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An underwater magnetic induction positioning and communication system and an energy-efficient distributed control algorithm for underwater base stations are proposed in this paper. The positioning and communication system consists of a number of base stations and an Autonomous Underwater Vehicle (AUV) equipped with three-axis source coils respectively. The AUV receives this signal and based on its amplitude and phase information is able to locate the AUV and communicate with the base station. Due to the short positioning distance of magnetic induction positioning technology, a large number of base stations need to be installed underwater, which puts high demands on the control of the base stations. In this paper, an energy-efficient distributed control algorithm for underwater base stations is proposed to enable the AUV to meet the operational requirements while minimizing the total energy consumption of the base station. According to the simulation results, the design solves the problem that traditional underwater positioning and communication equipment cannot work stably for long periods of time in a high radiated environment, with a positioning error of no more than 10 cm within a preset operating range, and the algorithm proposed in this paper is able to reduce energy wastage by about 20%.
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1 INTRODUCTION
With the increasing scarcity of traditional energy sources, nuclear energy, as a new type of energy source with high energy density, has been greatly developed in recent years (Hisham and Carmine, 2016). Spent fuel generated during the power generation process is stored in pools, and leaks from spent fuel pools can cause very serious accidents if they are not detected and stopped in time (Hirano et al., 2012; Gu, 2018). Due to the high temperature, high humidity and radiation environment of nuclear pools, traditional manual inspections can have a significant impact on the health of workers. Using robots for nuclear pool operations can free workers from harsh environments (Bakari et al., 2007). Autonomous Underwater Vehicles (AUVs) are also exposed to high temperatures, humidity and radiation environment when inspecting and placing nuclear batteries, which places high demands on communication and positioning components.
In terms of communications, the complex environment underwater causes electromagnetic waves to be severely attenuated as the frequency rises (Zhang et al., 2011; Domingo, 2012). As a result, electromagnetic wave communication technologies that can be used in underwater environments often require large size coils to provide low frequency electromagnetic waves. For example, EM wave communication systems on submarines typically require towed antennas that are hundreds of meters long, which is not clearly suitable for limited water applications.
Compared to the strong attenuation of electromagnetic waves, sound waves are less attenuated in water and can travel over distances of several tens of kilometers. However, due to its narrow bandwidth, large propagation delay and the multipath effects it produces in confined spaces (Liu et al., 2012). This makes acoustic communications also have many limitations in practical applications.
The channel of MI communication is less influenced by the medium and is more stable (Akyildiz et al., 2015). In addition, MI communication has the advantage of a small coil size. It has been widely used in areas such as wireless earth-permeable communication (Sun and Akyildiz, 2010; Lin et al., 2015). The most important thing is that MI coils are made of ordinary copper wire and are not affected by nuclear radiation.
In terms of positioning, the MI positioning system works by constructing a magnetic dipole model. The three coils of the source coil are orthogonal and are excited in turn by an AC signal of the same frequency. The amplitude and phase information of the signals is obtained using the receiving coils, which can then be algorithmically obtained (Hu et al., 2012).
In terms of base station control, traditional magnetic induction positioning application scenarios are often small and do not need to consider base station control methods (Hu et al., 2005), but in nuclear pools, due to the huge area, multiple base stations need to be laid for cooperative positioning, opening them all will waste a lot of energy, so the control of base stations not only need to consider the conditions of the AUV, but also need to reduce energy consumption as much as possible.
