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Abstract: In this paper, we propose a portable intrinsically safe, intelligent electromagnetic flowmeter
for the application of coal mines and provide a detailed description of its working principle. In terms
of hardware circuit design, several important modules, including electromagnetic flow rate sensor,
excitation circuit, core control circuit, signal conditioning circuit, and air traffic control detection
circuit, were analyzed and designed in sequence. It adopts a high-performance, low-power MCU
STM32407ZET6 and high-precision chips, ensuring measurement accuracy and reducing power
consumption. The excitation method using low-frequency rectangular waves dynamically adjusts
the sampling interval time, further prolonging the battery life. Finally, the performance of the
electromagnetic flowmeter was measured, and the experimental data showed that the measured flow
rate was basically linear with the output voltage. The relative indication error of the electromagnetic
flowmeter was within 0.3%, and the repeatability fluctuated within the range of 0.03%. The flowmeter
has good measurement accuracy, which is suitable for long-term use in coal mining environments.

Keywords: electromagnetic flowmeter; low-frequency rectangular waves excitation; intelligent; use
in coal mines

1. Introduction

In order to adapt the flowmeter to different media conditions, different application
environments, and different application requirements, various types of flowmeters have
emerged, such as the ultrasonic flowmeter, thermal flowmeter, mass flowmeter, correlation
flowmeter, and electromagnetic flowmeter [1]. The electromagnetic flowmeter is a new
type of flow rate measurement equipment based on the Faraday law of electromagnetic in-
duction. Compared to other flow rate measurement instruments, their internal components
are fixed and do not affect the flow distribution of the measured fluid. Additionally, the
measuring pipeline is straight without serious corners, making it easy for equipment main-
tenance and cleaning. Electromagnetic flowmeters are classified as a type of volumetric
flowmeter according to their measurement methods. Therefore, it can be used to measure
both a single conductive fluid and a slurry-type fluid, and the measurement results are not
affected by the density, temperature, and pressure of the fluid, thus reducing the factors
that affect measurement accuracy [2-8].

Since underground tunnels in coal mines are usually filled with a large amount of
gas, coal powder, etc., there is a risk of explosion. Therefore, the explosion-proof safety
of mining electrical products is crucial. At present, the main types of explosion-proof
electrical products are explosion-proof and intrinsically safe, and only intrinsically safe
equipment can be used in environments such as coal mine gas and coal powder. Compared
to the non-mining field, the flow monitoring technology and equipment applied in the coal
mine field have disadvantages, such as limited product structure, low intelligence level,
and high price. Therefore, it is urgent to design and produce a portable intrinsically safe,
intelligent electromagnetic flowmeter that can be applied in complex underground working
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conditions to improve the intelligent monitoring and control of underground pipeline
flow. Electromagnetism can measure liquids with conductivity ranging from 10° uS/m
to 1072 uS/m. These liquids can be clean, dirty, corrosive, or viscous liquids or pastes.
Generally speaking, the conductivity of natural water is from 5 x 10° uS/m to 5 x 10* uS/m,
and that of water used in mining is from 5 x 10* uS/m to 10° uS/m. Therefore, the
conductivity of relevant liquids required to be measured in mining is sufficient to meet the
measurement needs of the electromagnetic flowmeter.

By investigating the development direction and key technologies and hotspots of
future electromagnetic flowmeter, the following aspects are mainly reflected: firstly, the
improvement of the excitation method. New excitation methods, such as dual-frequency
excitation, low-frequency rectangular wave excitation, and programmable excitation, are
important directions for the development of electromagnetic flowmeter technology [3].
Secondly, more research on non-uniform magnetic fields is needed. In industrial sites, the
flow distribution of the measured fluid in pipelines is uneven. If a non-uniform magnetic
field is used for operation, the electromagnetic flowmeter can accurately measure the
flow velocity distribution under uneven conditions. This method is more in line with
industrial requirements [9-14]. The third aspect is non-contact measurement. One of the
future development trends is to achieve non-contact measurement, reduce interference
with the fluid, and improve measurement accuracy and reliability [15-20]. Lastly, new
signal processing algorithms are needed. Researching new signal processing algorithms
can improve the anti-interference ability and measurement accuracy of flowmeters [4,5].

In this paper, the high-performance, low-power MCU and high-precision chips were
used to study the amplification of weak signal output by sensors, A/D conversion, and
excitation methods. In terms of the hardware circuit design, the electromagnetic flow sensor,
excitation circuit, core control circuit, signal conditioning circuit, and empty pipe detection
circuit were analyzed and designed in sequence. The software adopts a low-frequency
rectangular wave excitation method, dynamically adjusting the sampling interval time,
further extending the battery life. Compared with the traditional electromagnetic flowmeter,
the following innovations have been made. Firstly, our electromagnetic flowmeter uses
two sets of batteries, with two sets of completely isolated grounds: GND1 for the analog
signal front-end part and GND2 for excitation and other parts. It uses a capacitive isolation
device to realize the complete isolation of the reference ground, which can effectively
prevent electromagnetic interference to the signal processing terminal. Secondly, the empty
pipe detection circuit in this design converts the empty pipe signal into the change of
capacitance value, and then uses a 555 circuit to convert the capacitance conversion into
frequency conversion. The empty pipe detection method avoids complex signal processing
and can judge the empty pipe only by the detection frequency, which is simple and practical.
Thirdly, the excitation circuit adopts the combination of a DC-DC circuit and an operational
amplifier constant current circuit, which can take into account the conversion efficiency
and ripple wave. In addition, it uses the operational amplifier to design the feedback
voltage-following circuit for protection, taking into account the efficiency and ripple wave.

