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Abstract


This paper proposes an orthogonal concave coupling mechanism based on wireless charging for unmanned aerial vehicles (UAVs); the original edge adopts a concave transmitting coil. So as not to occupy the gimbal position at the receiving end, the receiving coil is installed on the landing gear of the UAV perpendicular to the transmitting coil to form an orthogonal coupling magnetic field. This study conducted a finite element simulation of the coupling mechanism using Ansys Maxwell to test the mechanism’s coupling capability and anti-offset performance. The spatial distribution of the system’s magnetic field was constrained, and the magnetic flux leakage of the system was reduced by optimizing the transmitter structure. The system employed a double-sided LCC compensation topology network and used wireless communication to achieve constant voltage/constant current closed-loop control. Finally, the experimental platform was built, and the results show that the system output power was able to reach 960 W with 85.7% efficiency, and could realize the closed-loop control of charging with 48 V constant voltage and 20 A constant current. The system has the advantages of being small in size, lightweight (290 g) and easy to install, and the receiver device has strong resistance to offset.
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1. Introduction


In recent years, the use of unmanned aerial vehicles (UAVs) in civilian and military fields has become increasingly widespread, but the complex application environment has also revealed the shortcomings of the current rotary-wing drones in terms of battery life. Most UAVs do not last more than 30 min, and manual charging is time consuming and laborious, affecting flight efficiency; as a result, they are only able to perform short and close-range tasks [1,2], significantly limiting the scope of UAV applications and work modes. Therefore, effectively extending the flight time of UAVs is a vital issue.



Two methods are generally adopted to extend the flight time of UAVs. One is to increase the battery capacity [3]; however, a standard UAV has a limited load capacity, and this method increases its workload. The other way is to charge the battery artificially, but this increases the cost and limits the operating range of the UAV. Richardson proposes [4] extending the flight time by adjusting the flight trajectory of the UAV to take advantage of wind energy, but the environment influences this method too much, and the flight path is restricted. P. Oettershagen et al. propose [5] adding photovoltaic cells to UAVs, but this method relies on solar radiation, limiting the UAV’s flight period. Therefore, the more flexible method of using a magnetic field coupled with UAV wireless charging technology [6] has been increasingly discussed. This method is based on the law of electromagnetic induction, using a high frequency alternating coupled magnetic field between the transmitting and receiving coils to transmit electrical energy [7]. This kind of magnetically coupled resonant wireless power transmission system can achieve long-distance transmission due to the effective coupling of the transmitting and receiving coils. Therefore, the design of the coupling mechanism [8,9] is the key to the system design.



Taking into account the special body mechanism of UAVs, several approaches are proposed in the literature. Kumar et al. [10] place the receiving coil on the UAV rotor to achieve a 35 W UAV wireless charging system, and the receiving coil has the function of protecting the rotor. However, this method reduces the flexibility of the UAV and is only applicable to small UAVs which cannot perform high power transmission. Song et al. [11] achieve 200 W power transmission using a multi-layer transmitting circular coil, and the system charging efficiency is maintained at 91% when the offset is less than 20 cm, but the system has not been studied for closed-loop charging control, and when the offset occurs, the system transmission power drops sharply, affecting the stability of the system. The planar hollow coil is mounted under the control board of the frame [12], and a DC-DC circuit is added after the secondary rectifier circuit to achieve a constant current charge with a transmission power of 70 W and an efficiency of 89%, but the receiving coil of this system is located in the abdominal position of the UAV, which may lead to a large amount of magnetic flux entering the body of the UAV, which could interfere with the equipment. The three-coil coupling scheme proposed in [13,14] uses relay coils for energy transfer to improve the offset resistance of the system, but the relay coils generate a large amount of energy loss, which reduces the transmission efficiency of the system, and the coupling structure is not easy to install. In [15,16,17], multiple transmitting coils are used to generate a large charging area to improve the system’s anti-offset characteristics, but this method requires precise capture of the UAV’s landing point. Current coil localization methods rely on additional detection hardware and complex detection strategies and, in addition, should reduce the mutual inductance between adjacent coils, which increases the complexity of the system. Han et al. propose [18] an omnidirectional UAV wireless charging system using dual three-dimensional transmitting coils, which has the advantages of simple structure and low cost, but its electromagnetic compatibility performance is poor. This approach poses a more significant threat to the hardware structure of UAVs.



