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ABSTRACT When the electromagnetic flowmeter (EMF) is applied to the industrial field, the effective
flow signal of the electrode output is easily drowned out by the noise under the condition of strong noise
and flow rate lower than 0.2 m/s. However the flow signal drowned out in strong noise cannot be measured
accurately by traditional electromagnetic flow detection technology, which cannot separate signal and noise
effectively. The correlation technology can be applied to select the reference signal with the same regularity
as the target signal to separate the target signal and remove the noise. Firstly, researches on the correlation
detection and the basic correlation theory of the electromagnetic flowmeter are carried out. Then, the design
of the electromagnetic flow measurement system based on the theoretical research is completed. Finally,
in order to verify the performance and accuracy of the designed flow measurement system, a test platform for
electromagnetic flow detection is set up, and the verification experiments are implemented. The experiment
results show that the electromagnetic flow measurement system based on the correlation theory can not only
meet the requirements of traditional flow measurement but also have unique advantages in suppression of
strong noise interference, slurry flow measurement, and low flow rate measurement.

INDEX TERMS Correlation detection, electromagnetic flow measurement, interference suppression, lock-

in amplification, weak signal detection.

I. INTRODUCTION

The electromagnetic flowmeter, an instrument to measure
liquid flow, developed rapidly in the 1960s with the improve-
ment of electronic technology [1]. The output flow signal
of electromagnetic flowmeter electrodes is very weak and
mixed with many kinds of interference simultaneously. The
main interference signals include differential interference,
in-phase interference, power-line interference, serial mode
interference, common mode interference and electro-
chemistry interference [2]-[7]. These interference must be
suppressed and eliminated in order to obtain stable flow
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signals. The anti-interference technologies to improve the
flow measurement performances of EMF mainly include
new excitation technology, prefilter amplification, simultane-
ous sampling frequency compensation, and data acquisition
etc [8]-[10]. A. B. Denison et al proposed the low frequency
excitation in 1956 [11]. Low frequency excitation, with
excellent anti-interference performance, is easily used for
flow signal processing, and therefore widely applied in elec-
tromagnetic flowmeters. Although the performance of the
electromagnetic flowmeter has been continuously improved
with the progress of the theoretical study, the eddy current
effect, quadrature interference and in-phase interference have
still remained in traditional flow measurement. Yokogawa
Electrical and Mechanical Company in Japan, developed an
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excitation method of high and low frequency-modulated rect-
angular waves, namely double-frequency rectangular excita-
tion technology in 1988 [12], based on the characteristics of
various excitation methods. With this technology, the zero-
point stability and the ability to suppress mud interference
and flow noises of the low frequency rectangular wave exci-
tation were improved. Moreover, it further reduced the exci-
tation power consumption and improved the signal-to-noise
ratio (SNR) of the output signal of the electromagnetic flow
sensor, making it the most advanced excitation technology
in the field of electromagnetic flowmeter [13]. T.Zhang
analyzed the influence of different excitation frequencies,
the number of sampling points and sampling width on the
measurement accuracy, and improved measurement accuracy
and measurement range based on the result of theoretical
analysis. However, this method mainly worked on eliminating
power-line interference under low flow rate or low excita-
tion current conditions [14]. According to the distribution
characteristics of the series mode interference frequency and
the measured signal frequency, the researchers applied the
appropriate filters (such as active RC filtering circuit or pas-
sive low pass filter) to remove the series mode interfer-
ence effectively [15]. Y.D.Xiao et al analyzed the impact of
working processes of these filters on their performance, and
designed the lock-in amplifier with a filter to remove the
noise effectively. These researchers also carried out some
experiments to prove that the pre-filter can greatly reduce
the output noise of the system and increase the SNR [16].
J.Z.Wang et al proposed a new finite element method to
solve the weight function of electromagnetic flowmeter. It can
reduce the influence of magnetic field interference when the
fluid contains a certain proportion of solid particles [17].

All these methods only work on the elimination of a sin-
gle kind of interference. However, effectively removing all
kinds of interference in the output signal of the electromag-
netic flowmeter, and extracting the flow signal, are key to
improving the measurement accuracy of the electromagnetic
flowmeter. In recent years, the lock-in amplification tech-
nology has been widely applied to all aspects of scientific
research. Lock-in amplification technology can extract weak
flow signals from an environment full of strong noises with
its unique and simple signal processing method. It can be
widely used in the measurement of contact resistance, opti-
cal fiber sensing, and the detection of weak signal such as
laser signal [17]. Moreover, it is also applied in laser dis-
tance measuring, infrared spectrum analysis, nondestructive
testing, and strain measurement etc. With the progress of
technology, the lock-in amplification performance will be
further improved and have a profound impact on the mea-
surement technology. J.Guan first explored the signal detec-
tion technology of the electromagnetic flowmeter by using
the correlation principle, and proposed new ideas for the
development of the electromagnetic flowmeter based on the
correlation detection principle [18]. However, he only pro-
posed the concept of correlation principle applied in the field
of electromagnetic flowmeter, without carrying researches in
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depth. Our paper proposes a method to extract the flow signal
under the condition of strong external interference, high solid
particle content and flow rate lower than 0.2m/s. The method
is based on the combination of lock-in amplification and
traditional weak signal amplification. It is worth emphasizing
that there has not been any literature introducing the electro-
magnetic flow measurement system based on the correlation
detection principle. Moreover, this system not only meets the
requirements of traditional flow measurement but also has
unique advantages in strong noise interference suppression,
slurry flow measurement, and low flow rate measurement.

