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Abstract

:

The eddy current loss caused by the conductivity of seawater results in a relatively low transfer efficiency of underwater wireless power transfer (WPT). And the transfer distance of the current WPT system is relatively short. Considering that most of the wireless power transfer devices in practical applications are asymmetric, few studies have explored the transfer characteristics of asymmetric midrange WPT in seawater. In this study, it is experimentally found that the load voltage and transfer efficiency of an asymmetric midrange WPT system with reduced primary balancing resistance in seawater are nearly twice as high as those of a symmetric one at a 50 cm transfer distance and a 410 kHz operation frequency with a 44.4 Ω load resistance. A new circuit model of the underwater WPT system with complex impedance and complex mutual inductance is then presented, and the load voltages predicted by the model are consistent highly with the experimental values; the model is then utilized for the explanation of the experimental observations. Changing the load resistance also improves the transfer efficiency of the system; however, the eddy current loss results in a relatively low transfer efficiency of 30.9% at an optimal load resistance of 90 Ω. The asymmetric midrange underwater WPT system can be applied in scenarios where the transfer distance is prioritized.
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1. Introduction


Compared with the conventional charging method, wireless power transfer (WPT) technology is garnering increasing attention as a result of the discarding of the traditional wire bondage, making the charging power supply and charging equipment completely isolated, and better solving the problems of exposed wires, easily produced contact sparks, and poor mobility that exist in wired electrical power transfer [1,2,3,4,5,6,7]. It has been widely employed in electric vehicles [8,9], medical equipment, portable electronic devices, aerospace applications, and ocean-related applications. Underwater applications mainly involve the charging of underwater autonomous vehicles [10,11] and the powering of marine observation equipment [12].



Seawater is an electrically conductive medium that has a non-negligible effect on WPT systems. Most of the previous studies concluded that the transfer efficiency of WPT systems in seawater is lower when compared to that in air [13,14,15]. The main reason for this is that in a seawater environment, the time-varying electromagnetic field generates eddy currents throughout the medium, which affects the transfer efficiency of the WPT system. So, the influence of eddy currents is a major challenge for underwater WPT systems. Eddy currents can be equated to circuit parameters in some studies. Reference [16] proposed a T-shaped circuit model that equates the influences of eddy currents to three branch resistances. Reference [17] equated the eddy current to two resistances on the primary and secondary sides. References [16,17] analyzed the short-range transfer capability where an eddy current is regarded as a loss, finding that the transfer efficiency in seawater is lower when compared to that in air. In [18], it was concluded that in a uniform dissipative environment, the electromagnetic interaction between the driving current and the induced eddy current changes the self-impedance of the coil as well as the mutual inductance between them. Therefore, complex self-inductance and complex mutual inductance were proposed to depict the influences of eddy currents in a 46 MHz WPT system. The works of [16,17,18] all involve electromagnetic fields, which are more difficult to understand and calculate.



In order to minimize the effects of seawater on the WPT system, the system structure is changed to improve efficiency. Two transmitter coils were placed symmetrically near each side of the receiver coil in [19], and then the eddy current loss was found to be reduced to about half of that of a conventional system, and the transfer efficiency was improved by nearly 10%. Reference [20] added symmetrical shielding coils on primary and secondary coils to attenuate the electromagnetic field in the seawater, and then reduce the effects of eddy currents and improve the transfer efficiency. However, both of these circuit models add extra coils and increase the complexity of the circuit device. So, simpler circuit models are needed for analysis.



Most of the circuit models studied at present are symmetric and cannot deal with asymmetric situations in practical applications. WPT systems with asymmetric coils are analyzed in air in [21,22,23]. In [24], compared with traditional symmetric WPT systems, the coupling coefficient and load under asymmetric transmitting and receiving coils have different effects on the output power. There are fewer studies on asymmetric coil systems in seawater. In [25], couplers with symmetric and asymmetric structures were designed and compared for underwater unmanned systems. The influence of the circuit parameters on the output performance was explored in [24,25]. However, these two papers did not mention how to improve the transfer efficiency.



In [26], a medium to long transfer range is defined as one greater than or equal to that of a typical personal local-area network. In [27], the midrange is defined as a distance between devices that is at least a few times longer than the size of the device involved in the power transfer. Since neither [26] nor [27] define an upper limit for the transfer distance, in this paper, the midrange is defined as a distance between two coils that is at least greater than or equal to the outer diameter of the transmitter and receiver coils.



