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Abstract

:

This paper proposes a novel coupling structure wireless power transfer (WPT) technology for improving the charging and recharging efficiency between electric vehicles (EVs) in the case that the transmitting and receiving coils are not exactly aligned. During the process of wireless power transmission, if the relative position of the coils located on each objective is randomly changed, a change in the mutual inductance occurs, which critically leads to fluctuation in the WPT system output. In order to improve the tolerance of the EV WPT system, considering coupling structure misalignment and the deflection caused by relative location changes, a double-layer coupling structure with solenoid pads and double-D pads (SP-DDP coupling structure) is designed for deployment on the side of EVs. Then, the coupling structure is developed through parametrized optimization. Finally, the established coupling structure is evaluated through simulations and an experiment using a prototype, the results of which demonstrate that the proposed coupling structure can achieve good anti-misalignment and anti-deflection performance, realizing a system efficiency of 92.65% and an output power of 192.02 W for the designed EV WPT system.
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1. Introduction


As electric vehicles (EVs) possess the advantages of low noise, saving fossil energy, and reducing environmental pollution, they have been promoted vigorously in many countries around the world. However, due to the limitations of battery capacity and charging infrastructure, the shortcomings of charging have become the most important bottleneck problems in the development of EVs. A common method for recharging a depleted EV is traditional wired power transmission, which has drawbacks including wire aging, plug damage, electric arcs when plugging and unplugging, potential electric accidents, high maintenance costs, and weak environmental adaptability [1].



Meanwhile, with the rapid development of power electronics, automatic control, and artificial intelligence, the industrial applications of electrical engineering are prone to have higher power levels, more intelligence, and wireless technology, allowing for full use to be made of electricity and achieving higher convenience. A WPT system mainly consists of a transmitter and a receiver: the electrical power is conducted at the transmitter side and transferred from the transmitter coil to the receiver coil through WPT technology. To date, wireless power transfer based on the magnetic coupling resonance technology method has been deeply researched, as it is able to achieve a high transmission and power efficiency at the meter level, making its mature application in modern and future industrial application fields possible, such as reliable and high-efficient power supply for EVs, unmanned ground vehicles (UGVs), and some cutting-edge electromagnetic devices. As a result, WPT systems have received increasing attention due to their outstanding advantages, such as higher convenience, safety, and reliability with respect to traditional wired power transfer systems [2].



In the progress of the WPT, the transmitting coil and receiving coil are ideally assumed to be mutually steady, providing a fixed relative position to maintain a high power transfer efficiency [3,4]. However, in the event of relative motion between the transmitter and receiver, especially in the case of wireless charging between two traveling EVs, the transmitting coil and receiving coil are prone to be in random relative motion, causing the position between these two coils to randomly change. Such cases have been investigated by many scholars, showing that the relative position between the transmitting coil and receiving coil strongly affects the power level and transfer efficiency of the WPT [5,6,7]. Several works on WPT for EVs have been proposed. In [8], the authors explored the analysis and design of a resonant magnetic wireless system for charging electric vehicles and proposed a design methodology for a serial–serial wireless system, which outlines how to determine the appropriate pad dimensions for transferring power to the EV battery. In [9], the authors provided a detailed analysis to illustrate the effect of varying parameters on the operation of the WPT charger and presented the main design steps of the charger elements in terms of operating frequency, efficiency, and misalignments. In [10], the authors described prototype equipment and its instrumentation for a whole wireless power transfer charging infrastructure. The system characterization results were provided and the future of inductive WPT technology was further discussed.



However, in order to consolidate the use of WPT for EV battery recharging, there are still some critical issues to be addressed, such as a favorable tolerance to coil misalignments in case of a rolling road surface and determining a safe charging distance for the EVs. In order to improve the anti-misalignment ability of coupled coils, a variety of coil structures have been proposed. In [11], an omnidirectional energy harvester with a multi-coil structure for a WPT system was proposed. Compared with traditional single-direction receivers, this harvester can provide more homogenous output power with relatively high transmission efficiency under arbitrary transmission directions. However, the structure is large and not suitable for deployment on the side of EVs. In [12], a ground-side power-transmitting coil parameter design method was proposed. The designed method takes into account the driving speed of the EV, the EV’s power consumption per kilometer, the coil energy loss, and the system charging efficiency, but the proposed structure must be deployed under the road. In [13], a split flat solenoid coupler (SFSC) was proposed to significantly extend the lateral misalignment and reduce the usage of copper and ferrite. To obtain a good balance among coupling, misalignment tolerance, and cost, an optimization method for SFSC was proposed in which size limitations and ferrite tile specifications are considered. A 1000-W prototype was built, and the highest power transfer efficiency of 89.12% was achieved under a lateral misalignment as high as 400 mm. However, this structure does not consider the influence of coil deflection on mutual inductance.