The remainder of this paper is organized as follows.
Section 2 introduces the correlation detection model of elec-
tromagnetic flowmeter. Section 3 describes the system design
and experiment work. Section 4 contains the results of the
data analysis. Section 5 contains our conclusions.

Il. CORRELATION DETECTION MODEL OF
ELECTROMAGNETIC FLOWMETER
A. OUTPUT SIGNAL MODELLING OF
ELECTROMAGNETIC FLOWMETER
As for an electromagnetic flowmeter with low frequency
rectangular wave excitation, the voltage obtained from the
electrodes contains not only an induction electromotive force
that is proportional to the flow rate, but also a variety of
interference components, including power-line interference,
differential interference, common mode interference, series
mode interference and electro-chemical interference [19].
The voltage signals on the electrodes of the electromagnetic
flowmeter can be expressed in equation (1).
B d*B
E—BVD—}—klE—i— 2W+ec—i—ed—i—eZ (1)
where BvD is the measured flow signal obtained by the
electromagnetic flowmeter; k| ‘fj—f is differential interference,
which is caused by the induction electromotive force gener-
ated in the closed loop during the sudden change of magnetic
field; k2% is in-phase interference, which increases when
the differential interference gets larger; e, is common mode
interference, which is caused by electrostatic interference and
electromagnetic interference; ey is series mode interference;
e; is electrochemical interference, which mainly includes
slurry interference, polarization interference and flow noise.
The waveform of the output signal of the electromagnetic
flowmeter is shown in Figure 1.

Differential interference and in-phase interference are
the main interference types of electromagnetic flowmeters.
The traditional noise elimination method mainly works on
removing differential interference and in-phase interference.
However, when the magnetic field is stable, differential
interference and in-phase interference will disappear auto-
matically. The stable stages can be extracted by sampling
and holding, but common mode interference, series mode
interference and electrochemical interference are not negli-
gible [13]-[15]. Firstly, the series mode interference mixed
into effective signals is difficult to separate. It saturates the
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FIGURE 1. Output signal of electromagnetic flowmeter with interference
signals.

measurement amplifier easily, weakens the linearity of the
signal, and influences the zero-point stability of the elec-
tromagnetic flow signal greatly. Then, the common mode
interference does not directly affect the measurement results,
but it can be transformed to series mode interference which
affects the measurement results when the input parameters of
the switching amplifier are asymmetric. Finally, due to slurry
interference, the output signal of electromagnetic flowmeters
in the slurry flow measurement contains randomly generated
large jump noise with the spectrum distribution of 1/f, and
can hardly be removed by traditional signal processing. These
interferences often affect the accuracy of measurement even
leading to the failure to carry out the measurement. Therefore,
effectively removing these three kinds of interferences is
the key to improving measurement accuracy. According to
Faraday’s law, the frequency of effective signal (BvD) in the
electrode output of the electromagnetic flowmeter should be
the same as the frequency of the excitation signal. The low
frequency rectangular wave excitation is applied in the elec-
tromagnetic flowmeter studied in this paper. Therefore, if the
rectangular wave with the same frequency as the excitation
wave is used as the reference signal, correlation detection
technology can be used to remove the noise (including com-
mon mode interference, series mode interference and electro-
chemical interference) in the output signal of the electrodes
effectively. If the traditional method [23] and correlation
detection technology work together, complex situations of
strong external interference, high solid particle content, and
flow rate below 0.2m/s, can be treated more effectively.

B. DETECTION MODEL BASED ON

CORRELTATION PRINCIPLE

Since the low frequency rectangular wave excitation is
applied in the electromagnetic flowmeter based on correlation
principle, the measured flow signal can be idealized as the
rectangular signal. According to Faraday’s law, the frequency
and phase of the excitation signal are almost identical to those
of the measured signal [24]. Hence, in this system the rectan-
gular excitation wave is used as the reference signal, which
can be expressed by the symmetric square wave function with
unit amplitude.
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The schematic diagram of the electromagnetic flowme-
ter based on correlation theory is shown in Figure 2.
Assuming that the flow signal with noise Vy and excitation
reference signal V., are multiplied in a multiplier, Vj is
not only the output signal of the multiplier, but also the
input signal of the integrator. The resistances Ry, R, and
capacitance Cp of the integrator, are shown in Figure 2.
Vo is the output signal of the integrator and also the cor-
relation function of the correlator output. The multiplica-
tion of the flow signal and the excitation reference signal
with unit amplitude can be operated in the switch multi-
plier. The excitation reference signal can be expressed in
equation (2).

V. 4% ! n2n+1)-of -t 2)
= — sin(2n -of -
Y= mtd
where wy is the angular frequency of the excitation reference
signal, n a natural number and t the integration time. The flow
signal with noise can be expressed as:

4 Sl |
SV = ;Vaml;) S S D R EAG)  (3)

where wgr is the angular frequency of the signal; t is the
delay time of the input signal relative to the excitation ref-
erence signal; V,,, is the amplitude of the rectangular wave
of the flow detection signal; n(t) is the noise interference
in electrode output signal of electromagnetic flowmeter. The
integrator input voltage V; and the output voltage Vj satisfy
the differential equation (4).

