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Abstract: Ocean current is one of the most important parameters in ocean observation, and ocean
current measurement based on electromagnetic induction is becoming more and more important
because of its advantages such as simple structure and high measurement accuracy. However,
it is difficult to detect weak current signals in a complex marine environment. In this paper, an
electromagnetic induction current measurement scheme based on lock-in amplification technology is
proposed. Key technologies such as the evaluation of induced current intensity, overall design, circuit
design, and orientation design of the current meter were studied. The prototype of the electromagnetic
current meter was developed and tested in the laboratory and at sea. The repeatability of current
velocity and current direction was higher than 1.5 cm/s and 1.5°, respectively. A comparison test
between the electromagnetic current meter prototype and Nortek ADCP (Acoustic Doppler Current
Profiler) installed on a buoy at sea was carried out, and the correlation coefficients of the current
velocity and current direction datum were 0.90 and 0.96, respectively. Through continuous on-site
and fault-free operations at sea, the experimental data show that the electromagnetic current meter
has good adaptability at sea, which provides feasible technical and equipment support for ocean

current observation.

Keywords: electromagnetic induction current meter; lock-in amplification technology; ocean current

observation; current velocity; current direction

1. Introduction

Ocean current is one of the most important parameters in ocean observation, and it is
of great significance to marine environment observation and forecasting, disaster preven-
tion and mitigation, marine development, and marine science research [1,2]. At present,
ocean current observation methods can be roughly divided into mechanical current meters,
electromagnetic current meters, acoustic doppler current meters, and acoustic time differ-
ence current meters [3-5]. ADCP (Acoustic Doppler Current Profiler) uses the principle of
acoustic doppler to measure the velocity and direction of seawater profile, which has high
measurement accuracy, but its structure is complex and expensive [6]. Electromagnetic
current meters have become the main type of single-point current measurement, because
of their simple structure, high measurement accuracy, convenient use, and low price. In
1947, RW. Guelke first systematically described the method of measuring seawater velocity
using an electromagnetic induction principle [7]. After years of research, many commercial
products have appeared, such as the 54 electromagnetic current meter developed by Inte-
rOcean Systems LCC (United States) and the AEM series of electromagnetic current meters
developed by the ALEC corporation (Japan) [8,9].
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Research on electromagnetic current meters in China started with the National Ocean
Instrument Development Events in the 1960s and 1970s, which mainly focused on ge-
omagnetic current meters towed by ships. The Changchun Institute of Meteorological
Instruments and the National Ocean Technology Center have developed and improved
geomagnetic electromagnetic current meters for ship towing [10]. The equipment is large
and needs a special towing structure, while its measurement accuracy is (10% = 10) cm/s.
In 2010, the National Ocean Technology Center carried out preliminary research on dispos-
able electromagnetic current meters [11,12], the results showed that the electromotive force
signal between electrodes was generally at the level of uV or nV, which was difficult to
detect in a complex marine environment. So there are still no reliable portable commercial
products in China [13,14]. The development of new technology provides a new method for
the development of electromagnetic current meter.

2. Measurement Principle
2.1. Measuring Principle of Electromagnetic Current Meters

According to Faraday’s electromagnetic induction theorem, currents can be measured
using the induced electromotive force generated by the seawater flowing through a mag-
netic field. In Figure 1, the magnetic field is generated by the current flowing through the
ring coil. When the flowing seawater cuts the magnetic line of force of the magnetic field as
a moving conductor, the dynamic electromotive force can be expressed as:

E = BLVsina 1)

where: V is the current velocity (m/s); B is the magnetic induction intensity (T); L is the
length of the moving conductor (m), which is the equivalent distance between each pair
of receiving electrodes in the electromagnetic velocity sensor; a is the angle between the
moving direction of the conductor and the direction of the magnetic line of force, and the
maximum induced electromotive force is generated when the magnetic line is cut vertically;
and E is the induced electromotive force (V).

S

Figure 1. Measuring principle diagram of electromagnetic current meters.

The dynamic electromotive force generated on the receiving electrode of the electro-
magnetic current sensor is directly proportional to the speed of the current. Two pairs
of receiving electrodes are installed perpendicular to each other on a horizontal plane
of the sensor, which can simultaneously measure the velocity components Vy and Vj, in
two mutually perpendicular XY directions under the instrument coordinate system XOY.
These two velocity components are the velocity components relative to the sensor’s own
coordinate system. According to the compass azimuth angle installed on the sensor, it is
converted into the north and east components Vg and Vy in the geocoordinate system. The
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transformation between the measuring coordinate system of the electromagnetic current
meter and the world coordinate system is shown in Figure 2.

Figure 2. Diagram of coordinate system transformation.