A wireless robotic capsule endoscope for digestive tract examination using magnetic induction positioning was displayed in (Hu et al., 2005). A small permanent magnet was added to the capsule to create a permanent magnetic field in the patient and the capsule position is then determined by an external sensor. C. Hu, Z et al. proposed a two-dimensional magnetic induction positioning system for a domestic robot with base station coils mounted on the ceiling, and because the height was fixed in this scenario, only one set of coils had to be used for the base station (Hu et al., 2015). T. Li and L. Chen investigated evolutionary clustering to improve the quality of clusters for moving objects (Li et al., 2022).H. G. Zhang et al. proposed distributed algorithms to obtain the most available solution for the energy management system through local communication and computation (Zhang et al., 2017). S.S. Ge et al. proposed a magnetic induction positioning application for the positioning of ships towing anchors, which solves the problem of short magnetic induction positioning distances by means of a recursive algorithm (Ge et al., 2014). T. Li and L. Chen optimize uncertain trajectories in the road network (Li et al., 2020; Li et al., 2021). H. Xu et al. designed an underwater MI communication system based on Quasi-cyclic LDPC codes (Xu et al., 2023). G. C et al. presented a wireless communication system based on magnetic coils for underwater vehicles and verified its performance in different water conditions (Canales-Gomez et al., 2022). Malik et al. conducted a study for underground magnetic induction communication, comparing both EM and MI methods and verifying the superiority of MI communication in some scenarios (Malik et al., 2022).
This paper consists of five parts, the first part is the introduction, the second part will introduce the framework and theoretical basis of the magnetic induction positioning and communication system, the third part will describe the energy efficient distributed control algorithm for underwater base stations. The fourth part will verify the performance of the system through simulation, and the fifth part is the conclusion.
2 DESIGN OF UNDERWATER MAGNETIC INDUCTION POSITIONING AND COMMUNICATION SYSTEM
2.1 Working environment
The pool of a nuclear power plant is a typical water structure with limited space. Its dimensions are usually rectangular pools of about 10–30 m each in length, width and depth. The bottom of the pool is fitted with storage tanks for nuclear fuel. As a result, the water in the pools has a high level of nuclear radiation. The temperature of the pools is generally in the range of 40°C–80°C due to the large amount of heat released during the decay of the nuclear fuel.
Hence, the communication and positioning system needs to be designed with the two characteristics of radiation resistance and high temperature resistance. For high temperature conditions, although the resistivity of copper wire varies with temperature, the pattern of its variation is known and therefore the calculated parameters can be adjusted by measuring the ambient temperature, thus avoiding the effects of temperature. For radiation environments, the positioning and communication system designed in this paper can all be made radiation-proof, with only the coils being exposed to radiation, and the coils are made of ordinary copper wire and are not affected by nuclear radiation. In summary, underwater MI communication is promising in this environment.
2.2 System topology
As shown in Figure 1, the system is composed of the transmitting part and receiving part. For transmitting part, this design uses Frequency-Shift Keying (FSK), where the data needs to be passed through a numerically controlled oscillator and digital-to-analogue converter to generate a high-frequency signal, which is enlarged by a power amplifier and passed to the source coil.
[image: Figure 1]FIGURE 1 | Circuit system composition.
For receiving part, the received voltage signal is first amplified and filtered through a band-pass filter to remove noise. After pre-processing the signal is split into two parts and passed into the position section and the communication section respectively. The positioning section samples the voltage after adjusting its magnitude with a programmable amplifier and then calculates the position of the AUV by means of a positioning algorithm.
2.3 Positioning method
The positioning system is composed of two sets of three-dimensional omnidirectional coils, with three mutually orthogonal magnetic induction coils of the source coil acting as signal sources, which in turn generate mutually orthogonal magnetic fields in space.
As shown in Figure 2, U, V, W represent the three source coils perpendicular to the x, y, z-axes; Bx, By, Bz represent the magnitude of the magnetic field induced by the three receiving coils; R represents the distance between the source coil and the induction coil.
[image: Figure 2]FIGURE 2 | Underwater positioning model based on 3D omnidirectional magnetic induction.