In [28], it was experimentally found that the transfer efficiency of a symmetric WPT system at midrange is much better in seawater when compared to that in air, and a three-coil circuit model was proposed to depict the experimental findings. There are more parameters in the asymmetric case, making the identification of the three-coil parameters in [28] more difficult. Therefore, the model is not applicable to the asymmetric case. Inspired by [16,17,18], circuits with complex impedance and complex mutual inductance are proposed in this study to characterize the asymmetric WPT system in seawater.



In this paper, the transfer characteristics of the WPT system at an operating frequency of about 460 kHz (unlike previous frequencies in tens of MHz [18]) are analyzed using a circuit model with complex impedance and complex mutual inductance. In symmetrical WPT systems, 50% power loss occurs at the primary side [28]; so, reducing the power loss at the primary side is an effective way to improve efficiency. In this paper, the power consumed at the primary side is reduced by decreasing the primary-side resistance and thus improving the transfer efficiency. The working principle is shown in Figure 1. Based on the asymmetric circuit model, it is experimentally found that reducing the primary balancing resistance can effectively improve the transfer efficiency at midrange.



This paper is composed of five sections. In Section 1, the previous study is described. Section 2 presents the experimental results, from which the relationship between efficiency and operating frequency as well as the primary-side resistance can be obtained. Section 3 establishes a new circuit model and analyzes its parameters. Section 4 provides a theoretical explanation of the experimental results by using the circuit model, and the experimental results are verified with theoretical calculations through the model. The new asymmetric circuit model can improve the efficiency to twice that of the symmetric case at a fixed 44.4 Ω load resistance. Section 5 presents a transfer characteristics analysis of midrange underwater WPT at variable load resistance. The optimal load resistance for optimizing the efficiency of the WPT system is found to be 90 Ω. The experimental values of the load voltage with variable load resistance are also verified through the model. Section 6 presents a summary of the whole paper.




2. Experimental Findings of Midrange WPT in Seawater at a Fixed Load Resistance


SS-compensated topologies are widely used due to their simple topology and load-independent properties. Compared to other topologies, SS compensation needs fewer components [29] and shows good performance in terms of efficiency over a wide range of load variations and has the advantage of easily realizing constant-current charging [30].



So, in order to explore the transfer characteristics at midrange, a dual-coil WPT system with a series–series topology at a resonant frequency of 460 kHz is constructed. The circuit topology of this WPT system in air is shown in Figure 2, where Us is the excitation voltage source; I1 is the current of the primary coil; L1 and C1 are the inductance and capacitance of the primary coil, respectively; I2 is the current of the secondary side; L2 and C2 are the inductance and capacitance of the secondary side, respectively; M0 is the mutual inductance between the primary and secondary coils in air; RL is the load resistance of the secondary side, which, considering that the actual battery internal resistance is 10–100 Ω [31,32] and taking into account the specific conditions of the laboratory, is set to 44.4 Ω; RB is the balancing resistor, wherein when RB = RL holds, the primary and secondary circuits are symmetrical, but otherwise, the circuits are asymmetrical; Rp1 is the internal resistance of the primary coil, the capacitance, and the power amplifier output resistor; and Rp2 is the internal resistance of the secondary-side capacitor and coil.



In this study, an asymmetric circuit structure is constructed by decreasing the primary-side resistance so that the impedances on both sides of the circuit are not equal. Then, the influence of circuit asymmetry on the transfer performance of underwater WPT is investigated by changing the primary balance resistance RB.



Analyzed theoretically, the smaller the primary balance resistance RB, the smaller the power consumed on RB and the larger the power received on the secondary side, and thus the higher the transfer efficiency of the system. For comparison, two resistances, 1/2RB and 1/9RB, are selected to compare with the symmetrical case.



The experimental platform of the underwater WPT system is shown in Figure 3. The primary and secondary coils are both planar 17-turn coils wound with AWG16 wire, with inner and outer diameters of 12 cm and 22.5 cm, respectively. The size of the glass tank is 120 cm × 70 cm × 70 cm, and the depth of the water is 65 cm. A 19.6 kg amount of salt is added to bring the salinity of the seawater to 3.5%, and the conductivity is measured with a conductivity meter (Shanghai Lichen Bangxi Instrument Technology Corporation Ltd: LC-DDB-1A, Shanghai, China) to be 3.34 S/m.



The magnetic permeability of seawater is approximately equal to 12.56 × 10−7 H/m [33]. The parameters of the system in air are shown in Table 1, which are measured with an LCR meter (GW Instek Corporation Ltd: LCR821, Suzhou, China) at a maximum frequency of 200 kHz. The internal resistances of the primary- and secondary-side circuits are 1.1 Ω and 0.5 Ω, respectively [34,35,36].