In order not to occupy the abdominal space of the UAV and to increase the transmission distance between the coils of the system, the multi-inverse parallel square spiral coil proposed by [19] can effectively improve the charging height by 5 cm in the case of a uniform magnetic field, and the reduced efficiency is less than 3% when the offset occurs. However, the single-coil design of this structure is too complicated, and the energy loss is relatively large. The orthogonal coupling structure proposed in [20] mounts the receiver coil on the UAV’s leg without occupying the gimbal position and achieves a UAV wireless charging system with 500 W charging power that is also lightweight and has low magnetic leakage interference. However, the lateral area of this receiver coil is too large and not fully embedded in the UAV’s leg, making it highly susceptible to damage when landing. Song et al. [21] improve the anti-offset capability of the system by installing three coils with ferrite at the bottom of the three landing gear legs of the UAV, but the need to change the structure of the original landing gear reduces the applicability of the device. Campi et al. [22] propose a wireless charging system with multiple coupling devices of three receiver coils and three transmitter coils with a total system power transfer efficiency of 72%. When the UAV lands on the charging platform, the receiver device is inserted into the transmitter device, which enhances the coupling capability of the system, but the circular-shaped notch is easy for foreign objects to enter, which affects the system operation and is not practical.



Some studies [23,24] have found that when the UAV lands autonomously, a precise landing cannot be achieved, and the coupling device cannot be aligned, resulting in a decrease in the transmission power and efficiency of the system. At present, the coupling structure for UAV wireless charging mainly concentrates on the performance of the planar configuration, which adopts primarily face-to-face charging. This brings the problems of poor adaptability to UAV body structure and strong magnetic leakage interference [25]. Compared with the planar structure, the three-dimensional coupling structure reduces the coupling capacity of the two coils to a certain extent. However, it improves the offset resistance of the system, so it is easier to adapt the three-dimensional coupling structure to the UAV fuselage structure in the UAV wireless charging system.



As shown in the above studies, the coupling device determines the electric energy transfer capability of the system. Given the poor offset resistance of the UAV wireless charging system and the complicated installation conditions of the receiving coil, this paper proposes a design for a wireless charging system with good offset resistance characteristics in which the receiving coil is installed on the landing gear and orthogonal to the concave transmitting coil. The use of a small and lightweight receiving coil solves the problem that the receiving end in the UAV wireless charging system is not suitable for installation and reduces the workload of the UAV. For this study, a finite element analysis was conducted using Ansys-Maxwell, and the coupling device was found to have good magnetic field distribution and strong coupling capability. Finally, a 960 W prototype was built to verify the effectiveness of the coupling mechanism.




2. Concave Coupling Mechanism Design


2.1. Wireless Charging Coupling Mechanism for Drones


To make the receiver coil more easily adaptable to the structure of the UAV fuselage and not take up space on the gimbal and other equipment, the receiving coil is placed on the landing gear of the UAV. The overall structure diagram of the system is shown in Figure 1. The transmitting coil adopts a concave structure, which improves the anti-offset capability of the system. The proposed coupling structure is divided into a transmitting side and a receiving side, as shown in Figure 2. The transmitting side consists of two horizontal rectangular coils and a concave ferrite core, two vertical rectangular coils and ferrite on both sides, and an aluminum base plate. Ferrite is mainly used to direct the main magnetic flux, reduce the magnetic resistance of the magnetic circuit, reduce the magnetic field leakage of the system and improve the coupling capacity of the system. Aluminum plates enhance the mechanical strength of the coupling device. The receiving side consists of a rectangular coil perpendicular to the ground, which effectively receives the horizontal magnetic flux from the transmitter, and the structure can be easily embedded in the landing gear of the UAV without altering the structure of the UAV’s fuselage and without increasing the resistance of the UAV during flight.