For WPT of EVs, most studies have focused on the operating environment of city roads [14] and factory transportation [15] with the purpose of realizing WPT for EVs through transmitters buried in the ground. In desolate places of operation, such as hillsides, forests, and deserts, there has been insignificant research progress regarding a WPT between EVs due to the transmission power level, operating conditions, and working environment. In order to solve this problem, in this paper, a double-layer coupling structure with a solenoid pad and double-D pad (SP-DDP coupling structure) is designed, which can be deployed on the side of EVs. A model is built based on the LCC/S compensation topology, using an inductor–capacitor–capacitor structure to compensate the primary side and series capacitors to compensate the secondary side. Finally, the anti-misalignment and anti-deflection effectiveness of the proposed coupling structure is verified through simulation and prototype experiments.




2. Overview of an EV WPT System


A general framework for an EV WPT system is shown in Figure 1. The system comprises three components: the power section, the load section, and the drive section. The type I EV transmits electric energy to the type II EV through the WPT system. The high-frequency inverter inverts DC into high-frequency AC and the transmitter compensation topology reduces the reactive power of the transmitter circuit. The transmitter coil and receiver coil realize the conversion of electric and magnetic energy and, thus, the wireless transmission of energy. The receiver compensation topology reduces the reactive power of the receiver circuit. The AC is rectified into DC by the high-frequency rectification circuit at the receiver and then transmitted into the DC network of the type II EV. The transmitter controller and receiver controller issue control signals to regulate the WPT process.



Different from the WPT of electric vehicles in urban roads or parking lots, the WPT technology for EVs proposed in this paper seeks to realize wireless charging between EVs in desolate environments. In such conditions, the output characteristics of the compensation topology and the anti-misalignment and anti-deflection performance of the coupling coils are more demanding. For the compensation topology, as the working conditions of the electric vehicle are dynamically adjusted according to the environment, the system should still achieve constant voltage or constant current output when the coil mutual inductance and system load change. For the coupling coil, when the wireless charging of EVs is carried out in a desolate environment with uneven ground, the coupling coils can still maintain a high mutual inductance and the variation of mutual inductance is small when misalignment and deflection occur between the coupling coils at the transmitter and receiver ends. Based on the above analysis, compensation topologies with better adaptability and coupling structures with stronger anti-misalignment and anti-deflection performance are essential. The above two aspects are studied in the following parts of this paper.



The compensation circuit can reduce the reactive power of the EV WPT system, weaken the sensitivity of the system to changes in the coupling coefficient, load, and other parameters, and improve the transmission capacity of the system. According to the application scenario of the WPT system for EVs, in order to improve the adaptability of the compensation circuit, the compensation circuit should meet the following requirements as much as possible in the process of structure selection and parameter matching.



	1.

	
The system should achieve load-independent constant voltage/current output:







The receiver of the WPT system in an EV usually needs to charge the energy storage elements, such as power batteries. The load characteristics of such elements will change during the charging process. If an appropriate compensation circuit structure can be designed to realize load-independent constant voltage/constant current output, the charging process can be better controlled and the charging efficiency of the system improved.



	2.

	
The transmitting coil should achieve load-independent constant current output:







The transmitting coil achieves load-independent constant current output, that is, the current of the transmitting coil will not change with a change in the reflection impedance of the receiver, which can prevent excessive currents in the transmitting coil from causing damage to the transmitting coil when the receiver is open. In addition, in order to improve the ability of the EV WPT system to achieve one-to-many transmission, when the transmitting coil charges multiple receiving coils at the same time, under the condition that the transmitting coil realizes load-independent constant current output, the system input at the receiving end can be regarded as multiple constant voltage sources that do not affect each other.