A coil fed with current forms a magnetic dipole. Based on Magnetic dipole models for magnetic field distribution in three-dimensional space. The magnetic induction intensity generated by the three sets of coils U, V, W at any point p is defined as
[image: image]
where [image: image], μ is the magnetic permeability, [image: image], [image: image] is the magnetic constant, [image: image] is the relative permeability of water, N is the number of turns of coils, I is the current in the coil, r is the coil radius, R is the distance from the geometric center of the source coil to point p, and [image: image] is a unit vector in three directions of the coordinate axes.
Since the orthogonal rotation matrix does not change the magnitude of the magnetic induction intensity, we have
[image: image]
Hence, by superimposing the magnetic field we have
[image: image]
Similarly, Bv and Bu of coil V and W. Therefore, combined magnetic field is defined as
[image: image]
Hence, the distance R is defined as
[image: image]
Using (5) in (3), we have
[image: image]
The process of solving for y and z is similar to that for x and will not be repeated in this paper. At this point, the position of the induction coil has been fully determined.
2.4 Communication model building and operating frequency selection
The MI communication carries data through a pair of transceiver coils, the data information is carried by a time varying magnetic field generated by a modulated sinusoidal current along the transmitter coil antenna, and the receiver coil gets the signal from this time varying field and demodulates it to obtain the information.
The MI transceiver system needed to be modeled to do a quantitative study. The transmitter part is fed by a source with an internal impedance [image: image] and the receiver part is terminated by a load impedance [image: image]. The MI transceiver system can be transformed into a two-port network as depicted in Figure 3. It is assumed that the input voltage Vin, output voltage Vout, input current Iin and output current Iout of the dual antenna system are the same for the two-port network. Hence, we can use the impedance matrix to represent the relationship between the input and output of the system as
[image: image]
[image: Figure 3]FIGURE 3 | Two-port equivalent model for MI transceiver system.
The path loss of the MI transceiver system consists of two main components, one caused by eddy-current-loss caused by electrical conductivity in media and the other from the circuitry in the transceiver system.
For eddy-current-loss, water media tend to have a certain conductivity and coils working in water can produce eddy-current-effects which increase transmission losses dramatically. The attenuation is defined as
[image: image]
where μ is the magnetic permeability, [image: image], [image: image] is the magnetic constant, [image: image] is the relative permeability of water and σ is the electrical conductivity of sea water.
We notice from (8) that a lower operating frequency results in lower losses for defined environmental condition.
Therefore, the loss caused by eddy-current-loss in media can be defined as
[image: image]
Next, without considering the effect of media on the transceiver system and based on the two-port network model of the transceiver system, we can obtain the path loss by comparing the transmit power and the receive power.
Therefore, PL_ts is defined as
[image: image]
The transmitted and received powers are given by
[image: image]
[image: image]
During the operation of the MI transceiver system, the power at the transmitter side is not actually lost, but not fully absorbed by the receiver coil, so the influence of the receiver side should be ignored in the power calculation of the transmitter coil, the transmitted power of the MI system is redefined as follows:
[image: image]
Using (11)-(13) in (10), PL_ts is given as
[image: image]
We notice from (12) that the received power depends on the load impedance ZL, using the principle of impedance matching, the load receives the most power when [image: image] so the receiver side load is defined as
[image: image]
Next the impedance matrix of the two-port network needs to be calculated. As shown in Figure 4, we equate the MI transceiver system to an inductively coupled circuit, LTX and LRX represent the self-inductance of the transmitter and receiver antennas. RTX and RRX represent the coil resistance of the transmitter and receiver antennas. UM is caused by the time varying flux in the coil LTX through the mutual inductance M.
[image: Figure 4]FIGURE 4 | Equivalent circuit for coupled coils.
Hence, we can obtain the parameters of the impedance matrix by solving the model in Figure 4.
[image: image]
where [image: image] is the angular frequency of the transmitting signal.
The self-inductance L of a coil is obtained as
[image: image]
where N is the number of turns of coil, l is the length of the solenoid and A is the cross-sectional area of the wire.