The current direction in the whole coupling structure is symmetrically distributed with the receiving coil as the axis, realizing an effective coupling between the transmitting and receiving ends. The magnetic field components are shown in Figure 3, with the transmitting field distributed near the transmitting platform. The symmetrically distributed current direction also improves the system’s resistance to offset to a certain extent.



Adding a magnetic core is an effective way to improve the coupling capacity and system efficiency. Manganese zinc ferrite with saturation magnetic induction strength, B_s, high permeability, μ, and low resistivity was selected for the material. The concave ferrite cores are placed at the transmitter end instead of spreading the ferrite all over the bottom. This design approach ensures that the system has a higher coupling capacity and better resistance to offsets. This is because when the receiving coil is shifted to the leftmost or rightmost side of the transmitter end, the system mainly relies on the vertical coils on the left and right sides for energy transmission, while the horizontal coils at the bottom produce opposite magnetic fields causing partial magnetic field offset, which will reduce the coupling capacity of the system. The concave ferrite cores weaken the magnetic field to a certain extent and improve the coupling capacity of the system.




2.2. Design of Coupling Mechanism Dimensions


Figure 4 and Figure 5 show the top and paramount views of the coupling structure, respectively. When the type of UAV is determined, the dimensions of the UAV landing gear are determined accordingly, and therefore the receiving coil length L3 and the gap H2 between the receiving and transmitting coils are also determined. As the two horizontal transmitting coils are located next to each other, the number of turns, turn spacing and Litz wire diameter of the transmitting coil are determined; W2, W3, and W4 can be represented by W1, and W5 is the diameter of the receiving coil, from which it follows that L2 can be represented by L1. Thus, the final parameters to be determined are L1, W1, H1; the number of turns, N, of the transmitting and receiving coils; the turn spacing, p; and the diameter, w, of the Leeds wire.



The final output current of this system is 20 A; when the system is in resonance, the current flowing through the coil will be greater than the output current. Taking into account the skin effect, the larger the diameter of the copper wire due to AC resistance caused, the greater the loss here. Take the peak current flowing through the coil, which is    2    times the output current, and choose the diameter, w, for a 3.65 mm Leeds wire winding coil. In this study, to facilitate the processing of the mold and minimize the size of the coil, the turn spacing, p, was set to 1 mm.



Assuming that the self-inductance of the transmitting and receiving coils are    L 1    and    L 2   , and the current flowing through them is    I 1    and    I 2   , the transferred power,  P , of the coils can be easily calculated according to the equivalent model of mutual inductance of the coils as


  P = ω M  I 1   I 2  = 2 π f k    L 1   L 2     I 1   I 2   



(1)




where   P = 960 W  , because the receiving coil and the four transmitting coils are approximately the same sizes, so


   L 1  ≈ 4  L 2   



(2)







For a single spiral structured coil, the schematic diagram is shown in Figure 6 and is obtained from Weil’s formula


  L =    N 2    (  D  o u t e r   − N ( w + p ) )  2    16  D  o u t e r   + 28 N ( w + p )   ×   39.37     10  6    ( H )  



(3)




where    D  o u t e r     is the coil width, because the coil has not yet been designed, to leave a certain space for the UAV landing gear here takes    D  o u t e r     = 100 mm. The (1)–(3) joint can roughly accommodate the number of turns of the transmitting and receiving coil  N  = 7.



In order to improve the coupling performance of the system, the maximum coupling coefficient of the system was determined by finding the optimum values of L1, W2, and H1 at the alignment position through an analysis method based on ANSYS Maxwell finite element simulation.



