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Abstract

:

This study deals with the design and the optimization of a wireless power transfer (WPT) charging system based on magnetic resonant coupling applied to an electric vertical take-off and landing Unmanned Aerial Vehicle (UAV). In this study, a procedure for primary and secondary coil design is proposed. The primary circuit in the ground station consists of an array of coils in order to mitigate the negative effects on the coupling factor produced by the possible misalignment between the coils due to an imperfect landing. Key aspects for the design of the secondary coil onboard the UAV are the lightness and compactness of the WPT system components. A demonstrative prototype of the WPT system is applied to a commercial drone. The WPT electrical performances are calculated and measured. Finally, an automatic battery recharge station is built where the drone can autonomously land, recharge the battery and take off to continue its flight mission.
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1. Introduction


The use of lightweight electric vertical take-off and landing Unmanned Aerial Vehicles (UAVs) is becoming increasingly popular in various application areas such as surveillance, monitoring and couriers [1]. The UAVs can be equipped with many payloads such as a high resolution camera, infrared camera, sensors, etc., or with objects to deliver [2]. In general, these commercially available systems are powered by a high energy density lithium battery that permits a flight time of about 20–40 min [3,4]. This is one of the major limitations of these systems, especially in applications where a stand-alone operation of the UAV is required. In order to increase the flight time, one can substantially proceed in three ways. The first method consists of equipping the UAV with a higher battery capacity, but this inevitably results in an increased weight with a consequent reduction of the payload. A second alternative is to create a base station where the batteries can be automatically swapped immediately after landing [5]. This solution allows the UAV to take off in a very short time, but it could be impractical due to cost and complexity of these systems with many mechanical elements. The last alternative is to create base stations where the UAV lands to automatically recharge its battery. There are mainly two ways to realize a charging station: the first one is based on electrical contacts between the base station and the drone [6]. The second solution is based on the wireless power transfer (WPT) technology [7,8,9,10,11,12,13]. The contact-based solution allows high power transfer efficiency but the presence of contacts exposed to atmospheric agents will reduce the efficiency and reliability of the system. On the other hand, the WPT technology permits a very efficient and reliable power transmission between the ground base and the UAV. The application of this technology to UAV must take into account several aspects. The on-board WPT systems must be very lightweight to avoid significant reduction of the payload (in general between 0.5 kg and 10 kg depending on the size of the lightweight UAV) [4]. Furthermore, the WPT systems must not interfere with the electronic systems of the UAV and with the communications between UAV and ground systems.



Finally, the WPT technology must guarantee efficient power transfer with high tolerance to coil misalignment, as is so often the case due to poor landing precision. The major issues to recharge drone batteries by WPT systems are described in several past works [14,15,16,17,18,19]. In [14], two circular planar spiral coils have been used for both primary and secondary circuits of a WPT system, the main disadvantages of this configuration are the significant weight and dimension of the on-board components that reduce the payload of the drone. In [15], an automatic landing procedure is presented to improve the landing precision reducing the possibility of misalignment condition between the transmitting and the receiving coils. A WPT charging system based on a mobile primary coil was presented in [16]. This system is based on a mechanic system to align the primary coil with the on-board secondary coil after landing. The main disadvantage is the complexity of the positioning system that could lead to reliability issues. Finally, a charging system based on radio frequency (RF) transmission was presented in [17]. This solution allows to improve the distance between transmitter and receiver but with a significant reduction of the efficiency and transferred power. Here, a significant improvement in the coil design is proposed with the goal of becoming less sensitive to the misalignment of the coils. The proposed solution consists in the design of a charging ground pad with multiple primary coils, i.e., an array of independent coils. The secondary coil, placed on-board the drone, must be very light. To this aim, a new WPT charging system has been designed, manufactured, installed and tested in a commercial drone focusing on the minimization of the weight, size and magnetic field emission, while maintaining good electrical performances in power transfer.




