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(57) Abrégée/Abstract:
A method (900, 1000) of determining a vibration response parameter of a vibratory element (104) is provided. The method (900,
1000) includes vibrating the vibratory element (104) at a first frequency with a first drive signal, receiving a first vibration signal from
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(57) Abrege(suite)/Abstract(continued):
the vibratory element (104) vibrated at the first frequency, measuring a first phase difference, the first phase difference being a

phase difference between the first drive signal and the first vibration signal. The method (900, 1000) also includes vibrating the
vibratory element (104) at a second frequency with a second drive signal, recelving a second vibration signal from the vibratory
element (104) vibrated at the second frequency, measuring a second phase difference, the second phase difference being a
phase difference between the second drive sighal and the second vibration signal. The method (900, 1000) further includes using
the first phase difference and the second phase difference to determine at least one of a phase difference, and a frequency of the

vibratory element (104).
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(57) Abstract: A method (900, 1000) of determining a vibration response parameter of a vibratory element (104) 1s provided. The
method (900, 1000) includes vibrating the vibratory element (104) at a first frequency with a first drive signal, receiving a first vibra -
tion signal from the vibratory element (104) vibrated at the first frequency, measuring a first phase difference, the first phase ditfer -
ence being a phase difference between the first drive signal and the first vibration signal. The method (900, 1000) also includes vi-
brating the vibratory element (104) at a second frequency with a second drive signal, receiving a second vibration signal from the vi -
bratory element (104) vibrated at the second frequency, measuring a second phase ditfference, the second phase difference being a
phase difference between the second drive signal and the second vibration signal. The method (900, 1000) further includes using the
first phase difference and the second phase difference to determine at least one of a phase difference, and a frequency of the vibrat -
ory element (104).
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DETERMINING A VIBRATION RESPONSE PARAMETER OF A
VIBRATORY ELEMENT

TECHNICAL FIELD
The embodiments described below relate to vibratory sensors and, more
particularly, to determining a vibration response parameter of a vibratory element in a

vibratory sensor.

BACKGROUND

Vibratory sensors, such as vibratory densitometers and vibratory viscometers,
operate by detecting motion of a vibrating element that vibrates in the presence of a
fluid to be characterized. The vibratory element has a vibration response that may have
a vibration response parameter such as a resonant frequency or quality factor Q. The
vibration response of the vibrating element 1s generally affected by the combined mass,
stiffness, and damping characteristics of the vibrating element 1n combination with the
fluid. Properties associated with the fluid, such as density, viscosity, temperature and the
like, can be determined by processing a vibration signal or signals received from one or
more motion transducers associated with the vibrating element. The processing of the
vibration signal may include determining the vibration response parameter.

FI1G. 1 shows a prior art vibratory sensor comprising a vibratory element and
meter electronics coupled to the vibratory element. The prior art vibratory sensor
includes a driver for vibrating the vibratory element and a pickoff that creates a
vibration signal 1n response to the vibration. The vibration signal 1s typically a
continuous time or analog signal. The meter electronics receives the vibration signal
and processes the vibration signal to generate one or more fluid characteristics or fluid
measurements. The meter electronics determines both the frequency and the amplitude
of the vibration signal. The frequency and amplitude of the vibration signal can be
further processed to determine a density of the fluid.

The prior art vibratory sensor provides a drive signal for the driver using a
closed-loop circuit. The drive signal 1s typically based on the received vibration signal.
The prior art closed-loop circuit modifies or incorporates the vibration signal or
parameters of the vibration signal into the drive signal. For example, the drive signal

may be an amplified, modulated, or an otherwise modified version of the received
1
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vibration signal. The received vibration signal can therefore comprise a feedback that
enables the closed-loop circuit to achieve a target frequency. Using the feedback, the
closed-loop circuit incrementally changes the drive frequency and monitors the
vibration signal until the target frequency 1s reached.

Fluid properties, such as the viscosity and density of the fluid, can be determined
from the frequencies where the phase difference between the drive signal and the
vibration signal 1s 135° and 45°. These desired phase differences, denoted as first off-

resonant phase difference ¢1 and second off-resonant phase difference ¢2, can
correspond to the half power or 3dB frequencies. The first off-resonant frequency ®l1 1s

defined as a frequency where the first off-resonant phase difference ¢1 1s 135°. The

second off-resonant frequency ®2 1s defined as a frequency where the second off-

resonant phase difference ¢2 1s 45°. Density measurements made at the second oft-

resonant frequency 2 can be independent of fluid viscosity. Accordingly, density
measurements made where the second off-resonant phase difference ¢2 1s 45° can be
more accurate than density measurements made at other phase differences.

The first and second off-resonant phase differences ¢1, ¢2 are typically not
known prior to measurement. Accordingly, the closed-loop circuit must incrementally
approach the first and second off-resonant phase differences ¢1, ¢2 using the feedback
as described 1n the foregoing. The incremental approach associated with the closed-loop
circuit can cause a delay in determining the vibration response parameter and, therefore,
cause a delay 1n determining the viscosity, density, or other properties ot the tluid. The
delays 1n determining such measurements can be prohibitively expensive in many
applications of the vibratory sensor.

Accordingly, there 1s a need for determining a vibration response parameter of a
vibratory element. There 1s also a need for determining the vibration response parameter

in a desirably fast and accurate manner.

SUMMARY

A method of determining a vibration response parameter of a vibratory element
1s provided. According to an embodiment, the method comprises vibrating the vibratory
element at a first frequency with a first drive signal, receiving a first vibration signal

from the vibratory element vibrated at the first frequency, measuring a first phase
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difference, the first phase difference being a phase difference between the first drive
signal and the first vibration signal. The method further comprises vibrating the
vibratory element at a second frequency with a second drive signal, receiving a second
vibration signal from the vibratory element vibrated at the second frequency, measuring
a second phase difference, the second phase difference being a phase difference between
the second drive signal and the second vibration signal, and using the first phase
difference and the second phase difference to determine at least one of a phase
difference, and a frequency of the vibratory element.