Co=2+ 2 =—-L 4)

By simplifying equation (4), we have:
A% 1 Vi

— 4+ 0= —
dt RyCo CoRy

Equation (5) is a first-order linear differential equation, and
the general solution is shown in equation (6):

w=er (- me) |, (zc)
0= o RoCo 0 R1Cy
todt

-exp(/o R—0C0>dt+C:| (6)

where C is an undetermined constant; the initial voltage of Co
is 0.

)

Vi=Vr Ve

[ am § 1 i ( 1) ( ) ( )]
[/ sin 2’1 + WR 1 + T + n(z

1
4
X — Z sin(2n + 1)wgt
T
2n+1

4 =1
= ;Vam; 1 sin@2n + 1) - wg(t + 1)
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FIGURE 2. Correlation detection principle of the electromagnetic flowmeter.
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The product of noise n(t) and excitation reference signal is:

o0

4 |
. —
(0 n22n+1

sin(2n + 1) - wgt ®)

To make the following deduction easier, suppose the noise
n(t) = Vysinwnt, and substitute it into formula (8):

o0

4
Vy sinwnt - — E
T n=0
n=»

1 sin(2n + 1)wgt O]

where VY is the amplitude of noise, wy is the noise frequency
(the superposition of noise frequency and flow signal fre-
quency in electromagnetic flowmeter can be neglected).
According to the research on cross-correlation detection
methods [19], when the integration time is long enough,
and the excitation reference frequency is the same as the
frequency of the electromagnetic flow signal, the cross-
correlation between the noise n(t) and the excitation reference

signal is 0. So only = Vaum Z 2n+1 sin(2n 4+ 1)wg(t + 7) and

excitation reference 51gnal are correlated.

By substituting the product of the excitation reference
signal V,, and the first item in the expression of flow signal
V¥ into equation (6), we have:

Vo
— 8Vamkoi 1
I (2n+ 1)?
n=0
2ntl 2(2n+ 1)wgt —6
{(Cos(2n+1)wRT_COS( n+1)wgrtcos [22n+1)wg 1

V1+[22n+Dartl?
sin(2n 4+ 1)wgt cos [2(2n + 1wt — 03]

V141220 + Dogwl?
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cos(2n + 1)wgt cos O
V14220 + Dawgtol?

_sin(2n + Dawgt cos 6 exp (_L) (10)
V1+ 221 + Dagtol?

— <cos(2n + Dwgrt —

where 6, = arctgm, 70 = RoCo = T, and 01 =
arctg2(2n + 1)wgrRoCop.
When wrRoCp > 1, equation (10) can be simplified, as

shown in equation (11):

8RoVum t
——— |1 —exp| —
2R} RoCy

o]

1
x Xojmcos(zn+ Dwrt  (11)

Vo =

According to the infinite progression equation,

C 4cC 7Ty+ 1 371y+ 1 SerjL
=———= |COS— —COS——— —=COS—— T ..o
YT T | TR e T e

O<y<C) (12)

where C is any constant.
Substitute y = “’R L into the equation above:

WRT

-cos(2n+ Nwrt = = — —  (13)
b4

N =

1
7?2 2 (2n + 1)2
n=0
Then substitute equation (13) into equation (11):

RoVam t 2wRT
Vo= ——27am g (-2 )| |1 14
TR [ exp( R0C0>][ n ] (1

When ¢t > T¢c = RyCy, and ¢ = wgt, the equation (14) can

be written as :
RyV, 2
Vo = ——07am (1——¢’> (15)

Based on the deduction above, the following conclusions
can be obtained:

1) When there is interference signal in the output signal,
the result of correlation between the output signal and
the excitation reference signal is the cross-correlation
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FIGURE 3. Self-made electromagnetic flowmeter hardware structure.

function between the flow signal and the reference
signal, which is independent of the interference signal
amplitude.

2) In the system, the output DC voltage signal is the
product of flow signal amplitude V,p and DC amplifi-
cation ﬁ—‘l’, and is linearly related to the phase difference
¢ between the two rectangular waves.

3) When the phase difference between the electrode out-
put signal and the excitation reference signal is zero
constantly and the amplification 2—? is determined,
the amplitude of the electromagnetic flow signal Vyn,
is directly related to the output voltage of lock-in
amplifier.

IIl. SYSTEM DESIGN AND EXPERIMENTAL WORK
After setting up the whole measurement system, it is nec-

essary to test the function of each module and the whole
system to verify the feasibility and rationality of the system
design. The hardware structure of self-made electromagnetic
flowmeter is shown in Figure 3.

A. SYSTEM REALIZATION OF ELECTROMAGNETIC
FLOWMETER BASED ON CORRELATION PRINCIPLE

The signal processing circuit designed in this paper is based
on the electromagnetic flowmeter with the low frequency
rectangular wave as the excitation signal, including a refer-
ence signal channel processing circuit, a signal conditioning
circuit and a correlator circuit [25]. The self-made electro-
magnetic flowmeter is shown in Figure 4.

1) REFERENCE CHANNEL

According to the principle of lock-in amplification, it is fea-
sible to use the excitation signal as the reference signal of a
lock-in amplifier. The excitation signal can be generated by
direct digital frequency synthesis (DDS) technology [26].