2. System Configuration


The main goal of a WPT system for a drone is to automatically recharge its battery. In the proposed application, the primary (or transmitting Tx) WPT coil is suitably selected from an array of independent planar coils placed in a ground pad station, while the secondary (or receiving Rx) planar coil is placed on-board the drone. Generally, drones are equipped with systems like high-definition cameras, infrared cameras, proximity sensors, etc. All these apparatuses need a viewing area that must not be disturbed by the WPT system (mainly the secondary coil) (see Figure 1). To meet this requirement, the first constraint in the WPT design concerns the shape and the size of the on-board secondary coil that must be adequately designed. At the same time, the WPT charging system must be reasonably efficient in terms of electrical energy and transferred power. Typically, a drone battery is composed by 3 to 6 Li-Po cells that correspond to a battery voltage between 11.1 V and 22.2 V, with a capacity between 3 Ah and 10 Ah [4]. This type of battery can be recharged in approximately one hour. The fast charging procedure requires that a significant amount of power must be transmitted to the drone.



In a previous work [14], the on-board coil has been placed under the drone frame. Such a solution permits the installation of the coil without interfering with the payload, but the air gap between the ground and the on-board coil is relevant (typically much more than 100 mm). Adopting this configuration, it is necessary to use large coils and some ferrite to obtain high levels of WPT efficiency leading to a significant increase of the on-board components weight. In the proposed new configuration, the receiving coil is placed on the landing skid reducing dramatically the vertical air gap between the transmitting and the receiving coils. This solution permits a large enhancement of the system performance due to the increase of the coupling factor between the coils. The use of ferrite is therefore not necessary. Thus, it is possible to design a very small and lightweight secondary coil maintaining high power transmission efficiency. For the considered landing skid, a narrow rectangular shape of the secondary coil is selected. This shape of the secondary coil, even if it is not the best solution for inductive coupling and energy transfer, fits very well with the skid and does not compromise the aerodynamics and the viewing area of the cameras. Another advantage is the position of the secondary coil, which is far from the drone frame where the electronic components are located. This reduces considerably the risk of electromagnetic interference on the electronic systems of the drone due to the time varying magnetic field generated by the coil currents.



The main disadvantage of this configuration is the poor robustness to the misalignment condition due the small dimension of the secondary coil. This aspect is critical in drone applications where the landing precision could be poor since it depends on the accuracy of the landing assistance system. One solution can be the use of a primary coil much larger than the secondary coil, but this could lead to a low WPT efficiency due to a high leakage of the magnetic flux.



In this study, a high level of tolerance to misalignment condition is achieved adopting a multiple primary coils configuration, as reported in Figure 2, and it is composed by an array of independent primary coils placed suitably to entirely cover the charging area.



The design of the primary coils is of paramount importance to ensure an adequate coupling with the secondary coil in all possible landing positions reducing the total number of coils in the array. When the drone is landed, an automatic procedure starts to determine which coils in the landing area presents the maximum coupling with the secondary coil. Then, this coil is the only one selected to charge the battery. The optimization of the primary coils shape and dimension permits to reduce the number of coils on the charging pad reducing complexity and cost.



The electronic configuration is optimized to reduce the weight of the on-board components. In a typical WPT charging system, the regulation of the battery charging is performed on the receiving side before the battery. Here, to save on-board weight and space, the regulation is performed on the transmitting side. The adopted electrical configuration is reported in Figure 3. On the transmitting side, the DC voltage is regulated before the inverter using a DC-DC converter that permits the adjustment of the charging power. On the receiving side, the AC voltage from the coil and the compensation capacitors is rectified and directly connected to the battery. A wireless communication is used to establish a feedback between the battery and the charging regulator. Using this configuration, the only on-board components placed on the drone are the secondary coil, the compensation capacitors, the rectifier and the communication module.




3. WPT Design


3.1. WPT Equivalent Circuit


The WPT technology allows to transfer electrical energy by means of magnetic resonant coupling between two coils that act as a loosely coupled transformer. The complete electrical circuit of a WPT system is reported in Figure 4. The two coupled coils are characterized by self-inductances L1 and L2, mutual inductance M and self-resistances R1 and R2 that model the losses in the coils [20]. To reduce the AC losses due to skin and proximity effects the coils are made by a copper Litz wire. The coupling factor k is given by:


   k =  M     L 1      L 2        



(1)







Capacitance compensation networks are added on transmitting and receiving sides to obtain resonance condition [21] and to improve the electrical performances of the system. There are several compensation network configurations that can be used in a WPT system. The most commonly used are the capacitive Series-Series (SS) and Series-Parallel (SP) topologies.