A sinusoidal signal generated by the signal generator (Tektronix Technology Ltd: AFG3102, Shanghai, China) is sent to a 10 W power amplifier (Rigol Technologies Corporation Ltd: PA1011, Beijing, China) for amplification. The power amplifier outputs a sinusoidal signal with a peak-to-peak value of 20 V to the primary coil of the WPT system. The peak-to-peak load voltage of the secondary coil is measured with an oscilloscope (Rigol: DS4014) for analysis. Four different coil distances are sampled from 23 cm to 50 cm in steps of 10 kHz to investigate the transfer characteristics of the system between 330 kHz and 700 kHz.



2.1. Experiment in Seawater


Experiments are carried out in seawater by placing two coils in the water tank and varying the primary balance resistance RB. The load voltages measured are shown in Figure 4.




2.2. Analysis of Experimental Results in Seawater


When the balancing resistance RB is not equal to the load resistance RL (i.e., 1/2RB and 1/9RB), there is a considerable load voltage between 400 and 500 kHz that is significantly higher than the symmetrical (RB = RL) case, as seen in Figure 4. In Figure 4a,b, the maximum load voltage at 1/9RB is higher than that at 1/2RB; this is consistent with the previous analysis that found that the lower the balancing resistance, the better the transfer ability of the system.



The transfer efficiency of the two-coil WPT system is [37]


  η =    U L   I 2  × 100 %  /  (  U s   I 1  cos θ )    



(1)




where UL is the secondary load voltage, and θ is the phase difference between the primary voltage and current.



Figure 5 shows the load voltage on the secondary side for several cases at a distance of 50 cm. The resonance frequency is about 460 kHz in air, while the resonance frequency in seawater is shifted left to 410 kHz. Also, the load voltage is higher in seawater than in air for both symmetric and asymmetric cases at midrange.



At the 410 kHz resonant frequency, the load voltage and transfer efficiency of symmetric and asymmetric circuits are compared in Figure 6. The load voltage in seawater at 1/9RB is the largest and is maintained at about 8.24 V. The load voltage in the symmetric circuit is about 4.5 V, which is roughly half of that at 1/9RB (asymmetric case). As seen in Figure 6b, the smaller the RB, the higher the transfer efficiency in seawater at a distance between 23 cm and 50 cm. The transfer efficiency at 1/9RB (asymmetric case) is nearly twice that at RB (symmetrical case).




2.3. Impact of Variable Frequency and Variable Resistance RB on Efficiency


Figure 7 shows the transfer efficiency versus the frequency for a constant resistance RB. Figure 8 shows the resistance RB versus the transfer efficiency for several fixed frequencies. In Figure 7, the transfer efficiency is relatively large in the frequency range of 360–450 kHz when the resistance RB is constant. In Figure 8, increasing the resistance RB at a fixed frequency makes the transfer efficiency show a decreasing trend. Also, at around 400 kHz, the transfer efficiency at 45 Ω is almost half that at 5 Ω. Combining Figure 7 and Figure 8, it is observed that the transfer efficiency is relatively large when the frequency is concentrated at 360–450 kHz and the resistor RB is as small as possible.



Figure 9 shows the variation in the transfer efficiency when the resistance RB and the frequency are changed simultaneously. From Figure 9, it is found that there is a maximum transfer efficiency value at RB = 5 Ω and a frequency of 400 kHz. So, changing the operating frequency and varying the resistance simultaneously is more favorable for improving the transfer efficiency.



In seawater, eddy currents are the key factor influencing the transfer ability in WPT systems. In this study, circuits with complex impedance and complex mutual inductance are proposed to characterize the transfer of WPT systems underwater at midrange.





3. Underwater WPT System Circuit Model at a Fixed Load Resistance


In this section, the circuit of the underwater WPT system is first modeled. Then, the transfer characteristics at midrange are investigated.



3.1. Circuit Modeling and Operating Principle


In this study, complex impedance (ΔZ) and complex mutual inductance (Msea) are proposed to describe the contributions of eddy currents in seawater. The circuit model of the underwater WPT system is shown in Figure 10.



From Figure 10, the impedances Z1 and Z2 of the primary and secondary sides are


   Z 1  =  R B  +  R  p 1   + j ω  L 1  −  j /  ω  C 1     



(2)






   Z 2  =  R L  +  R  p 2   + j ω  L 2  −  j /  ω  C 2     



(3)







According to the Kirchhoff’s voltage law, the equations for the two loops are


   U s  = (  Z 1  + Δ  Z 1  )  I 1  − j ω  M  s e a    I 2   



(4)






   U 2  = (  Z 2  + Δ  Z 2  )  I 2  − j ω  M  s e a    I 1   



(5)




where ω is the angular frequency of the AC voltage source. The complex impedance ΔZ represents the coupling of the coil and the eddy current generated by the seawater. Msea is the complex mutual inductance between the primary and secondary coils in seawater and is the sum of the mutual inductance in air (M0) and the coupling of the coil and the eddy current in seawater (ME), i.e., Msea = M0 + ME. When in air, the additional complex impedance ΔZ and the additional mutual inductance ME are no longer present, i.e., ΔZ1 = ΔZ2 = ME = 0.