2) SIGNAL CHANNEL
In order to suppress the common mode interference of the
system as much as possible, a differential electrode structure
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FIGURE 4. Self-made EMF.

is used in the output of the electromagnetic flow sensor, and
this electrode structure is composed of positive, negative and
ground electrodes. In order to ensure that the signal is not
distorted, the gain of the preamplifier circuit must be set
within 10, so the voltage of the output signal was still very
small, which needed to be amplified again. Two-stage ampli-
fication was used to meet the requirements of the subsequent
circuit.

After being processed by the preamplifier, the flow signal
may still be mixed with high-frequency spike noise and small
DC components in the output signal of the sensor. These
interference need to be removed by a band-pass filter. In prac-
tical applications, different excitation frequencies should be
applied to improve the accuracy of flow measurement accord-
ing to the different properties of the fluid. The filtering
method can be optimized in the system and the automatic
tracking frequency filtering technology can be successfully
realized [27], [28].

3) CORRELATOR MODULE
In both correlation function and correlation detection, there
are multiplications of two functions. In the circuit, a phase
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sensitive detector or a mixer, an important part of correlation
detection technology, is usually used to implement the multi-
plication, and the output signal frequency can be transformed
from wq to 2wy. If the input signal and the reference signal
have different frequencies, the output will be in the spectrum
range of 2w and thus be filtered by the low-pass filter. On the
other hand, when the input signal and the reference signal
have the same frequency, Awy = 0. Thus, the DC signal only
related to the sizes and the initial phases of the two signals
can be obtained [29]-[31].

4) SIGNAL ACQUISITION AND CONTROL MODULE

This module is composed of constant current source, exci-
tation control, detection circuit, DSP, and LCD display, and
is mainly used to realize excitation signal control, excitation
current detection, as well as acquisition, processing, anal-
ysis and display of the flow signal. The reference signal
is the square wave generated by the PWM module of the
DSPF28335, and the frequency is 6.25Hz.

B. EXPERIMENT SETUP AND DESIGN

In order to verify the performance of the electromagnetic
flowmeter based on correlation principle, an experimen-
tal platform was designed and constructed. As shown in
Figure 5, this experiment took Yokogawa ADMAG AXW
electromagnetic flowmeter with accuracy level of 0.5 as
the standard meter. This flowmeter can measure low flow
rate and calibrate the self-made electromagnetic flowme-
ter based on correlation principle. The traditional electro-
magnetic flowmeter is used as a comparator to evaluate
the performance of self-made electromagnetic flowmeter.
The frequency can be adjusted by automatically control-
ling the frequency converter, thus the flow rate can be
changed.

In this experiment, the flow rates ranged from 0.141m/s
to 2.00 m/s. Data at 14 different flow rates were taken by
comparing the standard electromagnetic flowmeter reading
with the readings of the self-made electromagnetic flowmeter
and traditional electromagnetic flowmeter. The average value
was then calculated. Self-made electromagnetic flowmeter
was tested under the conditions of strong interference, solid
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FIGURE 6. Output signal processed by the lock-in amplifier.

particles and low flow rate in order to verify the superiority of
the electromagnetic flow detection technology based on the
correlation principle.

IV. RESULTS AND ANALYSIS

The structure of this section is organized as follows. Firstly,
the response characteristics of the correlation electromag-
netic flowmeter are described; then, the calibration result is
shown and analyzed; finally, data obtained from the tests
under special conditions, including external strong inter-
ference, slurry fluid and low flow rate, are presented and
analyzed.

A. RESPONSE CHARACTERISTICS OF ELECTROMAGNETIC
FLOWMETER BASED ON CORRELATION PRINCIPLE

With the flow signal as input and the excitation signal as the
reference signal, there was a phase difference of 180 degrees
between the reference signal and the measured signal. After
the multiplication operation by the phase sensitive detector,
the processed signal was input into the low pass filter and the
DC signal was obtained. The waveform after being processed
by the phase sensitive detection is shown in figure 6.

It can be found that the waveform after being processed
by the lock-in amplifier actually overturns downward the
original waveform with the zero point as the symmetry axis.
The phase difference between the reference signal and flow
signal is 180 degrees. After being processed by the low pass
filter, the waveform is approximately a straight line, which is
consistent with the previous theoretical study [32].

B. CALIBRATION RESULTS
The frequency change of the transducer led to the variation
of the flow rate, and flow rate variation caused the difference
of the output effective voltage of the low pass filter. The data
acquisition system was used to collect the DC voltage of
the output of the lock-in amplifier, and the flow rate of the
standard flowmeter was recorded, as shown in Table 1.
According to the calculation, the linearity between the
output voltage of self-made electromagnetic flowmeter and
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TABLE 1. Data of flow rate measurement.

TABLE 2. Test results of self-made electromagnetic flowmeter.