2. Design of Proposed Electromagnetic Flowmeter
2.1. Operational Principle of Proposed Electromagnetic Flowmeter

Faraday’s law of electromagnetic induction points out that when a conductor moves
in the direction of cutting the magnetic field line in the magnetic field, there will be induced
electromotive force in the closed circuit where the conductor is located; its magnitude is
proportional to the change rate of loop magnetic flux, which can be expressed as [10]:

d¢
= —k—- 1
e ar )
Here e is the magnitude of the induced electromotive force, measured in V, and ¢ is

the magnetic flux passing through the closed loop, measured in Wb. The parameter k is the
scale factor, dimensionless, determined by the experiment, and a negative sign indicates the
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direction of the induced electromotive force. If the direction of the induced electromotive
force in Equation (1) is not considered, the above equation can be expressed as [10]:

d¢
e= ka = kBLV (2)

Here B is the magnetic flux intensity, measured in T, and L is the effective length of the
conductor cutting magnetic induction line, measured in m. The parameter V is the velocity
of the conductor orthogonal to the direction of the magnetic inductance line, measured
inm/s.

According to the basic structure of the electromagnetic flowmeter, when the measured
liquid moves to cut the magnetic induction line in the magnetic field, a moving liquid
surface is equivalent to a moving conductor. At this time, the induced electromotive
force will be also generated. The induced electromotive force generated between the
two detection electrodes can be expressed as [1]:

U,, = kBDV 3)

Here U, is the induced electromotive force at both ends of the detection electrode,
measured in V, and k is a constant and its value is determined by experiment. The param-
eter B is the magnetic flux intensity in the axial direction of the vertical measuring pipe,
measured in T; the parameter D is the diameter of the measuring pipe, measured in m; the
parameter V is the average flow velocity of the measured fluid, measured in m/s.

According to the calculation formula of the instantaneous flow [10]:

nD%V
Qo = 4 4)

Combined with Equation (3), Equation (4) can be expressed as:

_ DUy Uy

Qo= ot =K 5)
D

K=" ©)

To sum up, when the measured pipe diameter D and magnetic flux intensity B are
determined, it can be concluded from Equation (3) that the induced electromotive force U,
is linear with the average velocity of the measured fluid. At the same time, it can be seen
from Equation (5) that the instantaneous flow Q) is linear with the induced electromotive
force U,, between the detection electrodes a and b. Therefore, the instantaneous flow
measured by the electromagnetic flowmeter is only related to the average velocity of the
measured fluid and is not affected by other factors.

Equation (5) is only an ideal mathematical model of the working principle of the
electromagnetic flowmeter. To make the above relationship hold, the following basic
conditions must be met [3]:

Firstly, the measuring pipe must be filled with conductive liquid, so that the length
of the cutting magnetic induction line can be replaced by the pipe diameter length. Then
Equation (3) is valid.

Secondly, the conductivity of the measured fluid must be uniform. Otherwise, it will
affect the solution of the basic differential equation of the electromagnetic flowmeter. At
the same time, if the fluid conductivity distribution is uneven, the eddy current effect will
also occur under the action of the uniform magnetic field, interfering with the characteristic
signal and affecting the measurement accuracy.

Thirdly, the magnetic field loaded on the measured pipe diameter must be uniform,
otherwise the solution of Equation (3) will become more complex.
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Finally, sufficient straight pipes should be ensured before and after the sensor in-
stallation position to make the flow pattern distribution in the pipe in the measurement
area axisymmetric.

2.2. Design of Sensor

The main components of electromagnetic flow sensors include excitation coils, elec-
trodes, liners, and sensor shells. In order to ensure that the electromagnetic flow sensor
works stably and reliably, and can accurately sense the flow signal, the sensor must be able
to output a sufficiently large potential signal proportional to the flow, have a sufficiently
large signal-to-noise ratio, and be able to work stably in harsh environments.

2.2.1. Design of Magnetic Circuit System

The magnetic circuit system mainly includes an excitation coil and an iron core to
generate a specified excitation magnetic field. Generally, the magnetic field of an electro-
magnetic flowmeter is generated by an electromagnet, and the excitation current of the
magnetic field is provided by a converter. The magnetic circuit structure mainly includes
the transformer iron core type: concentrated winding yoke type and grouped winding
yoke type. The magnetic circuit designed in this paper adopts the transformer core type.
In this way, the magnetic flux through the measuring tube is large, and the large induced
electromotive force can be obtained at the same velocity of flow.

