
SIGNAL PROCESSING METHOD, SIGNAL PROCESSING APPARATUS,  AND CORIOLIS
FLOWMETER [Technical Field]  [0001]  The present invention relates to a
Coriolis flowmeter for detecting a phase difference and/or a vibration
frequency  proportional to a Coriolis force acting on a flow tube to obtain
a mass flow rate and/or density of a fluid to be measured.  [Background
Art] [0002]  A Coriolis flowmeter is a mass flowmeter based on a point
that a Coriolis force acting on a flow tube (hereinafter, flow  tube to be
vibrated is referred to as flow tube) is proportional  to a mass flow rate
in a case where the flow tube through which  a fluid to be measured flows
is supported at both ends and  vibration is applied about a support point
in a direction  perpendicular to a f low direction of the flow tube. The
Coriolis  flowmeter is well known and a shape of a flow tube in the
Coriolis  flowmeter is broadly divided into a straight-tube type and a
curved-tube-type. [0003]  The Coriolis flowmeter is a mass flowmeter for
detecting  a phase difference signal proportional to a mass flow rate in
symmetrical positions between both end support portions and  central
portion of a measurement tube in a case where the 1 measurement tube
through which a fluid to be measured flows  



is supported at both ends and the central portion of the supported
measurement tube is alternately driven in a direction  perpendicular to a
support line. The phase difference signal  is the quantity proportional to
the mass flow rate. When a  driving frequency is maintained constant, the
phase difference  signal may be detected as a time difference signal in the
observation positions of the measurement tube. [0004]  When the alternate
driving frequency of the measurement  tube is made equal to the natural
frequency of the measurement  tube, a constant driving frequency
corresponding to a density  of the fluid to be measured is obtained, and
hence the measurement  tube may be driven with small driving energy.
Therefore,  recently, the measurement tube is generally driven at the
natural  frequency and the phase difference signal is detected as the  time
difference signal. [0005]  The straight-tube type Coriolis f lowmeter has a
structure  in which, in a case where vibration is applied in a direction
perpendicular to a straight tube axis of a central portion of  a straight
tube supported at both ends, a displacement difference  of the straight
tube which is caused by a Coriolis force, that  is, a phase difference
signal is obtained between the support  portion and central portion of the
straight tube, and a mass  flow rate is detected based on the phase
difference signal. 2 The straight-tube type Coriolis flowmeter as described
above  



has a simple, compact, and tough structure. However, the  Coriolis
flowmeter also has a problem that high detection  sensitivity cannot be
obtained. [0006]  In contrast to this, the curved-tube-type Coriolis
flowmeter is superior to the straight-tube type Coriolis  flowmeter in the
point that a shape for effectively taking out  the Coriolis force may be
selected. The mass flow rate may be  actually detected with high
sensitivity. A combination of a coil and a magnet are generally used  as
driving means for driving the flow tube. The coil and the  magnet are
preferably attached to positions which are not offset  in the vibration
direction of the flow tube because a positional  relationship deviation
between the coil and the magnet is  minimized. Therefore, in a case of a
curved-tube-type Coriolis  flowmeter including two parallel flow tubes, the
two parallel  f low tubes are attached so as to sandwich the coil and the
magnet.  Therefore, a design is made so that the two opposed flow tubes
are separated from each other at an interval to sandwich at  least the coil
and the magnet. [0007]  Of Coriolis flowmeters including two flow tubes
located  in parallel planes, a Coriolis f lowmeter having a large diameter
ora Coriolis f lowme ter having high f low tube rigidity is required  to
increase power of driving means, and hence it is necessary 3 to sandwich
large driving means between the two flow tubes.  



Therefore, a design is made so that an interval between the  flow tubes is
necessarily widened even in a fixed end portion  which is a base portion of
the flow tubes. [0008]  As illustrated in FIG. 16, a Coriolis flowmeter 1
which  is generally known and includes U-shaped measurement tubes  includes
a detector 4 for two U-shaped measurement tubes 2 and  3, and a converter
5. The detector 4 for the measurement tubes 2 and 3 includes  a vibrator 6
for resonance-vibrating the measurement tubes 2  and 3 , a left velocity
sensor 7 for detecting a vibration velocity  generated on a left side of
the measurement tubes 2 and 3 vibrated  by the vibrator 6, a right velocity
sensor 8 for detecting a  vibration velocity generated on a right side of
the measurement  tubes 2 and 3 vibrated by the vibrator 6, and a
temperature  sensor 9 for detecting a temperature of a fluid to be
measured,  which f lows through the measurement tubes 2 and 3 at the
detection  of the vibration velocity. The vibrator 6, the left velocity
sensor 7, the right velocity sensor 8, and the temperature sensor  9 are
connected to the converter 5. [0009]  The fluid to be measured, which flows
through the  measurement tubes 2 and 3 of the Coriolis flowmeter 1, flows
from the right side of the measurement tubes 2 and 3 (side on  which right
velocity sensor 8 is provided) to the left side 4 thereof (side on which
left velocity sensor 7 is provided).  



Therefore, a velocity signal detected by the right velocity sensor 8 is an
inlet-side velocity signal of the fluid  to be measured flowing into the
measurement tubes 2 and 3. A  velocity signal detected by the left velocity
sensor 7 is an  outlet-side velocity signal of the fluid to be measured
flowing  from the measurement tubes 2 and 3. Each of the left velocity
sensor 7 and the right velocity  sensor 8 which detect the vibration
velocities may be an  acceleration sensor. [0010]  The converter 5 of the
Coriolis flowmeter has a block  structure as illustrated in FIG. 17. The
converter 5 of the Coriolis flowmeter includes a drive  control section 10,
a phase measurement section 11, and a  temperature measurement section 12.
That is, the converter 5 of the Coriolis flowmeter has  an input and output
port 15. A drive signal output terminal  16 included in the drive control
section 10 is provided in the  input and output port 15. The drive control
section 10 outputs  a predetermined mode signal, from the drive signal
output  terminal 16 to the vibrator 6 attached to the measurement tubes  2
and 3 to resonance-vibrate the measurement tubes 2 and 3.  [0011] The drive
signal output terminal 16 is connected to a  drive circuit 18 through an
amplifier 17. The drive circuit  5 18 generates a drive signal for
resonance-vibrating the  



measurement tubes 2 and 3 and outputs the drive signal to the  amplifier
17. The amplifier amplifies the input drive signal  and outputs the drive
signal to the drive signal output terminal  16. The drive signal output
from the amplifier 17 is output  from the drive signal output terminal 16
to the vibrator 6.  [0012] A left velocity signal input terminal 19 to
which a  detection signal of the vibration velocity generated on the  left
side of the measurement tubes 2 and 3 vibrated by the vibrator  6 is input
is provided in the input and output port 15. The  left velocity signal
input terminal 19 is included in the phase  measurement section 11. A right
velocity signal input terminal 20 to which a  detection signal of the
vibration velocity generated on the  right side of the measurement tubes 2
and 3 vibrated by the  vibrator 6 is input is provided in the input and
output port  15. The right velocity signal input terminal 20 is included
in the phase measurement section 11. [0013]  The phase measurement section
11 performs A/D conversion  on the vibration signals of the pair of
velocity sensors in  the case where the predetermined mode signal is output
from  the drive signal output terminal 16 to the vibrator 6 attached  to
the measurement tubes 2 and 3 to vibrate the measurement  tubes 2 and 3 by
the vibrator 6, to thereby perform digital 6 conversion processing, and
then obtains a phase difference  



between the converted signals. The left velocity signal input terminal 19
is connected  to an input terminal of an amplifier 21. An output terminal
of the amplifier 21 is connected to an A/D converter 22. The  A/D converter
22 converts, into a digital value, an analog signal  obtained by amplifying
the vibration signal output from the  left velocity signal input terminal
19 by the amplifier 21. The A/D converter 22 is connected to a computing
device  23. [0014]  Further, the right velocity signal input terminal 20 is
connected to an input terminal of an amplifier 24. An output  terminal of
the amplifier 24 is connected to an A/D converter  25. The A/D converter 25
converts, into a digital value, an  analog signal obtained by amplifying
the vibration signal output  from the right velocity signal input terminal
20 by the amplifier  24. Further, the digital signal output from the A/D
converter  25 is input to the computing device 23. [0015]  Further, a
temperature signal input terminal 26 included  in the temperature
measurement section 11 to which a detection  value from the temperature
sensor 9 is input is provided in  the input and output port 15. The
temperature measurement  section 12 performs tube temperature compensation
based on the  7 detection temperature obtained by the temperature sensor 9
which  



is provided in the measurement tubes 2 and 3 and detects an  internal
temperature of the measurement tubes 2 and 3. A resistance type temperature
sensor is generally used  as the temperature sensor 9 to measure a
resistance value, to  thereby calculate a temperature. The temperature
signal input terminal 26 is connected  to a temperature measurement circuit
27. The temperature  measurement circuit 27 calculates the internal
temperature of  the measurement tubes 2 and 3 based on the resistance value
output from the temperature sensor 9. The internal temperature  of the
measurement tubes 2 and 3 which is calculated by the  temperature
measurement circuit 27 is input to the computing  device 23. [0016]  In the
phase measurement method using the Coriolis  flowmeter 1 as described
above, vibration is applied in a primary  mode, to the measurement tubes 2
and 3, from the vibrator 6  attached to the measurement tubes 2 and 3. When
the fluid to  be measured flows into the measurement tubes 2 and 3 while
the  vibration is applied, a phase mode is produced in the measurement
tubes 2 and 3. Therefore, the signal (inlet-side velocity signal) from  the
right velocity sensor Band the signal (outlet-side velocity  signal) from
the left velocity sensor 7 in the Coriolis flowmeter  1 are output as a
form in which the two signals are superimposed  8 on each other. A signal
output as the form in which the two  



signals are superimposed on each other includes not only a flow  rate
signal but also a large number of unnecessary noise  components. In
addition, a frequency is changed depending on,  for example, a change in
density of the fluid to be measured.  [0017] Therefore, it is necessary to
remove an unnecessary signal  from the signals from the right velocity
sensor 8 and the left  velocity sensor 7. However, it is very difficult to
remove the  unnecessary signal from the signals from the right velocity
sensor 8 and the left velocity sensor 7 to calculate the phase. Further,
the Coriolis flowmeter 1 is often required to  have very-high-precision
measurement and high-speed response.  In order to satisfy such
requirements, a computing device having  very-complex computation and
high-processing performance is  necessary, and hence the Coriolis flowmeter
1 itself is very  expensive. Thus, the Coriolis flowmeter 1 requires an
established  phase difference measurement method using both an optimum
filter  always fit to a measurement frequency and a high-speed computing
method. [0018]  In conventional phase difference measurement methods of
calculating a flow rate, a filter processing method of removing  noise is
divided into a method using an analog filter and a  method using a digital
filter. 9 The method using the analog filter may be relatively  



inexpensive (see, for example, Patent Document 1 and Patent  Document 2)
However, Patent Document 1 and Patent Document  2 have a limit to improve
the performance of the filter, and  hence, there is a problem that the
filter is not sufficient  for the Coriolis flowmeter. [0019]  In recent
years, a large number of Coriolis flowmeters  using digital signal
processing have been developed, and the  method using the digital filter
has been developed as the filter  processing method of removing noise in
the conventional phase  difference measurement methods of calculating the
flow rate. Examples of conventional types of the Coriolis f lowmeters
using digital signal processing include a method of measuring  a phase
using a Fourier transform (see, for example, Patent  Document 3) and a
method of selecting an optimum table fit to  an input frequency from filter
tables including a notch filter  and a band-pass filter to measure a phase
(see, for example,  Patent Document 4 and Patent Document 5). [0020]
<<Phase Measurement Method using Fourier Transform>> A converter of the
Coriolis flowmeter based on the phase  measurement method using the Fourier
transform has a block  structure as illustrated in FIG. 18. In FIG. 18, the
left velocity signal input terminal 19  provided in the input and output
port 15 to which the detection  10 signal of the vibration velocity
(outlet-side velocity signal)  



which is generated on the left side of the measurement tubes  2 and 3
vibrated by the vibrator 6 and which is detected by  the left velocity
sensor 7 is input is connected to a low-pass  filter 30. The low-pass
filter 30 is a circuit for extracting,  through a frequency filter, only a
low-frequency left velocity  signal (outlet-side velocity signal) from the
left velocity  signal (outlet-side velocity signal) output from the left
velocity sensor 7 detecting the vibration velocity generated  on the left
side of the measurement tubes 2 and 3 in the case  where the measurement
tubes 2 and 3 are vibrated by the vibrator  6. [0021]  The low-pass filter
30 is connected to an A/D converter  31. The A/D converter 31 converts,
into a digital signal, the  left velocity signal which is the analog signal
output from  the low-pass filter 30. The left velocity signal obtained as
the digital signal by conversion by the A/D converter 31 is  input to a
phase difference measurement unit 32. The A/D converter 31 is connected to
a timing generator  33. The timing generator 33 generates a timing of
sampling  M-times (M is natural number) the input frequency. [0022]  On the
other hand, the right velocity signal input terminal  20 provided in the
input and output port 15 to which the detection  signal of the vibration
velocity (inlet-side velocity signal)  11 which is generated on the right
side of the measurement tubes  