Output of self-made
Frequency Standard flowmeter (m/s) electromagnetic flowmeter
(Hz) (mV)
min max avg min max avg
3 0.140 | 0.141 0.141 132 135 134
5 0.239 | 0.240 | 0.240 84.0 88.0 86.0
7 0.331 | 0.332 | 0.332 43.0 47.0 45.0
9 0.426 | 0.427 | 0.427 4.00 5.00 4.50
11 0.522 | 0.523 | 0.523 -41.0 -38.0 -39.5
13 0.618 | 0.619 | 0.619 -85.0 -81.0 -83.0
15 0.724 | 0.725 | 0.725 -134 -129 -132
17 0.823 | 0.824 | 0.824 -175 -173 -174
19 0.926 | 0.927 0.927 -224 =222 -223
20 0.974 | 0.975 | 0.975 -248 -245 -247
25 1.24 1.24 1.24 -364 -360 -362
30 1.49 1.50 1.50 -474 -470 -472
35 1.75 1.75 1.75 -586 -583 -585
40 2.00 2.00 2.00 -709 =706 =708
20 -

g 1.54 v -

E -

% 1.0 -

E -

H .

E os4 i

3 .

0.0 -4
-o8 —()’6 -n‘ 4 0‘ 2 0’0 0‘7 n‘a

system voltage out (V)

FIGURE 7. The relationship between the output value and the flow rate of
the self-made electromagnetic flowmeter.

the flow rate is shown in equation (16):
y = —2.2294x 4 0.4431 (16)

where y is the flow rate and x is the output voltage of the
self-made electromagnetic flowmeter. The coefficients a =
—2.2294, b = 0.4431 in equation (16) are the instrument
coefficients of the tested flowmeter. It can be found that the
flow change can be linearly expressed by the output voltage
of the tested flowmeter, and the linearity between the flow
change and output voltage is excellent. As shown in Figure 7,
R squared, as the extent index of the trend linear fitting
of the straight line, is equal to 0.9999. The extent index is
important to describe the static characteristics of the sensor.
A high extent index shows a better linear feature and a higher
stability of the system.

After a calibration test, the meter factors were input into the
self-made electromagnetic flowmeter, and an instantaneous
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Test Standard Self-made Flow Relative | Mean er
points EMF EMF differenc | indicatio ror(%)
(converter | (instantane (instantane e(m’/h) n
frequency ous ous error(%)
Hz) flow,m*h) | flow,m’/h)
56.5 56.5 -0.0280 -0.0500
40.0 56.5 56.7 0.226 0.400 0.283
56.5 56.8 0.283 0.500
422 42.1 -0.113 -0.268
30.0 423 42.0 -0.226 -0.535 -0.223
422 423 0.0570 0.134
27.5 27.4 -0.141 -0.513
20.0 27.6 27.7 0.113 0.410 0.0680
27.6 27.7 0.0850 0.307
14.8 14.8 0.0570 0.382
11.0 14.8 14.6 -0.113 -0.766 0.193
14.7 14.8 0.141 0.962

flow can be obtained directly. In this test, six test points were
chosen, and four tests were conducted at each point. The test
results are listed in Table 2.

According to Table 2, the maximum relative indication
error in a single test is —0.766%, and the minimum one
is —0.050%. Besides, the maximum average relative indi-
cation error is 0.283%, and the minimum average relative
indication error is 0.068%. By comparison with the rela-
tive indication error, the average relative indication error
at each test point is much smaller. The relative indication
error of each test point can be reduced after being averaged.
At present, the measurement error of commonly used high-
precision electromagnetic flowmeter is 0.5%, so the accuracy
of self-made electromagnetic flowmeter is better than that of
commonly used high-precision electromagnetic flowmeter.

C. TESTS UNDER SPECIAL CONDITIONS

1) TEST UNDER THE CONDITION OF EXTERNAL

STRONG INTERFERENCE

In the experiment, an electric drier was used to introduce
synchronous periodic impulse noises into the system, to test
fluctuation rate of the output value of the system. The test was
conducted at 24Hz.

According to Figure 8, the waveform of the traditional
electromagnetic flowmeter shown in Figure 1 is affected by
external strong interference. The wave fluctuates between
0-0.500V, which influences the calculation of the voltage
difference and thus the accuracy of the flow rate measure-
ment. However, the designed system based on the correlation
principle can suppress the external interference well, making
the output stable. The output value is only 15mV, making
calculations easier and helping to improve the accuracy of
the measurements.

2) SLURRY FLUID TEST
The bentonite of a certain ratio (3%¢) was added into the lig-
uid storage tank. The data acquisition commenced when the
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FIGURE 10. Self-made electromagnetic flowmeter slurry output.

bentonite was mixed fully and distributed homogeneously,
as shown in Figure 9.

Figure 9 shows that the slurry measurement of the tra-
ditional electromagnetic flowmeter is obviously affected by
slurry interference, and the flow rate fluctuated between
2.050~2.250 (m/s). Figure 10 shows that self-made electro-
magnetic flowmeter can effectively remove the slurry inter-
ference. The flow rate fluctuates between 2.130 m/s and
2.150 m/s, and the fluctuation range is apparently less than
that of the traditional electromagnetic flowmeter. Hence,
the self-made electromagnetic flowmeter works better on
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FIGURE 11. Output signal of low flow rate test.

suppressing the slurry interference and improving the mea-
surement accuracy.