The mutual inductance M between two coils can be calculated as
[image: image]
where [image: image] and [image: image] are the radii of the transmitter and receiver coils, [image: image] and [image: image] are the number of turns of the transmitter and receiver coils and r is the distance between the transmitter and receiver coils.
Based on application scenario considerations, it is assumed that the transmitter and receiver coils are completely same, assuming [image: image], [image: image], the mutual inductance M between two coils is redefined as follows:
[image: image]
The coil resistance is given by
[image: image]
where ρ is the electrical resistivity.
Assuming there is no impedance in the transmitter circuit and using (15)-(20) in (14), PL_ts is defined as
[image: image]
Therefore, the path loss PL is defined as
[image: image]
The path loss as a function of the frequency and the transmission distance caused by eddy-current-effects and transceiver system are shown in Figure 5. The number of turns is 200, the radius of the transmitter and receiver is 0.2 m and the diameter of the wire is 0.3 mm.
[image: Figure 5]FIGURE 5 | Path loss of the underwater MI communication channel. (A) Path loss caused by eddy-current-effects. (B) Path loss caused by transceiver system. (C) The total path loss.
We observe that the path loss caused by eddy-current-effects in Figure 5A is increased dramatically with the frequency and the transmission distance. The attenuation in formulas (8) is increased with the frequency and the eddy-current-loss defined in formulas (9) is increased with the transmission distance. Therefore, the higher the electrical conductivity of the system’s operating environment, the greater the effect of frequency on eddy current losses.
In Figure 5B, we observe that the path loss caused by transceiver system is increased with the transmission distance. Within 5 m, the path loss increases sharply, and the upward trend is slower out of 5 m. However, as the frequency increases, the path loss shows a decreasing trend at the same distance. Therefore, designing for higher frequencies will reduce the path loss of the system.
Hence, eddy-current-losses increase with frequency and transceiver-system-losses decreases with frequency, so we can obtain the optimum operating frequency based on the parameters of the coil and the data of the operating environment. Combining Figures 5A, B we can obtain the total losses of the system for this operating condition as shown in Figure 5C, where the optimum frequency is set to 2 MHz.
3 ENERGY EFFICIENT DISTRIBUTED CONTROL ALGORITHM FOR UNDERWATER BASE STATIONS
3.1 Control models
From the above derivation it is clear that [image: image] , the positioning accuracy and communication quality in this design is very sensitive to distance, and therefore multiple base stations are required to ensure safe and stable operation in a wide range of applications such as nuclear pools.
In traditional indoor multi-base station positioning applications, multiple base stations are often switched on to improve positioning accuracy, while in magnetic induction positioning and communication systems, the magnetic field decreases rapidly with distance, resulting in a large amount of energy wastage. As shown in Figure 6, this paper proposes a distributed control base station switching method, as well as three operating modes based on the different positioning accuracy requirements of underwater robots under different operating conditions, to ensure the normal operation of the robot and to significantly reduce energy wastage.
[image: Figure 6]FIGURE 6 | Distributed control of a magnetic induction positioning and communication system.
3.2 Analysis of base station operating modes and AUV operating modes
This paper divides the base station operating modes into two.
(1) Single base station operating mode
When low positioning accuracy is required, the base stations operate in this mode and only the nearest base station to the AUV is switched on at the same point in time for the whole system.
(2) Multi-base station operation mode
When the positioning accuracy is high, the base station operates in this mode, as shown in Figure 7. At point a, as it is closer to base station 1, base station 1 can meet its positioning and communication needs, so only base station 1 can be turned on at this location; at point b, as it is a certain distance away from both base station 1 and base station 2, so base station 1 and base station 2 are turned on to ensure the positioning accuracy and communication quality; at point c, as it is farther away from both base station 1 and base station 2, so base station 3 is turned on at the same time to further ensure its positioning accuracy and communication quality.
[image: Figure 7]FIGURE 7 | Multi-base Underwater base station distribution.