In real applications, the source and the load are composed by complex electronic blocks. At the transmitting side, a full bridge inverter made by MOSFETs (M1, M2, M3, M4) is adopted to generate a high frequency square wave voltage V1 from the DC source VIN. At the receiving side the high frequency voltage is firstly rectified by a full bridge rectifier, composed by diodes D1, D2, D3, D4. The DC output voltage is filtered by a low pass filter composed by a shunt capacitance C0 and a series inductance L0. Finally, it is connected to the battery. However, to extract the lumped parameters of the system, a simplified circuit is adopted as shown in Figure 5. The primary circuit can be modeled by a simple sinusoidal voltage source Vg with a very small internal resistance Rg. In addition, the load can be simplified and modeled by an equivalent resistance RL [9].



The lumped inductances (L1, L2 and M) are numerically extracted at the frequency of interest solving the magneto quasi-static (MQS) field equations by the commercial software COMSOL [22], while the AC resistance of the Litz wire is obtained from wire datasheet [23]. After the evaluation of the circuit lumped parameters, the compensation capacitors C1 and C2 can be obtained at the given resonance frequency for the selected compensation topology [20]. The resonant frequency of 150 kHz [14] is here adopted for this kind of application since it is commonly used for the medium power application (e.g., mobile device). This frequency allows the transfer of an adequate amount of power with good efficiency at short range.



Higher operational frequency should permit an improvement of the power transfer, but it could require a more complex electronic system and could generate electromagnetic interference (EMI) issues [24,25].



The electrical performances of the WPT system, i.e., efficiency and transferred power, are obtained by the analysis of the equivalent simplified circuit. The transferred power PL = RL|I2|2 is the power dissipated on the load resistance RL, while the efficiency η = PL/P1 is calculated as the ratio between the output real power PL and the input real power at port 1-1′ [20].



In order to choose the configuration with the best weight to performance ratio, a comparison between SS and SP compensation topologies is carried out. Two planar stacked coils of rectangular shaped are considered. The Tx coil has outer dimensions Lp = 400 mm, Wp = 150 mm while the Rx coil has outer dimensions Ls = 20 mm, Ws = 50 mm. The intraturn spacing is negligible. The separation distance between parallel coils is fixed at D = 10 mm. The Litz wire used for both Tx and Rx coils has an external diameter of dwire = 3 mm. The load is modeled by a resistor RL = 3 Ω. The efficiency is then calculated for the two examined compensation topologies (SS and SP) varying the number of turns, N1 and N2, of the Tx and Rx coils, respectively, while keeping fixed the outer dimensions of the coils. The obtained results, reported in Figure 6, show that the maximum efficiency of the SP compensation is similar to that of the SS compensation when assuming N1 = 8, but with a different number of turns of the secondary coil. For the SP configuration, the maximum efficiency is obtained for N2 = 2 while for the SS compensation it is obtained for N2 = 8. It is therefore evident the great advantage of the SP compensation topology in respect of the SS compensation topology for the minor number of the secondary turns.



This configuration leads also to a considerable weight reduction of the on-board components. The efficiency and weight of the secondary coil vs. N2 for N1 = 8 are shown in Figure 7 demonstrating that the SP compensation is better than the SS compensation for the considered application. Thus, the SP compensation topology is adopted and applied to a WPT system for a commercial drone, as described in the following.




3.2. Coil Design


The goal of the primary coil array design is to ensure an adequate efficiency of the WPT system at any point in the landing area, and at the same time to minimize the number of the independent primary coils in the array. It means that the WPT system efficiency η must be greater than a preset value ηmin at any point of the ground pad where the drone can land. The dimensions and number of the primary coils are obtained by the procedure schematized in Figure 8. The procedure starts by fixing the system requirements in terms of electrical and geometrical constraints. The electrical constraints are the output voltage and power, and the resonant frequency. The geometrical constraints are the dimensions, the shape and the weight of the on-board secondary coil (they are set in advance to fit the landing pad, to guarantee mechanical robustness and aerodynamics, and to avoid any obstruction to the vision of on-board sensors or cameras). Another geometrical constraint is the size of the square landing area with side length L where the array of primary coils is installed.