	3.

	
The input impedance should meet the zero phase angle (ZPA) condition:







The input impedance can meet the zero phase angle (ZPA) condition. Due to the large gap between the transmitting coil and the receiving coil, the leakage inductance of the coupling device is large, the reactive power input at the transmitting end is large, and the system efficiency is reduced during the operation of the WPT system in the EVs. Therefore, it is necessary to design a suitable compensation circuit such that the input voltage and input current of the transmitter remain in phase and the input impedance of the system is pure resistance, that is, the input impedance meets the ZPA condition and the reactive power of the system is reduced.



	4.

	
The number of compensating devices should be as small as possible:







In the actual operation process of a WPT system on EVs, the compensation devices are not ideal devices, and there are parasitic resistors in the compensation inductor and capacitor. The higher the number of compensation devices, the greater the system loss and the lower the efficiency. Therefore, under the same conditions, the compensation circuit structure with the least number of compensation devices should be selected to reduce the system loss, thus improving system efficiency.



As for the LCC/S compensation topology, the current of the transmitter and the output voltage of the receiver are independent of the load resistance under the ZPA condition [16,17]. Figure 2 briefly presents the LCC/S structure, where Uin is the input high-frequency AC voltage generated by the inverter; Lf, Cf, and CP are the series compensating inductor, parallel compensating capacitor, and series compensating capacitor, respectively, which comprise the symmetric T-type network; CS is a secondary series compensating capacitor; L1, L2, and M are the primary self-inductance, secondary self-inductance, and mutual inductance of the coupling coils, respectively; and RL is the equivalent load resistance of the receiver circuit.



Based on Kirchhoff’s voltage and current laws (KVL and KCL), circuit parameters for the LCC/S compensation topology can be developed.


   {      U ˙   in   = ( j ω  L f  +  R f  )   I ˙  f  + ( j ω  L P  +  1  j ω  C P    +  R P  )   I ˙  P  − j ω M   I ˙  S      ( j ω  L P  +  1  j ω  C P    +  R P  )   I ˙  P  − j ω M   I ˙  S  =  1  j ω  C f    (   I ˙  f  −   I ˙  P  )       U ˙  L  = j ω M   I ˙  P  + ( j ω  L S  +  1  j ω  C S    +  R S  )   I ˙  S  =  R L    I ˙  S      .  



(1)







In order to satisfy the zero phase angle (ZPA) condition, the resonant conditions of the LCC/S structure are designed as follows:


   {      ω  L P  -  1  ω  C P    =  1  ω  C f    = ω  L f        ω  L S  =  1  ω  C S          .  



(2)







Ignoring the parasitic parameters of inductance and capacitance, the output voltage and power of the system can be expressed as follows:


   {      U ˙  L  =   M   U ˙   i n      L f         P  out   =    M 2    U ˙   in  2     L f 2   R L        .  



(3)







According to the above formula, the system output is mainly related to the mutual inductance of the coupling coils and the equivalent load resistance of the receiver circuit. Therefore, it is important to design a suitable coupling structure for the EVs in order to reduce the mutual inductance variation when wirelessly charging in desolate places.




3. Design of Coupling Structure


The spatial motion of the coils in the process of WPT of the EVs mainly includes two types: misalignment and deflection.



Misalignment mainly includes two kinds: axial and radial misalignment. Axial misalignment is mainly due to the relative distance changing during the charging process of the EVs, which causes misalignment movement between the transmitting coil and the receiving coil along the direction perpendicular to the coil plane. Meanwhile, radial misalignment is mainly due to a deviation in the forward speeds of the EVs in the charging process, misalignment of the parking position, and the height difference between the vehicles in the vehicle group, which causes misalignment movement along the coil plane between the transmitting coil and the receiving coil.



Deflection types mainly include flip and rotation. Flipping is mainly due to the lateral slope between EVs, which causes the angle between the transmitting coil plane and the receiving coil plane to flip. Rotation is mainly due to the difference in angle of rotation between the transmitting coil plane and the receiving coil plane, relative to the initial state, due to the slope of the ground along the forward direction between the EVs.



