency components above a pre-determined cut-
off level, where the pre-determined cut-off level may be
selected based on a range of potential resonance frequencies
associated with the flowtube. Alternatively in operating the
digital flowmeter in the random sequence mode, the ran-
domly-generated values may be filtered to remove frequency
components above a first pre-determined cut-off level and
below a second pre-determined cut-off level.

The digital flowmeter also may be operated in a zero-
output mode, the zero-output mode characterized by having
a zero-value drive signal. In this case, operating the digital
flowmeter in the random sequence mode may include detect-
ing a pre-determined condition, and initiating operation of
the zero-output mode, based on the predetermined condition.

In operating the digital flowmeter in the zero-output
mode, the fact that a pre-determined amount of time has
passed may be detected, and operation of the digital flow-
meter may be transitioned into the positive feedback mode.
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Further, detecting the pre-determined condition may include
detecting an end of a pre-determined time period.

In operating the digital flowmeter in the positive feedback
mode, a first pre-determined condition may be detected, and
operation of the digital synthesis mode may be initiated,
based on the first pre-determined condition. In this case, in
detecting the first pre-determined condition, a signal wave-
form may be detected within the sensor signal, it may be
determined that the signal waveform has a pre-determined
characteristic, such as sinewave characteristics, and opera-
tion of the digital flowmeter may be transitioned from the
positive feedback mode into the digital synthesis mode.

Further, an instability associated with the operation of the
digital flowmeter may be detected in the digital synthesis
mode, and operation of the digital flowmeter may be tran-
sitioned from the digital synthesis mode into the positive
feedback mode, in response to detecting the instability.
Alternatively, an instability associated with the operation of
the digital flowmeter in the digital synthesis mode may be
detected, and operation of the digital flowmeter may be
transitioned from the digital synthesis mode into the random
sequence mode, in response to detecting the instability.

In operating the digital flowmeter in the positive feedback
mode, a second predetermined condition may be detected,
and operation of the flowmeter may be transitioned from the
positive feedback mode into the random sequence mode,
based on the second pre-determined condition. In this case,
detecting the second predetermined condition may include
detecting an instability in an operation of the flowmeter.

In operating the digital flowmeter in the positive feedback
mode, an initial sensor signal may filtered to obtain the
sensor signal. The sensor signal may be a digital signal, and
operating the digital flowmeter in the positive feedback
mode may include converting an analog sensor signal into
the sensor signal.

In operating the digital flowmeter in the positive feedback
mode, the sensor signal may be buffered to obtain a buffered
sensor signal, and values may be selected from the buffered
sensor signal to use as the second drive signal so as to
compensate for a delay associated with the second drive
signal, where the delay is associated with a digital element
associated with the flowmeter.

In operating the digital flowmeter in the digital synthesis
mode, an initial sensor signal may be filtered to obtain the
sensor signal. Also, the synthesis of the third drive signal
may be based on an analysis of the sensor signal.

According to another general aspect, a digital flowmeter
includes a vibratable flowtube, a sensor connected to the
flowtube and operable to sense information about a motion
of the flowtube, a driver connected to the flowtube and
operable to impart energy to the flowtube, a filter system, a
random-value generator operable to generate random-fre-
quency signals, and a control and measurement system
operable to apply the filter system to the random-frequency
signals and supply filtered, random-frequency signals to the
driver for application to the flowtube of a first drive signal
during a first mode, and further operable to transition the
digital flowmeter into a second mode characterized by a
second drive signal.

Implementations may include one or more of the follow-
ing features. For example, the control and measurement
system may be operable to transition the digital flowmeter
from the second mode to the first mode, in response to
detecting a system disturbance associated with the digital
flowmeter.

The second mode may be a zero-output mode in which the
second drive signal has a magnitude of substantially zero,
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and the control and measurement system may transition the
digital flowmeter from the first mode to the second mode
after a pre-determined amount of time. In this case, the
control and measurement system may be further operable to
transition the digital flowmeter from the second mode into a
third mode, the third mode being a positive feedback mode
characterized by a third drive signal that includes compo-
nents of a sensor signal detected by the sensor and fed back
to the driver.

Further, the control and measurement system may be
further operable to transition the digital flowmeter from the
third mode back into the first mode, in response to detecting
a system disturbance associated with the digital flowmeter.
Also, the control and measurement system may be further
operable to transition the digital flowmeter from the third
mode into a fourth mode, the fourth mode being character-
ized by a drive signal that is synthesized by the control and
measurement system based on an analysis of the sensor
signal. In this case, the filter system may be operable to filter
an initial sensor signal to obtain the sensor signal, which
may be a digital signal.

The control and measurement system may initiate transi-
tion from the third mode to the fourth mode in response to
a pre-determined event, which may include detection of
sinewave components within the sensor signal.

The control and measurement system may be further
operable to transition the digital flowmeter from the fourth
mode to the third mode, upon detecting a system disturbance
associated with the digital flowmeter. The control and mea-
surement system may be further operable to transition the
digital flowmeter from the fourth mode to the first mode,
upon detecting a system disturbance associated with the
digital flowmeter.

The second mode may be a positive feedback mode in
which the second drive signal includes components of a
sensor signal detected by the sensor and fed back to the
driver. Also, the second mode may be a digital synthesis
mode in which the second drive signal is synthesized based
on an analysis of a sensor signal detected by the sensor. The
filter system is operable to filter the random-frequency
signals to include a pre-determined range of frequencies
within the filtered, random-frequency signals.

According to another general aspect, a flowmeter may
include a vibratable flowtube, a sensor connected to the
flowtube and operable to sense information about a motion
of'the flowtube by way of a sensor signal, a driver connected
to the flowtube and operable to impart energy to the flowtube
by way of a drive signal, and a digital transmitter operable
to select and implement, from among a plurality of opera-
tional modes, an operational mode determined to be best-
suited for a current operational environment of the digital
flowmeter.

Implementations may include one or more of the follow-
ing features. For example, the plurality of operational modes
may include a random-sequence mode to generate the drive
signal, in which the digital transmitter generates random
frequencies, filters the random frequencies to obtain filtered
random frequencies and delivers the filtered random fre-
quencies to the driver. In this case, the digital transmitter
may be filter the random frequencies to retain frequencies
within a pre-determined frequency range. The random-
sequence mode may be selected and implemented during a
startup operation of the flowmeter.

The plurality of operational modes includes a zero-output
mode, in which a magnitude of the drive signal is substan-
tially zero. The plurality of operational modes may include
a positive feedback mode, in which a sensor signal is
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processed and supplied to the driver. The plurality of opera-
tional modes may include a digital synthesis mode, in which
the drive signal is digitally synthesized, based on an analysis
of the sensor signal.

The details of one or more implementations are set forth
in the accompanying drawings and the description below.
Other features will be apparent from the description and
drawings, and from the claims.

DESCRIPTION OF DRAWINGS

FIG. 1A is an illustration of a digital flowmeter using a
bent flowtube.

FIG. 1B is an illustration of a digital flowmeter using a
straight flowtube.

FIG. 2 is a block diagram of an operation of a digital
flowmeter.

FIG. 3 is a block diagram of the digital transmitter of FIG.
2.

FIG. 4 is a block diagram of a digital flowmeter.

FIG. 5 is a flowchart illustrating a positive feedback mode
of operation of the system of FIG. 4.

FIG. 6 is a timing diagram illustrating a buffering process
implemented during the positive feedback operation of FIG.
5.

FIG. 7 is a flowchart illustrating a digital synthesis mode
of operation of the system of FIG. 4.

FIG. 8 is a first timing diagram illustrating a timing of a
synthesis of a sine wave to be used as part of a drive signal.

FIG. 9 is a second timing diagram illustrating a timing of
a synthesis of a sine wave to be used as part of'a drive signal.

FIGS. 10A and 10B are flowcharts illustrating operations
of a digital flowmeter.

FIG. 11 is a flowchart illustrating further operations of a
digital flowmeter.

FIG. 12 is an illustration of a zero-crossing of a signal
output by a filter used in an operation of a digital flowmeter.

FIG. 13 is an illustration of a sine wave illustrating
synthesis parameters for synthesizing a drive signal.

FIGS. 14A, 14B, and 14C are graphs showing filter
characteristics of a filter used in an operation of a digital
flowmeter.

FIG. 15 is a block diagram of a closed-loop system for
compensating digital delay in a flowmeter.

FIG. 16 is a flow diagram illustrating start-up and opera-
tional techniques for a digital flowmeter.

FIG. 17 is a flowchart illustrating the random sequence
mode and the zero-output mode of FIG. 16 in more detail.

FIG. 18 is a flowchart illustrating the positive feedback
mode 1608 of FIG. 16 in more detail.

FIGS. 19A-19F describe a start sequence for one imple-
mentation of a digital flowmeter as applied to a bent flow-
tube.

FIGS. 20A-20F illustrate the start sequence of FIGS.
19A-19F in more detail.

DETAILED DESCRIPTION

FIG. 1A is an illustration of a digital flowmeter using a
bent flowtube 102. Specifically, the bent flowtube 102 may
be used to measure one or more physical characteristics of,
for example, a (traveling) fluid, as referred to above. A
detailed description of a structure and operation(s) of the
bent flowtube 102 is provided in, for example, commonly-
assigned U.S. Pat. No. 6,311,136. Flowtubes which are
similar in concept to the bent flowtube 102 are also dis-
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6
cussed in, for example, U.S. Pat. No. 6,327,914 B1, which
is incorporated by reference in its entirety.

In FIG. 1A, a digital transmitter 104 exchanges sensor and
drive signals with the bent flowtube 102, so as to both sense
an oscillation of the bent flowtube 102, and to drive the
oscillation of the bent flowtube 102 accordingly. By quickly
and accurately determining the sensor and drive signals, the
digital transmitter 104, as referred to above, provides for fast
and accurate operation of the bent flowtube 102.

More specifically, the digital transmitter 104 serves to
select signal characteristics such as a frequency, phase, and
amplitude of the drive signals, in order to obtain a desired
oscillation of the bent flowtube 102, e.g., an oscillation
which aligns these signal characteristics of the sensor and
drive signals with one another, at a natural resonant fre-
quency of the bent flowtube 102. For example, the digital
transmitter 104 may generate the drive signals by applying
the sensor signals (perhaps with suitable adjustments) as the
drive signals, as part of a feedback loop. As another
example, the digital transmitter 104 may generate the drive
signals by synthesizing a new signal having the desired
characteristics.

FIG. 1B is an illustration of a digital flowmeter using a
straight flowtube 106. More specifically, in FIG. 1B, the
straight flowtube 106 interacts with the digital transmitter
104 to produce, for example, density and/or mass flow
measurements. Such a straight flowtube operates similarly to
the bent flowtube 102 on a conceptual level, and has various
advantages/disadvantages relative to the bent flowtube 102.
For example, the straight flowtube 106 may be easier to
(completely) fill and empty than the bent flowtube 102,
simply due to the geometry of its construction. In operation,
the bent flowtube 102 may operate at a frequency of, for
example, 50-110 Hz, while the straight flowtube 106 may
operate at a frequency of, for example, 300-1,000 Hz.

Various relevant details of the structure and operation(s)
of the bent flowtube 102 and/or the straight flowtube 104 are
discussed below. However, such description is not intended
to be an exhaustive description of such flowtubes, of which
many conventional examples exist. Rather, the flowtube
description(s) provided herein are intended to provide con-
text for the below description of a structure and operation of
the digital transmitter 104.

More specifically, the digital transmitter 104, as described
in more detail below, is capable of initiating and maintaining
a flowtube oscillation, such that the drive signals output by
the digital transmitter 104 are compensated for phase delays
caused by analog and/or digital elements within or associ-
ated with the digital transmitter 104. In this way, the drive
signals have a desired phase relationship with the oscillation
of the particular flowtube being used (i.e., with the sensor
signals detected at the flowtube). As shown in the examples
below, such phase compensation may be implemented in a
variety of ways, for a number of uses in different settings.
Specifically, for example, digital drive techniques described
herein may be applied to a variety of flowtubes and flowtube
geometries.

Referring to FIG. 2, a digital mass flowmeter 200 includes
the digital transmitter 104, one or more motion sensors 210,
one or more drivers 215, a flowtube 220 (which also may be
referred to as a conduit, and which may represent either the
bent flowtube 102, the straight flowtube 106, or some other
type of flowtube), and a temperature sensor 220. The digital
transmitter 104 may be implemented using one or more of,
for example, a processor (including a Digital Signal Proces-
sor (DSP)), a field-programmable gate array (FPGA), an
ASIC, other programmable logic or gate arrays, or program-
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mable logic with a processor core. Examples of implemen-
tations of the digital transmitter 104 are discussed in more
detail below.