L1 is the length of the transmitting coil, and varied in the range of 250–350 mm; the value of the coupling coefficient, k, was obtained using Maxwell simulation analysis. The simulation results are shown in Figure 7. As L1 increases, the receiving coil receives more and more horizontal magnetic flux, but the length of the UAV frame is already determined, so the length of the receiving coil L3 was 294 mm. When L1 is much larger than L3, the change in k is small. As L1 continues to increase, the leakage from the coupling device will also increase, and the coupling coefficient gradually decreases. Therefore, after analyzing the simulation results, L1 was set to 320 mm, which is when the coupling coefficient was greatest.



Similarly, half the width of the core is W1, so W1 was set to vary in the range 55–100 mm, as shown in Figure 8. As W1 increases, the height of the main flux path increases, with more and more flux passing through the receiving coil. It was found that when W1 increased to 70 mm, k stopped increasing, so W1 was set to 70 mm.



The receiver coil height H1 varied in the range of 60–220 mm, thus H2 was determined to be 10 mm. The simulation results are shown in Figure 9, where it can be seen that the k value first increases and then decreases. Since the height of the transmitting magnetic field is limited, if the receiver coil is set too high, the leakage inductance of the receiver device will increase, but the effective flux area will not increase. To reduce the weight of the receiver, H1 was set to 150 mm.




2.3. Coupling Structure Optimization


As the UAV is disturbed by the ground’s magnetic field when landing, its landing position deviates, resulting in unstable system transmission power. To improve the offset resistance of the system, the L1, W1, and H1 obtained in Section 2.2 were optimized, and L1 (290−350 mm), W1 (60−90 mm), and H1 (130−170 mm) were tested for an offset of ±90 mm in the X and Y axes within a certain range. The simulation results are shown in Figure 10.



As can be seen from Figure 10, when the system is perfectly aligned, the inter-coil coupling coefficient is larger when L1 is at 305–330 mm, about 0.368, but when the system undergoes a large offset, L1 = 305 mm shows better resistance to offset, so the value of L1 was set to 305 mm. For W1, it can be seen from the results that the coupling coefficient gradually decreases as W1 increases at system X-axis offset greater than 50 mm and Y-axis offset greater than 60 mm, while at other offset positions, the value of W1 has less influence on the system coupling coefficient. Therefore, the value of W1 was set to 60 mm. As for the receiving coil height, H1, when the offset occurs in the X-axis direction, different values of H1 have less influence on the coupling capacity of the system. When the offset in the Y-axis is greater than 40 mm, the coupling coefficient gradually increases with the increase of H1, but the increase is not apparent. To reduce the weight of the receiving device, H1 was changed to 130 mm.



From the above analysis, the specific dimensions of the coupling structure can be derived as shown in Table 1 below:




2.4. Magnetic Field Distribution of the Coupling Mechanism


The flux line distribution of the designed coupling structure is shown in Figure 11a,b.



The designed concave coupled structure was simulated at the orthogonal and lateral offset positions; the resultant magnetic field distribution is shown in Figure 12. It can be seen that the concave structure has a significant suppression effect on the system leakage, and the ferrite in the structure can further direct the magnetic flux and limit the operating range of the magnetic field. The main working space for the magnetic field is within the area of 70 mm from the transmitter coil. Outside this range, the field starts to gradually then rapidly decay. The designed coupling structure ensures that the UAV body is kept out of the range of the magnetic field and ensures the safety of the UAV’s internal equipment.




2.5. Coupling Mechanism Anti−Offset Test


After the mission, the UAV can land precisely in the transmitter using GPS and visual positioning. However, a degree of misalignment may occur in particular environments and in the event of interference with sensors. In order to test the misalignment tolerance performance of the coupling structure, the optimized concave structure and presented in Section 2.2 and the conventional orthogonal structure were tested with an offset of 90−90 mm in the X−axis and Y−axis directions, respectively. The misalignment direction is shown in Figure 13, and the variation of the coupling coefficient of the system is shown in Figure 13. The results show that the orthogonal structure appears to have a reversed magnetic field when the X−axis is shifted, that there is some risk in the event of larger shifts, and that charging is not possible. The optimized concave structure shows a better resistance to offset, with the inter-coil coupling coefficient, k, decreasing by 49% at an offset of −70 mm on the X−axis and by 13.3% at an offset of 90 mm on the Y−axis. This coupling structure has a stronger resistance to offset in the Y−axis direction than in the X−axis direction.