Considering the above analysis, combined with the actual application scenario of EVs, the design requirements for the coupling coil can be summarized as follows.



	1.

	
The coupling coil has a certain resistance to combined spatial motion:







Considering the terrain changes when the EVs are parked or moving, it is difficult to achieve alignment between the transmitting and receiving coils. Therefore, it is necessary to consider the combination of multiple spatial motion modes of the coil when designing the coupling coil.



	2.

	
The size of the coupling coil should be limited:







The design size of the coupling coil should be limited according to the size of the EVs and the required transmission distance requirements.



	3.

	
Electromagnetic shielding and electromagnetic compatibility should be considered:







The electromagnetic radiation generated during the use of the WPT device will affect the communication between EVs and the safety of surrounding personnel. Therefore, it is necessary to design electromagnetic shielding devices to weaken the influence of relevant electromagnetic radiation.



	4.

	
The manufacturing cost of the WPT system should be considered:







In the case of the same or similar performance of the coupling coil, a coil optimization scheme with a smaller total number of turns should be selected.



3.1. Parameter Optimization


The solenoid pad (SP) and the double-D Pad (DDP) are two common planar coupling structures, which present anti-misalignment and anti-deflection performance in certain directions, respectively. In order to realize the complementary advantages of SP and DDP coupling structures and to design a coupling structure that satisfies the demands of EV wireless charging in desolate places, an SP-DDP coupling structure is proposed in this paper, which is shown in Figure 3.



In order to improve the anti-misalignment and anti-deflection performance of the SP-DDP coupling structure, an inverse connection between the SP and the DDP at the transmitter and a forward connection between the SP and the DDP at the receiver are adopted. The circuit equivalent model is shown in Figure 4.



In the figure, LS1 and LS2 are the self-inductance of the SP at the transmitter and the receiver, respectively; LD1 is the self-inductance of the DDP at the transmitter and LD2 is the self-inductance of the DDP at the receiver; MS1D1 is the mutual inductance between the SP and the DDP at the transmitter; MS2D2 is the mutual inductance between the SP and the DDP at the receiver; MS1S2 and MD1D2 are the mutual inductance between the SPs and DDPs at the transmitter and the receiver, respectively; MS1D2 is the mutual inductance between the transmitter SP and the receiver DDP; MD1S2 is the mutual inductance between the transmitter DDP and the receiver SP; L1 and L2 are the self-inductance of the transmitter coil and the receiver coil, respectively; and M is the mutual inductance of the SP-DDP coupling structure. The formulas for L1, L2, and M are provided below.


   {     L 1  =  L   S 1    +  L   D 1    − 2  M   S 1 D 1         L 2  =  L   S 2    +  L   D 2    + 2  M   S 2 D 2        M =  M   S 1 S 2    + +  M   D 1 D 2    +  M   S 1 D 2    +  M   D 1 S 2        .  



(4)







The coupling coil in an EV WPT system has strict requirements in terms of coil size, mutual inductance, and transmission distance, which greatly increases the difficulty of parameter optimization of the coupling coil. For the proposed SP-DDP coupling structure, this paper summarizes a set of parameters used in the optimization process. In order for the optimized coil to meet the relevant indices of the EV WPT system, the parameter optimization process included three parts:




	
Defining the limiting conditions and optimization parameters;



	
Finite element simulation and evaluation of the coil;



	
Electromagnetic shielding design.








3.1.1. Defining the Limiting Conditions and Optimization Parameters


In the finite element simulation experiment, 0.05 mm × 1000 strands of Litz wire with a diameter of 2.4 mm and a maximum current of 10 A were selected. The length, width, and height of the ferrite were 200 mm, 200 mm, and 3 mm, respectively. According to the demand of the WPT system studied in this paper, the self-inductance of the coupling structure must exceed 200 μH.



The number of coils has a great influence on the performance of the coupling coil. Therefore, the number of SPs and DDPs in the transmitter and the receiver were selected as optimization objects. The number of transmitter SPs, receiver SPs, transmitter DDPs, and receiver DDPs are represented by NS1, NS2, ND1, and ND2, respectively.