The real current velocity and current direction are synthesized. Vg and Vy can be
expressed as:

{VN—Vy-COSG—Vx-SiHG 2

Vg =V -sinf + Vy - cost

2.2. Main Parameter Preset

Generally, geomagnetic induction intensity is about 0.5 Gauss, which is very weak.
To improve the sensitivity of ocean current measurement, an artificial magnetic field is
used. Assuming that the current direction is perpendicular to the magnetic line of the
artificial magnetic field, the induced electromotive force generated by the current cutting
the magnetic line is E = BLV, the probe diameter should not be too large, and the preset
L = 0.035 m. Considering the requirement of low power consumption, the magnetic
induction intensity B of the artificial magnetic field generated by the coil is set to be
10 Gauss (1072 T). The circuit can detect the voltage at the level of 0.1 uV, so the accuracy
of theoretical current velocity is about V = E/BL =0.1 uV/ (1073 T x 0.035 m) = 0.28 cm/s,
which meets the requirement of current velocity measurements. Therefore, the main
indicators of the sensor refer to the above design.

3. Development of the Electromagnetic Current Meters
3.1. System Design

In Figure 3, the electromagnetic current meters (ECM) mainly consist of the following
parts: current sensor probe, signal acquisition and processing circuits, microprocessor, and
communication module. The ocean current sensor probe works by having its coil form
a stable and evenly distributed magnetic field through the excitation circuit. When the
ocean current passes through, an induced electromotive force is generated between a pair
of electrodes. The function of the signal acquisition and processing circuit is to extract the
induced electromotive force through the analog circuit and amplify it through the lock-in
amplifier circuit. The compass provides real-time azimuth data, and the induced EMF and
compass data are collected by a microprocessor. After data processing and calculation, the
current velocity data is synthesized and output through an RS232 serial communication
interface. The microprocessor is mainly used for data sampling, data processing, providing
excitation and reference signals, response interruption, data transmission, communication,
and other functions of the whole measurement system.
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Figure 3. Schematic diagram of electromagnetic current meters.

3.2. Lock-In Amplifier

The current is measured by measuring the induced electromotive force on two pairs of
electrodes to calculate the velocity of the measuring point. Therefore, accurately measuring
the electromotive force on the electrode is the key point. The magnitude of the electromotive
force generated by the current is generally uV, which represents a weak signal and is greatly
affected by the environment. It is difficult to detect the voltage signal accurately only by
amplification, so the lock-in amplification method is used to detect the weak current signal,
which is one of the most effective methods to extract the known signal from the noise.

Lock-in amplification technology is a weak signal measurement technology based on
a cross-correlation principle [15]. This measurement technique requires reference signals
that are modulated at the same frequencies as their signals of interest to use phase-sensitive
measurement. The information carried by the periodic signal in the noise can be detected
because the reference signal is not correlated with the noise. The lock-in amplifier plays a
dual role as a detector and narrow-band filter.

Phase-sensitive measurement circuits are the core components of lock-in amplifiers
and have been widely used in the field of automatic control. The output of the phase-
sensitive measurement circuit depends not only on the amplitude of the input signal but
also on the phase difference between the input and reference signals. The commonly used
phase-sensitive measurement circuits are analog multipliers and electronic switches. In fact,
electronic switches are equivalent to analog multipliers when the reference signal is a square
wave. In this paper, in Figure 4, the electronic switch-type phase-sensitive measurement
circuit is used. The excitation and reference signals are square waves. The excitation circuit
uses a chopper to modulate the slowly varying measured signal into a certain carrier signal
frequency, which can obtain a square wave signal proportional to the measured signal. The
carrier signal and the reference square wave signal are multiplied, and the output signal of
phase-sensitive measurement is obtained through low-pass filtering.
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Figure 4. Structure diagram of a lock-in amplifier.

When the amplitude of the square wave of the measured signal is £V5 and the
fundamental frequency is w,, the Fourier series expression of the measured signal is:

) n+1
x(t) = % ) % cos[(2n — 1)w,t + 6] 3)
n=1

The amplitude of the reference square wave signal is &V, and its Fourier series can be
expressed as:
4V, o (_1)n+1

- ] cos(2n — 1)w,t 4)

r(t) =
n=1

Figure 5 shows the waveform of phase-sensitive measurement. It can be seen from it
that the duty cycle of waveform u,(t) changes linearly with 6, and its average value is pro-
portional to its duty cycle. When 6 = 0, the output value of phase-sensitive measurement is
the maximum C, and the output value of the phase-sensitive measurement is proportional

to the measured signal.

x(t) A
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Figure 5. Phase-sensitive measurement waveform.