The digital transmitter 104 generates a measurement of
mass flow through the flowtube 215, based at least on signals
received from the motion sensors 205. The digital transmit-
ter 104 also controls the drivers 210 to induce and sustain
motion in the flowtube 215. This motion is sensed by the
motion sensors 205.

Mass flow through the flowtube 215 is related to the
motion induced in the flowtube in response to a driving force
supplied by the drivers 210. In particular, mass flow is
related to the phase and frequency of the motion, as well as
to the temperature of the flowtube (as this temperature
reflects the temperature of the flowing material, which also
may be directly measured). The digital mass flowmeter 200
also may provide a measurement of the density of material
flowing through the flowtube. The density is related to the
frequency of the motion and the temperature of the flowtube.
Many of the described techniques are applicable to a den-
sitometer that provides a measure of density rather than a
measure of mass flow.

The temperature in the flowtube 215, which is measured
using the temperature sensor 220, affects certain properties
of the flowtube, such as its stiffness and dimensions. The
digital transmitter 104 compensates for these temperature
effects. The temperature of the digital transmitter 104
affects, for example, an operating frequency of the digital
transmitter 104, a sampling rate of an analog-to-digital
converter, and/or a crystal frequency associated with a
reference clock used by the transmitter 104. In general, the
effects of transmitter temperature are sufficiently small to be
considered negligible. However, in some instances, the
digital transmitter may measure the transmitter temperature
using a solid state device, and may compensate for effects of
the transmitter temperature. Although not shown in FIG. 2,
similar comments and considerations may be applied with
respect to a pressure sensor that is operable to sense a
pressure of a fluid flowing through the flowtube 215.

As referred to above, control of the drive signal sent to
driver 210 for inducing vibration of the flowtube 215 is a
factor in starting and operating a digital flowmeter. More
specifically, it is desirable to maintain precise control over
the frequency, phase and amplitude of the drive signal.

With respect to frequency, it should first be understood
that flowtube vibration is generally determined by physical
characteristics of the flowtube 215 itself. In particular, the
flowtube 215 will generally have a high Q factor, thereby
ensuring that only a very narrow band of frequencies around
the natural frequency of the flowtube generate a low-damped
response in the desired mode of vibration and thereby permit
the type of system operation desired. Therefore, it is desir-
able to match the natural frequency of the flowtube as
closely as possible in the drive waveform.

Failure to perform this frequency matching will thus
generally result in energy being wastefully imparted to the
system at other frequencies. Moreover, frequencies which
are close (but not equal to) the resonant frequency of the
flowtube 215 may result in an operation of the flowtube 215
at those frequencies. In such situations, errors may result in
calculations of, for example, a massflow and/or density of
the fluid traversing the flowtube 215.

One way that improper frequencies are generated during
flowmeter start-up is by generating harmonics of the natural
frequency within the drive signal. Generally speaking, flow-
tubes have several modes of vibration. Usually only two
vibration modes are of interest: the “driven mode” which is
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the main mode of oscillation, and the “coriolis” mode at
which the coriolis forces are manifest, leading to phase
offset between the sensors observed in the driven mode. In
“one-drive” flowtubes, the driven mode is usually the lowest
mode of vibration of the flowtube, and the coriolis mode is
the next highest mode of vibration. In a “two-driver” design
for the bent flowtube 102, the driven mode may be, for
example, the second mode of vibration (e.g., 70-90 Hz), and
the coriolis mode may be at the fundamental, lower fre-
quency (e.g., 50-60 Hz). In any case, any other harmonic
frequencies generated beyond those desired for a particular
mode of vibration may result in inefficient and/or inaccurate
operation of the system.

Another way that improper frequencies may be generated
is through the presence of a phase offset between the sensor
signal and the drive signal. That is, as this phase offset
increases, the vibration changes from being at the desired
natural frequency to a forced oscillation. As this phase offset
is typically a function of frequency (e.g., a constant time
delay of 5 ms may correspond to a phase offset of 180
degrees at 100 Hz, but may correspond to 360 degrees (i.e.,
0 degrees) at 200 Hz), a phase offset close to 180 degrees for
a particular frequency will typically result in stalling of the
oscillation at that frequency. Conversely, a phase offset close
to a multiple of 360 degrees for a given frequency will often
result in oscillation of the flowtube 215 at that frequency
(even if it is not the desired natural frequency).

Also with respect to phase, it should be understood that,
as is known, the drive waveform should be at 90 degrees out
of phase with the motion of the flowtube in order to affect
vibration at the natural resonant frequency. However, if a
flowtube design uses velocity sensors, which automatically
provide a signal at 90 degrees to the motion of the flowtube,
then the optimal drive waveform is one which is in phase
with the sensor voltage signals. Thus, it should be under-
stood that the phrases such as “in phase,” “having the proper
phase,” “having the proper phase offset” and similar phrases
refer to the condition in which the drive signal has a
relationship with the sensor signal such that it affects proper
vibration of the flowtube.

Once vibration at the proper frequency has been initiated
and maintained, the amplitude of the drive signal must be set
so that a proper amount of energy (and thus, amplitude of
vibration at the chosen frequency) is actually imparted to the
flowtube. Ideally, the amplitude should be frequently
updated so as to ensure a constant amplitude of the oscil-
lation of the flowtube.

As referred to above, implementations may use different
techniques for obtaining drive signals which have the
desired frequency, phase, and amplitude characteristics. One
such technique is referred to herein as “positive feedback,”
in which a sensor signal (having the desired frequency and
phase characteristics) is multiplied by a drive gain factor
(either by analog or digital control loop techniques) and fed
back to the flowtube via the drive signal. A non-linear
amplitude control algorithm may be used to provide stable
oscillation and selection of a sustainable set-point for an
amplitude of oscillation, even during situations such as a
highly-damped operation of the flowtube 215 (e.g. two-
phase flow), or beginning/ending operation of the flowtube
215 in an empty state.

While this approach, by itself, may be adequate in some
conventional flowmeter applications, it may not be effective
when dealing with difficult situations such as batching
to/from empty and two-phase flow. In these cases, flowtube
stalling, where oscillation ceases and measurements cannot
be calculated, may occur.
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A second technique for generating desired drive signals is
digital synthesis of the drive signals. That is, rather than
simply feeding back the sensor signals as the drive signals,
the digital transmitter 104 may actually synthesize pure sine
waves having the desired drive signal characteristics. As in
the case of positive feedback above, a non-linear amplitude
control algorithm may be used to provide stable oscillation
and amplitude set-point selection.

Moreover, the use of digital synthesis of drive signals
results in a high precision in producing the drive signals, and
prevents the feeding back of unwanted frequency compo-
nents that may be present in the sensor signals. However, the
use of the digital transmitter 104, as well as other factors,
may introduce delays into the highly-precise, synthesized
signals (as well as into the fed-back sensor signals used in
the positive feedback mode), relative to the originally-
detected sensor signals. These delays, if not accounted for,
may result in the use of drive signals having undesirable
signal characteristics. Examples of sources of these delays,
as well as techniques for dealing with the delays in various
settings, are discussed in more detail below.

FIG. 3 is a block diagram of the digital transmitter 104. In
FIG. 3, a codec (coder-decoder) block 305 includes analog-
to-digital converters (ADCs) and digital-to-analog convert-
ers (DACs) (as shown in more detail in FIG. 4). The
codec 305, in performing its conversion/deconversion
operation(s), introduces delays into signals traveling there-
through, which may be hereafter referred to as the group
delay of the codec 305. For a given codec group delay (in
samples), a higher phase offset (in degrees/radians) results
from a higher frequency of vibration of the flowtube 215
(since there will be fewer samples per cycle in this case).
The CODEC 305 may be, for example, a dual ADC/DAC
device which provides two 24 bit ADC and two 24 bit DAC
channels, at a sampling rate Fs of 40 kHz.

A Field Programmable Gate Array (FPGA) 310 provides
gates of programmable logic, which allow the FPGA 310 to
perform critical real-time tasks. These tasks include, for
example, the synthesis of the drive signal waveforms and
peripheral control, as well as various buffering and filtering
techniques performed on the sensor signals. A processor 315
is used to execute high-precision and computationally-in-
tensive algorithms for measurement and control of variables
involved with the flowmeter 200. For example, the processor
315 directs the FPGA 310 in its tasks. The processor may run
under an operating system such as, for example, the
VxWorks Real-Time Operating System. A block 320 repre-
sents a “sigma-delta” type, analog-to-digital converter that
communicates with a resistance temperature device (RTD)
to obtain flowtube temperature data.

It should be understood that, as mentioned above, all of
the tasks performed by the FPGA 310 and/or the processor
315 could be performed by just the processor 315, and/or by
other suitable hardware, such as, for example, an ASIC. The
architecture of the digital transmitter 104 of FIG. 3, how-
ever, splits tasks between the FPGA 310 and the processor
315 in the manner just described, taking advantage of the
fact that the tasks performed by the FPGA 310 may be more
effectively and efficiently executed in true parallel with the
processor 315, on dedicated hardware, rather than by time-
slicing on the (single) processor 315.

In one operation, then, sensor signals from the sensors
205 are received by two ADC channels in the CODEC 305,
which operates under the control of the FPGA 310. After
processing, buffering, and/or filtering the sensor signals, as
described in more detail below, the FPGA 310 presents the
data to the processor 315 for detailed analysis.
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In one implementation, the sensor signals are input
through the input channels of the CODEC 305, buffered
within the FPGA 310, and fed back through the output
channels of the CODEC 305 to the flowtube 215 as drive
signals within a positive feedback loop. In another imple-
mentation, the processor 315 also determines drive signal
parameter values for maintaining flowtube oscillation,
which are then passed to the FPGA 310, which synthesises
the required drive output signals and passes them to the
output channels of the CODEC 305. Thus, in these and other
implementations discussed below, drive signals are passed
to drivers 210 that generate a stable oscillation of the
flowtube 215 at a desired frequency.

In addition to its processing related to this generation of
desirable drive signals, the processor 315 also determines
measurements of various process variables from the sensor
signals, such as mass flow and/or density, the determination
of which may represent a primary purpose of operation of
the digital flowmeter 200. For purposes of determining these
measurements, the sensor signals may be presented to the
processor 315 largely apart from (e.g., in parallel with) the
various techniques discussed herein for generating desirable
drive signals.

For example, although various buffering techniques are
discussed below for the purposes of generating the drive
signals, separate (faster) buffering of the sensor signals may
be performed for sending the sensor signals to the processor
315 for measurement purposes. In this way, measurements
may be obtained quickly, without having to wait for pro-
cessing of the sensor signals that is related to drive signal
production. For example, the digital flowmeter 200 may be
able to rapidly respond to (e.g., output measurements related
to) impulse signals included within the sensor signals.

As referred to above, various sources of delay are asso-
ciated with the digital transmitter 104. One possible source
of delay is the group delay associated with the CODEC 305.
Another possible source of delay is filtering which may take
place within the FPGA 310, e.g., filtering which is designed
to remove unwanted harmonics from the sensor signals
detected by the sensor 205 (particularly during start-up of
the flowmeter), and/or filtering designed to improve mea-
surement quality (e.g., reduce noise during two-phase flow
or add precision for a pure gas measurement). Other possible
sources of delay include the use of barrier circuitry at the
drive output, which may be included as a safety precaution,
or signal shifts due to temperature effects and/or component
aging. Such analog and/or digital delays as those just men-
tioned, as well as other delays not explicitly discussed, may
result in a non-trivial phase offset at the desired (natural)
frequency of vibration of the flowtube 215.

Techniques for compensating for these delays may
depend on, for example, the type of delay actually present,
and/or a current mode of operation of the digital transmitter
104. For example, when the digital transmitter 104 is
operating in a positive feedback mode, the group delay of
the CODEC 305 may be calculated based on, for example,
the type of CODEC 305 being used, a number of measure-
ment samples being taken at a given sample rate, and/or a
resonant frequency of the particular flowtube being used. A
buffer may then be included which delays the sensor signal
from being input to the driver 210, until a phase match
between the sensor signal and the drive signal will occur. For
example, the output waveform from the sensor 205 may be
buffered within the FPGA 310, and a value may be selected
from the buffered output waveform that corresponds to the
current phase point of the sensor signal, but from the
previous cycle of that signal.
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As another example, when the digital transmitter 104 is
operating in either a positive feedback mode or a synthesis
mode, the filtering of the sensor signal may provide delay
that is in addition to the group delay of the CODEC 305.
Depending on the type of filter used, this filter delay may be
more difficult to predict than the group delay of the CODEC
305. For example, in an elliptical filter such as the one
described below, a delay caused by the filter may be a
non-linear function of frequency. Moreover, at a given point
in time (for example, at or near a start-up of oscillation of the
flowtube 215) a natural frequency of the flowtube 215 may
not be accurately known, making a determination of filter
delay even more problematic.