For the coupling system to operate properly, a constant inductance is fundamental to the stable operation of the compensation network, so the degree of variation in the inductance of the transmitting and receiving coils of the coupling device when the system is offset also reflects the fault tolerance of the device. The variation of the inductance at the transmitting and receiving ends of the system is shown in Figure 14. The test results show that the inductance of the receiving coil varies within 2 uH, and the transmitting coil inductance varies within 0.2 uH over the offset range of −90 mm to 90 mm in both directions, with a slight change in the inductance of the coupling structure. Therefore, the coupling structure has an excellent resistance to offset.



Through the above analysis, it can be seen that the designed coupling structure is small, the magnetic field working space is far away from the UAV body, and it has strong anti-offset ability, which not only ensures the transmission efficiency of the system, but also ensures the safety of the internal equipment of the UAV.





3. System Circuit and Control Design


3.1. The Double-Sided LCC Compensation Topology Analysis


The UAV wireless charging system includes an inverter circuit, a transmission coil, a compensation network, a rectifier circuit, a control unit, and a monitoring unit. The overall design of the system is shown in Figure 15. The input DC voltage is converted to 85 kHz AC through the inverter. The AC power reaches the transmitter coil through the compensation network, which excites the transmitter coil to generate the transmitting magnetic field. The receiver coil receives energy through mutual inductive coupling with the transmitter coil.



The double−sided LCC composite compensation topology was chosen for the system design. The simplified circuit model of the wireless charging system is shown in Figure 16.    U 1    is the square-wave alternating current transformed by the inverter,    R L    is the equivalent load of the battery and rectifier,  ω  is the angular frequency of the system,    L 1    and    L 2    are the self−inductance of the transmitting and receiving coils respectively,    L  f 1     and    L  f 2     are the compensation inductors, and    C  f 1    ,    C  f 2    ,    C 1    and    C 2    are the compensation capacitors.



From the equivalent circuit model, it is possible to obtain the voltages and currents of the various parts of the system at resonance:


   I  i n   =    M 2   U 1   R L     ω 2   L  f 1     2   L  f 2     2    =    M 2   U 1   R L     ω 2   L  f 1     2   L  f 2     2    ∠ 0 °  



(4)






   I 1  =    U 1    j ω  L  f 1     =    U 1    ω  L  f 1     ∠ −  90  °  



(5)






   I 2  =   M  U 1   R L     ω 2   L  f 1    L  f 2     2    =    M 2   U 1   R L     ω 2   L  f 1    L  f 2     2    ∠ 0 °  



(6)






   I o  =   M  U 1    j ω  L  f 1    L  f 2     =   M  U 1    ω  L  f 1    L  f 2     ∠ −  90  °  



(7)







So the output power of the system    P o    is


   P o  =    M 2   U 1    2   R L     ω 2   L  f 1     2   L  f 2     2     



(8)







From Equation (7), it can be concluded that controlling the system input voltage enables the control of the output current and thus the regulation of the charging power of the battery.




3.2. Closed-loop Control System Design


In order to meet the requirement of charging Li-ion batteries with constant current followed by constant voltage, the system achieves constant current and voltage by controlling the input voltage of the inverter. The primary control flow chart of the system is shown in Figure 17. The primary controller is mainly responsible for receiving the system output information sent by the secondary side and performing closed-loop processing; the closed-loop consists of the voltage outer loop and the current inner loop. The secondary side is mainly responsible for ADC sampling in the timer, collecting the system output voltage and current information, smoothing the output processing of the data, and finally sending the data back to the ground side of the system.



