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At present, contact watertight connectors are commonly utilized for the connection between underwater electromechanical equipment and the seabed observation network. Such traditional watertight connectors are easy to be irreversibly worn when plugging and unplugging, however, they have complicated sealing structures and limited service life. This paper designs a Non-contact Wet Mateable connector for Optical Communication and Power Transmission (OCPT-NWMC), which is based on technology of Contactless Power Transmission (CLPT) and optical communication. Docking structure of the sockets and plugs are designed, facilitating Remotely Operated Vehicle (ROV) to operate. A prototype of the OCPT-NWMC was established. The experimental results show that the connector designed can achieve 200W power transmission, with a maximum power transmission efficiency of 94%. The communication bandwidth reaches 18MHz. The OCPT-NWMC can assist the rapid and safe deployment and operation of seabed observation network.
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   1 Introduction

 With the rapid development of seabed observation technology, the development of deep sea has been improved (Mikada and Chave, 2004). The seabed observation network system provides a standard power supply and communication interface for seabed observation equipment, making long-term and continuous ocean observation possible (Favali et al., 2011; Best et al., 2014; Lin and Yang, 2020)

 The construction of a large-scale seabed observation network is difficult, which is almost impossible to be deployed it in a holistic manner. The underwater wet mateable connector can divide these engineering projects into different functional modules, which are deployed separately. Then Remotely Operated Vehicle (ROV) complete the connection of each module (Kawaguchi et al., 2008; Christ and Wernli, 2014). The operating principle of the commonly used wet mateable connector is isolated from the high-pressure seawater through the sealing rubber (Painter and Flynn, 2006; Rémouit et al., 2018), with complex structure, large plugging force and difficult operation process. The interface may be severely worn, causing a limited number of plugging and unplugging.

 Contactless Power transmission (CLPT) can be utilized to replace the traditional contact wet mateable connector (Baer et al., 2009). Electromagnetic induction type CLPT has short transmission distance and high transmission efficiency, which is widely used in underwater electrical equipment, electric vehicles, biomedicine and robotics.

 Baer C M et al. (Granger et al., 2013). developed a non-contact wet mateable connector based on CLPT, realizing 10W power transmission by coaxial nested coupling coils and signal rate of 600kbps by bidirectional optical communication. Li et al. proposed the coil turns optimization method and the coil structure design method of the loosely coupled CLPT coils in the marine environment (Li et al., 2017). The transmission of power and signal is jointly realized, with maximum 400W power transmission and 2Mbps data rate through WIFI. However, the communication bandwidth is low and the connector is large. Shi et al. designed a non-insert wet mateable connector based on mathematical modeling and numerical calculation (Shi et al., 2020). 130W power and 73Mbps full-duplex data through wireless router can be transmitted at the same time.

 Optical communication has been applied underwater over small distance transmission (Khalighi et al., 2017). According to the electromagnetic wave characteristics, the blue-green light frequency band has an attenuation window in seawater (Li S et al., 2019). Compared with underwater acoustic communication and electromagnetic wave communication, optical communication is small, low in energy consumption and higher in communication rate (Kaushal and Kaddoum, 2016).

 Doniec M W et al. developed an underwater point-to-point optical communication equipment and carried pool experiments (Doniec and Rus, 2015). Aqua Optical II is able to achieve a communication speed of 5.1Mbps within 50m (Doniec and Rus, 2010). Xu et al. used OFDM technology and a single LED to achieve underwater 2m transmission, and realized a data rate of 161Mbps (Xu et al., 2016). Chen et al. applied underwater laser communication to the positioning and navigation of underwater autonomous vehicles. The system achieved a data rate of 1 Mbit/s at 4 m (Chen et al., 2022).