3.1.2. Finite Element Simulation and Evaluation of the Coil


Due to the limiting conditions of the WPT system, the number of coil turns should be less than 20. According to a previous experiment, the mutual inductance of the proposed SP-DDP coupling structure changed significantly with misalignment along the Y-axis. The simulation results indicated that when the number of turns of SP and DDP increased from 1 to 20, the mutual inductance increased with an increase in the number of turns along the Y-axis and the variation range of mutual inductance decreased gradually. When the number of coils varied within the range of 12 to 14, the mutual inductance variation was smaller than that corresponding to all the other coil turns within 100 mm misalignment along the Y-axis.



The proposed SP-DDP coupling structure was optimized by magnetic field finite element analysis. A simulation experiment was carried out to limit the mutual inductance variation range to 20%, and the maximum distance of the coupling structure misalignment along the X- and Y-axes within the mutual inductance variation range was solved. Under the condition of mutual inductance variation ranging less than 20%, the maximum misalignment distance of the SP-DDP coupling structure along the X-axis was 180 mm and the minimum was 150 mm; meanwhile, the maximum value of the misalignment distance along the Y-axis was 120 mm and the minimum value was 40 mm. Considering the maximum misalignment distance of the SP-DDP coupling structure along the X- and Y-axes, the maximum misalignment distance along the X-axis was set to 160 mm and the maximum misalignment distance along the Y-axis was set to 120 mm, and the total number of turns of the coil was minimized. The number of transmitter SPs, transmitter DDPs, receiver SPs, and receiver DDPs were obtained as 12, 14, 12, and 12, respectively. The optimized structure parameters are given in Table 1.




3.1.3. Electromagnetic Shielding Design


The coupling structure transmits energy through a magnetic field coupling, which inevitably produces magnetic leakage and electromagnetic radiation. There are a large number of ferromagnetic structures in EVs, and wireless communication is required between EVs during wireless charging. Electromagnetic radiation will affect the communication between EVs and the safety of people in their vicinity. Therefore, it is necessary to design electromagnetic shielding devices to weaken the related electromagnetic radiation effects.



Common electromagnetic shielding methods for coupling coils include magnetic metal shielding and non-magnetic metal shielding. Magnetic metal shielding uses the characteristics of low magnetic resistance of magnetic metal materials, such that a large amount of the magnetic flux flows into the magnetic metal materials and, because of the large magnetic resistance, almost no magnetic flux inflow is observed in the shielding area, thus facilitating electromagnetic shielding. A non-magnetic metal shield achieves electromagnetic shielding by generating an induced electromotive force and eddy current inside it to weaken the magnetic field entering the shield area. Magnetic metal shielding can enhance the magnetic field in the coupling region but typically has a higher cost. Non-magnetic metal shielding is less costly but weakens the magnetic field in the coupling region.



As a non-magnetic metal shielding material, aluminum has the advantages of light weight, high conductivity, and low cost. Therefore, a 1 mm-thick aluminum case was used as the electromagnetic shielding device for the coupling structure. The SP-DDP coupling structures with and without the aluminum case shielding are shown in Figure 5.



A finite element simulation of the SP-DDP coupling structure before and after including the aluminum electromagnetic shielding was carried out, and the simulation results are shown in Table 2. According to the simulation results, the performance of the coupling structure was not significantly changed before and after the aluminum plate was applied. However, the self-inductance and mutual inductance of the coil decreased, and the weight of the coupling structure increased slightly.



By analyzing the magnetic field distribution cloud diagram of the SP-DDP coupling structure with and without the aluminum case shielding, as shown in Figure 6, the aluminum case was observed to shield a large amount of magnetic flux: the magnetic flux at the back of the transmitting coil and receiving coil was significantly reduced, indicating an outstanding shielding effect.





3.2. Anti-Misalignment and Anti-Deflection Performance


The movement of the SP-DDP coupling structure in space mainly includes two aspects: misalignment along the X-, Y-, and Z-axes and deflection around the X-, Y-, and Z-axes. The variation tendencies of the magnetic field and mutual inductance when misalignment and deflection occurred between the transmitter and receiver were analyzed, respectively.