3.3. Design of Azimuth Compass

The compass in the electromagnetic current meter is used to provide its true position
in the Earth’s coordinate system. The azimuth sensor is a miniature sensor device for all
attitude measurements. Figure 6 consists of three types of sensors: a three-axis gyroscope, a
three-axis accelerometer, and a three-axis fluxgate magnetometer. The three-axis gyroscope
is used to measure the absolute angular rate of the carrier in three directions, the three-axis
accelerometer is used to measure the acceleration of the carrier in three directions, and the
three-axis fluxgate magnetometer is used to measure the three-dimensional geomagnetic
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intensity. The azimuth sensor provides accurate raw data, attitude compensation data, and
azimuth data output using accurate acquisition and data fusion, which has the advantages
of a high update rate, small size, light weight, low power consumption, real-time attitude
compensation, stable data, and anti-alternating magnetic field.

Calibration data

Three-axis memory
gyroscope [
Triaxial i i
accelerometer
Embedded system
Triaxial [
magnetometer iDATA>
Temperature -
Solver memory <DC +3.3V

sensor
Figure 6. Azimuth sensor block diagram.

3.4. Current Measurement Process

The data acquisition and test process of the electromagnetic current meter are shown
in Figure 7. When the device is powered on and initialized, the sensor starts to measure the
voltage on the X and Y axes of the electromagnetic probe, as well as the azimuth data at the
same time and calculates the current velocity and current direction value. To improve the
accuracy of measurement, multiple measurement results are filtered and moving averaged.

Power On

Initialization

Start measuring

Measure X and Y
axis voltage

Measuring
azimuth

Calculation of flow velocity
and direction

End o
measurement

Figure 7. Flow chart of electromagnetic current measurement.
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3.5. Development of the Electromagnetic Current Meter

The three-dimensional design diagram is shown in Figure 8. The electromagnetic
current meter is mainly composed of an electromagnetic sensor probe, analog signal
processing board, digital signal processing board, compass, mechanical shell, and water-
tight cable. The analog signal processing board, digital signal processing board (in Figure 9),
and compass are set in the mechanical shell which provides protection against deep water
pressure. The photo of the assembled electromagnetic current meter is shown in Figure 10.

Electromagnetic
sensor probe

Mechanical shell

Water-tight cable

Analog & digital signal
processing boards

Compass ]

Figure 8. Electromagnetic current meter shape.

Figure 10. Electromagnetic current meter picture.

4. Results and Analysis of Ocean Experiments

After the development of the electromagnetic current meter, the static water repeata-
bility, laboratory pool, and sea comparison tests were completed. Offshore operations have
been carried out for over one year to test the accuracy of measurements and the adaptability
and reliability of long-term offshore applications.

4.1. Static Water Repeatability Test

In the case of still water, external water current fluctuations and electromagnetic
interferences are eliminated as far as possible. The electromagnetic current meter measures
the velocity in still water, in Figure 11, the standard deviation is calculated using the
multiple measurement data, and the repeatability is calculated according to the 2o principle.
Test data are shown in Table 1. The maximum standard error of multiple measurement
velocity is 0.116 cm/s, and the repeatability calculated according to the principle of 20 is
better than 0.25 cm/s.
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Figure 11. Repeatability test in still water.
Table 1. Hydrostatic velocity repeatability test (cm/s).
No. Group 1 Group 2 Group 3 Group 4 Group 5
1 0.48 0.45 0.40 0.31 0.22
2 0.43 0.38 0.33 0.53 0.19
3 0.56 0.44 0.34 0.37 0.10
4 0.31 0.56 0.37 0.38 0.39
5 0.58 0.38 0.31 0.27 0.27
6 0.36 0.18 0.49 0.27 0.23
7 0.34 0.40 0.32 0.38 0.20
8 0.56 0.29 0.52 0.13 0.28
9 0.57 0.61 0.29 0.33 0.35
10 0.31 0.38 0.31 0.39 0.48
Standard 0.108 0.116 0.075 0.099 0.104
deviation

4.2. Indoor Driving Comparison Test

The comparison test of electromagnetic current meters was carried out in the pool of
the National Ocean Technology Center in Figure 12. A Nortek Vectrino Profiler (current
velocity 0~4 m/s, accuracy + 0.5% v == 1 mm/s) and Alec CAR electromagnetic current
meter (current velocity 0~5 m/s, accuracy & 2% v, current direction 0~360°, accuracy =+ 2°)
were used as comparison equipment. The experimental pool was 100 m long, 10 m wide,
and 5 m deep, and the driving speed ranged from 0 to 4 m/s.

To verify the measurement accuracy of the self-developed instrument, comparative
experiments were carried out at the current velocities of 30 cm/s, 50 cm/s, 100 cm/s,
and 150 cm/s, and the repeatability was calculated at different current velocities. Results
are shown in Table 2. When the velocity is less than 1 m/s, the velocity repeatability
is better than 1.5 cm/s, and the current direction is better than 1.5°. When the velocity
is higher than 1 m/s, the velocity repeatability is better than 6.5 cm/s, and the current
direction is better than 2°. The consistency of data between self-developed equipment and
comparison equipment is very good, and the error is mainly caused by driving vibration
and environmental electromagnetic interference.