 Non-contact power transmission and optical communication technologies have been respectively applied in ocean observation projects (Li Y et al., 2019; Lin et al., 2019; Ali et al., 2020). This paper integrates the two technologies to design a non-contact wet mateable connector for optical communication and power transmission. Docking structure of the socket and plug is designed, ensuring high precision of the axial docking and facilitating ROV to operate. The OCPT-NWMC can assist the rapid and safe deployment and operation of seabed observation network.

 
  2 Overall design of OCPT-NWMC

 The OCPT-NWMC is mainly composed of input source, the primary side socket and the secondary side plug, watertight connectors. The external interfaces of power and communication are realized through watertight cables and connectors. The schematic diagram of the OCPT-NWMC is shown in  Figure 1A . The superior junction box of seabed observation network provides electric power and signals to the connector through the watertight connector. Since the current mainstream of the ocean observation network adopts direct current, the junction box here provides DC voltage. For power transmission, the AC voltage is generated by the inverter circuit. The high-frequency electromagnetic wave is emitted by the primary coils. On the secondary side, coils convert the received electromagnetic wave into AC voltage, which is then rectified and output.

  

 Figure 1 | The OCPT-NWMC (A) schematic diagram (B) exploded view (C) assembled diagram of the mechanical structures. 

 

 For signal transmission, the laser driving circuit receives the signal, then the laser is driven. The signal is transmitted to seawater channel by the optical antenna of the transmitter. On the secondary side, the signal reaches the optical antenna of the receiver. The PIN tube converts the optical signal into electrical signal. And the signal is conditioned. Finally, the load receives power and signal through the watertight connector.

 The exploded view of the mechanical structures of OCPT-NWMC shown in  Figure 1B . The docking of the socket and plug is reliably achieved by the hook. The ROV operates the handle so that the locking hook is stuck on the groove of the primary cavity. Under the action of the guide cover and the hook, the two sides are closely connected. The seawater on the end face is squeezed, reducing the loss of optical signal. When separating two sides, the ROV pulls on the handle end. The locking hook is stretched, making the locking invalid. The assembled OCPT-NWMC is shown in  Figure 1C .

 
  3 Principles of OCPT-NWMC

  3.1 Principle of CLPT system in seawater environment

 The mutual inductance model of CLPT system in seawater is shown in  Figure 2 . Lp , LS  are respectively the self-inductances of the primary side and the secondary side. Rp , RS  are the respective internal resistances of the coils. The coupling of the two coils is described by mutual inductance M. The coupling coefficient k is used to express the degree of coupling between the two coils.

  

 Figure 2 | A two-port network model of the equivalent mutual inductance model of CLPT system in seawater. 

 

  

 According to the reflected impedance theory, the impedance reflected from the secondary side to the primary side can be calculated as:

  

  Zr  is called the reflection impedance, Rr , Xr  are the reflection resistance and reflection reactance, respectively. The power absorbed by the reflection resistance represents the transmission capability of the coupling coil. The reflection reactance of the system generates reactive power, reducing the power factor. For the convenience of analysis, a two-port network model of the equivalent mutual inductance model of CLPT system in seawater is established. Ce  is the distributed capacitance of seawater between the loosely coupled coils caused by the high conductivity of seawater. The model is equivalent to the parallel connection of a mutual inductance model network in the air and a distributed capacitance network.

 The transmission equation of the two-port network is defined as:

  

 Where T is the transmission matrix, which is converted to total admittance matrix:

  

 In the formula (4), T is the transmission matrix. ZP  and ZS  respectively represent open-circuit impedances on two sides, i.e. ZP  = jωLP  + RP , ZS  = jωLS  + RS . And κ = ωCe |Z 1|, where |Z 1| = (jωLP  + RP )(jωLS  + RS ) − (jωM)2.

 The transmission equation of the equivalent mutual inductance model of CLPT system in seawater is:

  

 If the load is RL , then the output voltage is, then the output voltage is:

  

 The input impedance of the network for seawater is:

  

 The distributed capacitance Ce  of the coil for length l, coil diameter d, inner radius r can be estimated

  

 Where ε is the dielectric constant of seawater.