This paper sets out three operating modes for AUVs.
(1) Normal marching mode.
In this mode, the AUV requires low positioning accuracy and therefore uses a single base station operating mode. As shown in Figure 8A, In phase A, the AUV is closer to base station 2 and therefore turns on base station 2. In a similar way, phase B corresponds to base station 3, phase C to base station 1.
(2) Fixed-point working mode.
[image: Figure 8]FIGURE 8 | Working paths for different operating modes (A) Normal marching mode. (B) Fixed-point working mode.(C) Wrap-around detection mode.
As shown in Figure 8B, when the AUV needs to operate at a fixed-point, single base station operating mode may not be able to meet its required positioning accuracy. This mode uses Multi-base station operation mode once the AUV arrives at the operating point, improving its positioning accuracy and communication quality to meet the system’s requirements.
(3) Wrap-around detection mode.
In this mode, the AUV requires high positioning accuracy and therefore uses a multi-base station operating mode. The AUV starts from the starting point and stops when it reaches the detection radius of the object to be detected, then the AUV starts to lower to the set detection height and loop around the object. After completing the detection the AUV rises above the height of this object and proceeds to the next object to be detected. During this time the system is in multi-base station operating mode, to avoid any accidental position deviations that could cause the AUV to collide with the object. The path of the AUV run is shown in Figure 8C, green line indicates an open base station, yellow line means two and red line means three.
The basic working logic of AUV is as follows: After the AUV has been activated, it will first confirm its current position, receive the current job assignment and analyze the required base station operating modes. Next the AUV will perform a heading calculation based on the current position and the target position and proceed as calculated. During the course of the voyage the base station will be switched on and off in ways as described above. The AUV may deviate from the desired course due to uncertain underwater disturbances. The positioning system therefore operates continuously at regular intervals to calculate the latest position of the AUV and to correct the heading. After completing the expected work the AUV will wait underwater for a new work order to be given.
4 SIMULATION ANALYSIS
4.1 Settings
The experimental results of the underwater magnetic induction positioning and communication system will be presented in terms of positioning accuracy of the 3D coil and operating condition simulation. The various parameters of the coil are shown in Table 1.
TABLE 1 | Parameters of coils.
[image: Table 1]4.2 Normal marching mode simulation
In the normal marching mode, the starting point is (2, 2, 4) and the target point is (10, 6, 6), and the trajectories of AUVs in single base station operating mode and multi-base station operating mode are simulated respectively.
As shown in Figure 9A, when the AUV runs near the area where the working range of the two base stations meet, the positioning accuracy drops due to the opening of only one base station, and the trajectory of the AUV shows a more obvious deviation. Although the AUV can correct its own course to reach the target point, the course deviation makes the AUV’s running time longer. Its total elapsed time is 23.3 s, the same as the base station turn-up time.
[image: Figure 9]FIGURE 9 | AUV’s trajectories in the normal marching mode [target point (10,6,6)]:(A) single base station operating mode;(B) multi-base station operating mode.
When using the multi-base station operating mode, as shown in Figure 9B, the AUV is still able to maintain a high level of positioning accuracy in the area where the working range of the two base stations meet, resulting in more accurate navigation of the AUV compared to the former and therefore a shorter running time in this mode. Its time was only 22.9 s. However, due to multiple base stations operating together over a period of time, the total turn-up time of its base stations reached 26.1 s. Total base station turn-up time improved by 2.8 s compared to single base station operating mode, in non-emergency situations, the multi-base station operation mode can waste a lot of energy.
When the AUV crosses the area where the working range of the three base stations meet, this wastefulness will be exacerbated. As shown in Figure 10, after changing the target position to (9, 7, 1), the AUV will cross several triple base stations crossover areas. In single base station operating mode, the total base station turn-on time is only 23.7 s, while in multi-base station operation mode it is 27.5 s.