2 and 3 vibrated by the vibrator 6 and which is detected by  the right
velocity sensor 8 is input is connected to a low-pass  filter 34. The
low-pass filter 34 is a circuit for extracting,  through a frequency
filter, only a low- f requency right velocity  signal (inlet-side velocity
signal) from the right velocity  signal (inlet-side velocity signal) output
from the right  velocity sensor 8 detecting the vibration velocity
generated  on the right side of the measurement tubes 2 and 3 in the case
where the measurement tubes 2 and 3 are vibrated by the vibrator  6. [0023]
The low-pass filter 34 is connected to an A/D converter  35. The A/D
converter 35 converts, into a digital signal, the  right velocity signal
which is the analog signal output from  the low-pass filter 34. The right
velocity signal obtained as  the digital signal by conversion by the A/D
converter 35 is  input to the phase difference measurement unit 32.
Further, the A/D converter 35 is connected to the timing  generator 33. The
timing generator 33 generates a timing of  sampling M-times (M is natural
number) the input frequency.  [0024] Further, the right velocity signal
input terminal 20  provided in the input and output port 15 to which the
detection  signal of the vibration velocity (inlet-side velocity signal)
which is generated on the right side of the measurement tubes  12 2 and 3
vibrated by the vibrator 6 and which is detected by  



the right velocity sensor 8 is input is connected to a frequency
measurement unit 36. The frequency measurement unit 36 measures  the
frequency of the detection signal of the vibration velocity  (inlet-side
velocity signal) which is generated on the right  side of the measurement
tubes 2 and 3 vibrated by the vibrator  6 and which is detected by the
right velocity sensor 8. The frequency measurement unit 36 is connected to
the  timing generator 33. The frequency measured by the frequency
measurement unit 36 is output to the timing generator 33. The  timing of
sampling M-times (M is natural number) the input  frequency is generated by
the timing generator 33 and output  to the A/D converters 31 and 35. The
phase difference measurement unit 32, the timing  generator 33, and the
frequency measurement unit 36 are included  in a phase measurement
computing device 40. [0025]  In the phase measurement method using the
Fourier  trans form as illustrated in FIG. 18, the input signal (inlet-side
velocity signal) from the right velocity sensor 8 is first input  to the
frequency measurement unit 36 to measure a frequency.  The frequency
measured by the frequency measurement unit 36  is input to the timing
generator 33. The timing of sampling  M-times (M is natural number) the
input frequency is generated  by the timing generator 33 and input to the
A/D converters 31  and 35. 13 Further, the detection signal of the
vibration velocity  



(outlet-side velocity signal) which is generated on the left  side of the
measurement tubes 2 and 3 and obtained as the digital  signal by conversion
by the AID converter 31 and the detection  signal of the vibration velocity
(inlet-side velocity signal)  which is generated on the right side of the
measurement tubes  2 and 3 and obtained as the digital signal by conversion
by  theA/D converter 35 are input to the phase difference measurement  unit
32. The detection signals are Fourier-transformed by a  discrete Fourier
transform unit incorporated in the phase  difference measurement unit 32
and a phase difference is computed  based on a ratio between a real
component and imaginary component  of the converted signals. [0026]
<<Phase Measurement Method using Digital Filter>>  Converters of the
Coriolis flowmeter based on the phase measurement method using the digital
filter are described with  reference to block structural diagrams
illustrated in FIGS.  19 and 20. Frequency selection means such as a notch
filter or a  band-pass filter is used as the digital filter. An S/N ratio
of an input signal is improved using the frequency selection  means such as
the notch filter or the band-pass filter. FIG. 19 illustrates a block
structure of a converter of  the Coriolis flowmeter using the notch filter
as the digital  filter. 14 The input and output port 15, the left velocity
signal  



input terminal 19, the right velocity signal input terminal  20, the
low-pass filters 30 and 34, and the AID converters 31  and 35 as
illustrated in FIG. 19 have the same structures as  the input and output
port 15, the left velocity signal input  terminal 19, the right velocity
signal input terminal 20, the  low-pass filters 30 and 34, and the A/D
converters 31 and 35  as illustrated in FIG. 18, respectively. [0027]  In
FIG. 19, the AID converter 31 is connected to a notch  filter 51. The notch
filter 51 selects a frequency based on  the left velocity signal which is
obtained as the digital signal  by conversion by the AID converter 31, so
as to improve an S/N  ratio of an input signal to be output. The notch
filter 51 is connected to a phase measurement  unit 52. The phase
measurement unit 52 measures a phase of the  left velocity signal which is
obtained as the digital signal  by conversion and which is improved in S/N
ratio by the notch  filter 51. Further, the notch filter 51 is connected to
a frequency  measurement unit 53. The frequency measurement unit 53
measures  a frequency of the left velocity signal which is obtained as  the
digital signal by conversion and which is improved in S/N  ratio by the
notch filter 51. The frequency measured by the frequency measurement unit
53 is input to the notch filter 51. 15 [0028]  



Further, the A/D converter 35 is connected to a notch filter 54. The notch
filter 54 selects a frequency based on  the left velocity signal which is
obtained as the digital signal  by conversion by the A/D converter 31, so
as to improve an S/N  ratio of an input signal to be output. The notch
filter 54 is connected to the phase measurement  unit 52. The phase
measurement unit 52 measures a phase of the  right velocity signal which is
obtained as the digital signal  by conversion and which is improved in S/N
ratio by the notch  filter 54. Further, the frequency measured by the
frequency  measurement unit 53 is input to the notch filter 54. [0029]  In
FIG. 19, a clock 55 is used for synchronization, and  input to the A/D
converters 31 and 35 to synchronize the A/D  converter 31 and the A/D
converter 35 with each other. The notch filters 51 and 54, the phase
measurement unit  52, the frequency measurement unit 53, and the clock 55
are  included in a phase measurement computing device 50. [0030]  FIG. 20
illustrates a block structure of a converter of  the Coriolis flowmeter
using the band-pass filter (BPF) as the  digital filter. The input and
output port 15, the left velocity signal  input terminal 19, the right
velocity signal input terminal  16 20, the low-pass filters 30 and 34, and
the A/D converters 31  



and 35 as illustrated in FIG. 20 have the same structures as  the input and
output port 15, the left velocity signal input  terminal 19, the right
velocity signal input terminal 20, the  low-pass filters 30 and 34, and the
AID converters 31 and 35  as illustrated in FIG. 19, respectively. [0031]
In FIG. 20, the A/D converter 31 is connected to a band-pass  filter (BPF)
61. The band-pass filter 61 is a circuit for  extracting, through a
frequency filter, only a left velocity  signal having a set frequency
(outlet-side velocity signal)  from the left velocity signal (outlet-side
velocity signal)  which is output from the left velocity sensor 7 detecting
the  vibration velocity generated on the left side of the measurement
tubes 2 and 3 and which is obtained as the digital signal by  conversion by
the AID converter 31 in the case where the  measurement tubes 2 and 3 are
vibrated by the vibrator 6. The band-pass filter 61 is connected to aphase
measurement  unit 62. The phase measurement unit 62 measures a phase of the
left velocity signal which is obtained as the digital signal  by conversion
and which is improved in S/N ratio by the band-pass  filter 61. [0032]
Further, the band-pass filter 61 is connected to a  frequency measurement
unit 63. The frequency measurement unit  63 measures a frequency of the
left velocity signal which is 17 obtained as the digital signal by
conversion by the A/D converter  



31 and which is improved in S/N ratio by the band-pass filter  61. The
frequency measured by the frequency measurement unit  63 is input to the
band-pass filter 61. [0033]  Further, the AID converter 35 is connected to
a band-pass  filter 64. The band-pass filter 64 is a circuit for
extracting,  through a frequency filter, only a right velocity signal
having  a set frequency (inlet-side velocity signal) from the right
velocity signal (inlet-side velocity signal) which is output  from the
right velocity sensor 8 detecting the vibrationvelocity  generated on the
right side of the measurement tubes 2 and 3  and which is obtained as the
digital signal by conversion by  the AID converter 35 in the case where the
measurement tubes  2 and 3 are vibrated by the vibrator 6. The band-pass
filter 64 is connected to the phase  measurement unit 62. The phase
measurement unit 62 measures  a phase of the left velocity signal which is
obtained as the  digital signal by conversion and which is improved in S/N
ratio  by the band-pass filter 64. [0034]  The band-pass filter 64 is
connected to the frequency  measurement unit 63. The frequency measured by
the frequency  measurement unit 63 is input to the band-pass filter 64. In
FIG. 20, a clock 65 is used for synchronization, and  18 a clock signal
from the clock 65 is input to the A/D converters  