According to the relationship between the induced electromotive force at both ends of
the detection electrode and the flow rate and magnetic field:

U,, = BDV (7)

Here U, is the induced electromotive force, measured in V, and the parameter B is
the magnetic induction intensity, measured in T. The parameter V is the average speed,
measured in m/s, and the parameter D is the diameter of the measuring pipe, measured
inm.

According to Equation (7), we can obtain:

Ugp
B= -4
VD

Similar to Ohm’s law in the circuit, the magnetic circuit includes [10]:

IN' = ¢R,
{ RC:(PL (9)

Here IN' is the magnetomotive force, measured in A, and ¢ represents the magnetic
flux, measured in Wb. Here R, is the magnetic resistance of the magnetic circuit, measured
in1/H. Similar to the definition of resistance, the magnitude of magnetoresistance is related
to the length L of the magnetic circuit, the area S of magnetic circuit, and the magnetic
permeability y of the medium. At the same time, the relationship between magnetic flux,
magnetic induction intensity, and magnetic flux area can be obtained:

L L
N = P _ gL (10)
uS I

In order to make the calculated value closer to the requirements, the magnetic leakage
coefficient K; is introduced in the calculation process:

L L
IN = K;B= BL 146

n N1 )
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According to the relationship between the effective exciting voltage U and the magnetic
field [2]:
d¢
u= NE =4.44fN¢y, (12)
Here N is the total number of turns of the coil and ¢, is the maximum value of
magnetic flux. The parameter f represents exciting frequency, measured in Hz. Therefore,
the total number of turns of the coil can be expressed as:

N = KnU
T 444  pm (13)
47111 = \@BS

Here Ky represents the coil turn coefficient of correction, which is generally about
0.65, and S is the cross-sectional area of the magnetic circuit. Therefore, the expression of
the number of turns of the coil can be obtained as:

~ Kyu  Kyu
4'44ﬁ35f 6.27BSf

(14)

Furthermore, according to the relationship between the excitation current and the
magnetomotive force, the excitation current can be obtained:

I=IN/N (15)

At the same time, in order to ensure the good heat dissipation performance of the
excitation coil, the current passing through per unit area and the size of the excitation coil
wire diameter must meet the following inequality:

42 .
{I§ﬂ4]

41
i> /4

(16)

Here j is the current density, measured in A/ m?, and d is the diameter of the traverse,
measured in m.

In engineering practice, in order to simplify the complexity of calculation, iron
loss and copper loss are often not considered, and the length of the magnetic circuit
of the sensor is approximately equivalent to the length of the gap between the coils,
and the area of the magnetic circuit is equivalent to the projected area of the excitation
coil on the plane of the detection electrode. At the same time, the permeability in the
magnetic circuit is approximately equivalent to the magnetic permeability in vacuum
po = 47t x 1.00000000055(15) x 10~/ H/m.

2.2.2. Design of Detection Electrode

As shown in Figure 1, the detection electrode inside the electromagnetic flowmeter is
located on the inner wall of the pipeline and is in contact with the fluid. When the liquid
flows through the electrodes, the induced electromotive force will generate a voltage signal
between the electrodes. By measuring the magnitude of the voltage signal, the velocity of
the fluid can be calculated to realize the flow measurement.

In this paper, stainless steel material is used as the preparation material of the sensor
electrode. Stainless steel is widely used in the field of electrode preparation, and its
scope of application covers a variety of fluid and environmental conditions. Stainless
steel has excellent corrosion resistance to many chemicals, so it is very suitable for liquid
flow measurement tasks. In addition, the stainless electrode has outstanding mechanical
strength, which is enough to withstand certain stress and pressure, enhancing its reliability
under various working conditions.

The structural diagram of the sensor designed in this paper is shown in Figure 1. It
consists of a magnetic circuit system composed of an iron core and an excitation coil. When
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the excitation current is applied, a uniform magnetic field will be generated, thus ensuring
that the corresponding induced electromotive force can be obtained on the electrode.

Exciting coil

Electrode

Measured pipeline

Iron core

Figure 1. Sensor structure of electromagnetic flowmeter.

2.3. Design of Hardware Circuit

The hardware circuit of the electromagnetic flowmeter is the supporting platform for
the realization of the functions of the whole system. The system design uses SEM32F407ZET6
MCU as the core controller, and all functions of the instrument are realized by the MCU
and its peripheral circuits. The MCU controls the ZXMH3A01NS to generate the excitation
signal, which is applied to the excitation coil of the sensor to produce a stable and alternat-
ing magnetic field. The analog signal generated by the sensor undergoes amplification and
is then routed to the high-precision A/D converter AD7193. The digital signal obtained
after A/D conversion is processed by the MCU to calculate instantaneous flow velocity,
flow rate, and cumulative flow, which are subsequently displayed in real time on an LCD
screen. Parameter configuration can be achieved through keyboard input. Furthermore,
the system is equipped with the capability to retain parameters and computed data after
power loss.

Figure 2 shows the overall hardware module diagram of the system. The hardware
circuit of the system mainly includes a signal conditioning module, power supply and
low voltage detection module, A/D sampling module, keyboard and display module,
excitation circuit module, and data storage module.