 The input impedance of the network for air is

  

 The equivalent mutual inductance model in seawater and in air are compared. The frequency characteristics of the impedance mode and impedance angle are shown in  Figure 3 .

  

 Figure 3 | Frequency characteristics of the mutual inductance model in seawater and air. 

 

 It is shown that, under low operating frequency of the system, the system is hardly affected due to the large distributed capacitance and reactance of seawater. As the operating frequency of the system increases, the distributed capacitance and the inductance of the coils form an LC resonant circuit, causing a peak of the impedance mode of the system. The frequency of the CLPT system studied in this paper is between 10kHz and 100kHz, which belongs to the low frequency band. Therefore, the mutual inductance model can be simplified to the situation in the air, reducing the complexity of system design.

 
  3.2 Modulation algorithm for underwater optical communication

 In the actual system, optical communication is limited by power and bandwidth, so the modulation technology needs to consider power consumption, bandwidth and difficulty of implementation. On-Off Keying (OOK) modulation is used in this paper (Gayathri et al., 2015; Wang et al., 2016). In the OOK modulation system, the baseband rectangular pulse of digital “0” or “1” is used to control a continuous carrier. The carrier is output intermittently. The presence or absence of carrier output corresponds to sending 1 or 0. The OOK signal can be considered as a unipolar rectangular pulse sequence multiplied by the carrier:

  (

 Where g(t) is a rectangular pulse with a duration of Tb ak  represents the 01 sequence. ωc  is the carrier frequency, and θc  is the initial phase of the carrier.

 Since the spectrum of the rectangular pulse sequence of the baseband signal is infinitely wide, the pulse signal will expand in time, causing intersymbol interference and increasing the bit error rate at the receiving end. In order to use the channel effectively, it is necessary to compress the spectral bandwidth to improve the frequency band utilization. The most widely used filter that satisfies the Nyquist first criterion is the raised cosine roll-off filter, which is a finite impulse response (FIR) filter. The transfer function of FIR is:

  

 Where α (0≤α≤1) is the roll-off factor of shaping filter. The value of α determines the bandwidth of the system. In order to improve the frequency band utilization, the value of α should be as small as possible. However, when α gets smaller, synchronizing the bits at the receiving end becomes more difficult, and the system bit error rate becomes larger. To reduce the sampling pulse error, it is usually chosen as α ≥ 0.2.

 Set the baseband signal rate Rb = 1Mbps, the carrier frequency fc  = 50MHz, the sampling frequency fs  = 8Rb , the shaping filter coefficients fs  = 8Rb , and shaping filter factor α = 0.35. The spectrum of the OOK signal is shown in  Figure 4 .

  

 Figure 4 | OOK signal spectrum in MATLAB. 

 

 It is shown that the frequency components of the OOK signal spectrum after the shaping filter other than the main lobe have been filtered out. Since the signal generated by MATLAB is a real signal, the signal spectrum is symmetrical about half of the sampling frequency (4MHz). According to the sampling theory, the sampled carrier frequency is fas  = kfs  ± fc , where k is an integer. When k = 7, the sampled carrier frequency component is moved to 6MHz. It can be seen that after the shaping filter, the energy of the signal is more concentrated, making the decision more conducive.

 OOK signal demodulation adopts non-coherent demodulation. It mainly uses envelope detection. The signal is first full-wave rectified then low-pass filtered. Sampling judgment is performed at the position where the eye diagram opens the most, to restore the original signal. The method is simple to implement, since the synchronous carrier does not need to extract.