A vibratory sensor for determining a vibration response parameter of a vibratory
element 1s provided. According to an embodiment, the vibratory meter comprises a
vibratory element configured to be vibrated at a first frequency with a first drive signal,
vibrated at a second frequency with a second drive signal. According to the
embodiment, the vibratory sensor also comprises a meter electronics communicatively
coupled to the vibratory element and configured to receive the first drive signal, receive
a first vibration signal from the vibratory element vibrated at the first frequency, and
receive a second vibration signal from the vibratory element vibrated at the second
frequency. According to the embodiment, the meter electronics 1s also configured to
measure a first phase difference, the first phase difference being a phase difference
between the first drive signal and the first vibration signal, measure a second phase
difference, the second phase difference being a phase difference between the second
drive signal and the second vibration signal, and use the first phase difference and the
second phase difference to determine at least one of a phase difference, and a frequency

of the vibratory element.

ASPECTS

According to an aspect, a method (900, 1000) of determining a vibration
response parameter of a vibratory element (104) comprises vibrating the vibratory
element (104) at a first frequency with a first drive signal, receiving a first vibration
signal from the vibratory element (104) vibrated at the first frequency, measuring a first
phase difference, the first phase difference being a phase difference between the first
drive signal and the first vibration signal. The method (900, 1000) also comprises

vibrating the vibratory element (104) at a second frequency with a second drive signal,
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recerving a second vibration signal from the vibratory element (104) vibrated at the
second frequency, measuring a second phase difference, the second phase difference
being a phase difference between the second drive signal and the second vibration
signal. The method (900, 1000) also comprises using the first phase difference and the
second phase difference to determine at least one of a phase difference, and a frequency
of the vibratory element (104 ).

Preferably, the determined at least one of the phase difference and the frequency
of the vibratory element (104) 1s a substantially linear approximation calculated from
the first phase difference and the second phase difference.

Preferably, the determined at least one frequency of the vibratory element (104)
1s one of a resonant frequency 0, a first off-resonant frequency ®l1, and a second off-

resonant frequency M2 of the vibratory element (104 ).

Preferably, the determined at least one phase difference 1s one of a resonant
phase difference ¢0, a first off-resonant phase difference ¢1, and a second off-resonant
phase difference ¢2.

Pretferably, the method (900, 1000) further comprises using the first phase
difference and the second phase difference to calculate a linear approximation of a Q
value of the vibratory element (104).

Preferably, the determination of the at least one of the phase difference and the
frequency of the vibratory element (104) 1s determined by one of a linear interpolation
and a linear extrapolation.

Preferably, the determined at least one of the phase difference and the frequency
of the vibratory element (104) 1s used to calculate at least one of a viscosity and a
density of a fluid measured by the vibratory element (104 ).

Preferably, the method (900, 1000) further comprises determining 1f the first
measured phase difference and the second measured phase difference 1s within a linear
region of a phase response of a vibratory element (104 ).

According to an aspect, a vibratory sensor (5) for determining a vibration
response parameter of a vibratory element (104) comprises a vibratory element (104)
configured to be vibrated at a first frequency with a first drive signal, vibrated at a
second frequency with a second drive signal. The vibratory sensor (5) also comprises a

meter electronics (20) communicatively coupled to the vibratory element (104) and
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configured to receive the first drive signal, receive a first vibration signal from the
vibratory element (104) vibrated at the first frequency, and receive a second vibration
signal from the vibratory element (104) vibrated at the second frequency. The meter
electronics (20) 1s also configured to measure a first phase difference, the first phase
difference being a phase difference between the first drive signal and the first vibration
signal, measure a second phase difference, the second phase difference being a phase
difference between the second drive signal and the second vibration signal, and use the
first phase difference and the second phase difference to determine at least one of a
phase difference, and a frequency of the vibratory element (104 ).

Preferably, the determined at least one of the phase difference and the frequency
of the vibratory element (104) 1s a substantially linear approximation calculated from
the first phase difference and the second phase difference.

Preferably, the determined at least one frequency of the vibratory element (104)
1s one of a resonant frequency 0, a first off-resonant frequency ®l1, and a second oft-

resonant frequency ®m2 of the vibratory element (104 ).

Preferably, the determined at least one phase difference 1s one of a resonant
phase difference ¢0, a first off-resonant phase difference ¢1, and a second off-resonant
phase difference ¢2.

Preferably, the meter electronics (20) 1s further configured to use the first phase
difference and the second phase difference to calculate a linear approximation of a Q
value of the vibratory element (104).

Preferably, the meter electronics (20) 1s configured to determine the at least one
of the phase difference and the frequency of the vibratory element (104) using one of a
linear 1nterpolation and a linear extrapolation.

Preferably, the meter electronics (20) 1s further configured to calculate at least
one of a viscosity and a density of a fluid measured by the vibratory element using the at
least one of the phase difference and the frequency of the vibratory element (104).

Preferably, the meter electronics (20) 1s further configured to determine 1f the
first measured phase difference and the second measured phase difference 1s within a

linear region of a phase response of the vibratory element (104).
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BRIEF DESCRIPTION OF THE DRAWINGS

The same reference number represents the same element on all drawings. It
should be understood that the drawings are not necessarily to scale.

FIG. 1 shows a prior art vibratory sensor comprising a vibratory element and
meter electronics coupled to the vibratory element.

FIG. 2 shows a vibratory sensor 5 according to an embodiment.