Misalignment and mutual inductance changes in the SP-DDP coupling structure are depicted in Figure 7. The SP-DDP coupling structure has the strongest anti-misalignment performance along the X-axis, the second-best anti-misalignment performance along the Y-axis, and the weakest anti-misalignment performance along the Z-axis. In particular, when the misalignment distance was less than 160 mm along the X-axis, 120 mm along the Y-axis, and 100 mm along the Z-axis, the variation amplitude of mutual inductance was less than 20%.



The deflection and mutual inductance change of the SP-DDP coupling structure are shown in Figure 8. The SP-DDP coupling structure presented the strongest anti-deflection performance around the Y-axis, the second-best anti-misalignment performance around the Z-axis, and the weakest anti-misalignment performance around the X-axis. When the deflection degree was less than 20° around the X-axis, 25° around the Y-axis, and 30° around the Z-axis, the variation amplitude of mutual inductance was less than 20%.




3.3. Experiment of Prototype


The SP-DDP coupling structure was fabricated using Litz wire, and the parameters of the coupling structure were consistent with the simulation parameters given in Table 1. The experimental prototype of the SP-DDP coupling structure is shown in Figure 9.



In the experiment, the simulated coupling coil was shifted along the X- and Y-axes, and the LCR digital bridge was used to measure the self-inductance and mutual inductance of the coupling coil.



A comparison between the simulation results and the experimental results is shown in Figure 10. MX-sim, MY-sim, and MZ-sim are the simulation mutual inductance of misalignment along the X-, Y-, and Z-axes as well as the deflection around the X-, Y-, and Z-axes, respectively; MX-exp, MY-exp, and MZ- exp are the experimental mutual inductance of misalignment along the X-, Y-, and Z-axes as well as the deflection around the X-, Y-, and Z-axes, respectively.



The experimental results demonstrated that, under the condition that the transmission distance between the transmitting coil and the receiving coil is 50 mm and the coil is in a positive position, the self-inductance of the transmitting coil is 312.26 μH, the internal resistance is 0.23 Ω, the self-inductance of the receiving coil is 274.53 μH, and the internal resistance is 0.21 Ω. The mutual inductance of the coils is 222.49 μH. The discrepancy between the simulation and experimental values for the mutual inductance of the coupling structure was mainly caused by the tightness degree and shape deviation of coil winding when developing the coupling structure. The measuring instrument is also an important source of error. The experimental results for the SP-DDP coupling structure verify that the proposed coupling structure has excellent anti-deflection and anti-deflection performance. Under the proposed experimental conditions, the output efficiency of the system was 92.65% and the output power was maintained at 192.02 W.





4. Conclusions


An innovative anti-misalignment, anti-deflection, and environmentally adaptive solution for an EV WPT system was presented. Regarding the proposed approach, the characteristics, framework, and equivalent circuit based on LCC/S compensation topology were analyzed and elaborated. In order to reduce the mutual inductance change when wirelessly charging EVs, a double-layer coupling structure with solenoid pads and double-D pads was developed. The optimization of the proposed coupling structure, in terms of the number of turns, permitted us to obtain high performance in terms of anti-misalignment and anti-deflection ability. In combination with a high tolerance of the proposed solution to coil misalignment and deflection, the obtained results demonstrate adaptation to the EV WPT environment.







Author Contributions


Conceptualization, F.X. and D.Y.; methodology, S.W.; software, J.L.; validation, F.X., S.W. and J.L.; formal analysis, D.Y.; investigation, S.W.; resources, D.Y.; data curation, J.L.; writing—original draft preparation, F.X.; writing—review and editing, J.L.; visualization, F.X.; supervision, J.L.; project administration, D.Y.; funding acquisition, S.W. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Industrial Bureau of China (grant number 2022XX04). The APC was funded by Dong Yuan.