In one implementation, then, the filter delay is determined
by actually measuring an appropriate frequency, determin-
ing the associated filter delay using the pre-determined
non-linear function associated with the filter being used, and
then waiting a pre-determined amount of time after a trigger
signal to begin drive signal synthesis. For example, the
pre-determined amount of time may be determined from
considering both the group delay and the filter delay. The
trigger signal may be a positive zero-crossing of a weighted
sum of the filtered sensor signal(s) (i.e. a calculated mid-
point between two separate signals), or of just one of the
filtered sensor signals.

FIG. 4 is a block diagram of a digital flowmeter 400. In
FIG. 4, flowtube 215 receives fluid flow through inlet 405
and outputs the fluid through outlet 410. Sensors and drivers
205 and 210, respectively, operate generally as described
with respect to FIG. 2. A/D converters (ADCs) 415 receive
the sensor signals and convert the analog signals into digital
signals at a sampling rate of, for example, 40-80 kHz or
higher, for input into the digital transmitter 104. ADCs 415
may be considered to be apart of the CODEC 305 of FIG.
3.

A digital controller 420 receives the sampled sensor signal
for processing. The digital controller 420 may include the
FPGA 310 and the processor 315 of FIG. 3, or may include
some other combination of hardware and/or software for
processing the sampled sensor signal and outputting an
appropriate drive signal.

As referred to above, the digital controller 420 selects a
gain factor for the drivers 210, based on voltages detected by
the sensors 205, in order to maintain a desired amplitude of
flowtube oscillation. In one implementation, such gain factor
selection operates at a slow rate relative to the resonant
frequency of the flowtube being used (e.g., the driver gain
factor may be updated only once per cycle or half-cycle, for
example, 80-160 Hz). This is because, for oscillation sta-
bility, accurate measurement of amplitude is more important
than very rapid updating of the driver gain, and amplitude
calculation based on complete cycles of data may thus
provide accurate estimates.

In the digital flowmeter 400, a buffer 425 may be used
during a positive feedback operation. An example of this
positive feedback operation is described in more detail
below, for example, with respect to FIG. 5. In the positive
feedback operation, the buffer 425 stores samples of the
signal received from ADC 415, and outputs a signal to D/A
converters (DACs) 430, such that the signal output by DAC
230 and delivered as the drive signal to the driver 210 is
substantially in phase with the signal originally received by
ADC 215. In this way, a positive feedback loop is main-
tained which permits generation of a drive signal waveform
having the desired phase relationship with the sensor signal
waveform.
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Op amps 435, resistors 440 and ADCs 445 operate to
measure the current to the drivers 210, and return this
information in digital form to the digital controller 420. In
this way, a feedback loop is maintained which allows an
additional, or alternative, technique for compensating for the
sources of delay referred to above. Somewhat similarly,
further A/D converters 447 may be used to measure a
voltage at an output of the D/A converters 430, which may
similarly be fed back to the digital controller 420. Such
“closed-loop” techniques are discussed in more detail with
respect to FIG. 15.

In the example of FIG. 4, the ADCs 415 may introduce a
delay of 31 samples, while DACs 230 may introduce a delay
of 30 samples, for a total group (CODEC) delay of 61
samples. Assuming a sampling rate of 40 kHz and an input
waveform of 95 Hz, a phase offset of approximately 50
degrees may be introduced. This degree of phase offset may
be sufficient to cause the flowmeter to oscillate off-reso-
nance. With other sampling/oscillation frequencies, phase
offsets approaching 180 degrees can be created, in which
case the flowtube will likely not oscillate in the desired
mode, but will likely find some higher mode of vibration
where the phase offset is close to a multiple of 360 degrees.

The buffer 425 is large enough to contain at least one full
cycle of data, e.g., 2048 entries. Buffer 425 can be circular,
so that the oldest entry is overwritten by the newest entry. If
a sample rate of 80 kHz is assumed when the flowtube
frequency is 80 Hz, then a full cycle can be held within 1000
samples. Still assuming, for the sake of example, a group
delay of 61 samples, then digital transmitter 104 should
select the value from buffer 425 stored 939 samples ago, in
order to reduce or eliminate any phase offset between the
sensor and drive signals. In other words, buffer 425 should
select the value corresponding to the actual current phase
point, but from the previous cycle. This “phase-matched
output” is then multiplied by the desired drive gain to give
the drive output. In one implementation, the above-de-
scribed use of buffer 425 was sufficient to reduce phase
offset to within one CODEC sample; i.e., at 95 and 80 kHz,
0.4 degrees. A more detailed discussion related to deter-
mining a CODEC delay relative to a given sampling rate and
flowtube frequency is provided below, with respect to FIGS.
5, 6 and 16-18.

FIG. 5 is a flowchart 500 illustrating a positive feedback
mode of operation of the system 400 of FIG. 4. In FIG. 5,
a processor bus 502 relays information between the digital
controller 420 and other components of the digital transmit-
ter 104. In flowchart 500, outputs of ADCs 415 are input by
the digital controller 420 as left sensor data (505) and right
sensor data (510). The right sensor data is multiplied (515)
by a sensor balance term (520), which represents a ratio
between the amplitudes of the left/right sensor signals.
Typically, this ratio is expected to be close to 1.0. Multi-
plying the right sensor data by the sensor balance term
ensures that it has the same amplitude as the left sensor data
prior to a weighted summation of the two signals (525),
which in turn prevents the summation from introducing
unwanted harmonics.

The weighted sum may be convenient in that it provides
a representation of a single sensor signal, i.e., a “virtual”
signal representing, for example, a mid-point between the
left and right (actual) sensor signals. Such a virtual signal,
for example, allows calculations to proceed without consid-
eration of a phase difference that may exist between sensor
signals from the right and left sensors. However, as dis-
cussed in more detail below, it is not necessary to calculate
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the virtual weighted sum, as either of the actual sensor
signals could be individually used as the basis for further
calculations.

Whichever sensor signal type is used is then buffered in
a circular buffer (530), such as the buffer 425. It should be
understood that buffer 425 may be implemented as a syn-
thetic buffer within the FPGA 310, or could be a separate
circuit element, or could take any other conventional form,
such as a memory known to implement a buffering process.

The amount of buffering depends on a maximum number
of samples taken over a full cycle of the sensor signal(s) at
the selected (operating) frequency. For example, for a sam-
pling rate of 10 kHz and an operating frequency of 100 Hz,
each oscillation cycle of the flowtube corresponds to 100
samples to be stored in the buffer 425. Alternatively, for a
sampling rate of 10 kHz and an operating frequency of 50
Hz, each cycle corresponds to 200 samples to be stored in
the buffer 425.

A phase-matching delay term 535 is used to select an
output of the buffer 425 that corresponds to a current phase
point, but from the previous (stored) cycle. In this way, a
phase-matched drive signal is generated and output (540); in
other words, a drive signal having a phase that is matched
with the sensor signal(s) is output and delivered to the driver
210 for oscillating the flowtube 215.

As shown in more detail in FIG. 6, this process of
phase-matching involves correlating a given CODEC delay
to a number of samples stored in the buffer 425. For
example, as discussed above with respect to FIGS. 3 and 4,
a CODEC delay may be 61 samples. If the buffer stores 100
samples per cycle (e.g., as in the above example of a 10 kHz
sampling rate and 100 Hz flowtube oscillation), then, at a
given moment, the sample stored 39 samples ago is the one
which, if output, will correspond to a current value of the
sensor signal(s). In the example of 200 samples per cycle
(e.g., assuming a 10 kHz sampling rate and 50 Hz resonant
frequency), then the appropriate buffered value to select
would be the one stored 139 samples ago.

Once determined, the phase-matched drive signal may
then be multiplied (545) by a drive gain term (550), so that
a desired drive signal output is produced (555). Subse-
quently, the drive signal output can be separated into a left
drive output (560) and a right drive output (565) (alterna-
tively, in the case of a one-drive system, only one drive
output may be produced and/or used as a drive signal).
Depending on whether the processor selects coriolis or
driven mode (570), the right drive output is equal to or the
negation of, respectively, the left drive output. Finally, a
drive balance term (575) is applied to the right drive output
(580), in order to allow fine tuning of the drive balance and
compensate for any analog circuitry variations that may
exist, thereby producing a balanced right drive output (585).

FIG. 6 is a timing diagram illustrating a buffering process
implemented during the positive feedback operation of FIG.
5. In FIG. 6, a first signal 602 represents a sensor signal
detected by the sensor(s) 205. The signal 602 might repre-
sent a (virtual) weighted sum of multiple sensor outputs, as
shown in FIG. 5, or might represent some other combination
of sensor signals, or a single sensor signal.

A signal 604 represents the signal 602, after it has
traversed ADC(s) 415 and been buffered in the buffer 425.
In FIG. 6, the signal 602 has experienced a delay 606,
corresponding to a CODEC delay imparted on the signal 604
by the ADC(s) 415. As described above, the signal(s)
602/604, in a positive feedback mode of operation, are to be
amplified by an appropriate drive gain factor or factors, and
fed back to the driver 210 as a drive signal. However, as
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mentioned above and illustrated in FIG. 6, using the signal
604 as the drive signal would result in an undesirable phase
offset between the sensor signal 602 and the ostensible drive
signal 604. Indeed, this phase offset would be further exac-
erbated by a delay imparted by the DAC 430. Such a phase
offset would result in sub-optimal flowmeter performance,
such as a reduced amplitude, oscillation at undesirable
frequencies, or complete stalling of the flowtube 215.

Therefore, rather than simply feeding the signal 604 back
into the driver 430, at least one full cycle of the signal 604
is buffered within the buffer 425. At a point in time indicated
by a line 608, a full cycle of the signal 604 has been buffered
within the buffer 425. In this way, a sample 610 from the
stored cycle may be selected, and a signal 612 is output by
the buffer 425 that starts with the sample 610 (as should be
clear, the signal 612, shown separately for the sake of
illustration, may also be thought of as a time-shifted version
of the signal 604).

It should be noted that the signal 612 is not in phase with
the original sensor signal 602. This is because, as described
above, the sample 610 is selected in consideration of the
total CODEC group delay (e.g., 61 samples in the examples
of FIGS. 4 and 5), not just the delay associated with the ADC
415. In other words, upon being fed into the DAC 430, the
signal 612 experiences a corresponding delay 614 that has
already been accounted for during selection of the sample
610.

Thus, after being multiplied by a gain factor, before being
output by the DAC 430, a drive signal 616 is generated. As
shown, the drive signal 616 is substantially in phase with the
original sensor signal, despite the delays associated with, for
example, CODEC 305.

As just described, the selection of an appropriate buffered
value as the value 610 is based on, for example, the sampling
rate of the CODEC 305, a group delay associated with the
CODEC 305, and the operating frequency of the flowtube
being driven. However, particularly during a start-up of the
flowtube and/or during a system disturbance or perturbation,
it is not always the case that the operating frequency is
known with certainty. Examples of techniques for dealing
with this uncertainty during start-up and operation of flow-
tube measurements are discussed in more detail with respect
to FIGS. 16-18.

One factor that may impact the operating frequency of the
flowtube, and thus the selection of an appropriate buffer
offset, is the use of a filter 450, which is illustrated in FIG.
4 as a filter implemented in the digital controller 420. Such
a filter may be used, for example, to remove unwanted
frequency components that may be present in the vibration
of the flowtube and detected by the sensors 205. In this way,
the drive signal applied to the flowtube will be made more
efficient, e.g., will be more likely to excite the resonant mode
of the flowtube.

The filter 450, during its operation, also may impart
non-negligible delay to the signal(s) being filtered. This
delay should be accounted for, in order to ensure phase
matching between the sensor signals and the drive signals.

In short, FIGS. 5 and 6 illustrate techniques for phase-
matching a sensor signal with a drive signal during a
positive-feedback operation. In practice, in order to imple-
ment the techniques of FIGS. 5 and 6, it may be necessary
to first determine an actual, current value of an operating
frequency of the flowtube (to thereby determine the buffer
offset). Also in practice, the filter 450 may be used, in which
case additional or alternative techniques may be used to
account for an effect of the filter 450 on the operating
frequency and/or a timing of the sensor/drive signals. These
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additional or alternative techniques are not illustrated in
FIG. 6, for clarity’s sake, but examples of the techniques are
discussed in detail below, and these examples (with modi-
fications, as needed) are equally applicable in the context of
FIGS. 5 and 6.

More specifically, uses and effects of the filter 450 are
discussed in more detail below, in the context of, for
example, a digital synthesis operation. One example of such
a digital synthesis operation is described with respect to
FIGS. 7-9.