FIG. 3 shows the vibratory sensor 5 according to an embodiment.

FIG. 4 shows a block diagram of the vibratory sensor 5 with a more detailed
representation of the driver circuit 138.

FIG. 5 shows a frequency response graph 500 1llustrating a vibration response of
a vibratory element.

FIG. 6 shows a phase response graph 600 1llustrating a vibration response of a
vibratory element.

FIG. 7 shows a low viscosity phase response graph 700, which 1s an enlarged
view of the phase response graph 600 shown 1n FIG. 6.

FIG. 8 shows a high viscosity phase response graph 800, which 1s an enlarged
view of the phase response graph 600 shown 1n FIG. 6.

FIG. 9 shows a method 900 of determining a vibration response parameter
according to an embodiment.

FIG. 10 shows a method 1000 of determining a vibration response parameter

according to an embodiment.

DETAILED DESCRIPTION

FIGS. 2 - 10 and the following description depict specific examples to teach
those skilled 1n the art how to make and use the best mode of embodiments of
determining a vibration response parameter of a vibratory element. For the purpose of
teaching inventive principles, some conventional aspects have been stmplified or
omitted. Those skilled 1n the art will appreciate variations from these examples that fall
within the scope of the present description. Those skilled 1n the art will appreciate that
the features described below can be combined 1n various ways to form multiple

variations of determining the vibration response parameter of the vibratory element. As
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a result, the embodiments described below are not limited to the specific examples
described below, but only by the claims and their equivalents.

FI1G. 2 shows a vibratory sensor 5 according to an embodiment. The vibratory
sensor 5 may comprise a vibratory element 104 and meter electronics 20, wherein the
vibratory element 104 1s coupled to the meter electronics 20 by a lead or leads 100. In
some embodiments, the vibratory sensor 5 may comprise a vibratory tine sensor or fork
density sensor (see FIG. 3 and the accompanying discussion). However, other vibratory
sensors are contemplated and are within the scope of the description and claims.

The vibratory sensor 5 may be at least partially immersed 1into a fluid to be
characterized. The fluid can comprise a liquid or a gas. Alternatively, the fluid can
comprise a multi-phase fluid, such as a liquid that includes entrained gas, entrained
solids, multiple liquids, or combinations thereof. Some exemplary fluids include cement
slurries, petroleum products, or the like. The vibratory sensor 5 may be mounted 1n a
pipe or conduit, a tank, a container, or other fluid vessels. The vibratory sensor 5 can
also be mounted 1n a manifold or stmilar structure for directing a fluid flow. However,
other mounting arrangements are contemplated and are within the scope of the
description and claims.

The vibratory sensor 5 operates to provide fluid measurements. The vibratory
sensor 5 may provide fluid measurements including one or more of a fluid density and a
fluid viscosity for a fluid, including tflowing or non-flowing fluids. The vibratory sensor
5 may provide fluid measurements including a fluid mass flow rate, a fluid volume flow
rate, and/or a fluid temperature. This listing 1S not exhaustive and the vibratory sensor 5
may measure or determine other fluid characteristics.

The meter electronics 20 can provide electrical power to the vibratory element
104 via the lead or leads 100. The meter electronics 20 controls operation of the
vibratory element 104 via the lead or leads 100. For example, the meter electronics 20
may generate a drive signal and provide the generated drive signal to the vibratory
element 104, wherein the vibratory element 104 generates a vibration in one or more
vibratory components using the generated drive signal. The generated drive signal can
control the vibrational amplitude and frequency of the vibratory element 104. The
generated drive signal can also control the vibrational duration and/or vibrational

timing.
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The meter electronics 20 can also receive a vibration signal or signals from the
vibratory element 104 via the lead or leads 100. The meter electronics 20 may process
the vibration signal or signals to generate a density measurement, for example. The
meter electronics 20 processes the vibration signal or signals received from the vibratory
element 104 to determine a frequency of the signal or signals. Further, or 1n addition, the
meter electronics 20 processes the vibration signal or signals to determine other
characteristics of the fluid, such as a viscosity or a phase difference between signals,
that can be processed to determine a fluid flow rate, for example. As can be appreciated,
the phase difference 1s typically measured or expressed 1n spatial units such as degrees
or radians although any suitable unit can be employed such as time-based unaits. If
time-based units are employed, then the phase difference may be referred to by those in
the art as a time delay between the vibration signal and the drive signal. Other
vibrational response characteristics and/or fluid measurements are contemplated and are
within the scope of the description and claims.

The meter electronics 20 can be further coupled to a communication link 26.

The meter electronics 20 may communicate the vibration signal over the communication
link 26. The meter electronics 20 may also process the received vibration signal to
generate a measurement value or values and may communicate the measurement value
or values over the communication link 26. In addition, the meter electronics 20 can
receive information over the communication link 26. For example, the meter electronics
20 may receive commands, updates, operational values or operational value changes,
and/or programming updates or changes over the communication link 26.

FI1G. 3 shows the vibratory sensor 5 according to an embodiment. The meter
electronics 20 1s coupled to the vibratory element 104 by a shaft 115 1n the embodiment
shown. The shaft 115 may be of any desired length. The shaft 115 may be at least
partially hollow. Wires or other conductors may extend between the meter electronics
20 and the vibratory element 104 through the shaft 115. The meter electronics 20
includes circuit components such as a recerver circuit 134, an interface circuit 136, and a
driver circuit 138. In the embodiment shown, the receiver circuit 134 and the driver
circuit 138 are directly coupled to the leads of the vibratory element 104. Alternatively,

the meter electronics 20 can comprise a separate component or device from the
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vibratory element 104, wherein the receiver circuit 134 and the driver circuit 138 are
coupled to the vibratory element 104 via the lead or leads 100.