31 and 35 to synchronize the A/D converter 31 and the A/D converter  35
with each other. The band-pass filters 61 and 64, the phase measurement
unit 62, the frequency measurement unit 63, and the clock 65  are included
in a phase measurement computing device 60.  [Prior Art Document] [Patent
Document]  [0035]  [Patent Document 1] JP 02-66410 A  [Patent Document 2]
JP 10-503017 A  [Patent Document 3] JP 2799243 B  [Patent Document 4] JP
2930430 B  [Patent Document 5] JP 3219122 B [Summary of the Invention]
[Problems to be solved by the Invention]  [0036] In the phase measurement
method using the Fourier  transform as described in Patent Document 3, when
the input  frequency of the input detection signal of the vibration
velocity  is constant, a phase measurement method having
very-high-frequency selectivity may be performed because the  Fourier
transform is used for frequency selection. However, in the method using the
Fourier transform as  described in Patent Document 3, when the input
frequency of  the input detection signal of the vibration velocity is
changed  19 according to a density or a temperature, it is necessary to  



change the transform method or the sampling rate. Therefore,  the computing
cycle or the computing method is changed, and  hence a measurement value is
varied and thus unstabilized.  [0037] In addition, in the method using the
Fourier transform  as described in Patent Document 3, when the input
frequency  of the input detection signal of the vibrationvelocity is
changed  according to the density or the temperature, it is necessary  to
accurately synchronize the sampling rate with the input  frequency of the
input vibration velocity signal, and hence  a design is very complicated.
Therefore, there is a problem that, when the temperature  of the fluid to
be measured is rapidly changed or the density  is rapidly changed by mixing
air bubbles into the fluid, the  measurement precision is extremely
reduced. Further, the method using the Fourier transform as  described in
Patent Document 3 has a problem that the number  of computing processings
becomes very large because of the  execution of the Fourier transform.
[0038]  In the methods of selecting the optimum table fit to the  input
frequency from the filter tables including the notch filter  and the
band-pass filter to measure the phase as described in  Patent Document 4
and Patent Document 5, when the sampling rate  is held, the design may be
simplified. 20 However, as in the method using the Fourier transform  



as described in Patent Document 3, the phase measurement methods  using the
digital filter as described in Patent Document 4 and  Patent Document 5
require a very large number of filter tables  corresponding to changed
input frequencies, and hence have a  problem that memory consumption of a
computing device is large. In addition, the phase measurement methods using
the  digital filter as described in Patent Document 4 and Patent  Document
5 have a problem that it is difficult to select the  optimum filter in a
case where the input frequency rapidly  changes. Further, the phase
measurement methods using the digital  filter as described in Patent
Document 4 and Patent Document  5 have a problem that a vary large number
of computations is  required to improve frequency selection performance.
[0039]  The phase measurement methods using the digital filter  as
described in Patent Document 4 and Patent Document 5 have  the following
problems. (1) The method cannot follow the change in input frequency at
high precision. That is, it is very difficult to realize  measurement in a
case where the density of the fluid to be measured  rapidly changes because
of air bubble mixing. (2) In order to improve the frequency selection
performance,  a very large number of computations are required. Therefore,
it is difficult to realize high-speed response, and hence the  21 method is
unsuitable for batch processing for a short period  



of time. (3) The memory consumption of the computing device is large,  and
hence the design is complicated. Therefore, a circuit  structure and design
are complicated and very disadvantageous  in cost. [0040]  When all the
factors are considered, in any of the  conventional phase measurement
methods including the digital  filter processing, a noise of a frequency
band other than the  tube frequencies of the measurement tubes 2 and 3 is
removed,  and hence the switching of the filter table, the change of the
computing method, and the change of the sampling rate are required  to
always follow the tube frequencies of the measurement tubes  2 and 3.
Therefore, there is a problem that it is necessary  to perform computation
which is very complicated and lacks  high-speed performance. Thus, when the
measurement tubes 2 and 3 are vibrated  by the vibrator 6, it is very
likely to generate a computing  error in each variation of the input
frequencies of the vibration  velocity signals which are detected by the
right velocity sensor  8 for detecting the vibration velocity generated on
the right  side of the measurement tubes 2 and 3 and the left velocity
sensor 7 for detecting the vibration velocity generated on the  left side
of the measurement tubes 2 and 3, and hence there  is a problem that
measurement precision is very low. 22 [0041]  



An object of the present invention is to provide a signal processing
method, a signal processing apparatus, and a Coriolis  flowmeter, in which
even when a temperature of a fluid to be  measured changes, even when air
bubbles are mixed into the fluid  to be measured, or even when the fluid to
be measured rapidly  changes from a gas to a liquid, measurement may be
always  performed with constant precision, phase measurement with high
filtering performance is realized, and a computing processing  amount may
be reduced to an extremely small amount. [Means for solving the Problems]
[0042] A signal processing method described in claim 1, which  is provided
so as to solve the above-mentioned problems, is  a signal processing method
for a Coriolis flowmeter in which  at least one flow tube or a pair of flow
tubes which is included  in a measurement flow tube is operated by a
driving device using  a vibrator to alternately drive the at least one flow
tube or  the pair of flow tubes, and a phase difference and/or a vibration
frequency proportional to a Coriolis force acting on the at  least one flow
tube or the pair of flow tubes are/is detected  by velocity sensors or
acceleration sensors which are a pair  of vibration detection sensors
provided on a right side and  a left side of the at least one flow tube or
the pair of flow  tubes when the at least one flow tube or the pair of flow
tubes  is vibrated, to thereby obtain a mass flow rate and/or density  23
of a fluid to be measured, 



the signal processing method being characterized by  including: a first
step of converting, into digital signals, analog  signals output from the
pair of vibration detection sensors;  a second step of performing frequency
conversion on the two digital signals which are obtained by the converting
in  the first step and correspond to the pair of vibration detection
sensors; a third step of measuring a frequency based on one digital  signal
of the two digital signals which are obtained by the  converting in the
first step and correspond to the pair of  vibration detection sensors; and
a fourth step of generating a frequency signal  corresponding to 1/N of a
digital signal of the f requency measured  in the third step, the signal
processing method being characterized in that  a phase difference between
detection signals from the pair of  vibration detection sensors is detected
based on the frequency  signal corresponding to 1/N of the digital signal
which is  generated in the fourth step. [0043]  A signal processing method
described in claim 2, which  is provided so as to solve the above-mentioned
problems, is  a signal processing method according to claim 1,
characterized  in that in the step of generating the frequency signal 24
corresponding to 1/N of the digital signal of the frequency  



e which is output from a frequency measurement unit, a frequency  ex is
obtained for frequency conversion to satisfy e/N=e-ex.  [0044] A signal
processing method described in claim 3, which  is provided so as to solve
the above-mentioned problems, is  a signal processing method according to
claim 1, characterized  in that N is determined such that the frequency
signal  corresponding to 1/N of the digital signal of the frequency  e
which is output from the frequency measurement unit is smaller  than 50 Hz.
[0045]  A signal processing apparatus described in claim 4, which  is
provided so as to solve the above-mentioned problems, is  a signal
processing apparatus for a Coriolis f lowmeter in which  at least one flow
tube or a pair of flow tubes which is included  in a measurement flow tube
is operated by a driving device using  a vibrator to alternately drive the
at least one flow tube or  the pair of f low tubes, and a phase difference
and/or a vibration  frequency proportional to a Coriolis force acting on
the at  least one flow tube or the pair of flow tubes are/is detected  by
velocity sensors or acceleration sensors which are a pair  of vibration
detection sensors provided on a right side and  a left side of the at least
one flow tube or the pair of flow  tubes when the at least one flow tube or
the pair of flow tubes  is vibrated, to thereby obtain a mass flow rate
and/or density 25 of a fluid to be measured, 



the signal processing apparatus being characterized by  including: A/D
converters for converting, into digital signals,  analog signals output
from the pair of vibration detection  sensors; a pair of quadrature
frequency modulators for performing  frequency conversion on the two
digital signals which are output  from the A/D converters and correspond to
the pair of vibration  detection sensors; a frequency measurement unit for
measuring a frequency  based on one digital signal of the two digital
signals which  are output from the A/D converters and correspond to the
pair  of vibration detection sensors; and a transmitter for generating a
frequency signal  corresponding to e (1-1/N) of a digital signal of the
frequency  output from the frequency measurement unit, the signal
processing apparatus being characterized in  that a phase difference is
obtained based on the signals generated  by the pair of quadrature
frequency modulators. [0046]  A signal processing apparatus described in
claims, which  is provided so as to solve the above-mentioned problems, is
a signal processing apparatus according to claim 4,  characterized in that
the frequency measurement unit for  measuring the frequency based on one
digital signal of the two 26 digital signals which are output from the A/D
converters and  



correspond to the velocity sensors or the acceleration sensors  which are
the pair of vibration detection sensors has a phase  locked loop (PLL) for
frequency measurement. [0047]  A Coriolis flowmeter described in claim 6,
which is  provided so as to solve the above-mentioned problems, is a
Coriolis flowmeter in which at least one flow tube or a pair  of flow tubes
which is included in a measurement flow tube is  operated by a driving
device using a vibrator to alternately  drive the at least one flow tube or
the pair of flow tubes,  and a phase difference and/or a vibration
frequency proportional  to a Coriolis force acting on the at least one flow
tube or  the pair of flow tubes are/is detected by a vibration detection
sensor when the at least one flow tube or the pair of flow tubes  is
vibrated, to thereby obtain a mass flow rate and/or density  of a fluid to
be measured, the Coriolis flowmeter being characterized by including  a
signal processing apparatus including: A/D converters for converting, into
digital signals,  analog signals output from the pair of vibration
detection  sensors; a pair of quadrature frequency modulators for
performing  frequency conversion on the two digital signals which are
output  from the A/D converters and correspond to the pair of vibration
detection sensors; 27 a frequency measurement unit for measuring a
frequency  



based on one digital signal of the two digital signals which  are output
from the A/D converters and correspond to the pair  of vibration detection
sensors; and a transmitter for generating a frequency signal  corresponding
to 0 (1-1/N) of a digital signal of the frequency  output from the
frequency measurement unit, the signal processing apparatus being
characterized in  that a phase difference is obtained based on the signals
generated  by the pair of quadrature frequency modulators. [Effect of the
Invention]  [0048] The measurement tube of the Coriolis f lowmeter has
various  shapes. For example, there are a curved tube and a straight  tube.
There is a type driven in any of various modes including  a primary mode
and a secondary mode, as a mode for driving the  measurement tube. [0049]
As is well known, the driving frequency band obtained  from the measurement
tube is several ten Hz to several kHz.  For example, when the measurement
tube using a U-shaped tube  is vibrated in the primary mode, the frequency
is approximately  100 Hz. When the measurement tube having a straight shape
is  vibrated in the primary mode, approximately 500 Hz to 1,000  Hz is
realized. However, it is very difficult to perform the phase  28
measurement of the Coriolis flowmeter by always the same  



processing over the frequency band of several ten Hz to several  kHz in a
single f lowmeter converter. Therefore, it is necessary  to separately
design several types. [0050]  According to the signal processing method in
the present  invention, the essential problems as described above may be
removed by advantageous signal processing based on an  identification
algorithm. Even in the case of the change in  temperature of the fluid to
be measured, the mixing of air bubbles,  or the rapid change of the fluid
to be measured from the gas  to the liquid, the stable measurement may be
always performed  with constant precision. The phase measurement with high
filtering performance is advantageous, and hence high  performance may be
provided. [0051]  According to the signal processing apparatus in the
present invention, even when the temperature of the fluid to  be measured
changes, even when air bubbles are mixed into the  fluid to be measured, or
even when the fluid to be measured  rapidly changes from a gas to a liquid,
the stable measurement  may be always performed with constant precision,
and the phase  measurement with high filtering performance may be realized
with a small computing processing amount. [0052]  According to a Coriolis
flowmeter in the present invention,  29 even when the temperature of the
fluid to be measured changes,  



even when air bubbles are mixed into the fluid to be measured,  or even
when the fluid to be measured rapidly changes from a  gas to a liquid, the
stable measurement may be always performed  with constant precision, and
the phase measurement with high  filtering performance may be realized with
a small computing  processing amount. [Brief Description of the Drawings]
[0053] [FIG. 1] A block diagram illustrating a principle of a  signal
processing method and apparatus according to the present  invention. [FIG.
2] A diagram illustrating a frequency waveform of  a Coriolis flowmeter of
which a driving frequency is 100 Hz  and a frequency waveform of a Coriolis
flowmeter of which a  driving frequency is 1, 000 Hz in the signal
processing apparatus  illustrated in FIG. 1. [FIG. 3] A diagram
illustrating a frequency waveform in  a case where the driving frequency of
the Coriolis flowmeter  of which the driving frequency is 100 Hz is
divided. [FIG. 4] A diagram illustrating a frequency waveform in  a case
where the driving frequency of the Coriolis flowmeter  of which the driving
frequency is 100 Hz is shifted. [FIG. 5] A specific structural diagram
illustrating the  signal processing apparatus illustrated in FIG. 1. [FIG.
6] A diagram illustrating a detection signal of  30 a vibration velocity
which is generated on a left side of  