Complex impedance and complex mutual inductance can be found experimentally by opening the secondary circuit. This method reduces the complexity of the linear equations and is able to determine the complex impedance directly [38].



Then, the complex impedance is


  Δ Z = [  U s  /  I 1  −  Z 1  ]  



(6)







The complex mutual inductance is


   M  s e a   =  U 2  / j ω  I 1   



(7)




where    I 1  =    U   R B     /   R B     ,    I 2  =    U L   /   R L     ,    U   R B      is the measured voltage across resistor RB, UL is the measured voltage across load resistor RL, and U2 is the measured coil voltage when the secondary side is open.



In the case of the same resonance frequency, the alternating voltage provided by the power supply (Us) generates an alternating electromagnetic field around the primary-side coil. Then, the generated magnetic field will pass through the seawater medium and come to the secondary coil, an induced load voltage UL is produced in the secondary coil, and the power transfer is completed between these two coils.




3.2. Parametric Analysis of Symmetric Two-Coil Structures


Here, since both sides of the circuit are symmetrical, let ΔZ1 = ΔZ2 = ΔZ, and the equivalent complex impedance and complex mutual inductance can be found using (6) and (7), respectively. The eddy current equivalent parameters, i.e., complex impedance and complex mutual inductance, are shown in Figure 11 and Figure 12.



From Figure 11 and Figure 12, it is found that the complex impedance and complex mutual inductance are almost independent of the distance. The real part of the complex impedance and the imaginary part of the complex mutual inductance are always positive and indicate additional losses due to eddy currents, which is consistent with the resistance loss reported in [16,34]. The imaginary part of the complex impedance in Figure 11b can be positive or negative, indicating the complex behaviors of eddy currents; inductive at lower frequencies; and capacitive at higher frequencies. From Figure 12, the real part of the complex mutual inductance decreases with the frequency and the imaginary part increases with the frequency at higher frequencies.




3.3. Comparative Analysis of Asymmetric and Symmetric WPT Systems


Assuming that the complex impedances of the primary and secondary sides are equal, i.e., ΔZ1 = ΔZ2 = ΔZ, the above findings shows that the complex impedance and complex mutual inductance are almost independent of the distance. Here, only the case at a distance of 50 cm is analyzed, and the measured variations in the complex impedance and complex mutual inductance are shown in Figure 13 and Figure 14.



As shown in Figure 13, at higher frequencies, the larger the resistance RB, the faster the increase in the real part of the complex impedance. The imaginary part of the complex impedance decreases with the frequency and is almost independent of the resistance RB.



As seen in Figure 14, at higher frequencies, the real part of the complex mutual inductance becomes smaller with the frequency and is almost independent of the resistance RB. The imaginary part of the complex mutual inductance shows a complex Z-type relationship with the frequency. At a frequency of 410 kHz and a distance of 50 cm, the mutual inductance in air is M0 = 0.24 μH, and the complex mutual inductance in seawater is Msea ≈ (3.98 + j6.90) μH. The mutual inductance in air is much smaller than that in seawater.





4. Theoretical Explanation of Midrange Underwater WPT at a Fixed Load Resistance


4.1. Model-Predicted Secondary-Side Load Voltage


Once the complex impedance and complex mutual inductance are measured, the secondary-side load voltage can be predicted from (4) and (5) as follows:


   |   U L   |  =  |   I 2   R L   |  =  |    j ω  M  s e a    U s   R L   /  [ (  Z 1  + Δ  Z 1  ) (  Z 2  + Δ  Z 2  ) +   ( ω  M  s e a   )  2  ]    |   



(8)







Figure 15 shows a three-dimensional comparison of the predicted theoretical load voltage from (8) with the experimental data. Figure 16 and Figure 17 show the two-dimensional load voltage versus the distance and frequency. These two figures show that the theoretical value of the model is consistent in general with the experimental measurements.