FIG. 7 is a flowchart 700 illustrating a digital synthesis
mode of operation of the system 400 of FIG. 4. In FIG. 7,
a processor bus 702 relays information between the digital
controller 420 and other components of the digital transmit-
ter 104. In flowchart 700, outputs of ADCs 415 are input by
the digital controller 420 as left sensor data (704) and right
sensor data (706). The right sensor data is multiplied (708)
by a sensor balance term (710), as in the flowchart 500.

Subsequently, the left sensor data is filtered by the filter
450 (712), and the right sensor data is also filtered by the
filter 450 (714), and the two filtered signals are summed
(716) to provide a weighted sum (718). Alternatively,
although not shown, the left and right (weighted) sensor data
could be summed, and the weighted sum could then be
filtered.

The filtered sensor data signals and the weighted sum are
then passed to the circular buffer 425 (720). The buffer 425
passes the sensor data for signal analysis (722).

It should be understood that the buffer 425 is not neces-
sarily used in the digital synthesis process of FIG. 7 in the
same manner described above with respect to the positive
feedback process of FIG. 5, i.e., to correct for phase delay
by providing a selected value from a previous cycle that
corresponds to a value from a current cycle. Rather, the
buffer 425 may serve, for example, to hold signal data until
it is required by another system component (such as a signal
processor), or to save signal data in case the system 400 must
shift out of the digital synthesis mode and back to the
positive feedback mode (due to, for example, a loss or
distortion of a current signal).

When the digital controller 420 is implemented in the
manner shown in FIG. 3, i.e., using the FPGA 310 and the
processor 315, the above-described features of the flowchart
700 may be performed at the FPGA 310. Subsequently, the
processor 315 may perform the sensor signal analysis (722),
to thereby determine synthesis parameters for the drive
signals (724). For example, the processor 315 may analyze
the sensor signals to measure a true frequency of the signals,
from which it may calculate initial values, phase offset, or
other parameters needed to synthesize a desired drive signal.
These calculations are discussed in more detail below.

Once the desired drive signal is synthesized (726), a drive
gain term (728) is multiplied (730) by the drive signal, to
thereby generate the actual drive output (732). As in flow-
chart 500, the drive output can be separated into a left drive
output (734) and a right drive output (736). Depending on
whether the processor selects coriolis or driven mode (738),
the right drive output is equal to or the negation of, respec-
tively, the left drive output. Finally, a drive balance term
(740) is applied to the right drive output (742), in order to
allow fine tuning of the drive balance and compensate for
any analog circuitry variations that may exist, thereby pro-
ducing a balanced right drive output (744).

FIG. 8 is a first timing diagram illustrating a timing of a
synthesis of a sine wave to be used as part of a drive signal.
Similarly, FIG. 9 is a second timing diagram illustrating a
timing of a synthesis of a sine wave to be used as part of a
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drive signal. It should be noted that FIGS. 8 and 9 are
primarily intended to demonstrate an example timing of a
sine wave synthesis process that might be used in the
synthesis mode of FIG. 7, and therefore the below discus-
sion of FIGS. 8 and 9 includes only an overview of actual
computational techniques that may be used to perform the
synthesis. A more detailed explanation of possible compu-
tational techniques that may be used during sine wave
synthesis, including possible roles played by the FPGA 310
and the processor 315 in implementing such techniques, is
provided below with respect to FIGS. 10-14.

In FIG. 8, a first signal 802 represents a sensor signal
detected at an input of ADC 415. A post-filtering signal 804
represents the sensor signal 802 having a time delay 806,
where the time delay 806 represents a delay imparted to the
first signal 802 by the ADC 415, as well as a delay imparted
to the first signal 802 by the filter 450.

As mentioned above with respect to FIG. 7, in the
implementation of FIG. 3, the FPGA 310 may perform the
filtering of the sensor signal(s), as well as a calculation of a
weighted sum (as described above, resulting in the signal
804) of the filtered sensor signals. In FIG. 8, it should be
understood that the signal 802 represents a virtual weighted
sum, i.e. an analog signal that would be created from the
analog weighted sum of the sensor signals, as opposed to the
calculated weighted sum 804 calculated by, and existing
within, the FPGA 310 (with a magnitude and frequency
similar to that of the signal 802, but having a phase delay
relative to the signal 802). The FPGA 310 may then calculate
a negative-to-positive zero crossing of the signal 804, indi-
cated in FIG. 8 by a first line 808, and send all information
about the signal 804 (including the negative-to-positive zero
crossing information) to the processor 315.

The processor 315 determines an average frequency
(freq,,,) of the original (two) sensor signals from sensors
205, as well as a cosine (cos) and sine (sin) of an angle “8”
between samples, where the angle between samples is
defined as 60=2mfreq,, /F,, where F, is the sampling rate (see
FIG. 13). The frequencies can be calculated by, for example,
an interpolation process, discussed in more detail below (see
FIG. 12).

This calculation of frequency takes a finite amount of
processing time, so that the processor 315 has the frequency
information after a processing time 814. By feeding the
freq,,, value into the non-linear filter function associated
with the filter 450, a corresponding filter delay of filter 450
may be determined, which together with the (already-
known) ADC delay time, provides the filter+ADC delay
806.

The processor 315 also may calculate a phase offset 6,,
which reflects the fact that there may be a small time
difference between an actual zero crossing and the next
sampled value of the wave (see FIG. 13). This offset 6, may
be used to obtain initial values for the sine and cosine
parameters (i.e., sin(0,) and cos(0,)) for the sine wave to be
synthesized. The processor 310 then sends the calculated
parameters to the FPGA 315, which, in turn, proceeds to
wait a first wait time 816. The first wait time 816 measures
from the end of the processing time 814 until the next
zero-crossing, marked by a line 818.

The processor 315 also may calculate a second wait time
820, after which the FPGA 310 is to begin synthesis of a sine
wave 822, at a time marked by a line 824. The second wait
time 820 is selected such that the sine wave 822 synthesized
by the FPGA 310 will be in phase with the sensor signal 802,
when the sine wave 822 is applied to the flowtube 215 as a
drive signal 826. For this condition to occur, the FPGA must
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synthesize the sine wave 822 such that the filter+ ADC delay
806 is accounted for, thereby matching the sine wave 822 to
a shifted or corrected version of the post-filtering signal 804.
Furthermore, the sine wave 822 must be prospectively
shifted as well, in order to account for a delay that will occur
post-synthesis, e.g., the delay associated with a passing of
the sine wave 822 through the DAC 430. This delay is
represented as a DAC delay 828, between the line 824 and
a line 830.

Thus, the second wait time 820 may be calculated to be
a total period (i.e., from the zero-crossing at the line 818 to
a following zero-crossing, at a line 832), minus a total delay
imposed by the digital transmitter 104, which, in the case of
FIG. 8, is equal to the filter+ADC delay 806 plus the DAC
delay 828. By starting synthesis of the sine wave 822 at the
time marked by the line 824, then, a phase of the drive signal
826 (after the DAC delay 828) exactly matches a phase of
the sensor signal 802, as shown by the line 830 and a line
834.

In the example of FIG. 8, it is assumed that the frequency/
period of the sensor signal 802 is such that the processor 315
may perform its processing routines in less than one period
of the signal (e.g., the time 814 is substantially less than the
total period length of the wave(s)). In this case, it should be
noted that the drive signal 826 is actually in phase with the
“i+3” cycle of the sensor signal 802; that is, two full cycles
(the “i+1” and “i+2” cycles), as explained above, are used
for frequency (and related) calculations and/or as waiting
periods which account for the various delays. Alternatively,
it may be possible to eliminate the first wait time 816, and
begin counting for the second wait time 820 immediately
after the zero-crossing at time 808. This approach requires
the FPGA 315 to assume that synthesis parameters will
arrive before the end of the second wait time 820, and so is
a more aggressive or time-sensitive approach, but, when
successful, reduces the delay from two cycles to only one
cycle.

For higher frequencies, it may be the case that the
calculation time 814 is comparable to, or more than, the total
period length. Moreover, a processing time of the processor
315 may not be constant (due to, for example, other loads
imposed on the processor 315), in which case the time 814
may substantially vary (relative to the total period length).

FIG. 9 is an example of such a situation. In FIG. 9, a
sensor signal 902 experiences an ADC+filter delay 904 and
is output from the filter 450 as a signal 906. At a zero-
crossing 908, analysis of a cycle i of signal 906 commences,
but is not completed until after a calculation time 910, which
is longer than a period of the signal 906. After a first wait
time 912, a zero-crossing 914 is detected by the FPGA 310,
whereupon the FPGA 310 obtains the synthesis parameters
(or uses synthesis parameters that have already been
received from the processor 315) and waits a second wait
time 916.

In FIG. 9, the ADC+filter delay 904, plus the (prospec-
tive) DAC delay 918, is cumulatively longer than a cycle of
the sensor signals. Therefore, in a first implementation, the
second wait time 916 may be correspondingly longer then
the cycle length, as well. In this implementation, a signal
920 is input to the DAC 430 after the second wait time 916,
so that, after the DAC delay 918, a drive signal 922 is
generated that is in phase with the “i+5” cycle of the sensor
signal 902.

Alternatively, in a second implementation, as shown in
FIG. 9, the second wait time 916 may be determined as a
non-negative integer remainder of the total delay (expressed
as a number of samples), divided by the cycle length (also
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expressed as a number of samples). In this implementation,
the signal 920 is input to the DAC 430 after the second wait
time 916, so that, after the DAC delay 918, the drive signal
922 is output that is in phase with the “i+4” cycle of the
sensor signal 902.

FIGS. 10A, 10B, and 11 are flowcharts 1000A, 10008,
and 1100, respectively, summarizing operations associated
with the timing diagrams of FIGS. 8 and 9. More specifi-
cally, the flowcharts 1000A, 10008, and 1100 illustrate the
division of tasks between the FPGA 310 and the processor
315, as discussed above. Specific examples of computational
techniques for implementing these tasks are discussed below
with respect to FIGS. 12-14, as well as with reference back
to FIGS. 8 and 9.

In the flowchart 1000A of FIG. 10A, representing a first
set of actions taken by the FPGA 310, the FPGA 310 begins
by inputting sensor signals from the output of ADC 415
(1002). The filter 450 is then applied to the sensor signals
(1004). The FPGA 310 then calculates the weighted sum of
the sensor signals (1006), detects a zero crossing of the
weighted sum (1008), and forwards the filtered signals to the
processor 315 (1010).

In the flowchart 1100 of FIG. 11, representing a set of
actions taken by the processor 315, the processor 315
determines at least two zero crossings from previous wave
cycles, using, for example, interpolation (1102), and uses
this information to accurately calculate frequencies of the
sensor signals (as well as the average frequency freq,,, of
the sensor signals) (1104). The processor 315 then calculates
the phase offset 0, (1106), and then calculates a filter delay
(1108).

Subsequently, using the just-determined frequency and
phase offset information (i.e., the (non-zero) phase value
assigned to a first sample of each new cycle generated by the
drive output (see FIG. 12), and not the phase difference
between two sensor signals (which is attributable to the mass
flow of fluid moving through the flowtube being used)), the
processor 315 calculates synthesis sine wave parameters
(1110). As mentioned above, some of the sine wave param-
eters calculated may include the sine/cosine of an angle 8
between digital samples taken (1112), initial values of the
sine/cosine functions (1114), and the second wait time that
the FPGA 310 is to wait before beginning synthesis (1116).

The processor 315 then calculates amplitude information
(1118), including an actual amplitude of the sensor signals
and a desired gain factor. A gain sign also may be determined
(for example, a negative gain may be selected for, for
example, amplitude reduction during set point change or in
highly-damped fluids, as referred to above), along with an
oscillation mode (e.g., Coriolis or driven), sensor balance
factors, and drive balance factors (see FIG. 7).

Returning to FIG. 10B, in the flowchart 1000B, the FPGA
310 receives the various calculated parameters from the
processor 315 and proceeds to wait the first wait time, until
the relevant zero crossing is detected (1012). At this point,
the FPGA 310 inputs and applies the synthesis parameters
(1014), and proceeds to wait the second wait time (1016).
Once the second wait time has passed, the FPGA 310 begins
to synthesize the desired sine wave (1018).

Subsequently, the amplitude of the synthesized wave is
adjusted as needed (e.g., a drive gain factor is applied to the
sine wave) (1020), and the sine wave is forwarded to the
DAC 430 inputs, to be output therefrom as the drive signal
(1022).

Example operations of the processor 315, as just
explained above with respect to FIG. 11 and flowchart 1100,
are discussed below with respect to FIGS. 12-14.
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Specifically, FIG. 12 is an illustration of a zero-crossing
of a signal output by the filter 450 (e.g., signal 804 or signal
906 of FIGS. 8 and 9, respectively). FIG. 12 illustrates the
need for the determination of zero-crossing(s) using inter-
polation (1102 of FIG. 11). As already explained above with
respect to FIGS. 8 and 9, a signal 1202 is input through the
ADC 415 and the filter 450, and experiences an associated
delay 1204 before being output as a signal 1206.