 
 
  4 System design of OCPT-NWMC

  4.1 Structure of loosely coupled coils

 The core of the design of CLPT system is the loosely coupled coils, which directly determines the output power and affects the transmission efficiency of the system. In this paper, the requirement of the axial positioning accuracy of the connector is low, and relative rotation of both sides is allowed. For small radial dimensions and high coupling coefficient, the coaxial and parallel coil structure is selected. GU-type magnetic core made of ferrite material is utilized. The magnetic core covers almost all the coils, making the magnetic leakage small. The coil structure and magnetic field simulation are shown in. The coil and the magnetic core are exposed to seawater. High-frequency electromagnetic waves induce eddy currents in the seawater, resulting in a large power loss. As shown in  Figure 5 , the magnetic core window is potted with epoxy resin to prevent the infiltration of seawater.

  

 Figure 5 | The magnetic field simulation of the coil. 

 

 
  4.2 Circuit design

 The schematic diagram of the OPCT-NWMC circuit is shown in  Figure 6 . To improve the CLPT transmission performance, a compensation circuit is employed to eliminate reflected reactance (Gati et al., 2017). Compared to the four basic compensation methods, dual-LCC topology has better frequency characteristics and greater transmission power(Siqi Li et al., 2015). The dual-LCC topology compensation circuit adds additional compensation inductance, and additional compensation capacitance, to form a high-order resonant network. It has a higher power factor, less voltage and current stress on the switching device, and is easy to achieve soft switching.

  

 Figure 6 | The schematic diagram of the OPCT-NWMC circuit. 

 

 The input currents of LCC circuits on both sides are  ,  , and the current flowing through the primary and secondary coils are  ,  . The conditions for system resonance are:

  

 The system adopts a symmetrical design, i.e. Lf  1 = Lf2  = Lf , Cf1  = Cf2 = Cf , self-inductances LP  = LS , internal resistances of coils, Rp  = Rs  internal resistances of compensation inductances Rf  1 = Rf  2.

 The primary side power conversion is realized by the full shifting bridge. After the full bridge rectification and filtering on the secondary side, the power is supplied to the secondary load. The zero-voltage zero-current switching (ZVZCS) is realized by using the parasitic capacitance of the circuit itself. IRFB4110 is chosen as the power switch tube. In order to drive the power switch tube, UCC3895Ns are used as the PWM signal generation chips, and IR2110s are used for current amplification. Fast recovery Schottky rectifier diodes MBR30100CT are selected as the rectifiers. A filter inductor and a large capacitor in parallel can reduce the voltage ripple.

 
  4.3 Optical communication design

 The optical communication system of OCPT-NWMC is mainly composed of three parts: transmitting device, receiving device, and seawater channel. The principle block diagram is shown in  Figure 7 . At the transmitting end, the information to be transmitted is encoded and modulation. The modulated wave containing the signal is coupled with the DC source to drive the light source – laser. The light emitted is then collimated by the transmitting optical antenna. The receiving optical antenna receives the signal transmitted in the seawater channel. The optical detection device converts the optical signal into an electrical signal, and then restores the original signal through functional modules such as conditioning, demodulation, decoding, then sends it to the sink.

  

 Figure 7 | The principle block diagram of optical communication. 

 

 As for the implementation, at the transmitting end, the host computer communicates with the transmitting end FPGA chip. The transmitting end FPGA completes signal encoding and DA conversion, which is then connected to the laser tube that emits light. At the receiving end, the PIN tube is connected to the receiving end FPGA. The FPGA completes AD conversion and signal decoding, and then communicates with the host computer.

 The connection between the host computer and OCPT-NWMC is realized by asynchronous transmission of UART. In order to solve the speed mismatch between the UART transmission and the modulation algorithm, a First Input First Output (FIFO) pair is used to connect the UART module and the modulation and demodulation module. At the transmitter side, the UART reads data from the host computer, and the OOK modulation algorithm reads the bit stream from the FIFO. “01111110” is selected as the frame header to encapsulate the data. In order to ensure that frame header data does not appear in the data, bit-fill processing is performed in the real data. The specific frame format of the sender is: 0111110 (sync header) + 32bit frame information (frame length, etc.) + data information. After the framed data is converted by DA, the laser tube is driven to emit light by the laser drive circuit. At the receiving end, the signal received by the PIN tube is converted by AD and input to the FPGA demodulation module. The demodulated data is then transmitted to the host computer through the UART. FIFO is also required for matching between the receiving end UART and the demodulation module. UART converts parallel data into serial and adopts asynchronous transmission, and sends the data in frames. A frame of data starts with a low-order start bit, followed by 6~8 data bits, 1 or several high-order stop bits, and finally a parity bit.