In the embodiment shown, the vibratory element 104 of the vibratory sensor 5
comprises a tuning fork structure, wherein the vibratory element 104 1s at least partially
immersed 1n the fluid being measured. The vibratory element 104 includes a housing
105 that can be affixed to another structure, such as a pipe, conduit, tank, receptacle,
manifold, or any other fluid-handling structure. The housing 105 retains the vibratory
element 104 while the vibratory element 104 remains at least partially exposed. The
vibratory element 104 1s therefore configured to be immersed 1n the fluid.

The vibratory element 104 1n the embodiment shown includes first and second
tines 112 and 114 that are configured to extend at least partially into the fluid. The first
and second tines 112 and 114 comprise elongated elements that may have any desired
cross-sectional shape. The first and second tines 112 and 114 may be at least partially
flexible or resilient in nature. The vibratory sensor 5 further includes corresponding first
and second piezo elements 122 and 124 that comprise piezo-electric crystal elements.
The first and second piezo elements 122 and 124 are located adjacent to the first and
second tines 112 and 114, respectively. The first and second piezo elements 122 and
124 are configured to contact and mechanically interact with the first and second tines
112 and 114.

The first piezo element 122 1s 1n contact with at least a portion of the first tine
112. The first piezo element 122 1s also electrically coupled to the driver circuit 138.
The driver circuit 138 provides the generated drive signal to the first piezo element 122.
The first piezo element 122 expands and contracts when subjected to the generated drive
signal. As aresult, the first piezo element 122 may alternatingly deform and displace
the first tine 112 from side to side 1n a vibratory motion (see dashed lines), disturbing
the fluid 1n a periodic, reciprocating manner.

The second piezo element 124 1s shown as coupled to a receiver circuit 134 that
produces the vibration signal corresponding to the deformations of the second tine 114
in the fluid. Movement of the second tine 114 causes a corresponding electrical
vibration signal to be generated by the second piezo element 124. The second piezo
element 124 transmits the vibration signal to the meter electronics 20. The meter

electronics 20 includes the interface circuit 136. The interface circuit 136 can be
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configured to communicate with external devices. The interface circuit 136
communicates a vibration measurement signal or signals and may communicate
determined fluid characteristics to one or more external devices. The meter electronics
20 can transmit vibration signal characteristics via the interface circuit 136, such as a
vibration signal frequency and a vibration signal amplitude of the vibration signal. The
meter electronics 20 may transmit fluid measurements via the interface circuit 136, such
as a density and/or viscosity of the fluid, among other things. Other fluid measurements
are contemplated and are within the scope of the description and claims. In addition, the
interface circuit 136 may receive communications from external devices, including
commands and data for generating measurement values, for example. In some
embodiments, the receiver circuit 134 1s coupled to the driver circuit 138, with the
recerver circuit 134 providing the vibration signal to the driver circuit 138.

The driver circuit 138 generates the drive signal for the vibratory element 104.
The driver circuit 138 can modity characteristics of the generated drive signal. The
driver circuit 138 includes an open-loop drive. The open-loop drive may be used by the
driver circuit 138 to generate the drive signal and supply the generated drive signal to
the vibratory element 104 (e.g., to the first piezo element 122). In some embodiments,
the open-loop drive generates the drive signal to achieve a target phase difference ¢,
commencing at an initial frequency ®,. The open-loop drive may not operate based on
feedback from the vibration signal, as will be described 1n more detail 1n the following
with reference to FIG. 4.

FIG. 4 shows a block diagram of the vibratory sensor 5 with a more detailed
representation of the driver circuit 138. The vibratory sensor 5 1s shown with the driver
circuit 138. The receiver circuit 134 and the interface circuit 136 are not shown for
clarity. The driver circuit 138 includes an analog input filter 138a and an analog output
filter 138b that are coupled to the open-loop drive 147. The analog input filter 138a
filters the vibration signal and the analog output filter 138b filters the generated drive
signal.

The open-loop drive 147 includes an analog to digital converter 147a that 1s
coupled to a phase detector 147b. The phase detector 147b 1s coupled to a signal
generator 147c. Also shown 1s the vibratory element 104, which includes the first piezo

element 122 and the second piezo element 124. The open-loop drive 147 can be
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implemented with a digital signal processor that 1s configured to execute one or more
codes or programs that sample, process, and generate signals. Additionally or
alternatively, the open-loop drive 147 can be implemented with an electronics circuit
coupled to the digital signal processor or the like.

The vibration signal provided by the first piezo element 122 1s sent to the analog
input filter 138a. The analog input filter 138a filters the vibration signal prior to the
vibration signal being sampled by the analog to digital converter 147a. In the
embodiment shown, the analog input filter 138a can be comprised of a low pass filter
with cutoff frequency that 1s about half the sample rate of the open-loop drive 147
although any suitable low pass filter can be employed. The low pass filter can be
provided by passive components such as an inductor, a capacitor, and a resistor although
any suitable components, distributed or discrete, such as an operational amplifier filter,
can be employed.

The analog to digital converter 147a can sample the filtered vibration signal to
form a sampled vibration signal. The analog to digital converter 147a can also sample
the generated drive signal through a second channel (not shown). The sampling can be
by any appropriate sampling method. As can be appreciated, the generated drive signal
sampled by the analog to digital converter 147a does not have noise associated with the
vibration signal. The generated drive signal 1s provided to the phase detector 147b.

The phase detector 147b can compare the phases of the sampled vibration and
generated drive signal. The phase detector 147b can be a processor configured to
execute one or more codes or programs that sample, process, and generate signals to
detect a phase difference between two signals, as will be described 1n more detail 1n the
following with reference to FIG. 5. Still referring to the embodiment of FIG. 4, the
comparison provides a measured phase difference ¢, between the sampled vibration
signal and the sampled generated drive signal.