When the system first starts to work, due to the low battery voltage, the voltage error is large, resulting in PI controller saturation. The system starts to charge the battery with a constant current. When the battery voltage reaches the desired voltage set by the system, through the calculation of the system voltage error is less than 0, the voltage PI controller withdraws from its saturation state, the current error is always close to 0, the current loop does not work, and the working condition of the system is constant voltage output until the end of charging.





4. System Construction and Experiment


To verify the scheme, a wireless charging test platform was built, as shown in Figure 18. The bilateral LCC topology parameters were designed with asymmetric compensation [26]. After taking Lf1/Lf2 = 1.48, Equation (7) was entered to obtain the system parameters shown in Table 2. The system operated at a fixed frequency of 85 kHz. The primary side inverter used H50ER5 SiC devices. The secondary side rectifier used a Schottky diode with a smaller voltage drop to reduce system power loss. Both the primary and secondary side controllers used DSP28335 devices. The secondary side controller was mainly responsible for the voltage and current detection of the system output state and feedback to the central controller through the wireless communication module. The primary side controller performed the closed-loop processing of the system and generated a high-frequency inverter drive signal. The sending and receiving coils used Litz wire with a diameter of 3.65 mm, and the ferrite on the transmitting side uses manganese-zinc ferrite with better magnetic permeability.



The power analyzer (Japan HIOKI PW6001) tested the input and output power of the system. As shown in Figure 19a, the input power of the system was 1120 W, the output power was 960 W, the overall efficiency of the system was 85.7%, the charging voltage was 48 V, and the charging current was 20 A, which meets the design requirements of the system. The conversion efficiency of the inverter was 96%, The output waveform of the inverter measured by the oscilloscope (USA Tektronix MDO3014) is shown in Figure 19c; the transmission efficiency of the coupling structure was 94%, the efficiency of the rectifier was 95%, and the remaining losses were mainly reflected in the loss of the conduction line. The rectifier uses uncontrollable rectification, and if it is replaced by controllable rectification, the efficiency can be further improved.



The system’s output was connected to the electronic load of the Dahua (China DH27603B) power supply to simulate the state of charging the battery, so the first stage of the system state was 20 A constant current charging, and the second stage was 48 V regular voltage charging. In the constant current phase, the charging voltage may vary in the range of 30–50 V, corresponding to an equivalent load value of 1.5–2.5 Ω. The system’s output voltage in the constant voltage phase was 48 V, and the output current varied from 1–20 A until the end of charging, corresponding to an equivalent load variation of 2.4–48 Ω. Figure 20 shows how the output voltage varied with the equivalent load during the constant current phase and how the current varied with the equivalent load during the constant voltage phase. The results show that the output voltage and current of the system are consistent with the set values and that the system can achieve closed-loop charging with constant current/voltage.



To test the resistance to offset, the variation of the output current and efficiency of the system in the X−and Y−axes for an open−loop test system at an equivalent load of 2.4 Ω was measured; the results are shown in Figure 21. The results show that at an equivalent load of 2.4 Ω, the charging current was above 9.7 A when the system was offset in the X−and Y−axis directions [−90 mm, 90 mm] as a whole, and the efficiency of the whole machine was not less than 79%, which ensures the regular operation of the system.




5. Discussion


The design proposed in this paper shows good resistance to offset in both the X- and Y-axes, and the small size and light weight of the receiver reduces the workload on the UAV, which potentially expands the unmanned working range of drones. In the future, the application of UAVs in the unattended sector will become more and more widespread, and the environments in which UAVs are charged wirelessly will become more complex, There may be metal or other foreign objects between the coupling structures, and this design has not been thoroughly studied in terms of foreign object detection. Therefore, the question of how to adapt to changing environments will become the focus of future research.