measurement tubes and output from a low-pass filter illustrated  in FIG. 5.
[FIG. 7] A diagram illustrating a signal obtained as a  digital signal by
sampling, at arbitrary constant intervals,  the signal illustrated in FIG.
6, which is output from an A/D  converter illustrated in FIG. 5. [FIG. 8] A
diagram illustrating a transmission frequency  signal (eXn) output from a
transmitter illustrated in FIG. S.  [FIG. 9] A diagram illustrating a
90-degree shift signal of an output signal (cose) which is output from the
A/D converter  and generated in an inner portion of a quadrature modulator
illustrated in FIG. 5. [FIG. 10] A diagram illustrating a 90-degree shift
signal  of an output signal (coseXn) which is output from the transmitter
and generated in the inner portion of the quadrature modulator  illustrated
in FIG. 5. [FIG. 11] A diagram illustrating a signal obtained by
quadrature frequency conversion by the quadrature modulator  illustrated in
FIG. 5. [FIGS. 121 Diagrams illustrating timing charts for the  specific
structure of the signal processing apparatus  illustrated in FIG. 5. [FIGS.
13] Diagrams illustrating timing charts for the  specific structure of the
signal processing apparatus  illustrated in FIG. 5. 31 [FIG. 14] An
operational flow chart for the specific  



structure of the signal processing apparatus illustrated in  FIG. 5. [FIG.
15] A block diagram illustrating a frequency  measurement unit illustrated
in FIG. 5. [FIG. 16] A structural diagram illustrating a general  Coriolis
flowmeter to which the present invention is applied.  [FIG. 171 A block
structural diagram illustrating a Coriolis flowmeter converter of the
Coriolis flowmeter  illustrated in FIG. 16. [FIG. 18] A block diagram
illustrating a phase measurement  method using Fourier transform for the
Coriolis flowmeter  converter illustrated in FIG. 17. [FIG. 19] A block
diagram illustrating a phase measurement  method using notch filters for
the Coriolis flowmeter converter  illustrated in FIG. 17. [FIG. 201 A block
diagram illustrating a phase measurement  method using band-pass filters
for the Coriolis flowmeter  converter illustrated in FIG. 17. [Modes for
Carrying out the Invention]  [0054] It is an object of the present
invention to be able to  always perform measurement with constant
precision, to realize  phase measurement with high filtering performance,
and to be  able to reduce a computing processing amount to an extremely
small amount. Even when a temperature of a fluid to be measured  32
changes, even when air bubbles are mixed into the fluid to be  



measured, or even when the fluid to be measured rapidly changes  from a gas
to a liquid, the object may be realized. [Embodiment 1]  [0055]
Hereinafter, Embodiment 1 of a mode for carrying out the present invention
is described with reference to FIGS. 1 and  13. FIG. 1 illustrates a
principle of a signal processing  method and apparatus according to the
present invention. FIG.  2 illustrates a frequency waveform of a Coriolis
flowmeter of  which a driving frequency is 100 Hz and a frequency waveform
of a Coriolis flowmeter of which a driving frequency is 1,000  Hz. FIG. 3
illustrates a frequency waveform in a case where  the driving frequency of
the Coriolis flowmeter of which the  driving frequency is 100 Hz is
divided. FIG. 4 illustrates a  frequency waveform in a case where the
driving frequency of  the Coriolis flowmeter of which the driving frequency
is 100  Hz is shifted. FIG. 5 is a specific structural diagram
illustrating the signal processing apparatus illustrated in  FIG. 1. FIG. 6
is a diagram illustrating a detection signal  of a vibration velocity which
is generated on a left side of  measurement tubes and output from a
low-pass filter illustrated  in FIG. 5. FIG. 7 illustrates a signal
obtained as a digital  signal by sampling, at arbitrary constant intervals,
the signal  illustrated in FIG. 6, which is output from an A/D converter
33 illustrated in FIG. 5. FIG. 8 illustrates a transmission  



frequency signal (9Xn) output from a transmitter illustrated  in FIG. 5.
FIG. 9 illustrates a 90-degree shift signal of an  output signal (cosh)
which is output from the A/D converter  and generated in an inner portion
of a quadrature modulator  illustrated in FIG. 5. FIG. 10 illustrates a
90-degree shift  signal of an output signal (cos6Xn) which is output from
the  transmitter and generated in the inner portion of the quadrature
modulator illustrated in FIG. 5. FIG. 11 illustrates a signal  obtained by
quadrature frequency conversion by the quadrature  modulator illustrated in
FIG. 5. FIGS. 12 are diagrams  illustrating timing charts for the specific
structure of the  signal processing apparatus illustrated in FIG. 5. FIGS.
13  are diagrams illustrating timing charts for the specific  structure of
the signal processing apparatus illustrated in  FIG. 5. [0056]  FIG. 1 is a
diagram illustrating the principle of the  signal processing method and
apparatus according to the present  invention. In FIG. 1, when measurement
tubes 2 and 3 are vibrated  by a vibrator 6, vibration velocities generated
in the  measurement tubes 2 and 3 are detected by a vibration velocity
sensor 70. The detected vibration velocities are computed and  processed by
a vibration velocity signal computing device 80.  The vibration velocity
sensor 70 corresponds to the left velocity  34 sensor 7 and the right
velocity sensor 8 of FIG. 16.  



[0057] The vibrationvelocity signal computing device 80 includes  a
quadrature modulator 85, a transmitter 90, and a phase  measurement unit
95. The quadrature modulator 85 performs quadrature  modulation on the
vibration velocities which are generated in  the measurement tubes 2 and 3
and detected by the vibration  velocity sensor 70 when the measurement
tubes 2 and 3 are vibrated  by the vibrator 6. A signal from the
transmitter 90 is input  to the quadrature modulator 85. Then, signals
obtained by quadrature modulation by the  quadrature modulator 85 are input
to the phase measurement  section 95 provided in a subsequent stage of the
quadrature  modulator 85. The phase measurement section 95 performs A/D
conversion on the velocity signals from the vibration velocity  sensor 70,
to thereby perform digital conversion processing,  and then obtains a phase
difference therebetween. [0058]  According to the signal processing method
and apparatus  illustrated in FIG. 1, the input signal is subjected to 1/N
quadrature frequency conversion and the phase measurement is  performed
after the frequency conversion, and hence an input  frequency band is
reduced to 1/N and stable phase measurement  may be performed. As described
above, according to the present invention,  35 the phase and velocity
signal input from the sensor is converted  



into the 1/N (N is arbitrary number) frequency by frequency  conversion and
the phase difference after conversion is measured.  Therefore, the filter
having the same band is always used to  realize the present invention. Even
when the frequency of the  phase and velocity signal is changed by a change
in density  or temperature of the fluid to be measured, the flow rate may
be measured without almost affecting calculation precision or  computing
interval. [0059]  For example, in the Coriolis f lowmeter of which the
driving  frequency is 100 Hz as illustrated in FIG. 2, when a filter
frequency band is set to a range of 95 Hz to 105 Hz, it is likely  to shift
the driving frequency outside the filter frequency  band by the change in
density or temperature. Therefore, filter  tables for frequency bands
around the filter frequency band,  for example, a table for a range of 85
Hz to 95 Hz and a table  for a range of 105 Hz to 115 Hz are required. When
the filter  frequency band is widened, the number of tables is reduced.
However, a measurement waveform becomes a noisy phase and  velocity signal,
and hence measurement precision is  significantly degraded. When a phase
and velocity signal of the Coriolis flowmeter  of which the driving
frequency is 1,000 Hz is to be measured,  it is necessary to change a
sampling rate and a filter table,  and hence the calculation precision or
the computing interval  36 changes.  



[0060]  In the Coriolis flowmeter of which the driving frequency is 100 Hz
in signal processing according to the present invention,  as illustrated in
FIG. 3, for example, when a value of N is  set to 4 in a case where a
frequency of a phase and velocity  signal input from the sensor is 100 Hz,
the frequency is converted  into 100/4 Hz, that is, 25 Hz. After the
frequency conversion,  the phase and velocity signal is filtered and then
phase  calculation is performed. In a case where the used filter band is a
band of  approximately 20 Hz to 30 Hz, even when the driving frequency  is
changed by the change in density or temperature, the same  filter table may
be always used outside a band of 80 Hz to 120  Hz. Therefore, the
measurement may be always made at stable  calculation precision and
computing interval. Further, in the Coriolis flowmeter of which the driving
frequency is 1,000 Hz, when the value of N is set to 40, the  flow rate may
be measured based on completely the same filter  band as in the Coriolis
flowmeter of which the driving frequency  is 100 Hz. [0061]  Further, in
the present invention, as illustrated in FIG.  4, the method of performing
the 1/N conversion on the phase  and velocity signal includes a method of
frequency shifting  the input frequency without being divided. In the case
of the 37 Coriolis f lowmeter as illustrated in FIG. 4, the input frequency



is frequency shifted without being divided, and hence there  is a feature
that the flow rate may be calculated without loss  of a filtering effect.
For example, when the input signal is subjected to 1/N  frequency division
as in the case of the Coriolis flowmeter  illustrated in FIG. 3, a noise
component is also subjected to  1/N frequency division. Therefore, even
when a filtering band  is narrowed, the effect cannot be much expected.
Thus, when the phase and velocity signal is subjected  to 1/N conversion by
frequency shifting as in the case of the  Coriolis flowmeter illustrated in
FIG. 4, the noise component  is simultaneously shifted in frequency, but
the filter band  may be reduced to 1/N, and hence very effective filtering
may  be achieved as compared with before frequency shifting.  [0062] FIG. 5
illustrates the specific structure of the signal  processing apparatus
illustrated in FIG. 1. In FIG. 5, a left pick-off (LPO) 7 (corresponding to
left  velocity sensor 7) is connected to a low-pass filter 30. That  is,
during vibration using the vibrator 6, when a detection  signal of a
vibration velocity (outlet-side velocity signal)  which is generated on the
left side of the measurement tubes  2 and 3 is detected by the left
pick-off 7, the detection signal  of the vibration velocity (outlet-side
velocity signal) is input  to the low-pass filter 30. 38 The low-pass
filter 30 is a circuit for extracting, through  



a frequency filter, only a low-frequency left velocity signal  (outlet-side
velocity signal) from the left velocity signal  (outlet-side velocity
signal) output from the left velocity  sensor? detecting the vibration
velocity generated on the left  side of the measurement tubes 2 and 3 in
the case where the  measurement tubes 2 and 3 are vibrated by the vibrator
6.  [0063] The low-pass filter 30 is connected to an A/D converter  31. The
A/D converter 31 converts the left velocity signal  (outlet-side velocity
signal) which is the analog signal output  from the low-pass filter 30 into
a digital signal. The left  velocity signal (outlet-side velocity signal)
obtained as the  digital signal by conversion by the A/D converter 31 is
input  to a signal processing apparatus 100. [0064]  On the other hand, a
right pick-off (RPO) 8 (corresponding  to right velocity sensor 8) is
connected to a low-pass filter  34. That is, during vibration using the
vibrator 6, when a  detection signal of a vibration velocity (inlet-side
velocity  signal) which is generated on the right side of the measurement
tubes 2 and 3 is detected by the right pick-off 8, the detection  signal of
the vibration velocity (inlet-side velocity signal)  is input to the
low-pass filter 34. The low-pass filter34 isa circuitfor forextracting,
thro a frequency filter, only a low-frequency right velocity signal  39
(inlet-side velocity signal) from the right velocity signal  