In the signal 1206, there may be a difference between an
actual zero-crossing 1208 and a closest sample 1210, result-
ing in an offset 1212. In order to determine the zero-crossing
1208, an interpolation process, such as a quadratic or a linear
interpolation process, may be used. For example, the pro-
cessor 315 may fetch a full cycle of the filtered sensor
signal(s) 1206, along with a number of samples from each
end of the cycle, and uses these parameters in the interpo-
lation process to determine the zero-crossing 1206.

FIG. 13 is an illustration of a sine wave 1302 illustrating
synthesis parameters. In FIG. 13, a full cycle of the sine
wave 1302 is illustrated, along with samples 1304 of the sine
wave 1302. As illustrated in FIG. 13, then, a phase offset
parameter 0, is defined as a difference between an actual
start (zero-crossing) of the signal 1302 and a first sample
1304a. Meanwhile, the angle 8 is defined as the phase
between, for example, a second sample 13045 and a third
sample 1304c, so that (as mentioned above) d=2nftreq,, /F..

Using these parameters, the FPGA 310 may recursively
generate (synthesize) a desired sine wave (1018 of FIG.
10B) using the following recurrence formulae (Equations (1)
and (2)) from the trigonometry of the sum of two angles:

sin(0+9)=sin(0)cos(d)+cos(0)sin(d) Eq. (1)

co8(0+d)=cos(0)cos(d)-sin(0)sin(d) Eq. (2)

Thus, in Equations (1) and (2) and using the parameters
of FIG. 13, 8=0,+nd, forn=0, 1, 2 . . . . Parameter 0 conveys
the frequency of the synthesized wave, which is made equal
to the sensor average frequency freq,,,. In practice, the
initial value 0, will typically be near zero, since 0 and § are
updated at zero crossings.

The variables sin(d) and cos(d) are parameters that may be
calculated by the processor 315 in every measurement cycle,
and passed onto the FPGA 310 on a 24-bit format. Typical
values of 9 are very small, so that sin(d)=~0 and cos(d)=~1. In
one implementation, cos(d) is sent to the FPGA 310 as its
difference with 1.0 (i.e., [1-cos(d)]). Also, the parameters
sin(d) and [1-cos(d)] may be scaled such that any of the
most significant bits that are known to be zero are discarded,
so that only the first 24 values capable of taking non-zero
values are sent to the FPGA 310.

In this case, Equations (1) and (2) can be re-written as
Equations (3) and (4), using the parameter [1-cos(d)]:

sin(6;,;)=sin(6,)+Asin Eq. 3)

Eq. 4

In Equations (3) and (4), 6,=)8+0, and the terms Asin and
Acos can be determined according to Equations (5) and (6):

cos(0;, )=cos(0,)+Acos

Asin = sin(f, ) — sin(f;) = Asin = Eq. (5)
—sin(@;) + sin(f;)cos(d) + cos(d;)sin(d) = Asin =

—sin(@;)[1 — cos(d)] + cos(@;)sin(d)
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-continued

Acos = cos(6,1) — cos(f;) = Acos = Eq. (6)
—cos(f;) + cos(f;)cos(d) — sin(f;)sin(6) = Acos =

—cos(8;)[1 — cos(6)] — sin(#;)sin(5)

The parameter 6, may be sent by the processor 315 to the
FPGA 310 by providing initial values sin(8,) and cos(6,),
with sin(0,) being the first output value of the synthesized
cycle wave.

The phase offset 6, ideally should match the sensor
signals, in order to get an oscillation as close as possible to
the resonance frequency. Even for a fixed drive frequency,
however, the value of 6, may vary from cycle to cycle,
because the CODEC sample rate is typically not an exact
multiple of the drive frequency. Specifically, the value of 6,
varies between 0 and d according to a beating effect between
the drive and the CODEC frequencies. For example, for a
CODEC frequency of 40 kHz and a drive frequency of 81.2
Hz, then 6=0.73°. Assuming a value of 0, of zero on cycle
1, Table 1 shows the values of 6, on subsequent cycles.

TABLE 1
time t = kT, phase offset 6,
cycle index i sample index k (s) (degrees)
1 1 0.0000 0.0000
2 494 0.0123 0.2844
3 987 0.0246 0.5688
4 1479 0.0369 0.1224
5 1972 0.0493 0.4068
6 2465 0.0616 0.6912
7 2957 0.0739 0.2448

The difference in phase offset between two consecutive
cycles may be more significant in higher frequency flow-
tubes. For example, using the same CODEC frequency with
a 650 Hz drive frequency, 9 is as 5.85°, as shown in Table

2:
TABLE 2
time t = kT, phase offset 6,
cycle index i sample index k (s) (degrees)
1 1 0.0000 0.0000
2 63 0.0015 2.7002
3 125 0.0031 5.3994
4 186 0.0046 2.2506
5 248 0.0062 4.9491
6 309 0.0077 1.8008
7 371 0.0092 4.4990

Thus, for a correct value of 0, it is important to know for
which output cycle the value is being generated. As dis-
cussed below, this can prove difficult for high-frequency
flowtubes.

From Tables 1 and 2 and the preceding discussion, it
should be understood that a potential shortcoming related to
the use of the positive feedback mode is that, in this mode,
only phase values actually sampled and stored in the buffer
425 may be generated. As a result, a phase offset between the
sensor signal(s) and the drive signal(s) may be as high as one
sample (i.e., ). As just illustrated, this phase offset is
potentially problematic, particularly in a high-frequency
flowtube environment. In contrast, the digital synthesis
mode is capable of outputting virtually any desired phase
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value, as needed. Thus, in this mode of operation, substan-
tially exact phase matching may be virtually assured.

Another parameter calculated during execution of the
flowchart 1100 is the filter delay parameter (1108). As
mentioned above, the filter 450 imparts a delay on a filtered
signal that is related to a non-linear function of a frequency
of the signal at an input of the filter 450. Therefore, as also
discussed above, the processor 315 typically determines an
actual frequency of the input signal, and feeds this value into
the non-linear function to thereby calculate the filter delay
(hereafter, y(1)).

This delay 1 (f), usually represented in angle units (either
degrees or radians), can be analytically obtained from the
filter coefficients. Using the sampling frequency Fs, y(f) is
converted into a non-integer number of samples. This delay-
in-samples may then be modeled by, for example, a 6”-order
polynomial (discussed in more detail below), in order to
speed its calculation up in the processor.

FIGS. 14A, 14B, and 14C are graphs showing filter
characteristics. FIGS. 14A-14C are illustrated in samples,
rather than in degrees. FIG. 14A illustrates phase delay
against frequency for a range of frequencies that might be
used with a low-frequency flowtube. FIG. 14B illustrates a
polynomial fit for the graph of FIG. 14A, and FIG. 14C
shows residuals of the polynomial fit (where the residuals do
not exceed the value of £0.01 samples).

In one implementation, the filter 450 discussed above may
be a 6* order elliptical floating-point or fixed point filter (an
“infinite impulse response” or “IIR” filter) implemented on
the FPGA 310. Such a filter may be operable to suppress
unwanted (high) frequency components, such as higher
resonant modes, from the sensor signal(s) (and, during a
positive feedback mode, thereby ensuring that such
unwanted frequencies are not fed back into the drive
signal(s)).

For example, such a filter may be implemented having a
cut-off frequency slightly higher than the resonance fre-
quency of the flowtube 215, and used to filter an output of
the driver(s) 210. Additionally, one or more IIR filters or
“Finite Response Filters” (“FIRs”) can be implemented on
the processor to further improve measurement performance.

An added benefit of using an elliptical filter as the filter
450 on the FPGA 310 is that a sawtooth waveform passing
through such a filter becomes nearly sinusoidal, which may
be useful for forcing start-up of the flowtube 215 (start-up
operations are discussed in more detail below).

In considering the use of a filter as described herein, it
should be understood that such a filter is essentially a
low-pass or band-pass filter having very stringent specifi-
cations. That is, in order to perform its functionality, the
filter must have a very sharp filter cutoff at a very low
frequency. For example, the bent flowtube 102 may have a
maximum resonant frequency of about 100 Hz, where key
higher harmonics and undesired resonant modes of the
flowtube 215 to be suppressed are in the range of 150-1500
Hz, with a typical sampling rate of 40 kHz.

As mentioned above, analog flowmeters typically impart
marginal, if any, delay to the drive signal with respect to the
sensor signal, and therefore may not require any phase
compensation. However, filters such as those described
herein cannot effectively be added to such analog flowme-
ters, since the phase delay introduced by the filters cannot
easily be compensated for. Moreover, the use of such filters
would be impractical in analog designs for the simple reason
that it would be difficult or impossible for the filters to
provide the required sharp cutoff in that context (e.g.,
elliptical filters cannot be implemented in analog designs).
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In contrast, the implementations disclosed herein are
capable of compensating for these (and other) phase delays,
so that an elliptical filter can be effectively and efficiently
implemented by simply including its functionality within the
FPGA 310, as described above.

A transfer function for an elliptical filter that may be
implemented as the filter 450 in the FPGA 310, where the
filter 450 is implemented in second-order-sections, is
expressed in Equation (7) for an i-th filter section:

Eq. (D

Yi(z)

2
J=0

h=%w"

2 .
Y gz
=0

A difference equation for such a filter is expressed in
Equation (8):

;0¥ {0 +a; (k= 1)+any (k=2)=b;x (k)+byx(k-1)+

bipx(k-2) Eq.(8)

where Eq. (8) can be solved for y,, as shown in Equation (9):
[biox; (k) + biyx;(k = 1) + bipx;(k = 2) —

aioyi(k) + a;p yitk = 1) + aizyi(k = 2)]
aio

Eq. 9

Yige) =

Thus, for example, a 67 order elliptical filter may be
implemented using three consecutive 2" order sections. In
this case, for a particular flowtube type (e.g., bent or straight)
and sampling frequency, the coefficients a,, a;, a,, by, by,
and b, (for each of the three sections) may be determined by
considering a full range of operating frequencies for the
drive signal(s) (i.e., from a maximum frequency, corre-
sponding to an empty flowtube, to a frequency correspond-
ing to the flowtube when full of a fluid with the highest
density specified for the flowtube), in conjunction with
desired cut-off frequencies for the particular application.
Each filtering stage may introduce additional delay/phase
offset that may, in turn, be compensated for using, for
example, one or more of the above-described techniques.
When using the above and/or related filtering techniques, the
amplitude of high-frequency components in a signal may be
reduced by a factor of, for example, 1000 or more.

More generally regarding filtering processes, it should be
understood that there are several types of filtering that can be
implemented at various stages of the above-described imple-
mentations. Examples of such filtering include: analog fil-
tering of sensor data prior to its reading by the CODEC 305,
fixed-point filtering of measurement data within the FPGA
310, floating point filtering of measurement data within the
processor 315, fixed-point filtering of the synthesized drive
signal within the FPGA 310, and analog filtering of the drive
waveform on its output.

Of these options, the latter three are considered here in
more detail. First, floating-point filtering of measurement
within the processor 315 requires that the processor receive
raw data, and apply whatever processing is deemed most
appropriate (which may change with circumstances). Any
pre-filtering of the raw data is fixed and cannot readily be
modified. Unwanted harmonics can be suppressed during
waveform synthesis using this technique.

Fixed-point filtering of the synthesized drive signal within
the FPGA 310 can be used, for example, during positive
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feedback, in order to suppress unwanted harmonics in the
sensor data from being passed through to the drivers. Since
the processor 315 is not directly involved in waveform
synthesis, it will not typically perform this particular filter-
ing function.

Finally, analog filtering of the drive signal post-CODEC
may be used to smooth out high-frequency noise introduced
by the codec and subsequent circuitry.

As a final point regarding the flowchart 1100, issues
regarding the calculation of the second wait time (1116) are
discussed in more detail below.

As already mentioned, it takes the processor 315 some
finite amount of time to analyze the filtered sensor signal
wave (e.g., time 814 in FIG. 8 and time 910 in FIG. 9). As
a result, by the time that the calculation of the sine wave
synthesis parameters is done, the sensor signal has gone
ahead a number of samples, and, as shown in FIG. 9, may
possibly advance more than a whole cycle (depending on,
for example, the flowtube frequency and the processor
computational load, such as an external communication
request).