3) LOW FLOW VELOCITY TEST
The frequency of the transducer increased from 0 Hz and
the flow rates of the standard flowmeter were recorded at
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TABLE 3. Low flow rate test data.

e e ke
Frequency(Hz) (mV)

min max avg min max avg

2.00 0.099 | 0.101 0.100 165 167 166
2.10 0.102 | 0.103 0.103 159 160 160
2.20 0.106 | 0.107 0.107 157 159 158
2.30 0.113 | 0.114 0.114 154 157 156
2.40 0.117| 0.118 | 0.118 152 153 153
2.50 0.122 | 0.123 0.123 148 150 149
2.60 0.126 | 0.127 0.127 143 147 145
2.70 0.130 | 0.131 0.130 140 144 142
2.80 0.134 | 0.136 0.135 138 140 139
2.90 0.135 | 0.136 0.136 134 137 136
3.00 0.140 | 0.141 0.140 132 135 134

the frequencies of 3.5Hz, 4.5Hz and 5.5Hz respectively. The
output waveform of self-made electromagnetic flowmeter
was recorded, as shown in Figure 11.

According to Figure 11, with the increasing of flow rate,
the output voltage of self made EMF decreases apparently.
It can be found qualitatively that this self-made electromag-
netic flowmeter responds to different flow rates sensitively
in the low flow rate test. Then, its ability to detect the low
flow rate was analyzed quantitatively. The frequency of the
transducer increased from 2Hz, with a step of 0.10Hz.

The flow rate shown by the standard flowmeter, as well
as the corresponding maximum and minimum output of the
self-made electromagnetic flowmeter was recorded, as shown
in Table 3.

According to Figure 12, it can be found that under low flow
rate condition, the output of the self-made electromagnetic
flowmeter has a good linearity with the output of standard
flowmeter (when the square of R is 0.977), and the slope of
the curve is nearly the same as that in Figure 7. The output
signal of the self-made electromagnetic flowmeter is a DC
signal, but it still has signal jitter because there is a spike in
the measured flow rate signal and the amplitude of the spike
is relatively large. Though the correlator, with an integrator,
can still filter the waves, the capacitance in the integrator
cannot be set too high in order to satisfy the requirements for
the response to the flow signal. Therefore, the output signal
of electromagnetic flowmeter based on correlation principle
also have periodic fluctuations.

To verify the advantages of the system proposed above over
the traditional electromagnetic flowmeter on the measure-
ment accuracy, the low flow rate experiments on this system
and traditional electromagnetic flowmeter were carried out
under the same experimental conditions, and the data was
obtained, as shown in Table 4.
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TABLE 4. Comparison of measurement results between flow
measurement system based on correlation theory and traditional
flowmeter.

Relative error | Relative error
Traditional Self-made between between
Standard . . . .. . ..
flowmeter electromagnetifelectromagneti| High-precision |High-precision
(m/s) ¢ flowmeter | c flowmeter EMF and EMF and
(m/s) (m/s) self-made EMF traditional
(%) EMF(%)
0.100 0.0790 0.0980 -2.00 -21.0
0.114 0.0940 0.112 -1.80 -17.5
0.123 0.104 0.120 -2.40 -15.4
0.139 0.111 0.129 -0.800 -14.6
0.135 0.116 0.133 -1.50 -14.1
0.140 0.122 0.140 0.00 -12.9
—m— Relative error between High-precision EMF and self-made EMF
__—e— Relative error between High-precision EMF and traditional EMF |
g e 1
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54
£
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FIGURE 13. Comparison of error distributions.

To compare the performances of traditional electromag-
netic flowmeter and the one based on correlation princi-
ple, Figure 13 can be drawn according to Table 4. Under
the condition of low flow rate, the maximum error of this
system is only —2.4%, and the maximum relative error of
traditional electromagnetic flowmeter is —21.0%. Obviously,
under the same conditions, the measurement accuracy of
the flow measurement system based on correlation principle

56211



IEEE Access

L. Ge et al.: Electromagnetic Flow Detection Technology Based on Correlation Theory

is much higher than that of the traditional electromagnetic
flowmeter.

V. CONCLUSION

This paper proposed an electromagnetic flow measurement
system based on the correlation detection principle. The fol-
lowing conclusions can be drawn according to the analysis
and tests mentioned above:

1) In the study of the correlation theory of electromagnetic
flow measurement, a theoretical model of the electromagnetic
flow-measurement based on correlation principle was cre-
ated, and the electromagnetic flowmeter based on this model
was designed.

2) The self-made electromagnetic flowmeter based on
correlation principle and the measurement system were
designed, and verification experiments were carried out. The
results of these experiments showed that the electromagnetic
flow measurement system based on the correlation principle
can not only meet the requirements of traditional flow mea-
surement, but also have unique advantages in external strong
noise interference suppression, slurry flow measurement and
low flow rate measurement.

3) With this technology, the fluctuation range of the flow
signal can be controlled within 15mYV, thus the slurry interfer-
ence can be apparently weakened; the fluctuation range of the
flow rate can be controlled within 0.030m/s. Particularly, the
electromagnetic flow signal at a low flow rate ranging from
0.100m/s to 0.200m/s can be effectively extracted.

4) The method proposed in this paper can be extended
to flow measurement under the condition of strong noise
interference, slurry flow, and low flow rate.

REFERENCES

[11 J. A. Shercliff, The Theory of Electromagnetic Flow-Measurement.
Cambridge, U.K.: Cambridge Univ. Press, 1962, pp. 10-16.