 
 
  5 Prototype of OCPT-NWMC

 A prototype of OPCT-NWMC is shown in  Figure 8 . The circuit board is designed to be circular. Mounting holes and wiring holes are processed. The primary cavity and secondary cavity lengths are both 120mm. The end cap and the cavity are made of aluminum alloy. The primary and secondary optical antennas need to be arranged on the end face of the connector. On the other hand, the magnet and coils for power transfer on both sides also need to be arranged on the end face in order to improve the coupling coefficient. Thus, a light transmitting acrylic plate is designed as an optical antenna. For reducing the radial dimension, the light transmission window is designed with the help of the through hole in the middle of the ferrite pot core. Considering that the laser is sensitive to temperature changes, copper is used to make the laser heat sink. The laser is fixed on the primary light transmitting acrylic board through the heat sink block, and the secondary side receiving board is fixed on the secondary light transmitting acrylic board. If the magnetic cores of OCPT-NWMC are aligned, the laser is automatically aligned. The coils, combined with the optical antennas are fixed together in the nylon coil holder.

  

 Figure 8 | Assembled prototype of OCPT-NWMC [(A)Assembly of circuits and end caps (B)assembly of the connector (C) Assembly of Optical System and Loosely Coupled Coils]. 

 

 In addition, the insertion force of OCPT-NWMC is simulated. A speed of 10 mm/s is applied at the end of the handle, so that the plug is inserted into the socket along the axial direction. And the end face of the plug is 91mm away from the end face of the socket in the initial state. The force acting on the handle is measured during the insertion process, and the force curve is shown in  Figure 9 . It can be seen that the maximum insertion force does not exceed 150N, which meets the requirements of underwater insertion and extraction operations under the operation of ROV with gripper.

  

 Figure 9 | Force curve during insertion. 

 

 
  6 Experiments of OCPT-NWMC

  6.1 Test of CLPT system

 The test platform of CLPT system is shown in  Figure 10 . The programmable power supply is used as the primary side DC power supply. The coils are wound with 22:22 turns. The gap between the two magnetic cores is 3mm.

  

 Figure 10 | Test platform of CLPT system. 

 

 The data curves tested under different operating frequencies when the output connected to a 10Ω resistor are shown in  Figure 11 . It can be seen that the system can achieve a maximum power transmission of 200W. In the range of 30~100kHz, the overall efficiency can reach more than 80%, and the highest reaches 94%.

  

 Figure 11 | Output performance of 10Ω resistor under different operating frequencies. 

 

 The power transmission performance of CLPT system when an electronic load is connected to the output is tested under different load resistances.  Figure 12  shows the power transmission performance of CLPT system. It is shown that when the system frequency is 35kHz, OCPT-NWMC has better constant voltage output characteristic. The system transmission frequency is basically greater than 0.8.

  

 Figure 12 | The power transmission performance of CLPT system. 

 

 
  6.2 Test of OCPT-NWMC

 After the assembly is completed, a tool experiment is performed on OCPT-NWMC. The signal of the transmitting side PC and the power of the power supply are transmitted to the OCPT-NWMC socket through the primary side watertight cable. And the OCPT-NWMC plug transmits the power and signal to the receiving side PC and electronic load through the secondary side watertight cable. The configuration for the tool experiment of OCPT-NWMC is shown in  Figure 13 .