4.2. Reasons for the Transfer Being Better in Seawater Than in Air


The reflected impedance represents the capacity of a coil to obtain energy from a previous one. The reflected impedance of the secondary side to the primary coil in seawater is


   Z  2 → 1   =    ω 2     M  s e a    2   /  (  Z 2  + Δ Z )    



(9)







The input power in seawater is


   P  in   =      U s   2   /   |   Z  i n    |     



(10)




where Zin is the input impedance of the system, and    Z  i n   =  Z 1  + Δ Z +  Z  2 → 1    .



The output power of the system in seawater is


   P  out   =    I 2   2   R L   



(11)







The total transfer efficiency of the system is


  η =      I 2   2   R L   |   Z  i n    |   /     U s   2     



(12)







From (2)–(4), the secondary-side current is


   I 2  =   j ω  M  s e a    U s   /   [  (  Z 1  + Δ  Z 1  ) + (  Z 2  + Δ  Z 2  ) +   ( ω  M  s e a   )  2   ]     



(13)







Substituting (9) and (13) into (12), the transfer efficiency is found as


  n =  |      ( ω  M  s e a   )  2   /  [ (  Z 1  + Δ Z ) (  Z 2  + Δ Z ) +   ( ω  M  s e a   )  2  ]    |  ×  (  R L  / |  Z 2  + Δ Z | )   



(14)







Let Gsea =    |      ( ω  M  s e a   )  2   /  [ (  Z 1  + Δ Z ) (  Z 2  + Δ Z ) +   ( ω  M  s e a   )  2  ]    |    be a coefficient to analyze the transfer capacity in seawater.



According to (14), the transfer efficiency is related to mutual inductance and impedance. In seawater, the mutual inductance and impedance change because of the eddy currents. In air, the complex impedance ΔZ = 0 and the mutual inductance M0 are calculated using the simulation software Inca (version 2.1) [39]. So, Gair =    |      ( ω  M 0  )  2   /  [  Z 1   Z 2  +   ( ω  M 0  )  2  ]    |    is defined as a coefficient to analyze the transfer capacity in air.



Figure 18 shows the variation in G with the frequency for a symmetrical circuit in air at a transfer distance of 50 cm, with the peak of G being 460 kHz. Figure 19 shows the variation in G with the frequency for a symmetrical circuit in seawater at a transfer distance of 50 cm, with the peak of G being 410 kHz. The peak behaviors seen in Figure 18 and Figure 19 are consistent with the peaks in air versus seawater shown in Figure 5. The ratio of the coefficient G in seawater to that in air was calculated at a transfer distance of 50 cm. We found that    G  s e a   /  G  a i r     > 166, which indicates that the transfer capability of the system in seawater is better when compared to that in air.



Moreover, 1/|Z2 + ΔZ| is a key part of calculating the transfer efficiency; so, Figure 20 demonstrates the inverse of the secondary-side impedance as a function of the frequency for seawater and air. The seawater peaks at 410 kHz, which is consistent with the peak behavior shown in Figure 5, Figure 15, Figure 17, and Figure 19. The peak in air is at 460 kHz, which matches the peak behavior seen in Figure 5 and Figure 18. The ratio of the secondary-side impedance in seawater to that in air is then calculated, and it is found that    |  (  Z 2  + Δ Z ) /  Z 2   |    < 2.07.



By comparing these two ratios, it is found that G dominates the transfer efficiency, which explains the phenomenon that the transfer efficiency in seawater is higher than in air, as shown in Figure 5.




4.3. Reasons for the Left Shift of Resonant Frequencies in Seawater


When the system is resonant, the circuit is resistive and the imaginary part of the total input impedance is 0. Figure 21 illustrates the imaginary part of the input impedance versus the frequency in seawater and air, wherein the imaginary part is 0 at about 420 kHz in seawater, and at about 460 kHz in air. This can explain the leftward shift of the resonant frequency of seawater in Figure 5. However, the frequency at which the imaginary part of the underwater input impedance is 0 is not necessarily the frequency (410 kHz) at which the load voltage on the secondary side is at its maximum [40]. From Figure 11b and Figure 13b, it can be seen that the imaginary part of the complex impedance is larger than 0 at 410 kHz, indicating that the imaginary part of the input impedance in seawater is increasing compared to that in air. At 410 kHz and a distance of 50 cm, the imaginary part of the input impedance in air is about −41.8 Ω, and the imaginary part of the input impedance in seawater is about −2.98 Ω, which is consistent with the phenomenon shown in Figure 20.