The functions of each module are as follows:

(a) Signal conditioning module: the weak voltage signal output by the electromagnetic
flow sensor is amplified, the interference signal unrelated to the measured signal is filtered
out, and the useful signal is extracted to provide the amplified voltage analog quantity for
the A/D converter.

(b) Power supply and low voltage monitoring module: real-time monitoring of the
power supply voltage of the system. When the system voltage is lower than the specified
low limit voltage value, the power monitoring module sends an interrupt request to
implement power-down protection. That is, before the voltage drops to the working
voltage, the important parameters of the system are saved in the memory chip.

(c) A/D sampling module: convert the analog voltage signal processed by the signal
amplification processing module into a digital signal and send it to the MCU for processing.

(d) Keyboard and display module: users can set the operating parameters of the
instrument using a keyboard, and can also view information such as instantaneous flow
rate and velocity of flow on the LCD screen.

(e) Excitation circuit module: it receives the excitation signal from the MCU, amplifies
the excitation signal for power, and provides an exciting current to the exciting coil.

(f) Data storage module: stores the configuration parameters and cumulative flow
values during the normal operation of the system.
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(g) Pulse output module: the pulse output module can output frequency or pulse.
The pulse output mode is mainly used for metrological verification. Each pulse output
by the MCU represents an equivalent volume of fluid flowing through the measurement
pipeline. The frequency output mode is mainly used for control applications, and the
output frequency corresponds to the percentage of flow.

(h) Electromagnetic flow sensor: it converts the velocity of the flow signal of the
measured fluid into the corresponding electrical signal according to a certain linear function
relationship.

Display Screen Pulse Output Inlgzl}li/?oa;ile
A
4. Empty pipe detection 2. Core controller circuit
circuit
v
: —>
Empty Pipe o i1 EEPROM
Detection ‘
1. Exciting circuit
MCU Excitation . i
Power Supply > > Circuit » Exciting Coil
STM32F407ZET6
........................................... .
Signal
Clock Circuit |———» Conditioning |« Sensor
Module
A A

Reset Module | |A/DSampling ,
i H Module . .
i i 3. Signal processing and

sampling circuit

Figure 2. Overall hardware circuit architecture of the system.

2.3.1. Design of Exciting Circuit

The excitation circuit of the electromagnetic flowmeter is the most important part of
the system, which is related to the conversion accuracy of the sensor, and also the largest
part of the system’s power consumption. Using reasonable excitation technology can not
only reduce the power consumption of the system but also improve the measurement
accuracy of the system.

In this paper, the electromagnetic flowmeter uses the three-level low-frequency rect-
angular wave excitation mode to generate the excitation signal Vj. As shown in Figure 3,
the excitation is carried out in the intermittent sleep mode with the three values of +V, 0,
and — V. The sampling period of the electromagnetic flowmeter designed in this paper is
Tx, which can be adjusted within 1 s and 15 s according to the different requirements of
measurement accuracy and power consumption. When low power consumption is needed,
Tx can be set to a larger value, and the measurement accuracy is slightly lower than that of
a small T, but it meets the accuracy requirements of the electromagnetic flowmeter.

The sampling period T is divided into two stages: the excitation stage and dormant
stage. During the dormant stage, all other modules except the low-frequency clock of
the MCU are closed to reduce the quiescent current and reduce the power consumption
of the system. During the excitation stage, the excitation period is set to 160 ms, and
the frequency is 6.25 Hz, which is 1/6 of the industrial frequency, which can effectively
eliminate the zero-point noise of the flow signal and improve the stability of the zero point
of the instrument.
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The excitation module determines the magnetic field of the sensor, which is a very
important part, related to the stability and transformation accuracy of the magnetic field.
The excitation module is essentially an H-bridge circuit driven by a constant current source.
In order to reduce the size of the microchip, reduce the power consumption of the system,
and improve reliability, this paper uses the integrated bridge chip ZXMHC3A01NS to
design the excitation circuit of the electromagnetic flowmeter, avoiding the use of discrete
components to design the excitation circuit, reducing the cost, and improving the reliability
of the system.

V A
Empty  Three level
pipe rectangular wave
detection exdtation

Dormant
stage

280 ms

o
HC’)OO ms H
220 ms \_I?SO ms T. U
-

360 ms

v~

Figure 3. Three-level low-frequency rectangular wave excitation.

ZXMHC3AOQ1INS contains two pairs of complementary N-channel MOSFET and P-
channel MOSFET. The high and low levels of the signals loaded on P1G-N2G or P2G-N2G
control the on and off of the field-effect transistors, thereby generating an alternating
magnetic field in the excitation coil. As shown in Figure 4, the operational amplifier,
field-effect transistor Q5, and resistor R, constitute the constant current source circuit of
the system. When P1G-N2G is on, P2G-N1G is off, and the excitation current flows from
the power supply E1 in the direction I through the excitation coil, field-effect transistor,
and resistor R,. When P2G-N1G is on, P1G-N2G is off at this time, and the excitation
current flows from the power supply E; in the II direction through the excitation coil,
field-effect transistor Q5, and resistor R,. The magnitude of the current I. flowing through
the excitation coil is determined by the voltage of power supply E; and resistance Rp
(Ic = E2/Ry). Since the excitation frequency of this design is controlled by the MCU, it has
good adjustability. According to the different fluids being measured, different excitation
frequencies can be selected for users to flexibly change.