The measured phase difference ¢,, 1s compared with the target phase difference
¢.. The target phase difference ¢, 1s a desired phase difference between the vibration
signal and the generated drive signal. For example, 1n an embodiment where the target
phase difference ¢, 1s approximately 45°, the difference between the measured phase
difference ¢, and the target phase difference ¢, can be zero 1f the measured phase

difference ¢, 1s also the same as or about 45°. However, any appropriate target phase
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difference ¢, can be employed 1n alternative embodiments. Using the comparison

between the measured phase difference ¢, and the target phase difference ¢,, the phase

detector 147b can generate a command frequency ®..

The command frequency ®, can be employed to generate the drive signal.
Additionally or alternatively, an 1nitial frequency that 1s not determined from the

comparison between the measured phase difference ¢, and the target phase difference ¢,

can be employed. The 1nitial frequency ®, could be a preselected frequency used to form
an 1nitial generated drive signal. The 1nitial generated drive signal can be sampled as
described 1n the foregoing and compared with the sampled vibration signal. The

comparison between the sampled 1nitial generated drive signal and the sampled
vibration signal can be used to generate the command frequency ®.. The command
frequency . and the 1nitial frequency ®; can have units of radians per second although
any suitable units such as, for example, Hertz (Hz) can be employed. The command

frequency . or the 1nitial frequency ®; can be provided to the signal generator 147c.

The signal generator 147¢ can receive the command frequency . from the phase
detector 147b and provide the generated drive signal with a frequency that 1s the same as
the command frequency .. The generated drive signal may be sent, as discussed 1n the
foregoing, to the analog to digital converter 147a. The generated drive signal 1s also sent
to the first piezo element 122 via the analog output filter 138b. Additionally or
alternatively, the generated drive signal can be sent to other components 1n other
embodiments.

As discussed 1n the foregoing, the vibratory element 104 has a vibration response

due to the drive signal. The vibration response has vibration response parameters, such

as a resonant frequency 0, quality factor Q, or the like, which can be employed to
calculate various properties of the fluid being measured. The vibration response and
exemplary vibration response parameters, as well as how the vibration response
parameters can be used to calculate the properties of the fluid are discussed 1n more
detail 1n the following.

FIG. S shows a frequency response graph 500 1llustrating a vibration response of
a vibratory element. The vibratory element may be the exemplary vibratory element 104
described 1n the foregoing with reference to FIGS. 2-4. The frequency response graph

500 1ncludes a frequency axis 510 and a magnitude axis 520. The frequency axis 510 1s
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shown 1n units of Hz although any suitable frequency unit may be employed, such as,
for example, radians per second. The magnitude axis 520 1s shown with a decibel (dB)
scale. The magnitude axis 520 can be determined from any appropriate unit, such as, for
example, volts or amps.

The frequency response graph 500 also includes frequency response plots 530.
The frequency response plots 530 may represent the vibration responses of the vibratory
element 104 described 1n the foregoing, although any suitable vibratory element may be
employed 1n alternative embodiments. As shown 1n FIG. 5, the frequency response plots
530 are comprised of individual frequency response plots for fluids with different
vibration damping properties. For example, the plot with the lowest magnitude at the
resonant frequency may be the flattest due to the vibratory element 104 being immersed
in a viscous and dense fluid. The plot with the largest magnitude at the resonant
frequency may be the least flat due to the vibratory element being immersed 1n a fluid
with low viscosity relative to the fluids associated with the other plots 1in the frequency
response plots 530. As can be appreciated, each of the frequency response plots 530 has
different associated vibration response parameters.

For example, 1n the embodiment shown 1n FIG. 5, each of the frequency response
plots 530 has three markers which indicate a first off-resonant frequency ®l, a second
off-resonant frequency ®2, and a resonant frequency ®0, which are vibration response
parameters of a vibration response. The first off-resonant frequency ®l 1s indicated by a
circle marker 532. The second off-resonant frequency ™l 1s indicated by a vertical tic
marker 536. The resonant frequency ®0 1s indicated by a diamond marker 534. As can

be appreciated by referring to the diamond markers 534, the resonant frequency ®0 18

substantially the same for each of the frequency response plots 530.

In some embodiments, the resonant frequency @0 may be determined from the
first off-resonant frequency ®1 and the second off-resonant frequency ®2. For example,
the resonant frequency M0 can be determined from an average of the first off-resonant

frequency ®1 and the second off-resonant frequency 2:

w0 = @1;‘”2). (1)
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However, 1n alternative embodiments, the resonant frequency ®0 can be determined 1n
other ways, such as measuring the frequency at peak magnitude while sweeping a range
of frequencies.

The quality factor Q can be determined from the first off-resonant frequency ml,

the second off-resonant frequency ®2, and the resonant frequency 0. For example, the

quality factor Q can be determined from:

w(

Q = (2)

 (wl-w2)

As can be appreciated, the quality factor Q 1s different for each curve. The quality factor
Q may be different for each of the frequency response plots 530 due to various reasons,
such as, for example, the fluid associated with each of the frequency response plots 530
having different viscosity or density.

The foregoing 1llustrates how the vibration response parameter can be
determined when the first off-resonant frequency Il and the second off-resonant

frequency ®2 are measured. However, as the following will illustrate, the vibration
response parameter can also be determined by measuring a phase difference between a
drive signal and a vibration signal. Additionally, the vibration response parameter can
also be determined by using frequencies that are not the first or second off-resonant
frequency ®1, m2.