4.4. Reasons for the Transfer Being Better in Asymmetric Circuits Than in Symmetric Ones


As seen in Figure 5 and Figure 6, the secondary-side load voltage and the transfer efficiency of the asymmetric circuit with the smaller balancing resistor RB are higher than those of the symmetric one. This phenomenon is explained by the coefficient G that determines the transfer capability of this system. Figure 22 illustrates the coefficient G versus the frequency for different resistances RB at a transfer distance of 50 cm, wherein the coefficient G increases with decreasing resistance RB at around 410 kHz. When the system is operated at the 410 kHz seawater resonance frequency and the transfer distance is 50 cm, the ratios of the coefficients G are calculated as follows:    G  1 / 2  R B    /  G   R B     = 1.4751,    |  (  Z 2  + Δ  Z  1 / 2  R B    ) / (  Z 2  + Δ  Z   R B    )  |    = 1.0698,    G  1 / 9  R B    /  G  1 / 2  R B      = 1.9606,    |  (  Z 2  + Δ  Z  1 / 9  R B    ) / (  Z 2  + Δ  Z  1 / 2  R B    )  |    = 1.0577. With a decrease in the primary balance resistance RB, the increase in secondary-side impedance does not offset the system’s transfer capability, so the transfer efficiency increases as RB decreases.



Figure 23 illustrates the theoretical efficiency versus the frequency for different resistances RB at a transfer distance of 50 cm. In Figure 23, the peaks of the theoretical efficiencies at different resistances RB are all at approximately 410 kHz, which agrees with the peaks in Figure 5, Figure 15, Figure 17 and Figure 19. This indicates that the output of the model is in general agreement with the experimental measurements.



At a 410 kHz frequency and a 50 cm transfer distance, the theoretical transfer efficiencies are    η   R B      ≈ 7.16%,    η  1 / 2  R B      ≈ 8.88%, and    η  1 / 9  R B      ≈ 12.07% in Figure 23, while in Figure 6, the experimental transfer efficiencies are 7.53%, 11.21%, and 15.25%, respectively. It can be seen that the experimental values and the predicted values are relatively close, and the main reason for the gaps between them is that the proposed model is not perfect, which needs to be improved further.



To summarize, reducing the balancing resistance in an underwater midrange WPT system does improve the transfer efficiency of the system. However, eddy currents consume a considerable amount of energy, which makes the transfer efficiency not very high.





5. Transfer Characteristics Analysis of Midrange Underwater WPT with a Variable Load Resistance


From the experiments and analyses presented in Section 2 and Section 4, it is concluded that the smaller the primary-side balance resistance, the higher the load voltage and transfer efficiency. By continuing to reduce the primary-side balance resistance to 1 Ω (the limitation of the experimental equipment), it is found experimentally that there is a higher efficiency of 15.9% (greater than the efficiency of 15.25% at 1/9RB) at 410 kHz for a transfer distance of 50 cm, which is consistent with the previous analysis. However, it is found experimentally that there is a maximum efficiency of 16.68% at 400 kHz under the 1 Ω primary balance resistance (greater than the efficiency of 15.9% at 410 kHz); so, the following analysis is based on the frequency of 400 kHz.



The load resistance is variable generally: e.g., the actual battery internal resistance changes usually from 10 Ω to 100 Ω [31,32]. The transfer characteristics under different load resistances are explored with a transfer distance of 50 cm, and a frequency of 400 kHz.



5.1. Experimental Findings with a Variable Load Resistance


Figure 24 shows the load voltage under different load resistances of the midrange WPT system in seawater with a transfer distance of 50 cm and a frequency of 400 kHz for a primary-side resistance of 1 Ω. It is found that there is a maximum value of load voltage for a load resistance of 90 Ω (approximated to 2RL). Figure 25 shows the transfer efficiency versus the load resistance of the midrange WPT system in seawater with a transfer distance of 50 cm and a frequency of 400 kHz for a primary-side resistance of 1 Ω. The transfer efficiency has a maximum value of 30.9% at a load resistance of 90 Ω (approximated to 2RL). So, it is concluded that the maximum transfer efficiency value is found when the load resistance is adjusted to 2RL.




5.2. Theoretical Calculations with a Variable Load Resistance


Theoretical calculations for an asymmetric circuit with a variable load resistance are carried out according to the same calculation method shown in Section 3. The primary-side resistance of the circuit is 1 Ω, with a frequency of 400 kHz and a distance of 50 cm. Assuming ΔZ1 = ΔZ2 = ΔZ, the complex impedance and complex mutual inductance can be calculated using Equations (6) and (7). The complex impedance is found to be constant in this calculation. The variation in the complex mutual inductance is shown in Figure 26.



In Figure 26a, the real part of the complex mutual inductance shows an overall increasing trend as the load resistance RL increases, except for a minimum value at RL = 30 Ω. In Figure 26b, the imaginary part of the complex mutual inductor shows a complex trend with the increase in RL. But, in general, the imaginary part shows a tendency to decrease and then increase, and its minimum value occurs at RL = 100 Ω.