(inlet-side velocity signal) output from the right velocity  sensor 8
detecting the vibration velocity generated on the right  side of the
measurement tubes 2 and 3 in the case where the  measurement tubes 2 and 3
are vibrated by the vibrator 6.  [0065] The low-pass filter 34 is connected
to an A/D converter  35. The A/D converter 35 converts the right velocity
signal  (inlet-side velocity signal) which is the analog signal output
from the low-pass filter 34 into a digital signal. Further, the signal
processing apparatus 100 is connected  to the A/D converter 35. The signal
processing apparatus 100  performs 1/N quadrature frequency conversion on
each of the  right velocity signal (inlet-side velocity signal) and the
left  velocity signal (outlet-side velocity signal) and performs the  phase
measurement after the frequency conversion, so as to reduce  the input
frequency band to 1/N and realize stable phase  measurement. [0066]  In the
signal processing apparatus 100, the signal from  the A/D converter 31 is
connected to a quadrature modulator  110. The quadrature modulator 110
performs 1/N quadrature  frequency conversion on the left velocity signal
(outlet-side  velocity signal). Further, the signal from the A/D converter
31 is connected  to a frequency measurement unit 120. The frequency
measurement  40 unit 120 measures a frequency of the left velocity signal  



(outlet-side velocity signal) obtained by converting, into a  digital
signal, by the A/D converter 31, the left velocity signal  (outlet-side
velocity signal) output from the left velocity  sensor 7 detecting the
vibration velocity generated on the left  side of the measurement tubes 2
and 3 in the case where the  measurement tubes 2 and 3 are vibrated by the
vibrator 6. Further, the signal from the A/D converter 35 is connected  to
a quadrature modulator 130. The quadrature modulator 130  performs 1/N
quadrature frequency conversion on the right  velocity signal (inlet-side
velocity signal). [0067]  A frequency measurement value measured by the
frequency  measurement unit 120 is output to a transmitter 140. The
transmitter 140 transmits a predetermined frequency signal  based on the
frequency measurement value output from the  frequency measurement unit
120. The output signal from the transmitter 140 is input to  the quadrature
modulator 110 and the quadrature modulator 130.  A carrier frequency is
obtained through the frequency measurement unit 120, the transmitter 140,
and the quadrature  modulator 110. The input frequency of the left velocity
signal  (outlet-side velocity signal) input from the A/D converter 31  and
the output frequency output from the transmitter 140 are  modulated by the
quadrature modulators 110. A result obtained  by modulation, that is, one
of a sum of or difference between  41 the frequencies of both the input
signals based on the addition  



theorem is used for frequency shifting. The output frequency  of the
transmitter 140 is controlled such that the modulation  frequency becomes
1/N of the input frequency of the input left  velocity signal (outlet-side
velocity signal). When the transmitter 140 is controlled as described
above,  as in the case of the quadrature modulator 110, also in the
quadrature modulator 130, the frequency obtained after  performing the
frequency conversion is controlled to become  1/N of the input frequency of
the right velocity signal  (inlet-side velocity signal) input from the A/D
converter 35,  based on the output frequency output from the transmitter
140.  [0068] A phase difference measurement unit 150 is connected to  the
quadrature modulator 110 and the quadrature modulator 130.  The phase
difference measurement unit 150 performs phase  measurement based on an
output frequency signal corresponding  to 1/N of the input frequency of the
left velocity signal  (outlet-side velocity signal) which is input from the
A/D  converter 31 and output from the quadrature modulator 110 and  an
output frequency signal corresponding to 1/N of the input  frequency of the
right velocity signal (inlet-side velocity  signal) which is input from the
A/D converter 35 and output  from the quadrature modulator 130. When such a
structure is employed, according to this  embodiment, the input frequencies
(left velocity signal and  42 right velocity signal) are converted into low
frequency bands  



(1/N of the frequencies). Therefore, the input frequency bands  (left
velocity signal and right velocity signal) become 1/N  and the number of
filter tables is significantly reduced. In  addition, the phase measurement
processing may be more  effectively performed. [0069]  A clock signal is
input from a clock 160 to the A/D converter  31 and the A/D converter 35.
The clock 160 synchronizes the  outputs of the A/D converter 31 and the A/D
converter 35, and  synchronizes the digital signal of the left velocity
signal  output from the A/D converter 31 and the digital signal of the
right velocity signal output from the A/D converter 35. The quadrature
modulator 110, the frequency measurement  unit 120, the quadrature
modulator 130, the transmitter 140,  the phase difference measurement unit
150, and the clock 150  are included in the signal processing apparatus
100. [0070]  Next, a specific computing method of phase difference
measurement computation in the signal processing apparatus 100  illustrated
in FIG. 5 is described. When the measurement tubes 2 and 3 are vibrated by
the  vibrator 6 of a Coriolis flowmeter 1, the output signals (left
velocity signal and right velocity signal) from the vibration  velocity
sensor 70 (leftpick-of f 7andrightpick-off 8) provided  in the measurement
tubes 2 and 3 are obtained as input signals  43 of the LPO and the RPO as
illustrated in FIG. 2. 



in this case, the input signals of the LPO and the RPO  are defined as
follows (5p: phase difference between LPO and  RPO). [Expression 1] Right
pick-off: sin(e) (1)  [Expression 2] Left pick-off: sin(e+6p) (2)  [0071]
The output signals (left velocity signal LPO and right  velocity signal
RPO) from the two sensors (left pick-off 7 and  the right pick-off 8) are
converted from the analog signals  into the digital signals by the A/D
converters 31 and 35 through  the low-pass filters 30 and 34 provided in
the converter of  the Coriolis flowmeter 1, respectively, and then
transferred  to the signal processing apparatus 100. As described above,
the signal processing apparatus 100  is divided into four blocks including
the quadrature modulators  110 and 130, the frequency measurement unit 120,
the transmitter  140, and the phase difference measurement unit 150. A
phase  difference between the output signal LPOfrom the left pick-off  7
and the output signal RPO from the right pick-off 8 is computed,  and then
converted into a flow rate signal based on the frequency  signal output
from the frequency measurement unit 120 and  temperature data detected by a
temperature sensor 9. [0072] 44 The detection signal of the vibration
velocity  



(outlet-side velocity signal) generated on the left side of  the
measurement tubes 2 and 3, which is detected by the left  pick-off 7, is
input to the low-pass filter 30 illustrated in  FIG. 5. The low-pass filter
30 outputs a sine signal (sine)  as illustrated in FIG. 6, from which a
harmonic noise is removed  to eliminate the influence of aliasing in A/D
conversion. The sine signal (sine) output from the low-pass filter  30 as
illustrated in FIG. 6 is sampled for digital signal  conversion at an
arbitrary constant interval by the A/D converter  31 to obtain a sampling
signal (sine) as illustrated in FIG.  7, and then output from the A/D
converter 31. [0073]  The signal (sine) as illustrated in FIG. 7, which is
output  from the low-pass filter 30 and sampled for digital signal
conversion by the A/D converter 31, is input to the quadrature  modulator
110 and the frequency measurement unit 120 of the  signal processing
apparatus 100 illustrated in FIG. 5. Further,  a transmitter output signal
output from the transmitter 140  is also input to the quadrature modulator
110. When the measurement value of the output signal frequency  output from
the frequency measurement section 120 is input to  the transmitter 140, the
transmission frequency signal (eXn)  of the transmitter 140 is transmitted
at a desired frequency  based on the measurement value of the output signal
frequency,  and a cosine signal (coseXn) as illustrated in FIG. 8 is output
45 at the same transmission output rate as the sampling interval  



of the input signal in the A/D converter 31. [0074]  When the signal (sine)
as illustrated in FIG. 7, which  is obtained as the digital signal by
sampling by the A/D converter  31, is input to the quadrature modulator
110, the input signal  (sine) from the A/D converter 31 is subjected to
90-degree  shifting in the inner portion of the quadrature modulator 110
to generate a signal (cose) as illustrated in FIG. 9. When the  signal
(coseXn) as illustrated in FIG. 8, which is output from  the transmitter
140, is input to the quadrature modulator 110,  the input signal (coseXn)
from the transmitter 140 is subjected  to 90-degree shifting in the inner
portion of the quadrature  modulator 110 to generate a signal (sinOXn) as
illustrated in  FIG. 10. In the quadrature modulator 110, quadrature
frequency  conversion is performed for modulation shifting based on a
0-degree signal and 90-degree signal of the input signal (sine)  from the
A/D converter 31 and a 0-degree signal and 90-degree  signal of the input
signal (coseXn) from the transmitter 140,  so as to generate a 1/N-signal
(sinecoseXn-cosesineXn) of the  input signal (sine) from the A/D converter
31 as illustrated  in FIG. 11. The generated signal is output from the
quadrature  modulator 110 of the signal processing apparatus 100
illustrated  in FIG. 5. [0075] 46 The phase difference between the output
signals (left  



velocity signal and right velocity signal) from the vibration  velocity
sensor 70 (leftpick-of f 7 andrightpick-off 8) provided  in the measurement
tubes 2 and 3 in the case where the measurement  tubes 2 and 3 are vibrated
by the vibrator 6 of the Coriolis  flowmeter 1 is computed by the four
blocks including the  quadrature modulators 110 and 130, the transmitter
140, the  phase difference measurement unit 150, and the frequency
measurement unit 120, included in the signal processing  apparatus 100
illustrated in FIG. 5. Then, the computed phase  difference is converted
into the flow rate signal based on the  frequency signal output from the
frequency measurement unit  120 and the temperature data detected by the
temperature sensor  9. [0076]  Next, an operation of the signal processing
apparatus  100 illustrated in FIG. 5 is described with reference to time
charts illustrated in FIGS. 12 and FIGS. 13. First, in the low-pass filter
30 illustrated in FIG. 5,  when a harmonic noise is removed to eliminate
the influence  of aliasing inA/D conversion, asinesignal (sine) as
illustrated  in FIG. 6 is output. When the sine signal (sine) illustrated
in FIG. 6isoutput,  the sine signal (sine) illustrated in FIG. 6 is input
to the  A/D converter 31 . Then, the signal is sampled for digital signal
conversion at an arbitrary constant interval by the A/D converter  47 31 to
obtain a sampling signal (Y1=sine) as illustrated in FIG.  