FI1G. 6 shows a phase response graph 600 1llustrating a vibration response of a
vibratory element. The vibratory element may be the vibratory element described 1n the
foregoing with reference to FIGS. 2-4. The phase response graph 600 includes a
frequency axis 610, which 1s an abscissa of the phase response graph 600. The phase
response graph 600 also includes a phase difference axis 620, which 1s an ordinate of the
phase response graph 600. The phase response graph 600 also includes a low viscosity
phase response plot 630 and a high viscosity phase response plot 640.

As can be appreciated, a substantial portion of the low and high viscosity phase
response plots 630, 640 are linear. For example, the low viscosity phase response plot
630 1s nearly vertical with a substantially constant slope from about 1610 Hz to about

1613 Hz. In the high viscosity phase response plot 640, between the vibration response
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frequencies of about 1455 Hz and 1610 Hz, the value of the phase difference increases
with a relatively constant slope. As can also be appreciated, the linear portions of the

low and high viscosity phase response plots 630, 640 extend between the first off-
resonant frequency 1 (shown as being about 1612.55 Hz at 135° phase difference) and

the second off-resonant frequency ®2 (shown as being about 1610.65 at 45° phase
difference). The linearity in the low and high viscosity phase response plots 630, 640
can be utilized to determine a frequency or a phase difference between the first off-
resonant frequency ®1 and the second off-resonant frequency 2, as will be explained
in more detail in the following with reference to FIGS. 7 and 8.

FI1G. 7 shows a low viscosity phase response graph 700, which 1s an enlarged
view of the phase response graph 600 shown 1n FIG. 6. Due to being enlarged, the low
viscosity phase response graph 700 includes a frequency axis 710 that ranges from
1610.50 to 1613.00. Also due to being enlarged, the low viscosity phase response graph
700 1ncludes a phase difference axis 720 that ranges from 45.00 degrees to 135.00
degrees. The low viscosity phase response graph 700 also includes the substantially
linear portion of the low viscosity phase response plot 630 described 1n the foregoing.
Also shown 1n FIG. 7 1s an exemplary low viscosity linearization 632 of the low
viscosity phase response plot 630.

The low viscosity linearization 632 1s relatively close to the low viscosity phase
response plot 630. For example, at least two points on the low viscosity linearization
632 are shared with the low viscosity phase response plot 630. The low viscosity
linearization 632 1s also relatively close to the low viscosity phase response plot 630
along the entire length of the low viscosity phase response plot 630. To 1llustrate that
phase response plots of fluids with differing viscosities can be linearized, we now turn
to an enlarged view of the high viscosity phase response plot 640.

FIG. 8 shows a high viscosity phase response graph 800, which 1s an enlarged
view of the phase response graph 600 shown 1n FIG. 6. Due to being enlarged, the high
viscosity phase response graph 800 includes a frequency axis 810 that ranges from
1440.00 to 1620.00. Also due to being enlarged, the high viscosity phase response graph
800 1ncludes a phase difference axis 820 that ranges from 45.00 degrees to 135.00
degrees. The high viscosity phase response graph 800 also includes the substantially

linear portion of the high viscosity phase response plot 640 described 1n the foregoing.
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Also shown 1n FIG. 8 1s an exemplary high viscosity linearization 642 of the high
viscosity phase response plot 640.

The high viscosity linearization 642 1s relatively close to the high viscosity phase
response plot 640. For example, at least two points on the high viscosity linearization
642 are shared with the high viscosity phase response plot 640. The high viscosity
linearization 642 1s also relatively close to the high viscosity phase response plot 640
along the entire length of the high viscosity phase response plot 640.

In embodiments where linearization 1S employed to determine a vibration
response parameter of the vibratory element, two or more points on each of the phase
response plots 630, 640 can be employed to determine a frequency or a phase

difference. For example, the linearizations 632, 642 described 1in the foregoing can be
used to calculate the first off-resonant frequency ®1 and the second off-resonant

frequency 2. Similarly, the linearizations 632, 642 can be used to calculate the first
off-resonant phase difference ¢l and the second off-resonant phase difference ¢2.
Exemplary methods of using the off-resonant frequencies and phase differences ®wl, ®2,
d01, 02 to determine the vibratory response are described in more detail in the following
with reference to FIGS. 9 and 10.

FIG. 9 shows a method 900 of determining a vibration response parameter
according to an embodiment. The method 900 begins by vibrating a vibratory element at
a first frequency with a first drive signal 1in step 910. The vibratory element may be the
vibratory element 104 described 1n the foregoing with reference to FIG. 2-4. In step 920,
the method 900 vibrates the vibratory element at a second frequency with a second drive
signal. The second drive signal may be different than the first drive signal. Additionally
or alternatively, the vibratory element may be vibrated by the first drive signal and the
second drive signal at the same or different times. For example, a complex drive signal
that 1s comprised of the first and second drive signal may be applied to the vibratory

element to generate the first and second frequency.
In step 930, the method 900 determines the first off-resonant frequency ®l and

the second off-resonant frequency ®2 with the first frequency and the second frequency.
For example, the meter electronics 20 described 1n the foregoing may measure the first
frequency along with a first phase difference. The meter electronics 20 may also

measure a second frequency along with a second phase difference. The meter electronics
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20 can determine 1f the first frequency and corresponding first phase difference and the
second frequency and the corresponding second phase difference are within a linear
region of a phase response of the vibratory element 104. With reference to the
exemplary phase response plots 630, 640 described in the foregoing, the meter
electronics 20 may determine 1f the first and second phase differences are greater than

45 degrees and less than 135 degrees. The method 900 may then calculate a linear
approximation of the first off-resonant frequency ®l and the second off-resonant

frequency 2. Additionally or alternatively, the first and second off-resonant phase
differences ¢1, ¢2 can also be calculated, as will be explained 1n more detail in the
following.