5.3. Comparison of Experimental and Theoretical Values of the Model


Substituting complex mutual inductance and complex impedance into the model, the load voltage can be predicted using (4) and (5). A comparison of the theoretical and experimental values of the model is shown in Figure 27. It is found that the theoretical values of the model are more consistent with the experimental values when the load resistance is lower than 100 Ω. When the load resistance is higher than 100 Ω, there is a certain gap between the theoretical values and the experimental values. Further efforts are needed to improve the model when the load resistance is variable.



To summarize, while keeping other conditions constant, changing the load resistance does influence the load voltage and the transfer efficiency of the midrange WPT system in seawater, and an optimal value of the load resistance that maximizes the efficiency is found at 90 Ω.





6. Conclusions


(1) In this paper, it is experimentally found that the two-coil WPT system with an asymmetrical circuit has a higher secondary-side load voltage than the symmetrical one at midrange in seawater. Thus, to explain this phenomenon, a circuit model with complex impedance and complex mutual inductance is proposed. The secondary-side load voltages predicted by this model are close to the experimental values at midrange. However, the efficiency predictions made by the model are not accurate enough and the model needs to be further improved. At short range, relatively bigger predicted errors also exist in the proposed model, and more research needs to be conducted on this.



(2) The coefficient G, which determines the transfer capability, is found to be much larger in seawater than in air, resulting in a higher secondary-side load voltage in seawater than in air. Also, when the system resonates, the frequency at which the imaginary part of the input impedance is 0 becomes smaller, resulting in a leftward shift of the resonant frequency in seawater to 410 kHz. In asymmetric circuits, the smaller the balancing resistance RB, the larger the coefficient G. Therefore, reducing RB increases the secondary-side load voltage and results in a higher transfer efficiency. The smaller RB is, the higher the transfer efficiency is, and it is speculated that the transfer efficiency should be even higher in seawater under the ideal condition when RB = 0 holds.



(3) Although the transfer efficiency (30.9%) of the midrange WPT system in seawater is relatively low when the balancing resistance is 1 Ω, the load resistance is 90 Ω, the operating frequency is 400 kHz, and the transfer distance is 50 cm, it can be applied to scenarios where the transfer distance is prioritized. In addition, the changes in complex impedance and complex mutual inductance in seawater may be explored with electromagnetic field theory in the near future.



(4) Eight coils with 3.4 m and 1.7 m diameters resonated at 650 Hz were placed with a 1.7 m gap for 10 m underwater transmission [41], and the efficiency measured was 20.7%. The 30.9% efficiency in this study is much better than that found in [41], despite the two-coil structure in this study being much simpler; the main reason for this is that a relatively higher frequency of 410 kHz is adopted in this work. In [42], it was found that the efficiency of a WPT system can reach up to 87%; however, its transfer distance is very short in the range of 3 cm–6 cm and the frequency is lower at 96 kHz, whereas the transfer distance in this study is in the midrange, reaching up to 50 cm, and the frequency is higher at 400 kHz.



(5) The range of load voltages is between 5 V and 10 V, which can be used to charge batteries for small underwater submarines [43].



(6) The coil size used in [34] is similar to that used in this paper, but it is more focused on short-range transfer, and it resonates at 373 kHz, while the work in [44] was also carried out at midrange (like this paper), but with a smaller-sized coil that resonates at 570 kHz. It is concluded that the frequency that distinguishes between different transfer conditions in seawater and air is related to the size of the coil and the transfer distance. Therefore, the resonant frequency of 410 kHz in seawater is not universal and cannot be applicable to all coils.



(7) In addition, considering that eddy currents may not be the same for different topologies under different operating conditions, the underwater transfer characteristics of other topologies such as LCC [29,30] need to be investigated further.



(8) AC load voltage is used in this study, and for actual applications, such as charging batteries, rectifiers should be used at the secondary side to provide DC output, and the DC load may be mapped to the AC load as shown in [45].



(9) Since salinity affects the conductivity of seawater and subsequently the transfer efficiency, a theoretical analysis of the transfer characteristics of asymmetric circuit WPT systems under different salinities will be carried out in the near future.



(10) In marine environments, interference from irregular marine currents and waves will change the position of unmanned marine vehicles, and thus the transfer distance and misalignment between transmitters and receivers will vary; adaptive mechanisms may be designed to deal with these issues [46,47].