12(A) and output from the A/D converter 31. [0077]  The sampling signal
(sine) illustrated in FIG. 12(A),  which is output from the A/D converter
31, is input to the  quadrature modulator 110 and the frequency measurement
section  120 of the signal processing apparatus 100 illustrated in FIG.  5.
The frequency measurement section 120 of the signal  processing apparatus
100 measures the frequency of the left  velocity signal (outlet-side
velocity signal) which is obtained  as the digital signal by conversion by
the A/D converter 31. When the left velocity signal (outlet-side velocity
signal) which is obtained as the digital signal by conversion  by the A/D
converter 31 is input to the quadrature modulator  110 of the signal
processing apparatus 100 illustrated in FIG.  5, the input signal (sine)
from the A/D converter 31 is subjected  to 90-degree shifting in the inner
portion to generate a signal  (cose) as illustrated in FIG. 12(B). [0078]
A frequency signal measured based on the digital signal  output from the
A/D converter 31 is output from the frequency  measurement section 120 of
the signal processing apparatus 100. A measurement value of the output
signal frequency output  from the frequency measurement section 120 is
input to the  transmitter 120. The transmitter 120 to which the output
signal  48 frequency is input generates the transmission frequency signal  



(eXn) satisfying the following expression eXn=ex(1-1/N)  based on the
output signal frequency, and outputs a cosine signal  (Y3=cos6Xn) as
illustrated in FIG. 12 (C) at the same transmission  output rate as the
sampling interval of the input signal in  the A/D converter 31. [0079]  The
cosine signal (Y3=cos6Xn) as illustrated in FIG. 12 (C) ,  which is output
from the transmitter 120, is input to the  quadrature modulator 110. When
the cosine signal (Y3=cos6Xn)  as illustrated in FIG. 12 (C) is input to
the quadrature modulator  110, the cosine signal (Y3=cos6Xn) as illustrated
in FIG. 12(C),  which is input from the transmitter 140,
issubjectedto90-degree  shifting to generate a sine signal (Y4=sineXn) as
illustrated  in FIG. 12(D). [0080]  In the quadrature modulator 110,
quadrature frequency  conversion is performed for modulation shifting based
on the  0-degree signal and 90-degree signal of the input signal (sine)
from the A/D converter 31 and the 0-degree signal and 90-degree  signal of
the input signal (cos6Xn) from the transmitter 140,  so as to generate, as
the 1/N-signal (sinecoseXn-cosesineXn)  of the input signal (sine) from the
A/D converter 31, a sine  signal (Y5=sinecoseXn-cosesineXn=sine/N)) as
illustrated in  FIG. 13(E). The sine signal 49
(Y5=sinecos9Xn-cosesin9Xn=sin(9/N)) as illustrated in FIG.  



13(E), which is generated by the quadrature modulator 110 is  output from
the quadrature modulator 110 of the signal processing  apparatus 100
illustrated in FIG. 5 and input to the phase  difference measurement unit
150. [0081]  Further, in the low-pass filter 34 illustrated in FIG.  5,
when a harmonic noise is removed to eliminate the influence  of aliasing in
A/D conversion, a sine signal (sin(9+59)) is  output. When the sine signal
(sin(9+6(p)) is output from the  low-pass filter 34, the sine signal
(sin(9+6cp)) is input to  the A/D converter 35. Then, the signal is sampled
for digital  signal conversion at an arbitrary constant interval by the A/D
converter 35. The sampling signal (sin(9+bcp)) output from the A/D
converter 35 is subjected to 90-degree shifting in the inner  portion of
the quadrature modulator 130 to generate a cosine  signal (cos(9+5cp)) .
[0082]  The cosine signal (Y3=cos9Xn) as illustrated in FIG. 12 (C)  which
is output from the transmitter 120, is input to the  quadrature modulator
130. When the cosine signal (Y3=cos9Xn)  as illustrated in FIG. 12 (C) is
input to the quadrature modulator  130, the cosine signal (Y3=cos9Xn) as
illustrated in FIG. 12(C),  which is input from the transmitter 140, is
subjected to 90-degree 50 shifting to generate a sine signal (Y4=sinOXn) as
illustrated  



in FIG. 12(D). [0083]  In the quadrature modulator 130, quadrature
frequency  conversion is performed for modulation shifting based on the
0-degree signal and 90-degree signal of the input signal  (sin(O+b(p) )
from the A/D converter 35 and the 0-degree signal  and 90-degree signal of
the input signal (cosOXn) from the  transmitter 140, so as to generate, as
the 1/N-signal of the  input signal (sinO) from the A/D converter 35, a
sine signal  (Y6=(sin(O+6cp-OXn)=sin(O/N+5(p)) as illustrated in FIG. 13
(F) .  The sine signal (Y6= (sin (O+O(p-OXn) =sin (O/N+b(p)) as illustrated
in FIG. 13(F), which is generated by the quadrature modulator  130 is
output from the quadrature modulator 130 of the signal  processing
apparatus 100 illustrated in FIG. 5 and input to  the phase difference
measurement unit 150. [0084]  As described above, both the sine signal
(Y5=sin(O/N))  as illustrated in FIG. 13 (E) , which is output from the
quadrature  modulator 110, and the sine signal (Y6=sin(8/N+b(p)) as
illustrated in FIG. 13 (F) , which is output from the quadrature  modulator
130, are input to the phase difference measurement  unit 150. In the phase
difference measurement unit 150, a signal  (Y7=5(p) illustrated in FIG. 13
(G) is output as aphase difference  6cp based on the sine signal
(Y5=sin(O/N) ) illustrated in FIG.  51 13(E), which is output from the
quadrature modulator 110 and  



input to the phase difference measurement unit 150, and the  sine signal
(Y6sin(e/N+5cp)) illustrated in FIG. 13(F), which  is output from the
quadrature modulator 130 and input to the  phase difference measurement
unit 150. [0085]  When the computing interval is synchronized with the
sampling time as described above, the real time performance  for phase
measurement may be improved. Further, each of the set of vibration velocity
signals  (sine and sin(e+6p)) is subjected to the same processing for
phase calculation, and hence there is almost no computing error.
Therefore, accurate phase calculation may be achieved.  [Embodiment 2]
[0086]  Hereinafter, Embodiment 2 of a mode for carrying out the  present
invention is described with reference to FIGS. 14 and  15. FIG. 14 is an
operational flow chart for the specific  structure of the signal processing
apparatus illustrated in  FIG. 5 and FIG. 15 is a block diagram
illustrating the frequency  measurement unit of the signal processing
apparatus illustrated  in FIG. 5. [0087]  FIG. 14 is the flow chart
illustrating quadrature  frequency modulation and phase measurement in
phase difference 52 measurement computation of the vibration velocity
signal  



computing device 80 illustrated in FIG. 1, which is used for  the signal
processing apparatus 100 illustrated in FIG. 5. In FIG. 14, in Step 200,
parameters of the vibration  velocity signal computing device 80
illustrated in FIG. 1 are  initialized. When the parameters of the
vibration velocity  signal computing device 80 are initialized in Step 200,
in Step  210, the phase and velocity signals from the two sensors (left
pick-off 7 andright pick-off 8) are sampled at arbitrary sampling
intervals by the A/D converter 31 and the A/D converter 35 to  generate a
sine waveform and a cosine waveform, respectively,  based on the sampled
data. [00881  When the sine waveform and the cosine waveform are  generated
in Step 210, in Step 220, the frequency of the sampled  data is measured by
the frequency measurement unit 120 and an  N-value is determined based on
the measured frequency. When the N-value is determined in Step 220, in Step
230,  the measured frequency is divided by a set target frequency  division
value "N" to determine a frequency after quadrature  frequency conversion.
When the frequency after quadrature frequency conversion  is determined in
Step 230, in Step 240, a sine reference signal  waveform and a cosine
reference signal waveform are generated  by the reference signal
transmitter 140 and the quadrature  frequency conversion is performed by
the quadrature modulators  53 110 and 130 based on the reference waveforms.
As a result, each  



frequency- modulated signal has a value equal to 1/N of the  input
frequency. [0089]  When the quadrature frequency conversion is performed
in Step 240, in Step 250, the quadrature modulators 110 and  130 send, to
the phase difference measurement unit 150, the  sine signal and the cosine
signal which are generated as the  sine waveform and the cosine waveform
each having a frequency  equal to 1/N of the input frequency by quadrature
frequency  conversion, based on the reference waveforms, on the signals
obtained by sampling the phase and velocity signals at the  arbitrary
sampling intervals by the A/D converter 31 and the  A/D converter 35. When
the sine signal and the cosine signal are sent to  the phase difference
measurement unit 150 in Step 250, in Step  260, the phase difference
measurement unit 150 calculates the  phase difference based on the sine
signal and the cosine signal  which are the phase and velocity signals
having the 1/N frequency  which are obtained by the frequency modulation
and output from  the quadrature frequency modulators 110 and 130. The phase
and  velocity signals obtained by the frequency conversion is used  for
phase measurement. [0090]  (1) Frequency Measurement Unit In this
embodiment, a method using the principle of  54 phase-locked loop (PLL) is
used for the frequency measurement  



method. The PLL is an electronic circuit in which a signal which  is equal
in frequency to an input alternating current signal  and locked in phase
therewith is output from another oscillator  by feedback control.
Therefore, the PLL is fundamentally a phase-lock circuit  and may produce a
signal locked in phase with an input signal.  The PLL is an oscillation
circuit for feedback-controlling an oscillator in a loop for oscillation so
that a phase difference  between a reference signal input from an outside
and an output  from the oscillator in the loop is constant. Therefore, the
PLLmaybe relatively easily constructed using a computing device  and may
perform high-speed computation. [0091]  The frequency measurement unit 120
has the structure as  illustrated in FIG. 15. That is, the A/D converter 31
is connected to a multiplier  121. An output from the A/D converter 31 is a
left velocity  signal (outlet-side velocity signal) sine obtained in a case
where a detection signal of a vibration velocity (outlet-side  velocity
signal) having a phase difference and/or a vibration  frequency
proportional to a Coriolis force, which is generated  on the left side of
the pair of measurement tubes 2 and 3 when  the measurement tubes 2 and 3
are alternately driven by the  vibrator 6, is detected by the left pick-off
7, input to the  low-pass filter 30 to extract only alow-frequency left
velocity  55 signal (outlet-side velocity signal), and converted into a  



digital signal. The multiplier 121 compares the phase of the left velocity
signal (outlet-side velocity signal) sine which is obtained  as the digital
signal by conversion by the A/D converter 31  with the phase of an output
signal cosh output from the  transmitter 123 for frequency measurement and
outputs the  signals to the low-pass filter 122. [0092]  Therefore, an
output end of the multiplier 121 is connected  to the low-pass filter 122.
The low-pass filter 122 extracts  only a low-frequency signal from the
output signal output from  the multiplier 121 through a frequency filter.
Thus, in the multiplier 121, by the product of the left  velocity signal
sine by the output cosh of the transmitter for  frequency measurement, a
sum signal and a difference signal  of eand 6are generated. However, in
this case, onlyadifference  component is extracted from the output signal
output from the  multiplier 121. [0093]  The low-pass filter 122 is
connected to the transmitter  123 for frequency measurement. The
transmitter 123 for  frequency measurement generates phase data 5 based on
the  low-frequency signal output from the low-pass filter 122. The
transmitter 123 for frequency measurement outputs  the output signal cosh
to the multiplier 121. In the multiplier  56 121, the phase of the input
data (sine) obtained as the digital  



value by conversion by the A/D converter 31 is compared with  the phase of
the output signal cosh and the difference signal  and the sum signal
thereof are output from the low-pass filter  122. A feedback loop is formed
such that output data "V"  (frequency computing function V) of only the
difference  component obtained by filtering by the low-pass filter 122
becomes 0. [0094]  When the structure as described above is described
mathematically, as in the frequency measurement unit 120  illustrated in
FIG. 15, the input signal is expressed by sine  and the output signal of
the transmitter 123 for frequency  measurement is expressed by cosh. When
the two waveforms are  multiplied by the multiplier 121, the following is
obtained.  [Expression 3] sin B  cos B = I (sin(O + (5) + sin(O - (5)) 2
(3)  Input waveform: sine Output waveform of transmitter f or f requency
measurement:  cosy [0095]  When the multiplied value (sinecosb) is filtered
by the  low-pass filter 122, a high-frequency component is removed by  the
low-pass filter 122. Therefore, the frequency computing  function V output
from the low-pass filter 122 is expressed 57 as follows.  