FIG. 10 shows a method 1000 of determining a vibration response parameter
according to an embodiment. The method 1000 begins by vibrating a vibratory element
at a first frequency with a first drive signal 1in step 1010. The vibratory element may be
the vibratory element 104 described 1n the foregoing with reference to FIGS. 2-4. In step
1020, the method 1000 vibrates the vibratory element at a second frequency with a
second drive signal. The second drive signal may be different than the first drive signal.
Additionally or alternatively, the vibratory element may be vibrated at the first drive
frequency and the second drive frequency at the same or different times. For example, a
drive signal may be comprised of the first and second drive signal and applied to the
vibratory element to generate a first and second vibration signal.

In step 1030, the method 1000 measures a first phase difference and a second
phase difference. For example, the first phase difference may be a phase difference
between the first vibration signal and the first drive signal. Stmilarly, the second phase
difference may be a phase difference between the second vibration signal and the second
drive signal.

In step 1040, the method 1000 may determine a first off-resonant phase
difference ¢l and a second off-resonant phase difference ¢2 with the first phase
difference and the second phase difference. For example, the meter electronics 20
described 1n the foregoing may measure the first phase difference along with a first
frequency. The meter electronics 20 can also measure the second phase difference along
with a second frequency. The meter electronics 20 can determine 1f the first frequency

and corresponding first phase difference and the second {frequency and the
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corresponding second phase difference are within a linear region of a phase response of
the vibratory element 104. With reference to the exemplary phase response plots 630,
640 described 1n the foregoing with reference to FIGS. 6-8, the meter electronics 20
may determine 1f the first and second phase differences are greater than 45 degrees and

less than 135 degrees. The method 900 may then calculate a linear approximation of the

first off-resonant frequency ®wl and the second off-resonant frequency m2.

The foregoing describes calculating linear approximations of a frequency or a

phase difference, which may be the first and second off-resonant frequencies and phase

differences ®l, ®2, ¢1, ¢2. The linear approximations of the first and second off-

resonant frequencies and phase differences ®l, ®2, ¢1, ¢p2 can be calculated with
various methods. For example, the meter electronics 20 described 1n the foregoing may
measure the first and second frequencies and phase differences. The meter electronics
20 can determine 1f the first frequency and corresponding first phase difference and the
second frequency and the corresponding second phase difference are within a linear
region of a phase response of the vibratory element 104. For example, with reference to
the exemplary phase response plots 630, 640 described 1n the foregoing, the meter
electronics 20 may determine 1f the first and second phase differences are greater than

45 degrees and less than 135 degrees. The methods 900, 1000 may then calculate a

linear approximation of the first off-resonant frequency and phase difference ®l, ¢1 and

the second off-resonant frequency and phase difference 02, ¢2.

The linear approximation may be calculated by wusing extrapolation or
interpolation. For example, with reference to the linearizations 632, 642 described 1n the
foregoing, the first and second frequencies and phase differences, the methods 900,
1000 may assume that the first and second frequencies and phase differences are two
points along the linearizations 632, 642. Accordingly, the methods 900, 1000 can
extrapolate or interpolate the first and second frequencies and phase differences to the
first and second off-resonant phase differences ¢1, ¢2 and the corresponding first and
second off-resonant frequencies w1, ®2. Although the foregoing describes embodiments
where the phase differences are greater than 45 degrees and less than 135 degrees, the
measured phase differences may be less than 45 degrees and greater than 135 degrees.

Additionally or alternatively, other methods of calculating approximations of the

first and second off-resonant frequencies and phase differences W1, ®2, ¢l, ¢p2 can be
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employed such as, for example, fitting higher order polynomials, exponential curves, or
the like, to two or more measured frequencies and phase differences. However, linear
approximations may be desirably efficient, faster, or the like, when compared to
alternative approximations.

The steps of measuring the first and second frequencies and corresponding phase
differences and the calculation of a frequency and/or a phase difference, which may be

linear approximations of the first and second off-resonant frequencies and phase

differences 1, ®2, ¢1, ¢2, can be performed within a desirable time frame. For
example, because the frequency and phase difference can be determined without
iterations of phase and frequency measurements, the vibration response parameters can
be determined within a desirably short period of time. Accordingly, fluid properties,
such as, for example, density and viscosity can be calculated and provided within a
desirable time-frame.

Also, determining 1f the measured first and second phase differences are within a
range, such as less than 135 degrees and greater than 45 degrees can be advantageous.
For example, determining that the measured first and second phase differences are
within the first and second off-resonant phase differences ¢1, ¢2 can prevent the
inclusion of non-linear regions of, for example, the phase response plots 630, 640.

Accordingly, the determined first and second off-resonant frequencies and phase
differences ®l, ®2, ¢1, ¢p2 may be more accurate.

Although the foregoing describes a non-iterative determination of the first and
second off-resonant frequencies and phase differences w1, ®2, ¢1, ¢2, the determination
may be performed as part of an iterative process. For example, the determined first and

second off-resonant frequencies and phase differences ®1, ®2, ¢1, ¢2 may be used as an

estimate for a command frequency . that 1s provided to the signal generator 147¢ 1n the
open loop drive 147 described 1n the foregoing with reference to FIG. 4. Accordingly,
the frequency of the drive signal may be about the actual first or second off-resonant

frequencies and phase differences ®1, ®2, ¢1, ¢2 before iteration, thereby reducing the

time required to measure the actual first and second off-resonant frequency ®1, ®2.
The detailed descriptions of the above embodiments are not exhaustive
descriptions of all embodiments contemplated by the inventors to be within the scope of

the present description. Indeed, persons skilled in the art will recognize that certain
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elements of the above-described embodiments may variously be combined or eliminated
to create further embodiments, and such further embodiments fall within the scope and
teachings of the present description. It will also be apparent to those of ordinary skill 1n
the art that the above-described embodiments may be combined 1n whole or 1n part to
create additional embodiments within the scope and teachings of the present description.