El

Q1 P1S/P2S Q2

(R PG

P1G
P1D/N1D P2D/N2D
N1G

N1G

VDD
VDD
A

h E2

Q5

Power
chip

VDD
R4

Figure 4. Schematic diagram of constant current exciting circuit.



Electronics 2024, 13, 556

90f19

The authors of this paper selected LMR51420 as the driving power supply of the
H-bridge. The circuit is shown in Figure 5. The V1 pin in the figure is connected to a 15V
power supply. The output voltage Vour is connected to the driving pin of ZXMHC3A01NS8
to provide the driving current for it. The enable terminal EN is also connected to the 15 V
power supply to keep the LMR51420 working.

éRSQ
15V0o ui4 V_FB = 0.6V —

4 VIN B —|"C“B |—j i VOUT
c49 cso L3 pn sw |2 LYY D}_—I
Ll 6w B [ e~ il
LMR51420YDDCR R60 +1_ cs2 Vi
T~ )
1!\7[)(7 i i
i !
—5v0
- - H
GNDO GNDO

Figure 5. LMR51420 peripheral circuit.

2.3.2. Design of Core Controller Circuit

In this paper, the electromagnetic flowmeter uses STM32F407ZET6 as the core con-
troller. The STM32F407ZET6 is a powerful microcontroller with high performance, rich
peripherals, and flexibility, suitable for a variety of embedded systems and applications,
including instrumentation, industrial control, automation, communications, and embedded
computing. Multiple low-power consumption modes, ultra-high main frequency, powerful
computing power, and rich hardware resources are the main reasons for choosing this
model of MCU for this design.

In order to improve accuracy, a 25 MHz external clock is used. In order to filter out the
impact of external interference noise and interference noise introduced by the power supply
on the microcontroller, a decoupling capacitor is designed between the power supply and
the ground of the microcontroller. On the one hand, it functions as an energy storage
capacitor to provide and absorb the opening and closing moments of the integrated circuit.
The charging and discharging energy, on the other hand, is to filter out the high-frequency
noise of the device.

2.3.3. Design of Signal Processing and Sampling Circuit

The signal processing sampling circuit is the hub between the electromagnetic flow
sensor and the MCU. Its function is to amplify and filter the induced electromotive force
generated by the electromagnetic flow sensor, and then send it to the ADC for conversion.
The converted digital signal is sent to the MCU for further processing. The flow chart of
signal processing and sampling is shown in Figure 6.

Sensor — Instrumep?ahon —» Integrator ——» Fllter.
Amplifier Processing
Level Adjustable
A/D Sampling <@———— eve < Gain
Elevation e L
Amplification

Figure 6. Signal processing and sampling process.

The electromagnetic flow sensor outputs a weak alternating signal (microvolt level),
and the internal impedance of the signal is high. The amplitude of the noise signal is
much larger than the measured signal, so the signal generated by the sensor needs to
be amplified, and the magnification is controllable by the MCU. An integrating circuit is
designed to compensate for the DC offset feedback in the signal. In order to filter out noise
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and interference signals, it is necessary to design a high-quality filter circuit to filter out
noise and interference signals in order to meet the accuracy requirements of the instrument.

As shown in Figure 7, the induced electromotive force output by the electromagnetic
flow sensor first passes through a filtering circuit composed of an RC to filter out the
noise interference signals. Then, a high common-mode rejection ratio amplification circuit
composed of an adjustable gain and differential input AD8220 instrument amplifier is used
to amplify the signal, thereby suppressing the interference signal.

,\R/zv\/ AVDD 5V
L

1S {1 aax

u3
ADB220ARMZ-R7
{

J1

[e]
-]
>
Q
A
=}
o |~

SIG OUTI1

RG /< L
- 6 REF

c15 _
R26 >—| l—DAG?\D
AAYAY;

c16 AVEE 5V

wo[tof—

00—
Q
©

35

AGND

INTEGRAL OUT

{|_EP DET {OND

= - i OR {
Empty pipe detection L . —— :
signal input

Figure 7. High-impedance instrument amplification circuit.

AGND

As shown in Figure 8, a high-performance and low-power TL071H operational am-
plifier is used to form an integral feedback circuit, which can provide DC offset feedback
compensation for the above output signal.

INTEGRAL OUT

R29
OR

C23 ||_22uF
1
AVDD 5V

AGND

ug ¢

TLO71HIDBVR Ra8
1

SIG FB IN

AGND
100nF

AVEE 5V

Figure 8. Integral feedback circuit.