[2] S.Li, N. Chu, P. Yan, D. Wu, and J. Antoni, “Cyclostationary approach to
detect flow-induced effects on vibration signals from centrifugal pumps,”
Mech. Syst. Signal Process., vol. 114, no. 2, pp. 275-289, Jan. 2019.

[3] M. Vauhkonen, A. Hédnninen, and O. Lehtikangas, ‘‘A measurement device
for electromagnetic flow tomography,” Meas. Sci. Technol., vol. 29, no. 1,
Jan. 2018, Art. no. 015401.

[4] M. A. Linnert, S. O. Mariager, S. J. Rupitsch, and R. Lerch, “Dynamic
offset correction of electromagnetic flowmeters,” IEEE Trans. Instrum.
Meas., vol. 68, no. 5, pp. 1284-1293, May 2019.

[5] J.-P. Wu, K.-J. Xu, W. Xu, and X.-L. Yu, “Transient process based electro-
magnetic flow measurement methods and implementation,” Rev. Scientific
Instrum., vol. 89, no. 9, Sep. 2018, Art. no. 095108.

[6] A.L.S. Salustiano Martim, J. G. Dalfré Filho, Y. D. F. L. De Lucca, and
A. 1. Borri Genovez, ‘““Electromagnetic flowmeter evaluation in real facil-
ities: Velocity profiles and error analysis,” Flow Meas. Instrum., vol. 66,
pp. 44-49, Apr. 2019.

[71 Y. Yang, D. Wang, P. Niu, M. Liu, and S. Wang, “Gas-liquid two-
phase flow measurements by the electromagnetic flowmeter combined
with a phase-isolation method,” Flow Meas. Instrum., vol. 60, pp. 78-87,
Apr. 2018.

[8] S. M. R. Hasan, “Design of a low-power 3.5-GHz broad-band CMOS
transimpedance amplifier for optical transceivers,” IEEE Trans. Circuits
Syst. I, Reg. Papers, vol. 52, no. 6, pp. 1061-1072, Jun. 2005.

[9] R. Looney and J. Priede, “Concept of a next-generation electromagnetic
phase-shift flowmeter for liquid metals,” Flow Meas. Instrum., vol. 65,
pp. 128-135, Mar. 2019.

56212

(10]

(11]

[12]

[13]

(14]

[15]

[16]

(17]

(18]

[19]

(20]

(21]

[22]

(23]

(24]

(25]

(26]

(27]

(28]

[29]

(30]

(31]

(32]

Z.-q. Ma, W. Cui, X. Gong, and S.-1. Wu, “An improved sampling fre-
quency synchronous algorithm for OFDM system,” in Proc. 9th Int. Conf.
Signal Process., Beijing, China, Oct. 2008, pp. 1796-1799.

A. B. Denison and M. P. Spencer, ‘“Square?Wave Electromagnetic
Flowmeter Design,” Review of Scientific Instruments, vol. 27, no. 9,
pp. 707-711, 1956.

X. Liu, Y. Wang, R. Xie, Y. Zhang, C. Huang, and L. Li, “Novel
four-electrode electromagnetic flowmeter for the measurement of flow
rate in polymer-injection wells,” Chem. Eng. Commun., vol. 203, no. 1,
pp. 3746, Jan. 2016.

Y. Matsunaga, S. Goto, K. Kuromori, and H. Ostling, “New intelligent
magnetic flowmeter with dual frequency excitation,” Proc. Adv. Instrum.,
vol. 43, no. 3, pp. 1259-1267, 1988.

G. Kurz, I. Gilitschenski, S. Julier, and U. D. Hanebeck, ‘“Recursive
bingham filter for directional estimation involving 180 degree symmetry,”
J. Adv. Inf. Fusion, vol. 9, no. 2, pp. 90-105, 2014.

G. Jona-Lasinio and A. M. Gelfandand Jona-Lasinio, ““Spatial analysis of
wave direction using wrapped Gaussian processes,” Ann. Appl. Statist.,
vol. 6, no. 4, pp. 1478-1498, 2012.

B. Bao, N. Wang, Q. Xu, H. Wu, and Y. Hu, “A simple third-order
memristive band pass filter chaotic circuit,” IEEE Trans. Circuits Syst. II,
Exp. Briefs, vol. 64, no. 8, pp. 977-981, Aug. 2017.

J. Z. Wang, G. P. Lucas, and G. Y. Tian, “A numerical approach to the
determination of electromagnetic flow meter weight functions,” Meas. Sci.
Technol., vol. 18, no. 3, pp. 548-554, Mar. 2007.

X. Chen, J. Chang, F. Wang, Z. Wang, W. Wei, Y. Liu, and Z. Qin,
“A portable analog lock-in amplifier for accurate phase measurement
and application in high-precision optical oxygen concentration detection,”
Photonic Sensors, vol. 7, no. 1, pp. 27-36, Mar. 2017.

J. Guan, “Research on electromagnetic flow technology based on cor-
relation technology,” M.S. thesis, Zhejiang Univ., Hangzhou, China,
2003.

J-E. Cha, Y.-C. Ahn, K.-W. Seo, H.-Y. Nam, J.-H. Choi, and
M.-H. Kim, “An experimental study on the characteristics of electromag-
netic flowmeters in the liquid metal two-phase flow,” Flow Meas. Instrum.,
vol. 14, nos. 4-5, pp. 201-209, Aug. 2003.