  

 Figure 13 | The configuration for the tool experiment of OCPT-NWMC. 

 

 The tool is filled with simulated seawater(%3.5 salt water). Adjust the drive frequency of the inverter to 40kHz, the connector was connected to the electronic load. The tests of output performance are carried out in water and in air, respectively. The test results are shown in  Figure 14 . The results of the test in the air are almost consistent with the results of the test in simulated seawater. However, there exists an obvious difference with the results measured in CLPT test. The reason is that in order to facilitate assembly, a larger gap is left. The potting process also leads to an increase in the gap between two coils, resulting in a decrease of the coupling coefficient. Furthermore, the cavity is a metal shell. High-frequency electromagnetic waves induce eddy currents in the cavity, causing large losses. The solution is to fix the magnetic core, coil, and coil support first, and then potting, so as to reduce the axial spacing and assembly error of the magnetic core as much as possible. And a layer of copper foil can be added to the outer layer of the magnetic core for electromagnetic shielding, reducing the eddy current loss.

  

 Figure 14 | The power transmission performance of OCPT-NWMC in the water tool experiment. 

 

 As for optical communication, use programmable power supply powers the FPGA and driver circuits. The drive current of the laser is set to 50mA. The test program is written by ISE software, and the square wave is output from the FPGA at the transmitting end. After DA conversion, it is loaded onto the laser through the driving circuit. An oscilloscope is used to observe the waveform output by the receiver. In order to test the bandwidth of the communication system, square waves with an amplitude of 1Vp-p at different frequencies were sent at the transmitting side. And the output of the transimpedance amplifier at the receiving side was connected to an oscilloscope to check the amplitude and phase of the received signal. The amplitude-frequency response of the system obtained is shown in  Figure 15A . It can be seen that the bandwidth of the system can reach about 18MHz. Limited by the test conditions, the bit error rate of the system was not be measured. More accurate system performance results can be obtained by analyzing the actual signal received and processed by the optical receiver. In order to test the transceiver performance, the transmitter continuously sends a string of “non-contact wet mateable connector for optical communication and power transmission” through the serial assistant. Then the string is read from the FIFO at a speed of 10MHz, and load to the laser through DA. After AD sampling at the receiving side, the signal is written into the FIFO, and then read out from the FIFO and sent to the host computer through the serial port assistant. The data received by the serial port assistant at the receiving side is shown in  Figure 15B . It is shown that the receiving side correctly recovered the information of the transmitting side without code error. However, when the modulation rate is increased to 15MHz, garbled characters appear.

  

 Figure 15 | Test of optical communication system (A) Amplitude-Frequency Response of Optical Communication System (B) Serial port assistant of Optical communication system. 

 

 
 
  7 Conclusion and prospects

 At present, the commercial watertight connectors are mainly contact-type. The socket and the plug need to be tightly inserted to realize the transmission of power and signals. Aiming at overcoming the shortcomings of traditional watertight connectors, this paper designed a non-contact wet mateable connector based on contactless power transmission and optical communication. Based on system analysis and design, a prototype of OCPT-NWMC was developed and verified by experimental tests. This system can realize the transmission of 200W power, and the efficiency can reach 94%. The correctness of the transmission and reception of the 10MHz modulation rate system was tested through the serial port. The experiments show the rationality and correctness of the system design, which provides practical reference for the design of underwater wet mateable connector.

 This research has certain limitations and the work of this paper can be further deepened and improved, for example, due to the frequency splitting when adopting high-order compensation, it is necessary to use a closed-loop control system to track and optimize the operating frequency; The bandwidth of the transimpedance amplifier at the receiving end limits the system bandwidth, so a transimpedance amplifier with a high gain-bandwidth product can be selected. FPGA with higher system clock and AD and DA can be chosen to increase the bandwidth of hardware circuit. Advanced modulation algorithms such as QAM and OFDM can be used.
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