Data Availability Statement


All data is presented in the article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Triviño, A.; González-González, J.M.; Aguado, J.A. Wireless Power Transfer Technologies Applied to Electric Vehicles: A Review. Energies 2021, 14, 1547. [Google Scholar] [CrossRef]

	



Patil, D.; McDonough, M.K.; Miller, J.M.; Fahimi, B.; Balsara, P.T. Wireless Power Transfer for Vehicular Applications: Overview and Challenges. IEEE Trans. Transp. Electrific. 2018, 4, 3–37. [Google Scholar] [CrossRef]

	



Pahlavan, S.; Shooshtari, M.; Maleki, M.; Jafarabadi Ashtiani, S. Using Overlapped Resonators in Wireless Power Transfer for Uniform Electromagnetic Field and Removing Blank Spots in Free Moving Applications. Electronics 2022, 11, 1204. [Google Scholar] [CrossRef]

	



Pahlavan, S.; Ashtiani, S.J. Rotation-Tolerant Wireless Power Transmission Scheme with Smart Positioning for Cognitive Research on Moving Animals. IEEE Trans. Biomed. Circuits Syst. 2023, 1, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Chen, K.; Cheng, K.W.E.; Yang, Y.; Pan, J. Stability Improvement of Dynamic EV Wireless Charging System with Receiver-Side Control Considering Coupling Disturbance. Electronics 2021, 10, 1639. [Google Scholar] [CrossRef]

	



Li, Y.; Ni, X.; Liu, J.; Wang, R.; Ma, J.; Zhai, Y.; Huang, Y. Design and Optimization of Coupling Coils for Bidirectional Wireless Charging System of Unmanned Aerial Vehicle. Electronics 2020, 9, 1964. [Google Scholar] [CrossRef]

	



Afonso, J.A.; Duarte, H.G.; Cardoso, L.A.L.; Monteiro, V.; Afonso, J.L. Wireless Communication and Management System for E-Bike Dynamic Inductive Power Transfer Lanes. Electronics 2020, 9, 1485. [Google Scholar] [CrossRef]

	



Bouanou, T.; El Fadil, H.; Lassioui, A.; Bentalhik, I.; Koundi, M.; El Jeilani, S. Design Methodology and Circuit Analysis of Wireless Power Transfer Systems Applied to Electric Vehicles Wireless Chargers. World Electr. Veh. J. WEVJ 2023, 14, 117. [Google Scholar] [CrossRef]

	



Bentalhik, I.; Lassioui, A.; El Fadil, H.; Bouanou, T.; Rachid, A.; El Idrissi, Z.; Hamed, A.M. Analysis, Design and Realization of a Wireless Power Transfer Charger for Electric Vehicles: Theoretical Approach and Experimental Results. World Electr. Veh. J. WEVJ 2022, 13, 121. [Google Scholar] [CrossRef]

	



Laporte, S.; Coquery, G.; Deniau, V.; De Bernardinis, A.; Hautière, N. Dynamic Wireless Power Transfer Charging Infrastructure for Future EVs: From Experimental Track to Real Circulated Roads Demonstrations. World Electr. Veh. J. WEVJ 2019, 10, 84. [Google Scholar] [CrossRef]

	



Tian, X.; Chau, K.T.; Liu, W.; Lee, C.H.T. Analysis of Multi-Coil Omnidirectional Energy Harvester. IEEE Trans. Magn. 2021, 57, 1–6. [Google Scholar] [CrossRef]

	



Tan, L.; Zhao, W.; Liu, H.; Li, J.; Huang, X. Design and Optimization of Ground-Side Power Transmitting Coil Parameters for EV Dynamic Wireless Charging System. IEEE Access 2020, 8, 74595–74604. [Google Scholar] [CrossRef]

	



Yao, Y.; Gao, S.; Mai, J.; Liu, X.; Zhang, X.; Xu, D. A Novel Misalignment Tolerant Magnetic Coupler for Electric Vehicle Wireless Charging. IEEE J. Emerg. Sel. Top. Ind. Electron. 2022, 3, 219–229. [Google Scholar] [CrossRef]

	



Mahesh, A.; Chokkalingam, B.; Mihet-Popa, L. Inductive Wireless Power Transfer Charging for Electric Vehicles—A Review. IEEE Access 2021, 9, 137667–137713. [Google Scholar] [CrossRef]

	



Chen, J.; Liu, J.; Sun, Z.; Chen, W.; Zhang, L. Research on Passive Control Strategy of AGV Wireless Power Transfer System. In Proceedings of the 2019 34rd Youth Academic Annual Conference of Chinese Association of Automation (YAC), Jinzhou, China, 6–8 June 2019; pp. 200–205. [Google Scholar]