[Expression 4]  V=sin(9-6) (4) When a value of (8-6) in Expression (4) is a
sufficiently  small value (V~0), the frequency computing function V may be
approximately expressed as follows. [Expression 5]  V=8-b 0 (5)  [0096]
When an output waveform of the output signal of the transmitter 123 for
frequency measurement is controlled so that  the frequency computing
function V becomes 0, the phase 8 of  Expression (5) may be obtained. When
Ta indicates a measurement sampling interval, the  phase 8 before frequency
conversion which is obtained by the  method as described above is computed
using the following  Expression (6), Expression (7), and Expression (8),
and as a  result, a frequency "f" may be obtained. [0097]  [Expression 6]
49 =w=2.1C f (6)  AT OT indicates a change in time and is equal to the
computing  interval (sampling rate). Therefore, the phase (8) is expressed
as follows.  [Expression 7] 58 



0=2nfTa (7) where Ta: change in time (sampling interval) (sec.)  f: input
frequency (Hz) 0: change in phase (rad)  [Expression 8] f= 0 2 T (8) T:
Sampling interval  f: Input fruquency  0: Input phase When such calculation
is performed by the frequency  measurement unit 120, high-speed frequency
measurement may be  achieved. [0098]  (2) Quadrature Frequency Modulator In
FIG. 5, the quadrature frequency modulators 110 and  13 0 have the same
structure and each obtain a frequency dif f erence  between two input
signals to output a frequency signal.  Simultaneously, each of the
quadrature frequency modulators  generates and outputs a signal orthogonal
to the frequency  signal. That is, the detection signal of the vibration
velocity  (outlet-side velocity signal) generated on the left side of  the
measurement tubes 2 and 3 vibrated by the vibrator 6 is  detected by the
left pick-off 7. The detection signal of the  vibration velocity
(outlet-side velocity signal) detected by  59 



the left pick-off 7 is input to the low-pass filter 30.  [0099] The analog
signal of only the low-frequency left velocity  signal (outlet-side
velocity signal) is extracted by the  low-pass filter 30 from the left
velocity signal (outlet-side  velocity signal) output from the left
velocity sensor 7,  converted into the digital signal by the A/D converter
31, and  input to the quadrature frequency modulator 110. In the quadrature
frequency modulator 110, the frequency  difference is obtained between the
left velocity signal  (outlet-side velocity signal) which is detected by
the left  velocity sensor 7, output from the A/D converter 31, and input
to the quadrature f requency modulator 110, and the predetermined
frequency signal transmitted and output from the transmitter  140 based on
the frequency measurement value output from the  frequency measurement unit
120. Simultaneously, the signal  orthogonal to the frequency signal is
generated and output.  [0100] Further, the detection signal of the
vibration velocity  (inlet-side velocity signal) generated on the right
side of  the measurement tubes 2 and 3 when the measurement tubes 2 and  3
are vibrated by the vibrator 6 is detected by the right pick-of f  8. The
detection signal of the vibration velocity (inlet-side  velocity signal)
detected by the right pick-off 8 is input to  the low-pass filter 34. The
analog signal of only the low- f requency right velocity  60 



signal (inlet-side velocity signal) is extracted by the low-pass  filter 34
from the right velocity signal (inlet-side velocity  signal) output from
the right velocity sensor 7, converted into  the digital signal by the A/D
converter 35, and input to the  quadrature frequency modulator 130. In the
quadrature frequency modulator 130, the frequency  difference is obtained
between the right velocity signal  (inlet-side velocity signal) which is
detected by the right  velocity sensor 8, output from the A/D converter 35,
and input  to the quadrature f requency modulator 130, and the
predetermined  frequency signal transmitted and output from the transmitter
140 based on the frequency measurement value output from the  frequency
measurement unit 120. Simultaneously, the signal  orthogonal to the
frequency signal is generated and output.  [0101] Assume that the output
signal (left velocity signal LPO  or right velocity signal RPO) f rom the
vibration velocity sensor  (left pick-off 7 or right pick-off 8) detecting
the detection  signal of the vibration velocity and the signal which is
output  from the transmitter 140 and input to the quadrature frequency
modulator (more specifically, quadrature frequency modulator  110 or 130)
are expressed as follows. [Expression 9] Vibration velocity sensor signal:
sin(e)  Transmitter output signal: cos (OX) (9)  [0102] 61 



Therefore, in the quadrature frequency modulator 110 or  130, 90-shift
signals with respect to the output signal (left  velocity signal LPO or
right velocity signal RPO) from the  vibration velocity sensor (left
pick-off 7 or right pick-off  8) and the signal input from the transmitter
14 0 to the quadrature  frequency modulator (more specifically, quadrature
frequency  modulator 110. or 130) are obtained from Expression 10 and
Expression 11. [Expression 10]  Sensor signal: sin(e) Sensor signal
90-shift signal: cos(e) (10)  [Expression 11] Transmitter output signal:
sin(eX)  Transmitter 90-shift signal: cos(eX) (11)  [0103] Further,
frequency differences, that is, (e-eX)  components are calculated based on
signals obtained by frequency  conversion on the respective signals of
Expression (10) and  Expression (11) and 90-shift signals after the
frequency  conversion. [Expression 12]  sinecosex-cosesinex=sin(e-ex) (12)
[Expression 13] cose-cosex-sinesinex=cos(e-ex) (13) Therefore, in the
frequency modulators 110 and 130, IQ  signals of frequency differences
between the input signal  62 



frequencies from the A/D converters 31 and 35 and the output  signal
frequency from the transmitter 140 are generated and  sent as respective
quadrature modulation outputs. [0104]  (3) Transmitter The transmitter 140
controls the frequency of the  transmitter 140 based on the result 9
obtained by measurement  by the frequency measurement unit 120. That is, in
the transmitter 140, the transmitter 140 output  cosexn is determined such
that the output frequency of the  quadrature modulator 110 becomes 1/N of
the frequency 9 of the  detection signal of the vibration velocity
(outlet-side  velocity signal) which is generated on the left side of the
measurement tubes 2 and 3, and detected by the left pick-off  7, and input
to the frequency modulator 110 in the case where  the measurement tubes 2
and 3 are vibrated by the vibrator 6. The frequency modulator 110 and the
frequency modulator  130 have the same structure. Therefore, as in the case
of the  frequency output from the frequency modulator 110, with respect  to
the frequency output from the frequency modulator 130, the  output
frequency of the quadrature modulator 130 becomes 1/N  of the frequency 0
of the detection signal of the vibration  velocity (inlet-side velocity
signal) which is generated on  the right side of the measurement tubes 2
and 3, and detected  by the right pick-off 8, and input to the frequency
modulator  130 in the case where the measurement tubes 2 and 3 are vibrated
63 



by the vibrator 6.  [0105]  The frequency modulator 110 and the frequency
modulator 130 each are provided to obtain the difference between the two
frequencies input to each of the frequency modulators based  on Expression
(12) or (13) and to have the condition in which  the output frequency
becomes 1/N of the left velocity signal  frequency or the right velocity
signal frequency, and hence  the following expression (Expression 14) is
held. [Expression 14]  6 =B-eX (14)  N 0: Input signal OX: Transmitter
output signal  N: Integer As described above, the transmitter 140 output
cosOX is desirably  determined to control OX. The output of each of the
quadrature f requency modulators  110 and 130 becomes 1/N of the input
signal. The results output  from the quadrature frequency modulators 110
and 130  corresponding to the left pick-off 7 and the right pick-off  8,
respectively, are expressed as follows. [Expression 15]  sin(O - Bs) = sin
(15)  cos(O-O)=Cos 0 64 



[Expression 16] sin(& - Bx 50)=sin(0+50) ... ( 1 6 )  cos(O - ex + 50) =
cos( j0 80) [0106]  The driving frequency of the left velocity sensor 7 and
the driving frequency of the right velocity sensor 8 in the  Coriolis
flowmeter 1 are 1kHz at maximum. Therefore, if the  value of N is set to
32, the frequencies obtained by modulation  by the quadrature frequency
modulators 110 and 130 and output  therefrom are approximately 30 Hz, and
hence only a filter having  a very low frequency and a narrow band is
desirably prepared.  [0107] In Expression (15) and Expression(16),as
described above,  the N-value dependsonaflowmetertype. Hereinafter,
anexample  of the use of N is described below. When the driving frequency
of the sensors is set in a  range of 50 Hz to 1,600 Hz and the filter
frequency band of  the converters is set to a range of 10 Hz to 40 Hz, the
following  table may be determined. In the set conditions with respect to
the N-value and  the filter band, it is important to prevent the frequency
after  quadrature modulation from overlapping with the band of 50 Hz  to 60
Hz (commercial frequencies). 65 [0108]  Driving N-value (frequency
Frequency after  



frequency division value) quadrature modulation 50 Hz-200 Hz 5 10 Hz-40 Hz
100 Hz-400 Hz 10 10 Hz-40 Hz  200 Hz-800 Hz 20 10 Hz-40 Hz 400 Hz-1,600 Hz
40 10 Hz-40 Hz  [0109] When the N-value is selected as described above, the
filtering band used for phase measurement is held, and hence  filtering may
be performed without being affected by the driving  frequency (input
frequency). The example of the use of the N-value is specifically
described here, but needless to say, the actual use of the N-value  depends
on the set conditions such as the filter bands used  for the adapted sensor
and converter. [0110]  (4) Phase Measurement Unit The results output from
the quadrature frequency  modulators are substituted for calculation into
the following  relational expression. [Expression 17]
tan(a-sznaCOSi-cosas1A$ ( 1 7 )  cosa,cos f *'si a sin f [0111]  When the
following expression is assumed,  66 [Expression 18]  (5t 1 8) 



a+90,x= (18)  the following expression is obtained. [Expression 19] sin(0
+90)Cos( N)-cos(+6) sin(t9)  tan(O +S- 8)= B 9  cos( ,+Srj*)cos(-g)+sin(
,+SAS)sin()  tan(50) ........................... (1 9) Therefore, the phase
difference may be obtained.  [0112] In another calculation method, the
following expressions  are used to calculate arc tangents. [Expression 20]
9N  tan ........................... ( 2 0 )  N cos `1 [Expression 21] sin(
+ 6r ) tan(-+5 't= (2 1)  cos(B + Sri) When a difference between the arc
tangents is obtained, the  67 phase difference may be calculated.  [0113]
<<Feature of Phase measurement Method using Frequency  Conversion>>
According to a feature of the phase measurement system  



in the present invention, the output signals (left velocity  signal LPO and
right velocity signal RPO) from the vibration  velocity sensors (left
pick-off 7 and right pick-off 8) may  be sampled at the sampling interval
unrelated to the frequency  of the output signals (left velocity
signalLPOandrightvelocity  signal RPO) from the vibration velocity sensors
(left pick-off  7 and right pick-off 8) detecting the detection signals of
the  vibration velocities which are input to the quadrature frequency
modulators (more specifically, quadrature frequency modulators  110 and
130) . Therefore, the structure maybe very simple, the  number of filter
tables may be significantly reduced, and  computation may be achieved with
a small error. There is little limitation on the phase measurement band  by
theinputfrequency. Therefore, coupling with sensors having  various driving
frequencies may be realized and there is an  advantage that the system
described above may be applied to  various types. Further, the computing
precision is not affected  by the input frequency, and hence high-precision
phase  measurement may be always achieved. [Embodiment 3]  [0114] 68 The
measurement tubes 2 and 3 including at least one flow  tube or a pair of
flow tubes, serving as measurement flow tubes,  are operated by a driving
device using the vibrator 6. The  measurement tubes 2 and 3 including the
at least one flow tube  or the pair of flow tubes are alternately driven by
the vibrator  



to vibrate the flow tubes. In a Coriolis flowmeter, a phase difference
and/or a  vibration frequency proportional to a Coriolis force acting  on
the measurement tubes 2 and 3 including the at least one  flow tube or the
pair of flow tubes are/is detected by a pair  of velocity sensors or a pair
of acceleration sensors  corresponding to vibration detection sensors
including the left  pick-off (LPO) 7 and the right pick-off (RPO) 8, which
are  provided on a right side and a left side of the flow tubes 2  and 3,
to thereby obtain a mass flow rate and/or density of  a fluid to be
measured. [0115]  The Coriolis f lowmeter includes the frequency
measurement  unit 120 for measuring a frequency based on an input signal
frequency of a digital input signal (outlet-side velocity  signal) digital
converted by the A/D converter 31 and output  from at least one sensor (for
example, left pick-off 7), of  two flow rate signals obtained by
conversion, into digital  signals, on two analog input signals of the phase
difference  and/or the vibration frequency proportional to the Coriolis
force acting on the measurement tubes 2 and 3 including the 69 pair of flow
tubes, which are detected by the velocity sensors  or the acceleration
sensors. Further, the transmitter 140 is provided to generate,  transmit,
andoutputa frequency signal of 0 (1-1/N) of thedigital  frequency signal
output from the frequency measurement unit  