The flow signal output by the electromagnetic flow sensor is amplified by the instru-
ment amplifier, and must be filtered, amplified, and rectified to effectively improve the
SNR of the flow signal, laying the foundation for establishing the relationship between
the flow signal and the flow rate. As shown in Figure 9, a low-noise TL072 operational
amplifier and RC low-pass filter are used to form an amplification and filtering circuit to
amplify and filter the above signal.
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R1

AVDD 5V

l—Dr\(JND
uzB

R16 - e
Aaqu AA/ 2 TLO72CDR

T 1
SIG IN1_3 +
c12 }——‘>A0.\‘D

AVEE_SV

R18 R19 R20

AN AN He ™
l l TLOT2CDR
c10 c1 =7

SIG FB

AGND AGND

Figure 9. Filter and amplification circuit.

Since there is a linear relationship between the flow rate and the voltage signal output
by the sensor, the signals corresponding to different flow rates require different ampli-
fication factors. For this purpose, the signal needs to go through an adjustable gain
amplification circuit after being amplified and filtered by the previous stage. As shown in
Figure 10, a low-noise TL072 operational amplifier and resistors with different resistance
values are used to form a six-level adjustable gain circuit. The gain of the amplifier circuit is
changed according to the amplitude of the input signal, and the gain is adjustable through
the MCU.

AVDD 5V GAIN 1 GAIN 2 Gain 3 Gain 4 Gain § Gain 6
& }——{>;\0,\'D
R3
ue
GAIN COM 2 I\ TLO72CDR R12
R17 3 - A% W\
— AN, —3 14 2
N
R22 . R AGND
! & - _\J\ N R23 .
}—{ > AGND 7 ADC IN
= AA%AY; ; ;
+ AVDD_5V
AVEE_SV R25 b
0 TLO72CDR Gi3
D1
BAVIIWTIG
AGND AGND ADCIN 3

Figure 10. Adjustable gain amplification circuit.

The signal output by the sensor is amplified and filtered before being sent to the A/D
converter. As shown in Figure 11, this design adopts a high-precision analog-to-digital
converter AD7912 with a resolution of up to 24 bits, which is suitable for high-precision
measurement and has low noise.

ST 3V3
Uil
Lfo. v - |24 _ADC MoOsI
1%Lkl DIN |5—aD OS>
NEmE. %_ Nerxd DOUT/RDY# |—23—ADC MISO c39]| DEND
R o L SYNC# [=5° NBDISV
DGND S 41 (s DVDD AVDD :
; A 20 c40| )
é— P3 AVDD |3 i AGND
&t p2 DGND —11~8——I>DGND
é— P1/REFIN2 (+) AGND |—=
g PO/REFIN2(-) BPDSW
&1 ¥ REFINI ( -)
DI U iy ] L, _Lm
—— AN\ AIN2 AIN3 =0
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Figure 11. A/D sampling circuit.
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2.3.4. Design of Empty Pipe Detection Circuit

When using an electromagnetic flowmeter, it is necessary to ensure that the measuring
pipeline of the electromagnetic flowmeter is filled with the measured liquid. This is because
when the measuring pipeline is not full, the data detected by the sensor cannot accurately
reflect the flow rate of the measured fluid. If the electrodes inside the measuring pipe are
completely exposed to the air, the sensor will generate a significant interference signal,
causing significant oscillation in the output signal, seriously affecting the normal use of
the electromagnetic flowmeter. In practical measurement, it is difficult to ensure that
the pipeline is always filled with liquid, so real-time detection of empty pipe status and
providing warnings are crucial for the signal processing of electromagnetic flowmeters.
The empty pipe detection circuit designed for this system is shown in Figure 12, which uses
the NE555 timer chip and is configured as a monostable mode. When the liquid level in
the pipeline falls below or exceeds the threshold, the input state of the circuit will change,
triggering the monostable state of the NE555 timer. The NE555 starts charging the capacitor
until it reaches the threshold voltage. Once the capacitor is charged to the threshold voltage,
the output state of NE555 will change and trigger the connection operation. When the
tested pipeline is not empty, the timer cannot be triggered to work, and the timer output is
at a low level. When the measured pipeline is an empty pipeline, the input signal pulse of
the sensor continuously triggers the timer, and the output signal of the timer is always at
a high level. Therefore, as long as the MCU detects the output signal of the timer, it can
determine whether it is an empty pipe.

U7

.. 1

e AAAY £1{°IRIG  THRES
3
I

o VN —— 5w RESET  DISCH
OUT VC(
GND CONT

NE555DR

AVDD_5V

AGND

AGND AGND

Figure 12. Empty pipe detection circuit.

2.4. Design of System Software

The system software is written using a modular design method, consisting of a main
program, interrupt program, excitation signal generation, A/D sampling, communication,
display, and keyboard service subroutines. As shown in Figure 13, after the system is
powered on, various modules of the system are initialized, including completing the
configuration of I/O ports and registers, initializing clocks and peripheral circuits, and
loading data from EEPROM to complete the configuration of system operating parameters.
After the system initialization is completed, set the open interrupt program and wait for
timed interrupt processing. By responding to each sub-module, determine whether each
module is running normally. The MCU reads the A/D sampling value, calculates the
flow rate for one excitation cycle, and then corrects the flow rate value, and sequentially
performs median filtering and mean filtering on it. Finally, it is demanded to calculate the
instantaneous flow rate and send it to the LCD for real-time display.
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Figure 13. Flow chart of system software design.