Also, the CODEC DAC 430 has a delay of, for example,
30 samples between the value sent by the FPGA 310 to the
CODEC DAC 430 input and the signal appearing at the
DAC 430 output, which has to be taken into consideration.
Therefore, as illustrated in FIGS. 8 and 9, a number of cycles
between the start of the sensor wave under analysis and the
start of the synthesized wave at the CODEC DAC 430
output should be calculated, in order to adjust an initial value
of the synthesized wave.

One way of seeing how far behind “real time” the
processor 315 has fallen is to look at the circular buffer 425
backlog. This backlog represents a count of how many ADC
samples have been received by the FPGA 310 and are
waiting to be sent to the processor 315. By looking at the
data backlog of the circular buffer 425 and taking the
average frequency of the cycle under analysis as the esti-
mated frequency of the next wave(s), it is possible to infer
which cycles to target in the calculation of the start of the
cycle, as is shown in the example code section below, Code
Section 1:

Code Section 1

period = 1.0/avg_ freq;

samples_ waiting_in_ fpga = get_ fpga_ bufsize( );

num__cycles = (int) (floor(samples_ waiting__in_ fpga/period)) + 2;
samples__per_ cycle = sample_ freq/avg_ freq;

predict_start_ cycle = start_cycle_offset + num_ cycles *
samples__per_ cycle;

predict_start__cycle_int = floor(predict_start_ cycle);
predict__start__cycle_ offset = predict_start_cycle —
predict__start__cycle_int;

FIGS. 8 and 9 show the timing in the sequence of steps of
Code Section 1, starting from cycle i in the sensor signal(s)
to the generation of a sine wave at an output of the DAC 430,
using parameters calculated from sensor cycle i.

In FIG. 8, the frequency of oscillation is slow compared
to the time that the processor 315 takes to analyze a sensor
wave, so that there is less than a cycle’s worth of samples
waiting in the buffer 425 at the time when the processor 315
finishes the analysis of the previous wave (e.g., determines
its frequency and related filter delay). In such a case, the
quantity “num_cycles” would be typically zero+2. This is
consistent with the above explanation of FIG. 8, in which the
FPGA 310 waits a time equal to the period of the sensor

20

25

30

35

40

45

50

55

60

65

24

wave i+2 (assuming that this period hasn’t change since
cycle 1), minus the total delay in the path, i.e. ADC+filter
delay 806 and DAC delay 828, to start the synthesis of a
wave that will attempt to match sensor cycle i+3.

More generally, a total “wait” count (i.e., the count for the
second wait time 820 of FIG. 8 or 916 of FIG. 9) may be sent
by the processor 315 to the FPGA 310 as another synthesis
parameter (1116). This wait count carries the information of
the filter delay at sensor signal frequency, and may be
determined using, for example, Code Section 2:

Code Section 2

filter_ delay = get_ filter delay_in samples (avg_ freq);
wait__count = samples_ per_ cycle — codec__delay + filter_ delay;
while (wait_count < 0) {

wait__count += samples_ per_ cycle;

while (wait_count > samples_per_ cycle) {
wait__count —= samples_ per_ cycle;
¥

If the flowtube frequency is high relative to a calculation
time of the processor 315, then more than a cycle could have
accumulated before the processor finishes the analysis of
one wave. In this case, the total delay is greater than the
cycle length, so an entire cycle may be added to the wait
count of Code Section 2, as shown in FIG. 9.

In selecting the phase of the (synthesized) drive signals
relative to the sensor signal(s), several options exist in the
low-frequency flowtube environment. For example, the
phase of a driver signal, d1 or d2, can match the phase of one
of the following: the weighted sum of filtered sensor signals
(wfs), the filtered corresponding sensor signal, or one of the
filtered sensor signals.

In the first option of matching weighted sum of filtered
sensor signals, both drive outputs are equal and match the
phase of the weighted filter sum signal, which, under normal
operation, lies between the two sensor signals. The search
for the start of the cycle offset and the zero-crossing detec-
tion (explained above) are applied to the weighted filter sum
signal, rather than to the filtered, individual sensor signals.
Another way to find a start of the cycle offset for the
weighted filter sum is to calculate the average of the start of
the cycle offsets for the individual, filtered sensor signals. In
this option, the total wait count (e.g., the second wait time
820 of FIG. 8) is the same for both drivers.

In the second option, a first drive signal is matched with
a first sensor signal, while the second drive signal is matched
with the second sensor signal. This option has the same 0
parameter, but different 0, for each of the two drivers. The
start of the cycle is calculated for each sensor wave, and used
to calculate the initial values of sine and cosine of each drive
signal. The total wait count may be different for each sensor
as well. As the synchronisation drive-sensor is made with the
weighted filtered sum signal, the phase difference between
the two sensor signals indicates the expected location of the
zero-crossings for each sensor signal. Such a phase differ-
ence may be based on cycle i analysis, where it is assumed
that there is no significant change in the phase(s) by the time
that the drive signals reach the DAC 430 outputs.

In the third option, both of the drive signals are matched
with only one of the two sensor signals. In this option, as in
the first option, both drive signals are equal, and match the
phase of one sensor signal (i.e., the matched sensor signal,
instead of the wfs). However, a start of the cycle offset for
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only the relevant (i.e., matched) sensor signal is predicted,
and the same wait count is used for both drive signals.

Code section 3 shows an example calculation of the wait
count parameter for each option:

Code Section 3

phase_ diff _in_ samples = phase_ diff * samples_ per_ cycle/360.0;
switch(drive_phase__mode) {
case 0: /* driver outputs in phase with wis */
// send the same value to driver output 2
wait__countl = wait__count2 = wait_ count;
break;
case 1: /* driver outputs in phase with s1 */
// send the same value to driver output 2
wait__count 1 = wait_count — (phase_diff in_ samples/2.0);
wait__count 2 = wait__count 1;
break;
case 2:
default:
wait__count 2 = wait_ count + (phase_ diff in_samples/2.0);
wait__count 1 = wait_count — (phase_diff in_ samples/2.0);
break;

/* driver outputs in phase with each sensor */

Parameter 0, is calculated from a start of the cycle offset,
as shown in Code Section 4:

Code Section 4

/* phase offset */
predict_start_cyclel = start_cycle_ offsetl +
num__cycles*samples_ per_ cycle;
predict__start__cycle__intl = floor( predict_start_cyclel);
pred__scol = predict_start_ cyclel — predict_start_ cycle_intl;
predict_start_cycle2 = start__cycle_ offset2 +
num__cycles*samples_ per_ cycle;
predict__start__cycle__int2 = floor( predict_start_cycle2);
pred__sco2 = predict_start_ cycle2 — predict_start_cycle_int2;
switch (drive_phase_mode) {
case 0: /* driver outputs in phase with wsum */
predic_soc = ( predic_socl + predic__soc2)/2.0;
theta_ 0 = (1 - predic_soc) * delta;

break;
case 1: /* driver outputs in phase with svl */
case 2: /* driver outputs in phase with each sensor */
default:

theta_ 0 = (1 - predic_socl) * delta;

break;

As already mentioned, the above options for selecting a
phase of the driver signal(s) with respect to the sensor
signals may only be applicable in a low-frequency flowtube
environment, such as might be used with the bent flowtube
102.

In a high-frequency flowtube environment, such as might
be seen in conjunction with the straight flowtube 106, the
flowtube can resonate at frequencies ranging from approxi-
mately 200 to 1000 Hz. Whereas a sensor cycle in a
low-frequency flowtube may be about 500 samples long, it
takes less than 100 values to sample a cycle in a high-
frequency flowtube (using the same sampling frequency of,
for example, 40 kHz). Thus, with a filter delay of, for
example, 32 samples and a CODEC delay of, for example,
61 samples, by the time the FPGA 310 detects a zero-
crossing at the wfs signal and obtains the synthesis param-
eters from the processor, one or more cycles might have
already occurred (as discussed above and illustrated in FIG.
9). Moreover, as discussed above with respect to Table 2, it

20

25

30

35

40

50

55

60

65

26

may be important (yet problematic) to know which output
cycle corresponds to a particular, correct value of the param-
eter 0.

Further, as referred to above, an increase in the compu-
tational load of the processor 315, e.g., an external commu-
nication request, might cause a longer delay in the fre-
quency/filter delay calculation. Such a delay may lead to
inaccuracies in determining which cycle is actually being
generated in the flowtube in real time. Also, the FPGA 310
continues generating cycles of the drive signal while the
processor 315 is busy, even when no new parameters have
been sent to the FPGA 310.

A way to address this issue of maintaining accuracy in
tracking cycles of the drive signal is to keep a cycle counter
at the output of the digital filter 450 in the FPGA 310. By
allowing access to this cycle count, the FPGA 310 tells the
processor 315 how many cycles have passed from the
moment the processor 315 fetched a cycle i for its analysis,
until the moment the FPGA 310 calculates the actual syn-
thesis parameters. To prevent further tracking inaccuracies,
the processor 315 may provide to the FPGA 310 two or more
sets of parameters, corresponding to two or more cycles
ahead.

Such a cycle counter as a tracking mechanism may be
kept for both types of flowtubes 102 and 104. Code Section
5 (which may be applied just after the calculation of freq,,, )
is a modified version of Code Section 4 that includes the
cycle counting/tracking functionality.

Code Section 5

input_ zero_ crossing_ counter =
get_fpga_ zero_ crossings_ count( );

period = 1.0/avg_ freq;

samples_ waiting in_ fpga = get_ fpga_ bufsize( );
num__cycles_in_ buffer = (int) (floor(samples_ waiting_ in_ fpga/
period));

/* zero-crossing index of wave under analysis in processor */
cycle_index = input_ zero_ crossing counter —
num__cycles__in_ buffer;

num__cycles = get_fpga zero_ crossings_ count( ) —
cycle_index;

cycle_index += num_ cycles;

where the last two lines of Code Section 5 may be applied
just before a calculation of the synthesis parameters.

In addition, in a high-frequency flowtube, the processor
315 may send the quantity “cycle_index” to the FPGA 310,
along with the synthesis parameters for that cycle and the
following two cycles. The FPGA 310 may thus compare this
cycle index with its current cycle index, and take the set of
synthesis parameters that correspond to the next cycle. For
example, if the processor 315 has just finished calculations
for “cycle 20,” and sends synthesis parameters for “cycles
25, 26, and 27.” Taking into account a processor delay, the
FPGA may be ready to begin synthesis of “cycle 26” at the
next zero-crossing, and so would use synthesis parameters
corresponding to this cycle (received from the processor
315). If more than 3 cycles have elapsed, then the FPGA 310
may take the set corresponding to cycle_index, as it could
have taken any other of the two. In another implementation,
a set for a phase offset corresponding to half a sample may
be sent to the FPGA 310, in order to reduce the error in that
case.

Code Section 6 illustrates an example for calculating the
synthesis parameters for a high-frequency tube. Notice that,
as already mentioned, due to its high resonance frequency,
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only one option is made available for matching the sensor
phase, i.e., matching the phase of the weighted sum of
filtered sensor signals.

Code Section 6

case HI_ FREQ_FLOWTUBE:
/* phase offset */
predict_start_ cyclel = start_cycle_offsetl;
predict_start__cycle2 = start__cycle_offset2;
for (i=0; i<NUM__SOC__OFFSET; i++) {
predic_start cyclel += num_ cycles * samples per_cyclel;
predict__start__cycle__intl = floor( predict_start_cyclel);
pred__scol = predict_start_ cyclel — predict_start_cycle_intl;
predic_startcycle2 += num_ cycles * samples_ per_ cycle2;
predict_start_cycle_int2 = floor( predict_start cycle2);
pred__sco2 = predict_start_ cycle2 — predict_start_cycle_int2;
predic_soc = ( predic_socl + predic_soc2)/2.0;
theta_ O[ i] = (1 - predic_soc) * delta;
num__cycles++;
}
break;

}

The above discussion has provided techniques for com-
pensating for digital delay in a digital flowmeter, where
these techniques apply corrections/adjustments to a (synthe-
sized) drive signal based on a corresponding mathematical
model of the characteristics of the flowmeter. The examples
of these techniques described above do not include verifi-
cation of the results of the delay compensation; in other
words, the techniques may be thought of as “open-loop”
techniques.

A “closed-loop” approach, however, is additionally and/or
alternatively possible. Such an approach might include, for
example, taking additional readings of the drive signal (e.g.,
current and/or voltage), and then directly calculating any
phase difference between the drive signal and the sensor
signal. Thus, adjustments can be made to a phase offset of
the drive signal output to ensure that it matches the phase of
the sensor signal input.

FIG. 15 is a block diagram of a closed-loop system for
compensating digital delay in a flowmeter. In FIG. 15, a first
multiplexer 1502 and a second multiplexer 1504 each input
the sensor signal(s) and the driver signal(s) (note that, in
FIG. 15, only one sensor and driver signal is shown as being
input into each multiplexer 1502 and 1504, however, it
should be understood that FIG. 15 might represent either a
one-driver or a two-driver system). In this way, any phase
difference between the drive output signal(s) and the sensor
signal(s) can be obtained (much as the sensor signals are
analyzed in the above discussion), and this difference can be
used in a self-correcting feedback loop.