120. [0116]  Further, each of velocity sensor signals (for example,  input
signal (outlet-side velocity signal) input from left  pick-off 7) from the
pair of vibration detection sensors (left  pick-off 7 and right pick-off 8)
is converted into a digital  signal by the twoA/D converters 31 and 3 5.
The pair of quadrature  modulators 110 and 130 are provided for performing
frequency  quadrature modulation by performing addition (or subtraction)
on the frequency 0 of the input signal based on the output  frequency BXn
output from the transmitter 140. [0117]  The phase difference measurement
section 150 is provided  to measure the phase difference between the
frequency signals  sine and sin(0+6(p) obtained as the constant frequency
signals  by conversion by the pair of quadrature frequency modulators  110
and 130. The signal processing apparatus 100 is provided to obtain  the
phase difference based on the output frequency signal  corresponding to 1/N
of the input frequency of the left velocity  signal (outlet-side velocity
signal) which is output from the  70 quadrature modulator 110, that is,
input from the A/D converter  31 and the output frequency signal
corresponding to 1/N of the  input frequency of the right velocity signal
(inlet-side  velocity signal) which is output from the quadrature modulator
130, that is, input from the A/D converter 35, to thereby serve  



as the Coriolis flowmeter. 71 [Description of Symbols]  [0118] 1 Coriolis
flowmeter  2, 3 measurement tube  4 detector 5 converter  6 vibrator 7 left
velocity sensor  8 right velocity sensor  9 temperature sensor 10 drive
control section 11 phase measurement section 12 temperature measurement
section  30, 34 low-pass filter 31, 35 A/D converter 70 vibration velocity
sensor 80 vibration velocity signal computing device  85 quadrature
modulator 90 transmitter 95 phase measurement unit 100 signal processing
apparatus  110 quadrature modulator 120 frequency measurement unit  121
multiplier 122 low-pass filter 



123 transmitter for frequency measurement  72 130 quadrature modulator  140
transmitter 150 phase difference measurement unit  160 clock FIG. 1 85
QUADRATURE MODULATOR  90 TRANSMITTER 95 PHASE MEASUREMENT UNIT  (1) INPUT
FREQUENCY (2) TRANSMITTER FREQUENCY  (3) INTEGER FIG. 2 (1) DRIVING
FREQUENCY  FIG. 3 (1) VELOCITY SIGNAL COMPONENT  (2) NOISE COMPONENT (3)
DRIVING FREQUENCY  FIG. 4 (1) VELOCITY SIGNAL COMPONENT  (2) NOISE
COMPONENT (3) DRIVING FREQUENCY 73 FIG. 5 100 COMPUTING DEVICE 110, 130
QUADRATURE MODULATOR  



120 FREQUENCY MEASUREMENT UNIT  140 TRANSMITTER 150 PHASE DIFFERENCE
MEASUREMENT UNIT  160 CLOCK FIG. 14 200 INITIALIZE PARAMETERS  210 SAMPLE
SENSOR SIGNALS  (GENERATE SIN AND COS SIGNALS) 220 MEASURE FREQUENCY SET
TARGET FREQUENCY DIVISION VALUE N 230 DIVIDE MEASURED FREQUENCY BY N TO
CALCULATE OUTPUT  FREQUENCY OF REFERENCE SIGNAL 240 GENERATE REFERENCE
SIGNAL  (GENERATE SIN AND COS SIGNALS) 250 PERFORM QUADRATURE FREQUENCY
MODULATION  (GENERATE SIN AND COS SIGNALS) 260 MEASURE PHASE DIFFERENCE
FIG. 15 121 MULTIPLIER  122 FILTER 123 TRANSMITTER FOR FREQUENCY
MEASUREMENT  74 140 TRANSMITTER  (1) INPUT SIGNAL (2) OUTPUT WAVEFORM OF
TRANSMITTER FOR FREQUENCY MEASUREMENT  (3) FILTER OUTPUT FIG. 16 



5 MASS FLOWMETER CONVERTER  10 DRIVE CONTROL SECTION 11 PHASE MEASUREMENT
SECTION 12 TEMPERATURE MEASUREMENT SECTION  (1) FLOW RATE (2) OUTLET-SIDE
VELOCITY SIGNAL  (3) VIBRATOR (4) INLET-SIDE VELOCITY SIGNAL  (5)
TEMPERATURE SIGNAL FIG. 17 18 DRIVE CIRCUIT 23 COMPUTING DEVICE 27
TEMPERATURE MEASUREMENT CIRCUIT  (1) DRIVE SIGNAL (2) LEFT VELOCITY SIGNAL
(3) RIGHT VELOCITY SIGNAL  (4) TEMPERATURE SIGNAL  (5) ANALOG OUTPUT (6)
PULSE OUTPUT 75 FIG. 18 32 PHASE DIFFERENCE MEASUREMENT UNIT  33 TIMING
GENERATOR 36 FREQUENCY MEASUREMENT UNIT  40 COMPUTING DEVICE (1) LEFT
VELOCITY SIGNAL  (2) RIGHT VELOCITY SIGNAL  



FIG. 19 50 COMPUTING DEVICE  51, 54 NOTCH FILTER 52 PHASE DIFFERENCE
MEASUREMENT UNIT  53 FREQUENCY MEASUREMENT UNIT 55 CLOCK (1) LEFT VELOCITY
SIGNAL  (2) RIGHT VELOCITY SIGNAL  FIG. 20 60 COMPUTING DEVICE 61, 64
BAND-PASS FILTER 62 PHASE DIFFERENCE MEASUREMENT UNIT  63 FREQUENCY
MEASUREMENT UNIT 65 CLOCK (1) LEFT VELOCITY SIGNAL  (2) RIGHT VELOCITY
SIGNAL 76 Claims  1. A signal processing method for a Coriolis flowmeter in
which at least one flow tube or a pair of flow tubes which is  included in
a measurement flow tube is operated by a driving  device using a vibrator
to alternately drive the at least one  flow tube or the pair of flow tubes,
and a phase difference  and/or a vibration frequency proportional to a
Coriolis force  acting on the at least one flow tube or the pair of flow
tubes  are/is detected by velocity sensors or acceleration sensors  which
are a pair of vibration detection sensors provided on  



a right side and a left side of the at least one flow tube or  the pair of
flow tubes when the at least one flow tube or the  pair of flow tubes is
vibrated, to thereby obtain a mass flow  rate and/or density of a fluid to
be measured, the signal processing method being characterized by
comprising: a first step of converting, into digital signals, analog
signals output from the pair of vibration detection sensors;  a second step
of performing frequency conversion on the two digital signals which are
obtained by the converting in  the first step and correspond to the pair of
vibration detection  sensors; a third step of measuring a frequency based
on one digital  signal of the two digital signals which are obtained by the
converting in the first step and correspond to the pair of  vibration
detection sensors; and 77 a fourth step of generating a frequency signal
corresponding to 1/N of a digital signal of the frequency measured  in the
third step, the signal processing method being characterized in that  a
phase difference between detection signals from the pair of  vibration
detection sensors is detected based on the frequency  signal corresponding
to 1/N of the digital signal which is  generated in the fourth step. 2. A
signal processing method according to claim 1, wherein  in the step of
generating the frequency signal corresponding  



to 1/N of the digital signal of the frequency e which is output  from the
frequency measurement unit, a frequency ex is obtained  for frequency
conversion to satisfy e/N=e-ex. 3. A signal processing method according to
claim 1, wherein  N is determined such that the frequency signal
corresponding  to 1/N of the digital signal of the frequency e which is
output  from the frequency measurement unit is smaller than 50 Hz.  4. A
signal processing apparatus for a Coriolis flowmeter  in which at least one
flow tube or a pair of flow tubes which  is included in a measurement flow
tube is operated by a driving  device using a vibrator to alternately drive
the at least one  flow tube or the pair of flow tubes, and a phase
difference  and/or a vibration frequency proportional to a Coriolis force
78 acting on the at least one flow tube or the pair of flow tubes  are/is
detected by velocity sensors or acceleration sensors  which are a pair of
vibration detection sensors provided on  a right side and a left side of
the at least one flow tube or  the pair of flow tubes when the at least one
flow tube or the  pair of flow tubes is vibrated, to thereby obtain a mass
flow  rate and/or density of a fluid to be measured, the signal processing
apparatus being characterized by  comprising: A/D converters for
converting, into digital signals,  analog signals output from the pair of
vibration detection  sensors; a pair of quadrature frequency modulators for
performing  



frequency conversion on the two digital signals which are output  from the
A/D converters and correspond to the pair of vibration  detection sensors;
a frequency measurement unit for measuring a frequency  based on one
digital signal of the two digital signals which  are output from the A/D
converters and correspond to the pair  of vibration detection sensors; and
a transmitter for generating a frequency signal  corresponding to 6 (1-1/N)
of a digital signal of the frequency  output from the frequency measurement
unit, the signal processing apparatus being characterized in  that aphase
difference is obtainedbasedon the signals generated  by the pair of
quadrature frequency modulators. 79 5. A signal processing apparatus
according to claim 4,  wherein the frequency measurement unit for measuring
the  frequency based on one digital signal of the two digital signals
which are output from the A/D converters and correspond to the  velocity
sensors or the acceleration sensors which are the pair  of vibration
detection sensors has a phase locked loop (PLL)  for frequency measurement.
6. A Coriolis flowmeter in which at least one flow tube or  a pair of flow
tubes which is included in a measurement flow  tube is operated by a
driving device using a vibrator to  alternately drive the at least one flow
tube or the pair of  flow tubes, and a phase difference and/or a vibration
frequency  proportional to a Coriolis force acting on the at least one  



flow tube or the pair of flow tubes are/is detected by a vibration
detection sensor when the at least one flow tube or the pair  of flow tubes
is vibrated, to thereby obtain a mass flow rate  and/or density of a fluid
to be measured, the Coriolis flowmeter being characterized by comprising  a
signal processing apparatus comprising: A/D converters for converting, into
digital signals,  analog signals output from the pair of vibration
detection  sensors; a pair of quadrature frequency modulators for
performing  frequency conversion on the two digital signals which are
output  from the A/D converters and correspond to the pair of vibration  80
detection sensors; a frequency measurement unit for measuring a frequency
based on one digital signal of the two digital signals which  are output
from the A/D converters and correspond to the pair  of vibration detection
sensors; and a transmitter for generating a frequency signal  corresponding
to 6 (1-1/N) of a digital signal of the frequency  output from the
frequency measurement unit, the signal processing apparatus being
characterized in  that aphase difference is obtained based on the signals
generated  by the pair of quadrature frequency modulators. 81 