[image: Figure 10]FIGURE 10 | AUV’s trajectories in the normal marching mode [target point (9,7,1)]:(A) single base station operating mode;(B) multi-base station operating mode.
Simulations were carried out using the two base station operating modes by replacing different starting and target points. Experimental results showed that both allowed the robot to reach the target location, with an acceptable average increase in robot run time of 4.3% for the single base station mode compared to the multiple base station mode, and an average reduction in total base station turn-on time of 15.6%, with a maximum reduction of 24.2%. The algorithm keeps the increase in robot runtime within acceptable limits, while significantly reducing base station turn-up time and saving energy.
4.3 Fixed-point working mode simulaiton
As the point (2.3,4,2) is located at the junction of three base stations and the results are more representative, it is chosen as the operation point to verify the fixed-point operation mode in this paper.
As shown in Figure 11, When three base stations are on, the results are closer to the actual position of the AUV; when two base stations are on, the next closest, and the worst when a single base station is on.
[image: Figure 11]FIGURE 11 | Continuous positioning results of AUV with different number of base stations (xy-projection plane).
In this paper, the squared heel of the deviation in the three directions is defined as the localization error
[image: image]
where (xa, ya, za) is the actual position of the AUV and (xc, yc, zc) is the calculated position of the AUV.
Therefor, the positioning deviation of AUV with different number of base stations is presented in Table 2. From Table 2, we can see that with the increase in the number of base stations, the positioning effect is significantly improved, and when three base stations are working simultaneously, the positioning error of the system can be controlled to within 5 cm.
TABLE 2 | Positioning deviation of AUV with different number of base stations.
[image: Table 2]4.4 Wrap-around detection mode simulation
In the wrap-around detection mode, the starting point is (1,1,4) and the coordinates of the objects to be detected are (2,2,1), (6,1,1), (12,2,1), (12,6,1), (6,4,1), (3,7,1); the radius of the objects to be detected are 3,4,1,2,5,3; the height of the objects to be detected are 0.3,0.2,0.2,0.1,0.5,0.4. (All units above are in meters).
The trajectory of the AUV is shown in Figure 12, the total time for the rise and fall of the AUV was 57 s, during which the base station was turned on in 78.9 s; the time for the AUV to move horizontally was 47.2 s, during which time the base station was turned on for 63.5 s; the time for AUV wrap-around detection was 36.7 s, during which time the base station was turned on for 45.8 s. The whole process took 140.9 s and 188.2 s for the base station turn-on. The wheel path planning algorithm enables the AUV to perform underwater surround detection tasks with a significant reduction in base station turn-up time and energy savings.
[image: Figure 12]FIGURE 12 | AUV’s trajectory in the wrap-around detection mode.
The simulation results prove that the proposed energy saving control algorithm for distributed underwater base station ensures that the AUV is able to perform its tasks under a variety of set conditions while saving energy wastage due to the opening of redundant base stations.
5 CONCLUSION
An underwater magnetic induction positioning and communication system and an energy-efficient distributed control algorithm for underwater base stations are proposed in this paper. The different requirements for positioning accuracy and communication quality under different operating conditions of AUVs are analyzed and two different base station control modes and a reasonable distributed control strategy for the three working states of AUVs. This system solves the problem of wireless positioning and communication in high radiation underwater environments, while the energy consumption of the base station is significantly reduced under the premise of ensuring the normal operation of the AUV, but the problem of how to improve the positioning and communication distance of this system is urgently needed by the serious attenuation of the magnetic field strength as the distance becomes larger. Experimental results show that with this control algorithm, the AUV can perform its tasks under three pre-defined operating conditions; in addition, the algorithm can reduce the energy loss by about 20% when moving over a large area and passing through more base station nodes. Compared to previous control algorithms, this paper reduces the total energy consumption of the system operation while satisfying the AUV operating conditions. In the future the system could be used in the daily work of nuclear spent fuel pools, freeing workers from the harsh working conditions.
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