Calibration can be made by using the multiplexers 1502
and 1504 to place the same signal(s) at the input of the ADCs
1506 and 1508. In FIG. 15, the ADCs 1506 and 1508 may
represent additional ADCs beyond those illustrated in, for
example, FIG. 4. Alternatively, functionality of the ADCs
1506 and 1508 may be implemented using the existing
ADCs 415, along with the appropriate additional connec-
tions.

Also in FIG. 15, ADCs 1506 and 1508 are assumed to
operate synchronously. That is, the multiplexers 1502 and
1504 are assumed to output their respective signals into their
respective ADC 1506 or 1508 at a simultaneous point in the
cycles of the signals. Should any delays (i.e., loss of syn-
chronicity between the ADCs 1506 and 1508) be present in
practical implementations, such delays may be detected
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during a calibration process (based on a common, selected
signal) by calculating the phase difference between the
outputs of the ADCs 1506 and 1508, and subsequently
corrected when the drive output signal is measured.

The processor 315 may receive the sensor information in
various ways. For example, the ADC 1506 and the ADC
1508 may represent ADC(s) 445 in FIG. 4, and may thus
serve to feed back information based on the drive current
imparted to the driver(s) 210. As another example, the ADC
1506 and the ADC 1508 may represent ADC(s) 447 in FIG.
4, and may thus serve to feed back information based on the
drive voltage imparted to the driver(s) 210.

In one implementation, the closed-loop technique(s) of
FIG. 15 may be used as an alternative to the open-loop
techniques described above. For example, the processor 315
may send the synthesis parameters to the FPGA 310, based
on some estimation of the delay between the sensor signal at
the ADC input and the drive signal at the DAC output. Once
an entire cycle has been output, the processor 315 may
collect one cycle of each (i.e., sensor and drive output
signals), and measure their phase difference ¢ .. This phase
difference may be subtracted or added to the delay, to
thereby reduce the delay in subsequent cycles. This process
may run continuously.

In FIG. 15, it should be understood that, just as in FIGS.
8 and 9, the FPGA 310 will typically take into account a
delay associated with the DAC 430. That is, the FPGA 310
will typically anticipate the DAC delay, calculate a phase
associated with a cycle one, two, or more cycles ahead of the
measured cycle(s), and output its synthesized signal accord-
ingly. In this way, when the synthesized signal is output from
the DAC 430, it will be in phase with the sensor signals, as
desired.

In another implementation, the closed-loop technique
may be used to supplement or improve the open-loop
techniques described above.

The above description has provided techniques for com-
pensating for digital delays that are present in flowmeters
having digital components. Different techniques have been
described for use in different applications. For example, in
the setting of positive feedback, the group delay of the
CODEC 305 was compensated for with the use of a circular
buffer, as described with respect to FIGS. 5 and 6. As another
example, described with respect to FIGS. 7-14, in the setting
of sine wave synthesis, both the group delay and the delay
associated with the filter 450 are compensated for by using
measurements performed on sensor data, to thereby accu-
rately time a beginning of the sine wave synthesis. As a final
example, described with respect to FIG. 15, the drive signals
are directly measured, and subsequently compared to the
sensor signals as part of a closed-loop feedback routine that
minimizes a phase difference between the signals.

These techniques may be used on their own, or in com-
bination with one another (or other) techniques. For
example, the digital flowmeters of FIGS. 1A and/or 1B
could be operated purely in a positive feedback mode, or
purely in a sine wave synthesis mode. As another example,
the positive feedback mode may be used as a precursor to the
sine wave synthesis mode. In one implementation, using the
positive feedback mode as a precursor to the sine wave
synthesis mode allows rapid and reliable start-up (and
operation) of a digital flowmeter. Such a rapid and reliable
start-up may be further enhanced through the use of a
“random excitation mode” as a precursor to the positive
feedback mode, as described in more detail below.

FIG. 16 is a flow diagram 1600 illustrating start-up and
operational techniques for a digital flowmeter. In the flow
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diagram 1600, at a starting point 1602, a state of flowmeter
system being used is set to a random sequence mode 1604.
In this mode, the flowtube 215 is excited with a wide band
of frequencies which are expected to include the (initially
unknown) resonant frequency of the flowtube. After a cer-
tain number N of samples (as might be taken during a
selected time period such as, for example, approximately 1
second, corresponding to a warm-up time of the CODEC
305), the system is switched to a zero-output mode 1606 for
a brief period of time (e.g., an M-samples count, where
M<<N), in order to allow the flowtube 215 to settle at its
resonance frequency. The random sequence mode 1602 and
the zero-output mode 1606 are described in more detail
below with respect to FIG. 17.

Subsequently, the system is switched to a positive feed-
back mode 1608, which allows the flowtube to quickly reach
a stable oscillation, at its resonance frequency and with a
high amplitude. The positive feedback mode correlates to
the positive feedback mode discussed above with respect to,
for example, FIGS. 5 and 6. Further details and examples
related to the positive feedback mode 1608, in the context of
the flow diagram 1600, are provided below with respect to
FIG. 18.

Generally speaking, the random sequence mode 1604
serves to ensure that drive energy is put into the flowtube in
the frequency range of interest, and the zero-output mode
1606 allows the flowtube to settle into its resonant fre-
quency. During positive feedback, a pre-selected drive gain
is applied to the drive signal, in order to ramp the flowtube
215 up to a desired amplitude set-point. The drive gain has
a default value of, for example, ten, which is large enough
to cause a rapid rise in oscillation amplitude.

Subsequently, desired waveforms within the drive signals
may be identified, and phase-compensated synthesis may
thereafter be begun during the digital synthesis mode 1610,
so that measurements of the material(s) flowing through the
flowtube 215 may be processed within the processor 315.
The start-up technique just described may be particularly
useful in difficult start-up circumstances, such as, for
example, half-full 2-3" tubes.

Although the techniques just described are useful in
start-up of the flowtube 215, it should be clear from the flow
diagram 1600 of FIG. 16 that similar techniques may be
used during an operation of the flowmeter as well. For
example, during a time when the flowmeter is in full
operation (i.e., synthesis mode) (1610), some difficulty may
arise which causes the flowmeter (measurements) to become
unstable.

For example, there may be some external disturbance to
the system, or there may be some unanticipated object/
material that flows through the flowtube. As another
example, conditions such as two-phase flow and/or three-
phase flow, particularly if initiated quickly or unexpectedly,
might degrade or interrupt an operation of the flowmeter.

In such a case, the flowmeter may return to a positive
feedback mode 1608, in order to re-stabilize the system
(e.g., re-establish the proper frequency, phase and amplitude
of the drive signals). Afterwards, the flowmeter may
progress back into the digital synthesis mode 1610. More-
over, in a case of a particularly disruptive event, the flow-
meter may return to the random sequence mode 1604, and
then re-progress through the zero-output mode 1606 to the
positive feedback mode 1608, and from there back to the
digital synthesis mode 1610.

Similarly, if the flowmeter is operating in a positive
feedback mode 1608, either as a result of regressing from the
synthesis mode 1610 in the manner just described, or as part
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of the start-up process that also is described above, then a
disturbance or malfunction may cause the flowmeter to
return to the random sequence mode 1604. Again in this
case, the flowmeter may re-progress through the zero-output
mode 1606 to the positive feedback mode 1608, and from
there back to the digital synthesis mode 1610.

In this way, a digital flowmeter may attain and/or retain a
desired operational state in a fast, reliable manner.

FIG. 17 is a flowchart 1700 illustrating the random
sequence mode 1604 and the zero-output mode 1606 of FIG.
16 in more detail. In FIG. 17, the random sequence mode
1602 starts (1702) with a sample count of zero (1704). Next,
the sample count is compared to a value N (1704), where, as
mentioned above, a value for N is pre-selected to correspond
to a desired duration of the random sequence mode 1602.

If the sample count is less than or equal to the value N,
then a random frequency value is generated (1708) and sent
to a filter, such as the filter 450 (1710). Subsequently, a result
of the filtering process is forwarded to an input of the DAC
430 (1712), and the sample count is incremented by 1
(1714).

When the sample count reaches a value greater than N,
then the random sequence mode 1602 is exited, and the
zero-value mode 1604 is started (1716). In the zero-value
1604, the sample count is set to zero (1718), and is then
compared to a pre-selected value M (1720), which is
selected to provide the flowtube enough time to settle into
vibration at or near its resonance frequency.

If the sample count is less than or equal to M, then a zero
value is sent to an input of the DAC 430 (1722), and the
sample count value is incremented by 1 (1724). If the sample
count is greater than M, then the positive feedback mode
(1606) is started (see FIG. 18).

In short, in generating the random frequency, the imple-
mentation of FIG. 17 generates a series of random values,
perhaps at a rate corresponding to the sampling rate of the
ADC 415, using a random number generator. Then, frequen-
cies in the permitted range of drive frequencies (e.g., 0100
Hz) are excited by feeding the generated, random sequence
through the filter 450, which serves to eliminate substan-
tially all frequency components above the relevant range.
The resulting signal is a relatively smooth random sequence,
containing all frequencies below the pre-determined cut-off
frequency.

In some implementations, rather than removing all fre-
quencies above some pre-determined cut-off frequency, a
band-pass filter may be used to remove all frequencies above
and below some pre-determined range of frequencies. These
implementations might be particularly useful in the context
of relatively high-frequency flowtubes (e.g., a flowtube with
a resonant frequency of approximately 1000 Hz).

Further, it should be understood that the random sequence
mode 1604 is merely an example of possible stimulation
signals that may be used to initiate flowtube oscillation in the
desired mode of vibration. Other pre-determined (short)
signal sequences which are not modified on the basis of the
sensor signal analysis also may be used. As with the random
sequence mode 1604, analysis of sensor signals instigated
by such signal sequences may then be used to estimate, for
example, the frequency of oscillation or other flowtube
parameter values. This analysis may then trigger a switch to
a sustainable mode of flowtube operation, in which the drive
signal is modified as needed. Other examples of such drive
signals might include square waves, sawtooth waves, or any
other sequence designed a-priori to generate flowtube oscil-
lation at start-up in advance of accurate knowledge about the
resonant frequency of the flowtube.
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FIG. 18 is a flowchart 1800 illustrating the positive
feedback mode 1608 of FIG. 16 in more detail. At a start of
the positive feedback mode 1608 (1802), the FPGA 310
inputs and filters the sensor signals, and calculates the virtual
weighted sum for buffering (1804). Then, in a further subset
of actions by the FPGA 310 (1806), the FPGA 310 selects
a value from the buffer 425 that will account for the CODEC
delay (as discussed with respect to FIG. 6) (1808), and then
applies the selected gain factor (e.g., ten) to the buffered
signal for forwarding to the DAC 430 (1810).

Meanwhile, during a subset of actions taken by the
processor 315 (1812), the processor 315 attempts to identify
a sinewave-like wave by, for example, running several
checks on segments of signals between two consecutive
negative-to-positive zero crossings (1814). If a sinewave is
detected (1816), then the processor 315 calculates a fre-
quency of the wave and a filter delay associated with that
frequency, and translates this information into a correspond-
ing, improved buffer offset (1818).

The improved buffer offset is then sent to the FPGA 310
(1820), where it replaces the previous buffer offset value and
allows the drive signal (multiplied by the gain factor) to
more closely mimic the phase of the sensor signal. Mean-
while, the processor performs a more detailed analysis of
characteristics of the detected sinewave (1822), and checks
to see whether the analyzed, detected sinewave is present in
both sensor signals (1824) with desired frequency and phase
characteristics.

If not, the processor 315 continues to perform these
checks for some pre-determined time (1826), after which the
processor 315 determines that digital synthesis cannot be
satisfactorily entered, and reverts to the random sequence
mode (1604). If the sinewave(s) are satisfactorily present in
both signals, then the processor 315 forwards the synthesis
parameters to the FPGA 310 and the flowmeter enters the
digital synthesis mode (1610). The operation of the digital
synthesis mode, including examples of operations and inter-
actions of the FPGA 310 and the processor 315, are dis-
cussed above with respect to FIGS. 7-13, and particularly
with respect to the flowcharts 1000 and 1100 of FIGS. 10
and 11, respectively.

In some implementations, above-describe operations may
overlap and/or be duplicated during the various modes of
operation. For example, in any or all of the random sequence
mode 1604, the zero-output 1606, and the positive feedback
mode 1608, the processor 315 may attempt to identify a
sinewave-like wave in the manner described above with
respect to the positive feedback mode 1608. These and other
operations may be enacted in parallel and/or in series with
one another, using the FPGA 310/processor 315 architecture
described above, or using some other division of labor
among selected (e.g., programmed) hardware components.