J. A. Shercliff, The Theory of Electromagnetic Flow-Measurement. Cam-
bridge, U.K.: Cambridge Univ. Press, 1962, pp. 10-16.

A. V. Balakrishnan, “A white noise verstion of the Girsanov formula,” in
Proc. Int. Symp. Stochastic Differ. Equ., 1976, pp. 1-19.

D. G. Wyatt, “Noise in electromagnetic flowmeters,” Med. Biol. Eng.,
vol. 21, no. 4, 1966, pp. 333-347.

J. Pszonka and J. Gotze, ““Quantitative estimate of interstitial clays in sand-
stones using Nomarski differential interference contrast (DIC) microscopy
and image analysis,” J. Petroleum Sci. Eng., vol. 161, no. 21, pp. 582-589,
Feb. 2018.

Y. Wang, H. Li, X. Liu, Y. Zhang, R. Xie, C. Huang, J. Hu, and G. Deng,
“Novel downhole electromagnetic flowmeter for oil-water two-phase flow
in high-water-cut oil-producing wells,” Sensors, vol. 16, no. 10, p. 1703,
2018.

D. Han, C. T. Morris, W. Lee, and B. Sarlioglu, “A case study on common
mode electromagnetic interference characteristics of GaN HEMT and Si
MOSEFET power converters for EV/HEVs,” IEEE Trans. Transp. Elec-
trific., vol. 3, no. 1, pp. 168-179, Mar. 2017.

H. H. Son, L. I. Jung, N. P. Hong, D. G. Kim, and Y. W. Choi, “Signal
detection technique utilising ’lock-in’architecture using 2 wc harmonic
frequency for portable sensors,” Electron. Lett., vol. 46, no. 13, 2010,
pp. 891-892.

S. Leitner, H. Wang, and S. Tragoudas, “Design techniques for direct
digital synthesis circuits with improved frequency accuracy over wide
frequency ranges,” J. Circuits, Syst. Comput., vol. 26, no. 02, Feb. 2017,
Art. no. 1750035.

G. Stienne, “A multi-temporal multi sensor circular fusion filter,” Inf.
Fusion, vol. 18, no. 3, pp. 86-100, 2014.

Y. Zhao, P. Xie, Y. Sang, H. Gu, Z. Wu, and X. Lei, “Princi-
ple of correlation coefficient-based classification of hydrological trend
and its verification,” Chin. Sci. Bull., vol. 62, no. 26, pp. 3089-3097,
Sep. 2017.

L. Ge, G. Wei, Q. Wang, Z. Hu, and J. Li, “Novel annular flow electro-
magnetic measurement system for drilling engineering,” IEEE Sensors J.,
vol. 17, no. 18, pp. 5831-5839, Sep. 2017.

M. Shi, L. Feng, Z. Huang, M. Zhang, H. Wen, and Q. Liu, “Defect detec-
tion of oil and gas pipeline using remote field eddy current technology,”
J. Magn., vol. 24, no. 3, pp. 530-542, Sep. 2019.

VOLUME 8, 2020



L. Ge et al.: Electromagnetic Flow Detection Technology Based on Correlation Theory

IEEE Access

VOLUME 8, 2020

LIANG GE received the Ph.D. degree, in 2017.
He is currently an Associate Professor with the
College of Mechanical and Electronic Engineer-
ing, Southwest Petroleum University. His current
research interests include downhole instruments
and petroleum devices.

HAILONG LI received the B.S. degree from
Southwest Petroleum University, Chengdu, China,
in 2014, where he is currently pursuing the M.E.
degree in measuring and testing technology and
instrument.

QI HUANG (Student Member, IEEE) is cur-
rently pursuing the bachelor’s degree with the
Electrical and Mechanical Department, South-
west Petroleum University, Chengdu, China. His
current research interests include electromagnetic
flow measurement and nondestructive testing.

GUIYUN TIAN (Senior Member, IEEE) received
the Ph.D. degree from the University of Derby,
Derby, U.K., in 1998. Since 2007, he has been
the Chair Professor of Sensor Technologies,
Newcastle University, Newcastle upon Tyne, U.K.
He has coordinated several research projects from
the Engineering and Physical Sciences Research
Council, the Royal Academy of Engineering, and
FP7 and has good collaboration with leading
industrial companies, such as Airbus, Rolls Royce,
BP, nPower, and TWI.

GUOHUI WEI received the B.S. degree in physics
from Northwest Normal University, in 1998, and
the MLE. degree in radio physics from Xidian
University, in 2006. His current research interests
include electromagnetic measuring instruments
and antenna design.

ZE HU received the Ph.D. degree in 1996. He
is currently a Professor with the School of Elec-
tronic and Information Engineering, Southwest
Petroleum University. He has published more than
30 research articles. His current research inter-
ests include electronic information and down-hole
testing.

JUNAID AHMED received the M.S. degree in
electrical and electronics engineering from Eastern
Mediterranean University (EMU), North Cyprus,
Turkey, in 2015. He is on study leave for the Ph.D.
degree in non-destructive testing and structural
health monitoring with the School of Automa-
tion Engineering, UESTC, Chengdu, China. His
current research interests include quantitative
non-destructive testing and evaluation, sparse rep-
resentations and low rank matrix, and tensor
factorizations.

56213