Thus, although specific embodiments are described herein for illustrative
purposes, various equivalent modifications are possible within the scope of the present
description, as those skilled 1n the relevant art will recognize. The teachings provided
herein can be applied to other methods and apparatuses for determining a vibratory
response parameter of a vibratory element, and not just to the embodiments described
above and shown 1n the accompanying figures. Accordingly, the scope of the

embodiments described above should be determined from the following claims.
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CLAIMS:

1. A method of determining a vibration response parameter of a vibratory element,
the method comprising:
vibrating the vibratory element at a first frequency with a first drive signal:
rece1ving a first vibration signal from the vibratory element vibrated at the first
frequency;
measuring a first phase difference, the first phase difference being a phase
difference between the first drive signal and the first vibration signal;
vibrating the vibratory element at a second frequency with a second drive signal;
recerving a second vibration signal from the vibratory element vibrated at the
second frequency;
measuring a second phase difference, the second phase difference being a phase
difference between the second drive signal and the second vibration signal:
and '
using the first phase difference and the second phase difference to determine at
least one of:
a phase difference; and

a frequency of the vibratory element.

2. The method of claim 1, whetein the determined at least onc of the phase difference
and the frequency of the vibratory element is a substanﬁa]ly linear approximation

calculated from the first phase difference and the second phase difference.

3. The method of one of claim 1 or claim 2, wherein the determined at least one
frequency of the vibratory element is one of a resonant frequency w0, a first off-resonant

frequency w1, and a second off-resonant frequency ®2 of the vibratory element.
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4, The method of any one of claims 1 to 3, wherein the determined al least one phase
difference is onc of a resonant phase difference ¢0, a first off-resonant phase difference

91, and a second off-resonant phase difference 2.

. The method of any one of claims 1 to 4, further comprising using the first phase
difterence and the second phase difference to calculate a linear approximation of a Q

value of the vibratory element.

6. The method of any one of claims 1 to 5, wherein the determination of the at least
one of the phase difference and the frequency of the vibratory element is determined by

one of a linear interpolation and a linear extrapolation.

7. The method of any one of claims 1 to 6, wherein the determined at least one of the
phase difference and the frequency of the vibratory element is used to calculate at least

one of a viscosity and a density of a fluid measured by the vibratory element.

8. The method of any one of the claims 1 to 7, further comprising determining if the
tirst measured phase difference and the second measured phase difference is within a

linear region of a phase response of a vibratory element.

9. A vibratory sensor for determining a vibration response parameter of a vibratory
element, the vibratory sensor comprising:
a vibratory element configured to be:
vibrated at a first frequency with a first drive signal;
vibrated at a second frequency with a second drive signal;
a meter electronics communicatively coupled to the vibratory element and
configured to:

reccive the first drive signal,;
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receive a first vibration signal from the vibratory element vibrated at the
first frequency; and

receive a second vibration signal from the vibratory element vibrated at the

second frequency;
measure a first phase difference, the first phase difference being a phase

difference between the first drive signal and the first vibration

signal;
measure a second phase difference, the sccond phase difference being a

phase difference between the second drive signal and the second

vibration signal; and

use the first phase difference and the second phase difference to determine

at least one of:
a phase difference; and

a frequency of the vibratory element.

10.  The vibratory sensor of claim 9, wherein the determined at least one of the phase

diftcrence and the frequency of the vibratory element is a substantially linear

approximation calculated from the first phase difference and the second phase difference.

11.  The vibratory sensor of one of claim 9 or claim 10, wherein the determined at least
one frequency of the vibratory element is one of a resonant frequency 0, a first off-

resonant frequency wl, and a second off-resonant frequency w2 of the vibratory element.
12.  'The vibratory sensor of any one of claims 9 through 11, wherein the determined at

least one phase difference is one of a resonant phase difference ¢0, a first off-resonant

phase difference ¢1, and a second off-resonant phase difference ¢2.

23



ca 02971568 2017-06-15

13. The vibratory sensor of any onc of claims 9 through 12, wherein the meter
electronics is further configured to use the first phase difference and the second phase

difference to calculate a linear approximation of a Q value of the vibratory element.

14.  The vibratory sensor of any one of claims 9 through 13, wherein the meter
~electronics is configured to determine the at least one of the phase difference and the
frequency of the vibratory element using one of a linear interpolation and a linear

extrapolation,

15, The vibratory sensor of any one of claims 9 through 14, wherein the meter
electronics is further configured to calculate at [east one of a viscosity and a density of a

flutd measured by the vibratory element using the at least one of the phase difference and -

the frequency of the vibratory element.

16.  The vibratory scnsor of any one of claims 9 through 15, wherein the meter
electronics is further configured to determine if the first measured phase difference and
the second measured phase difference is within a linear region of a phase response of the

vibratory element.
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Viprate a vipratory element at a
first frequency with a first drive signal

Viprate the vibratory element at &

second frequency with a second drive signal |

Determine a first off-resonant frequency w1
and a second off-resonant phase frequency wé
with the first frequency and the second frequency
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Vibrate a vibratory element al g
first frequency with a first drive signal

1020~

: Vibrate the vibratory element at g
second frequency with a second drive signal

1030~

Measure a first phase difference and
a second phase diflerence

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Uetermine a first off-resonant phase difference @1
and a second off-resonant phase difference @2
with the first phase difference and
the second phase difference

F1G. 10
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