6. Conclusions


This paper focused on a concave coupling structure for the wireless charging of UAVs. For this purpose, transmitting and receiving coils with strong anti-offset capability were designed. The proposed receiver end is light in weight, reducing the workload of the UAV and solving the problems of complex installation and the large size of the receiver end. Experimental results showed that the wireless charging system can effectively charge at 48 V and 20 A with a charging efficiency of up to 85.7%. In the future, GaN devices with smaller switching loss and higher frequency will be used to further improve the system efficiency, and the transmission system that can adapt to various complex environments will be designed to expand the application range of the coupling structure.
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Figure 1. Diagram of a wireless charging system for drones. 
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Figure 2. Concave coupling structure of the drone. 
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Figure 3. Magnetic field distribution of the coupled structure. 
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Figure 4. The top view of the coupling structure. 
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Figure 5. The paramount view of the coupling structure. 
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Figure 6. Schematic diagram of the spiral coil cross-section. 
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Figure 7. Simulation results of coupling coefficients at different L1. 
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Figure 8. Simulation results of coupling coefficients for different W1. 
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Figure 9. Simulation results of coupling coefficients at different H1. 






Figure 9. Simulation results of coupling coefficients at different H1.



[image: Electronics 11 01962 g009]







[image: Electronics 11 01962 g010] 





Figure 10. (a) Variation of coupling coefficients for different L1 lateral offsets. (b) Variation of coupling coefficients at different L1 longitudinal offsets. (c) Variation of coupling coefficients for different W1 lateral offsets. (d) Variation of coupling coefficients at different W1 longitudinal offsets. (e) Variation of coupling coefficients for different H1 lateral offsets. (f) Variation of coupling coefficients at different H1 longitudinal offsets. 
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Figure 11. (a) Distribution of magnetic flux lines in the transmitting coil (b) Flux line distribution in the receiving coil. 
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Figure 12. (a) Magnetic field distribution during alignment of concave structures. (b) Magnetic field distribution during the offset of the concave structure. 
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Figure 13. (a) Variation of coupling coefficients for offset in the X−axis direction. (b) Variation of coupling coefficients for offset in the Y−axis direction. 
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Figure 14. (a) Variation of the original side self-inductance. (b) Variation of the secondary side self-inductance. 
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Figure 15. General block diagram of the system. 
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Figure 16. Simplified circuit model of the MCR-WPT system. 
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Figure 17. Flow chart of the raw edge closed loop. 
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Figure 18. System experimental test platform. 
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Figure 19. Rated power test for the 2.4 Ω fixed resistive load. (a) DC-input and charging output power. (b) System Loss Analysis. (c) Inverter working waveform. 
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Figure 20. Charging voltage and current versus load resistance. (a) Change the load resistance from 1.5 Ω to 48 Ω. (b) Change the load resistance from 1.5 Ω to 5.5 Ω. 
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Figure 21. Charging power and system efficiency versus (a) lateral displacement and (b) longitudinal displacement. 
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Table 1. Coupling structure parameters.
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	Parameters
	Values (mm)
	Parameters
	Values (mm)





	Length of transmitting coil L1
	305
	Launch core length L2
	240



	Width of transmitting coil W4
	190
	Receiving coil length L3
	294



	Emission core width W2

Core width W3
	120

28
	Receiving coil height H1

Receiving coil width W5
	130

3.65










 





Table 2. WPT system parameters.
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	Symbol
	Value
	Symbol
	Value





	   Input   voltage    U  i n     
	   136   V   
	   Primary   side   series   capacitance    C 1    
	45 nF



	   Inductance   of   Transmitting   coil    L 1    
	   90.5    μ H    
	   Primary   side   shunt   capacitance    C  f 1     
	275 nF



	   Inductance   of   receiving   coil    L 2    
	   18.8    μ H    
	   Sec ondary   side   series   capacitance    C 2    
	336 nF



	  Primary   side   compensates   inductance    L  f 1    

  Auxiliary   side   compensates   inductance    L  f 2    

Load RL
	  12.7    μ H   

  8.57    μ H   

2.4 Ω
	  Sec ondary   side   shunt   capacitance    C  f 2    

    coupling   coefficient k  

Receiving coil weight
	408 nF

  0.366  

290 g
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