	



Corti, F.; Paolucci, L.; Reatti, A.; Grasso, F.; Pugi, L.; Tesi, N.; Grasso, E.; Nienhaus, M. A Comprehensive Comparison of Resonant Topologies for Magnetic Wireless Power Transfer. In Proceedings of the 2020 IEEE 20th Mediterranean Electrotechnical Conference (MELECON), Palermo, Italy, 16–18 June 2020. [Google Scholar]

	



Li, W.; Zhao, H.; Deng, J.; Li, S.; Mi, C.C. Comparison Study on SS and Double-Sided LCC Compensation Topologies for EV/PHEV Wireless Chargers. IEEE Trans. Veh. Technol. 2015, 65, 4429–4439. [Google Scholar] [CrossRef]








[image: Wevj 14 00322 g001] 





Figure 1. General structure of WPT of EVs. 
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Figure 2. Circuit diagram for the LCC/S compensation topology. 
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Figure 3. SP-DDP coupling structure. 
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Figure 4. Circuit equivalent model of the SP-DDP coupling structure. 
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Figure 5. SP-DDP coupling structure with and without aluminum case shielding: (a) no aluminum shield; (b) with an aluminum shield. 
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Figure 6. The magnetic field distribution cloud figure of the SP-DDP coupling structure with and without the aluminum case shielding: (a) no aluminum shielding; (b) with aluminum shielding. 
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Figure 7. How misalignment and mutual inductance change the SP-DDP coupling structure: (a) misalignment along the X-axis; (b) misalignment along the Y-axis; (c) misalignment along the Z-axis; and (d) change in mutual inductance. 
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Figure 8. Figure of deflection and mutual inductance change of SP-DDP coupling structure: (a) deflection around the X-axis; (b) deflection around the Y-axis; (c) deflection around the Z-axis; and (d) change in mutual inductance. 
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Figure 9. Experimental prototype of the SP-DDP coupling structure. 
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Figure 10. Simulation and experimental results regarding changes in mutual inductance with misalignment and deflection of SP-DDP coupling structure: (a) misalignment; (b) deflection. 






Figure 10. Simulation and experimental results regarding changes in mutual inductance with misalignment and deflection of SP-DDP coupling structure: (a) misalignment; (b) deflection.



[image: Wevj 14 00322 g010]







 





Table 1. Parameters of SP-DDP coupling structure.
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	Parameters
	Value
	Parameters
	Value





	Transmitter DDP length lA (mm)
	200
	Receiver DDP length la (mm)
	200



	Transmitter DDP width lB (mm)
	200
	Receiver DDP width lb (mm)
	200



	Transmitter DDP inner rectangle length lM (mm)
	132.8
	Receiver DDP inner rectangle length lm (mm)
	142.4



	Transmitter DDP inner rectangle width lN (mm)
	32.8
	Receiver DDP inner rectangle

width ln (mm)
	42.4



	Transmitter SP length lP (mm)
	207
	Receiver SP length lp (mm)
	207



	Transmitter SP width lQ (mm)
	28.8
	Receiver SP width lq (mm)
	28.8



	Transmitter SP height lH (mm)
	9.8
	Receiver SP height lh (mm)
	9.8



	Transmitter SP

separation distance lC (mm)
	71.2
	Receiver SP

separation distance lc (mm)
	71.2



	Ferrite length lFA (mm)
	200
	Ferrite width lFB (mm)
	200



	Ferrite height lFH (mm)
	3
	Wire diameter dC (mm)
	2.4










 





Table 2. Simulation results for SP-DDP coupling structure with and without the aluminum plate.






Table 2. Simulation results for SP-DDP coupling structure with and without the aluminum plate.





	Parameters
	With Aluminum Plate
	Without Aluminum Plate





	Mutual inductance
	222.49 μH
	218.67 μH



	Self-inductance of transmitter
	312.26 μH
	310.71 μH



	Self-inductance of receiver
	274.53 μH
	271.96 μH



	Weight of transmitter
	1.52 kg
	1.65 kg



	Weight of receiver
	1.47 kg
	1.56 kg
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