(11) The limitation of this paper is the limited transfer distance studied: the furthest transfer distance analyzed in this study is 50 cm, and methods for longer transfer distances will be explored in the near future.
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Figure 1. Working principle of asymmetric circuit underwater wireless power transfer. 
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Figure 2. The circuit structure of the WPT system in air. 






Figure 2. The circuit structure of the WPT system in air.



[image: Jmse 12 00567 g002]







[image: Jmse 12 00567 g003] 





Figure 3. Experimental platform of the underwater WPT system (a,b). 
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Figure 4. Load voltages in seawater. (a) RB (symmetric); (b) 1/2RB (asymmetric); (c) 1/9RB (asymmetric). 
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Figure 5. Load voltages for different cases at a transfer distance of 50 cm. 
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Figure 6. Comparison between symmetric and asymmetric circuits for the WPT system in seawater at the 410 kHz resonant frequency. (a) Load voltage; (b) transfer efficiency. 
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Figure 7. The transfer efficiency versus the frequency for a constant resistance RB at a transfer distance of 50 cm. 
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Figure 8. The transfer efficiency versus the resistance RB for fixed frequencies at a transfer distance of 50 cm. 
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Figure 9. The variation in transfer efficiency when the resistance RB and the frequency are changed simultaneously. 
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Figure 10. Circuit model of the underwater WPT system. 
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Figure 11. The measured complex impedance versus the frequency at four distances. (a) Real part; (b) imaginary part. 
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Figure 12. The measured complex mutual inductance versus the frequency at four distances. (a) Real part; (b) imaginary part. 
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Figure 13. The measured complex impedance versus the frequency at 50 cm. (a) Real part; (b) imaginary part. 






Figure 13. The measured complex impedance versus the frequency at 50 cm. (a) Real part; (b) imaginary part.



[image: Jmse 12 00567 g013]







[image: Jmse 12 00567 g014] 





Figure 14. The measured complex mutual inductance versus the frequency at 50 cm. (a) Real part; (b) imaginary part. 
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Figure 15. Three-dimensional diagrams of the secondary-side load voltage in seawater. (a) RB (symmetric); (b) 1/2RB; (c) 1/9RB. The red solid lines represent the measured data and the blue solid lines represent the theoretical values. 
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Figure 16. Experimental and theoretical values of load voltage versus the distance in seawater. (a) RB (symmetric); (b) 1/2RB; (c) 1/9RB. 
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Figure 17. Experimental and theoretical values of load voltage versus the frequency in seawater. (a) RB (symmetric); (b) 1/2RB; (c) 1/9RB. 
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Figure 18. Coefficient Gair versus frequency at a transfer distance of 50 cm in air (symmetric, RB = RL). 
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Figure 19. Coefficient Gsea versus frequency at a transfer distance of 50 cm in seawater (symmetric, RB = RL). 
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Figure 20. The inverse of the secondary-side impedance versus the frequency at a transfer distance of 50 cm (symmetric, RB = RL). 
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Figure 21. Imaginary part of the input impedance versus the frequency in seawater and air. 
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Figure 22. Coefficient Gsea versus frequency for different resistances RB at a transfer distance of 50 cm. 
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Figure 23. Theoretical efficiency versus frequency for different resistances RB at a transfer distance of 50 cm. 
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Figure 24. Load voltage under different load resistances in seawater with a primary-side resistance of 1 Ω, a transfer distance of 50 cm, and a frequency of 400 kHz. 
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Figure 25. Transfer efficiency under different load resistances in seawater for a primary-side resistance of 1 Ω, a transfer distance of 50 cm, and a frequency of 400 kHz. 
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Figure 26. The measured complex mutual inductance under different load resistances with a primary-side resistance of 1 Ω, a transfer distance of 50 cm, and a frequency of 400 kHz. (a) Real part; (b) imaginary part. 
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Figure 27. Load resistance versus load voltage for a primary-side resistance of 1 Ω, a transfer distance of 50 cm, and a frequency of 400 kHz. 
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Table 1. Experimental parameters of the WPT system in air.
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	Symbol
	Quantity
	Value





	L1
	Primary coil inductance/μH
	67.5



	C1
	Primary capacitance/nF
	1.8



	Rp1
	Internal resistance of the primary capacitor and coil, and output resistance of the power amplifier/Ω
	1.1



	RB
	Primary balance resistance/Ω
	44.4



	f01
	Primary resonant frequency/kHz
	460



	L2
	Secondary-coil inductance/μH
	67.5



	C2
	Secondary capacitance/nF
	1.8



	Rp2
	Internal resistance of the secondary capacitor and coil/Ω
	0.5



	RL
	Secondary load resistance/Ω
	44.4



	f02
	Secondary resonant frequency/kHz
	460
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