3. Simulation and Measured Results of Electromagnetic Flowmeter

This chapter will analyze the simulation and test results of the main modules of
the system hardware circuit, and then analyze the overall test results of the system, and
establish a relationship with the flow based on the final output flow signal of the system.

3.1. Simulation and Measured Results of Hardware Circuit

The debugging of hardware circuits can mainly be divided into simulation, measuring,
and analysis of signal processing circuits.

3.1.1. Simulation of Signal Processing Circuit

As shown in Figure 14, a low-frequency rectangular wave of 170 uV, 6.25 Hz, and
a duty ratio of 50% was used in the simulation process to replace the input signal of the
signal processing circuit, which is of the same frequency as the flow signal.

200

150

100

Voltage (uV)

1 1 1
100 200 300 400 500 600 700
Time (ms)

Figure 14. Input signal of signal processing circuit.
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After observing with an oscilloscope, the signal waveform output by the integral feed-
back circuit during the simulation process is shown in Figure 15. However, the waveform
of the signal still has rectangular wave characteristics, playing a role in the DC offset and
feedback compensation for the flow signal.

15 -

1
~

N

~ J\
= ~ T~ ~_
~05 — _— L/// L//
~

0 100 200 300 400 500 600 700
Time (ms)

7

/

Voltage (uV)
=]
=
///
/

Figure 15. Output signal of the integral feedback circuit.

The flow signal undergoes a series of processing, such as amplification and filtering,
and the final output signal waveform is shown in Figure 16. From the figure, it can be seen
that there are spikes in the output waveform at the point of the signal polarity alternation,
which is mainly caused by the insufficient switching speed of the switching diode and
the phase delay introduced by the integrator and the presence of nonlinear components.
However, the signal still has the characteristic of a rectangular wave, which does not affect
ADC sampling.

40 T

30— —

10 — —

Voltage (uV)
f=]

—20

30— .

—40! 1 1 1
0 100 200 300 400 500 600 700
Time (ms)

Figure 16. Output signal of the signal processing circuit.

3.1.2. Measurement of Signal Processing Circuit

The experiment measures the voltage amplitude of the flow signal output by the signal
processing circuit by taking the average of multiple measurements. From the theoretical
values in Section 2, it can be seen that the output voltage of the signal processing circuit
should theoretically maintain a linear relationship with the flow rate. Therefore, in the
experiment, the proportional coefficient K is used to determine whether the flow rate is
linearly related to the output voltage. The expression for the proportional coefficient of the
i-th measurement point is the following:

Qi

K== 17

= 17)

Here Q; represents the average instantaneous flow rate after multiple measurements

at the i-th detection point, and U; represents the average voltage value after multiple
measurements at the i-th detection point.
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Due to the unknown proportion coefficient K of the true point, a correction factor needs
to be added to correct the measured flow rate. The measurement data is shown in Table 1,
which records the flow values before and after correction, as well as the corresponding
output voltage at that flow rate.

Table 1. Measured data for flow rate and output voltage.

Theoretical Verification Flow Rate before Flow Rate after

Value of Flow Rate Correction Correction Vi l(t)utp(ut V)
(m3/h) (m3/h) (m3/h) oltage fm
1.64 1.641 1.643 20.975
2.6 2.601 2.598 33.821
3.11 3.110 3.110 40.452
7.5 7.802 7.779 102.607
11.5 10.982 11.103 145.607
155 14.787 15.024 196.680
20.5 20.004 20.104 265.412
25 24.273 24.564 321.652

As shown in Figure 17, comparing the theoretical verification values of the flow rate,
the corrected flow rate values are consistent with the trend, indicating that the design of
the entire system is consistent with the theory. By comparing the flow rate values before
correction, it can be found that the corrected flow rate curve is closer to the theoretical flow
rate value, indicating that the testing of the system is correct.

1 2 3 4 5 6 7
Measured point

Figure 17. Measured flow data curve.

As shown in Figure 18, it can be seen that there is a good linear relationship between
the voltage value of the output signal and the measured flow rate, which is consistent with
the theory in Section 2. Meanwhile, it can be seen that the proportional coefficients remain
around 0.0765, indicating that the electromagnetic flowmeter is working normally. When
the flow rate is small, the proportion coefficient is relatively large, which may be caused by
the small output signal being affected by noise interference at this time.

The signal output by the signal conditioning module at flow rates of 0.2 m/s and
2.0 m/s are measured, as shown in Figures 19a and 19b, respectively. Comparing the
two graphs, it can be seen that the noise at 0.2 m/s is significantly higher than that at 2 m/s.
According to the measured data, the signal fluctuation at both flow rates is approximately
23 mV. However, when the flow rate is low, the proportion of noise is high, and when the
flow rate is high, the proportion of noise is low. Therefore, when the flow rate is low, the
interference from noise is greater.
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Figure 18. The relationship curve between the flow rate at the measurement point and the propor-
tional coefficient K.
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Figure 19. Output signals by the signal conditioning module under different flow velocities.
(@) 0.2m/s. (b)2m/s.