Also, as explained above, the drive gain during the
positive feedback mode 1608 is typically fixed to a high
value, so that the amplitude of the oscillation may raise
exponentially. In the digital synthesis mode 1610, however,
the amplitude may be variable, and may be controlled by a
pre-selected algorithm that uses the gain as a controller
variable.

FIGS. 19A-19F describe drive signal generation during a
start sequence for one implementation of the digital flow-
meter as applied to the bent flowtube 102. FIGS. 20A-20F
describe drive signal generation during the start sequence of
FIGS. 19A-19F in more detail.

The data shown in FIGS. 19A-19F, as well as in FIGS.
20A-20F, are, respectively for each set of figures, raw
sensor data (one sensor only), filtered weighted sum of the
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sensor data, the drive gain, the waveform synthesis mode
(i.e., random filtered start-up sequence, positive feedback or
pure sine wave synthesis), a flag indicating when there has
been an update to the feedback delay parameter, and the
actual drive output.

In FIGS. 19A-19F, up until just before 1 second has
passed, the drive output is random while the CODEC 305
warms up; that is, the flowmeter is operating in the random
sequence mode 1604. As sensor data begins to be collected,
again just before 1 second has passed, the zero-output mode
1606 can be seen in FIG. 19F.

As raw and filtered sensor data is collected (FIGS. 19A
and 19B), a drive gain of 10 is applied at approximately 1.1
seconds (FIG. 19C), whereupon the mode switches from the
random sequence mode 1604 to the positive feedback mode
1608 (through the zero output mode 1606, as described
above). In the positive feedback mode, as can be seen from
approximately 1.02 to 1.04 seconds in FIG. 20F, an ampli-
tude of the drive signal initially degrades. This loss of
amplitude occurs despite the fact that the sensor signals (at
least approximately) represent an acceptable (resonance)
frequency for the flowtube 215, because phase of the sensor
signals (e.g., FIGS. 19A and 20A) and the phase of the drive
signals (e.g., FIGS. 19F and 20F) do not match. When the
estimated feedback delay term is applied as shown in FIGS.
19E and 20E (and as explained above with respect to FIG.
18), then the phases match more closely, and the amplitude
of the drive signal begins to grow.

Once the amplitude reaches the threshold for switching to
waveform synthesis, the processes described with respect to
FIGS. 8-11 are implemented, in which the frequency, filter
delay, and sine wave parameters are determined, whereupon
the FPGA 315 waits for the relevant zero-crossing of the
sensor signal, which happens to occur at approximately 1.1
seconds in FIGS. 19A and 20A, during which time the drive
output is momentarily suspended (see FIGS. 19F and 20F).
At the appropriate zero-crossing, digital synthesis mode
1610 is implemented, and the amplitude is maintained at a
stable value.

It should be understood that, during the digital synthesis
mode 1610, the drive gain in FIGS. 19C and 20C might be
better understood as an attenuation factor controlled by the
amplitude control algorithm mentioned above, assuming
that an amplitude of the synthesized sinewave is fixed to a
maximum value. Also, at approximately 1.8 seconds, the
amplitude control algorithm determines that maximum drive
current is no longer necessary, so that reduced current levels
are generated after this point to achieve and maintain the
sensor voltage at the selected set point.

In implementing the above-described techniques, one
body of FPGA code may be used for both the bent and
straight flowtubes, but various options (e.g., filter coeffi-
cients) may be switched on/off for the different flowtubes. In
one implementation, within the FPGA code, the drive output
amplitude should not exceed 50% in the case of the straight
flowtube 106 (in order to minimize damage thereto). This
requirement may not be necessary for the bent flowtube 102.
As a consequence of these differences, a separate FPGA bit
file may be produced to drive each flowtube type. Nonethe-
less, the same, for example, VxWorks program may be used
for both flowtubes, simply using different configuration file
settings.

Thus, it can be seen that these implementations for
generating the drive signal, including the actions of gener-
ating a random sequence to excite permitted frequencies
while awaiting codec warm-up, implementing positive feed-
back to create a rapid increase in amplitude while suppress-
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ing unwanted higher frequencies, and synthesizing a pure
waveform for continuous operation providing fast and pre-
cise flowtube control and measurement precision, allows for
the advantageous use of a digital flowmeter.

As referred to above, a digital implementation of a
flowmeter provides several advantages over analog imple-
mentations, in which an op amp is typically employed to
provide multiplication of the sensor signal by the drive gain.
This is due to the fact that op amps are likely to have an
upper gain limit that will be reached if the damping level of
the flowtube reaches a certain point (e.g., in the presence of
two-phase flow). In these situations, stalling of the system is
likely, as the amplitude of the flowtube drops below neces-
sary levels and the feedback loop is not capable of suffi-
ciently increasing the drive gain. Moreover, during the
start-up period before fluid may be (completely) flowing, an
initial estimate of the drive signal must be selected; selection
of a gain that is too high may vary the damping level
excessively and/or introduce undesirable higher harmonics,
while too low a gain will not start the flowtube.

The digital implementations discussed herein may over-
come these and other difficulties of conventional systems.
For example, there is no practical limit to the drive gain that
may be applied, and therefore stalling due to insufficient
gain is extremely unlikely. Additionally, the digital signal
processing capabilities of digital flowmeters can temporarily
apply negative gain (i.e., intentionally introducing a 180
degree phase offset) for the purpose of aggressive flowtube
vibration control.

In implementing these and other features, the digital
transmitter 104 initiates and maintains a flowtube oscilla-
tion, such that the drive signals generated by the digital
transmitter are compensated for phase delays caused by
analog and/or digital elements within, or associated with, the
digital transmitter. In this way, the drive signals have a
desired phase relationship with the oscillation of the par-
ticular flowtube being used (i.e., with the sensor signals
detected at the flowtube). As shown in the examples above,
such control of drive signal generation, including phase
compensation, may be implemented in a variety of ways, for
a number of uses in different settings.

Moreover, having described the above techniques as
examples of synthesizing pure sinewaves having desired
phase characteristics, it should be understood that various
other signal modifications also might be implemented,
resulting in further control and flexibility in operating a
digital flowmeter.

For example, once the sinewave synthesis parameters
have been determined as described above, the processor 315
and/or the FPGA 310 might include a DC component in the
drive signal(s) when actually synthesizing the sine wave.
Such a DC component might be useful in, for example,
compensating for any observed or calculated offset in the
drive signal(s), such as might be caused by component drift.

As another example, a selected amount of hysteresis may
be added to the drive signal(s). Such hysteresis may be
useful in, for example, compensating for magnetic core
hysteresis that may be associated with magnetic coils used
for, for example, velocity sensors.

As yet another example, it should be understood that a
plurality of sinewaves might be generated, each with their
own frequency, phase and amplitude characteristics. These
signals might be used to regulate an amplitude of oscillation
at the desired resonant mode, while simultaneously sup-
pressing undesirable resonant modes (e.g., by applying
negative gain to suppress unwanted Coriolis modes). The
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plurality of sinewaves also could be used to operate the
flowtube in multiple modes at once.

Further, the implementations described above may sim-
plity a structure and operation of a flowmeter in ways not
explicitly described above. For example, velocity sensors
such as magnetic coils, which often may add size, weight,
and/or hysteresis (where the latter factor may result in higher
harmonic content in the sensor signals), may be entirely
removed during digital synthesis and/or positive feedback
modes, and replaced with, for example, accelerometers.
Such accelerometers (or other types of position sensors) may
have lower size/weight and better hysteresis characteristics
than magnetic coil velocity sensors.

Although digital synthesis has primarily been discussed in
terms of sinewaves, it also is possible for some implemen-
tations to synthesize other waveforms, such as square waves
or triangular waves. Such alternative waveforms may be
useful in various operational settings, and may be an addi-
tion or an alternative to the use of sinewave generation.

A number of implementations have been described. Nev-
ertheless, it will be understood that various modifications
may be made. For example, the digital flowmeter may be
implemented to handle two-phase flow conditions (e.g.,
water and gas), and/or three-phase flow conditions (e.g.,
water, gas, and oil), and may be implemented in various
flowtube types other than those disclosed herein. Accord-
ingly, other implementations are within the scope of the
following claims.

What is claimed is:

1. A method for operating a digital flowmeter comprising:

operating the digital flowmeter in a random sequence

mode, where the random sequence mode is character-
ized by a first drive signal that includes randomly-
generated values and that causes a vibration of a
flowtube;

operating the digital flowmeter in a positive feedback

mode, where the positive feedback mode is character-
ized by a sensor signal that corresponds to the vibration
and that is used as a second drive signal for maintaining
the vibration; and

operating the digital flowmeter in a digital synthesis

mode, where the digital synthesis mode is characterized
by a synthesis of a third drive signal for maintaining the
vibration.

2. The method of claim 1 further comprising transitioning
the digital flowmeter between two or more of the random
sequence mode, the positive feedback mode, and the digital
synthesis mode.

3. The method of claim 1 wherein operating the digital
flowmeter in the random sequence mode comprises filtering
the randomly-generated values to remove frequency com-
ponents above a pre-determined cut-off level.

4. The method of claim 3 wherein filtering the randomly-
generated values comprises setting the pre-determined cut-
off level based on a range of potential resonance frequencies
associated with the flowtube.

5. The method of claim 1 wherein operating the digital
flowmeter in the random sequence mode comprises filtering
the randomly-generated values to remove frequency com-
ponents above a first pre-determined cut-off level and below
a second pre-determined cut-off level.

6. The method of claim 1 further comprising operating the
digital flowmeter in a zero-output mode, the zero-output
mode characterized by having a zero-value drive signal.
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7. The method of claim 6 wherein operating the digital
flowmeter in the random sequence mode comprises:

detecting a pre-determined condition; and

initiating operation of the zero-output mode, based on the

predetermined condition.

8. The method of claim 7 wherein operating the digital
flowmeter in the zero-output mode comprises:

detecting a pre-determined amount of time has passed;

and

transitioning operation of the digital flowmeter into the

positive feedback mode.

9. The method of claim 7 wherein detecting the pre-
determined condition comprises detecting an end of a pre-
determined time period.

10. The method of claim 1 wherein operating the digital
flowmeter in the positive feedback mode comprises:

detecting a first pre-determined condition; and

initiating operation of the digital synthesis mode, based

on the first pre-determined condition.

11. The method of claim 10 wherein detecting the first
pre-determined condition comprises:

detecting a signal waveform within the sensor signal;

determining that the signal waveform has a pre-deter-

mined characteristic; and

transitioning operation of the digital flowmeter from the

positive feedback mode into the digital synthesis mode.
12. The method of claim 11 wherein determining that the
signal waveform has a pre-determined characteristic com-
prises determining that the signal waveform has sinewave
characteristics.
13. The method of claim 11 further comprising:
detecting an instability associated with the operation of
the digital flowmeter in the digital synthesis mode; and

transitioning operation of the digital flowmeter from the
digital synthesis mode into the positive feedback mode,
in response to detecting the instability.

14. The method of claim 11 further comprising:

detecting an instability associated with the operation of

the digital flowmeter in the digital synthesis mode; and

—
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transitioning operation of the digital flowmeter from the
digital synthesis mode into the random sequence mode,
in response to detecting the instability.

15. The method of claim 10 wherein operating the digital
flowmeter in the positive feedback mode comprises:

detecting a second predetermined condition; and

transitioning operation of the flowmeter from the positive
feedback mode into the random sequence mode, based
on the second pre-determined condition.

16. The method of claim 15 wherein detecting the second
predetermined condition comprises detecting an instability
in an operation of the flowmeter.

17. The method of claim 1 wherein operating the digital
flowmeter in the positive feedback mode comprises filtering
an initial sensor signal to obtain the sensor signal.

18. The method of claim 1 wherein the sensor signal is a
digital signal, and operating the digital flowmeter in the
positive feedback mode comprises converting an analog
sensor signal into the sensor signal.

19. The method of claim 1 wherein operating the digital
flowmeter in the positive feedback mode comprises:

buffering the sensor signal to obtain a buffered sensor

signal; and

selecting values from the buffered sensor signal to use as

the second drive signal so as to compensate for a delay
associated with the second drive signal, where the
delay is associated with a digital element associated
with the flowmeter.

20. The method of claim 1 wherein operating the digital
flowmeter in the digital synthesis mode comprises filtering
an initial sensor signal to obtain the sensor signal.

21. The method of claim 1 wherein operating the digital
flowmeter in the digital synthesis mode comprises basing the
synthesis of the third drive signal on an analysis of the
sensor signal.
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