J. Mar. Sci. Eng. 2023, 11, 206 90f 13

Figure 12. Indoor driving comparison test.

Table 2. Repeatability test of indoor running velocity (cm/s).

Current Velocity 30 cm/s Current Velocity 50 cm/s

No. Current Current Current Current

Velocity Direction Velocity Direction

1 31.58 243.28 48.69 24442
2 31.91 242.76 49.16 244.13
3 31.93 243.08 49.97 243.19
4 31.27 243.78 48.67 244.89
5 30.87 243.45 48.19 244.87
6 31.09 243.08 51.12 243.96
7 30.78 244.24 48.57 245.45
8 31.08 243.32 49.15 244.81
9 30.80 242.99 48.99 244.82
10 29.61 244.66 49.21 245.02
average value 31.09 243.46 49.17 244.55
standard 0.639 0567 0792 0616
Current Velocity 100 cm/s Current Velocity 150 cm/s

No. Current Current Current Current

Velocity Direction Velocity Direction

1 99.37 243.51 160.11 243.49
2 99.94 242.29 169.50 242.08
3 96.86 242.85 166.86 242.76
4 99.85 242.96 163.76 242.96
5 97.85 244.16 163.24 243.70
6 97.09 243.68 163.27 244.20
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Table 2. Cont.

Current Velocity 30 cm/s Current Velocity 50 cm/s
No. Current Current Current Current
Velocity Direction Velocity Direction
7 96.52 242.71 165.48 243.60
96.83 242.10 161.77 244.50
9 98.53 24278 164.97 244.16
10 95.86 243.85 161.90 243.51
average value 97.87 243.09 164.08 243.50
stefigsgi 1.395 0.649 2.593 0.695

4.3. Marine Experiment

Comparison test between the ECM and Nortek ADCP installed on buoy at the
same time.

In order to further test the performance of the electromagnetic current meter (ECM),
the ECM and the ADCP of Nortek company in Norway (current velocity £ 10 m/s,
accuracy £ 0.5 cm/s, current direction 0~360°, accuracy + 2°) were installed in two
underwater mounting brackets of the same 3 m buoy. The buoys were deployed in the
sea with a depth of nearly 20 m off the coast of Qingdao in October 2021, as shown in
Figure 13. The comparison test was carried out with a sampling interval of 1 h. The
correlation between the measured datum of the two devices was calculated. As shown in
Figures 14 and 15, the ten days observation datum from October 1st to October 10th shows
that the trends of the current velocity and current direction of the two devices are consistent.
The correlation coefficients of the current velocity and current direction datum are 0.90 and
0.96, respectively, indicating that the datum measured by the ECM are effective.

mounting
bracket

@ (b)

Figure 13. The test 3 m buoy and the ECM. (a) The test 3 m buoy. (b) the ECM and underwater
mounting bracket.
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Figure 14. Comparison of the velocity and direction curves between ECM and Nortek ADCP.
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The main reason for the difference in comparison data may be that the two sensors
are installed at different positions on the buoy and the buoy sway. The horizontal distance
between the ECM and the Nortek ADCP is about 2 m, which is basically the shortest
distance to install two current meters on the buoy. In the actual ocean, there will be a certain
difference in the current velocity and current direction of these two positions. In addition,
the buoy will inevitably sway in the ocean, which further expands the difference between
them. There is a certain difference between the electromagnetic current meter and Nortek
ADCP, which cannot fully be considered as the error of the electromagnetic current meter.
So we can only compare their relevance. The good correlation between the two sensors
indicates that the performance of the electromagnetic current meter and ADCP is almost
equivalent.
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Figure 15. Correlation of the velocity and direction datum between ECM and Nortek ADCP.
(a) Current velocity. (b) Current direction.

5. Conclusions

Faced with the difficulty to detect weak current signals in a complex marine envi-
ronment, an electromagnetic induction current measurement scheme based on lock-in
amplifier technology is proposed, and its key technologies, such as induced current in-
tensity evaluation, overall design, circuit design, and orientation design are studied. An
electromagnetic current meter prototype is developed, and laboratory and sea tests are
carried out. A comparison test between the electromagnetic current meter prototype and
Nortek ADCP installed on a buoy at sea were carried out, and the correlation coefficients
of the current velocity and current direction datum were 0.90 and 0.96, respectively. The
performance of the electromagnetic current meter reaches the international advanced level.
It has good adaptability at sea, which provides feasible technical and equipment support
for ocean current observation. Based on the advantages of small size and low price, the
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electromagnetic current meter can be widely used in ocean observation buoys, ships, ocean
observation stations, and other fields, with a very broad application prospect.
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