3.2. Measurement of Overall System

The proposed electromagnetic flowmeter was calibrated by comparing it with the
standard electromagnetic flowmeter. A standard flowmeter with a higher accuracy is used
to connect with the proposed flowmeter in series, allowing fluid to flow through both at
the same time. By comparing the indications of the flowmeters, the error of the proposed
meter is determined to achieve the purpose of calibration. Here, the flow rate value of the
proposed electromagnetic flowmeter is compared with the flow rate value measured by the
standard meter under different flow rates to determine the relative indication error of the
electromagnetic flowmeter.
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The relative error calculation method for the flow rate of electromagnetic flowmeters

is as follows:
e =117 100 (18)
qs

Here e represents the relative indication error of the measured flowmeter during a
certain detection at the detection point, q represents the flow rate displayed by the proposed
flowmeter during a certain detection at the detection point, in m3/h, and gs represents the
flow rate displayed by the standard flowmeter during a certain detection at the detection
point, in m3/h.

The average error of each calibration point of the electromagnetic flowmeter is:

e; (19)

[N}

I
S|~
.M:

i=1

Here e represents the average relative error of the measured point,  represents the
number of measurements at the detection point, and e; represents the relative indication
error of the i-th measurement at the measured point.

The repeatability of electromagnetic flowmeters refers to the degree to which the mea-
surement results of the same measured quantity are consistent among different observers
under different measurement conditions and in different measurement environments. It is
an important performance indicator of electromagnetic flowmeters. If each measured point
is measured n times, the repeatability calculation formula for that flow point is [14]:

_ 1y )2
R= \/H;(ei_e) (20)

1

Here R represents the repeatability of the measured point. This experiment set up six
measured points and used the above formula to calculate the error and repeatability of the
measured data. The measured results are shown in Table 2.

Table 2. Measured data for flow rate.

Calibration Standard The Proposed .
Flow Rate Meter Flow Meter Elow IR;]atlye Mean Repeatability
Point Rate Rate ndication e (%)
Error (%) (%)
(m3/h) (m3/h) (m3/h)
2.332 2.336 0.17
2.332 2.337 0.21
2.330 2.341 0.47
2.3 2.331 2.329 0.09 0.19 0.019
2.338 2.342 0.17
2.332 2.333 0.04
2.333 2.337 0.17
2.809 2.803 0.21
2.804 2.811 0.25
2.805 2.810 0.18
2.8 2.808 2.813 0.18 0.21 0.006
2.805 2.815 0.36
2.808 2.811 0.11
2.807 2.812 0.18
4.317 4.327 0.23
4.322 4.310 0.28
4.326 4.318 0.18
431 4.324 4.324 0.00 0.19 0.009
4.328 4319 0.21
4.322 4.310 0.28

4.326 4.318 0.18
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Table 2. Cont.
Calibration Standard The Proposed .
Flow Rate Meter Flow Meter Iglow IR&!}atlye Mean Repeatability
Point Rate Rate ndication Error (%
Error (%) (%)
(m3/h) (m3/h) (m3/h)

8.925 8.904 0.24
8.924 8.901 0.26
8.912 8.898 0.16

8.92 8.916 8.908 0.09 0.22 0.005
8.918 8.893 0.28
8.926 8.904 0.25
8.928 8.905 0.26
13.530 13.523 0.05
13.543 13.534 0.07
13.551 13.514 0.27

13.54 13.525 13.475 0.37 0.16 0.015
13.533 13.507 0.19
13.541 13.527 0.10
13.523 13.512 0.08
17.911 17.916 0.03
17.922 17.852 0.39
17.910 17.847 0.35

17.91 17.925 17.923 0.01 0.24 0.028
17.905 17.938 0.18
17.928 17.858 0.39
17.935 17.876 0.33

From Table 2, it can be seen that the relative indication error of the electromagnetic
flowmeter designed in this article is within 0.3%, and the repeatability fluctuates within the
range of 0.03%, which is less than 1/10 of the maximum allowable error. Therefore, the
accuracy of the flowmeter meets the design accuracy requirements.

4. Conclusions

This paper designs an intelligent electromagnetic flowmeter for coal mines. Firstly, the
working principle of the electromagnetic flowmeter was analyzed, providing a theoretical
basis for the design of the electromagnetic flowmeter. Subsequently, the electromagnetic
flow sensor, excitation circuit, core control circuit, signal conditioning circuit, and empty
pipe detection circuit were analyzed and designed in sequence. High-performance and low-
power MCU and high-precision chips were selected to ensure measurement accuracy and
reduce power consumption. In the software design section, a low-frequency rectangular
wave excitation method is used to extend the battery life. Finally, the performance of
the electromagnetic flowmeter was measured, and the measured data showed that the
measured flow rate was basically linear with the output voltage. The relative indication
error of the electromagnetic flowmeter was within 0.3%, and the repeatability fluctuated
within the range of 0.03%. Therefore, the flowmeter has good measurement accuracy and
is suitable for long-term use in coal mining environments.
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