The secondary coil of small size and narrow rectangular shape is placed on one skid of the landing gear. Since the autopilot of the drone can ensure a near perfect angular alignment during the landing, it is possible to orient the drone in such way that the landing skids are always parallel to one long side of the square landing pad.



The battery charging area is smaller than the landing area. Indeed, the small receiving coil will never be positioned in the area covered by the drone (i.e., area between the two skids and depicted as dotted blue area in Figure 2), otherwise part of the landing gear should be outside the landing area and this is clearly not acceptable. In conclusion, the charging area has a size smaller than the landing area and the narrow rectangular secondary coil is always well oriented. The variables of the optimization procedure are the primary coil dimensions Wp and Lp, the overlapping distance between adjacent coils OW and OL, and the array dimension NCx and NCy of the primary coils. The rectangular primary coils are assumed to be identical to each other. The ratio of the coil sides Lp/Wp is kept fixed to permit an adequate coupling with the secondary coil. In addition, the ratio OL/OW and the number of turns N1 and N2 are considered fixed. Only the misalignments along the x- and y-directions are variable in the proposed application, while the vertical separation of the coils along z (i.e., air gap) is kept fixed. It should be noted that the intraturn spacing could also be a design variable. However, for the considered frequency, the gain in terms of efficiency varying the spacing is very small due to the use of Litz wire, thus for the sake of simplicity it is considered fixed in this procedure [9].



The WPT efficiency η is calculated for any possible landing point by the analysis of the equivalent circuit, whose lumped parameters are extracted numerically for any mutual position between primary and secondary coils [26]. The algorithm is based on the iterative reduction of the single primary coil dimensions and the increase of the overlapping distance. Smaller dimensions of the primary coils permit to reduce the flux leakage improving the coupling factor with the secondary coil (and then the efficiency). The optimization of the overlapping distances OL and OW is important to obtain an efficiency η > ηmin also at the points where two or more coils are overlapped.



The procedure starts considering as initial parameters:




	
Resonance frequency f.



	
Coil side Lp equal to the side L of the landing area.



	
Overlapping OL = 0.








If the calculated minimum efficiency is lower than a preset value, η > ηmin, the overlapping distance OL is increased and the procedure is iterated. If it reaches the maximum possible value OLmax (OL > OLmax), the algorithm restarts decreasing the coil dimension Lp. The procedure is repeated until the calculated efficiency is higher than ηmin at any point inside the charging area. At the end of the procedure the optimum primary coil dimensions Lp_opt and Wp_opt. are obtained, as well as the optimum overlapping factors OL_opt and OW_opt. The numbers of the primary coils NCx in x-direction and NCy in y- direction are finally calculated to entirely cover the charging area by:


    N  C x   =  ⌊    L −  O W     W  p _ o p t   −  O  W _ o p t      ⌋  + 1   



(2)






    N  C y   =  ⌊    L −  O L     L  p _ o p t   −  O  L _ o p t      ⌋  + 1   



(3)




where     ⌊   ⌋     represents the greatest integer floor. Thus, the overall dimensions of the landing pad are found as as (Lp_opt − OL_opt) NCx × (Wp_opt − OW_opt) NCy If this size is much larger than the preset value L × L, all the dimensions can be resized, otherwise they remain unaltered.





4. Applications


4.1. Coil Design


In our calculations, the geometry and shape of the secondary coil are chosen to fit the landing pad, that results in a rectangular shape with side dimensions Ls = 220 mm and Ws = 45 mm. The number of the coil turns is selected following the procedure described in Section 3.2 resulting as N1 = 8 and N2 = 2. The vertical separation between the pad and the receiving coil is fixed to D = 10 mm. The landing area dimensions depend on the expected precision of the autonomous landing system [27]. For this application a side L = 700 mm is considered at the beginning of the iterative procedure for the square landing area. As described in the previous section, the charging area is smaller than the landing area. Considering a distance between the two landing skids Dpad = 400 mm the charging area has dimension Lx = L − Dpad = 300 mm and Ly = L = 700 mm. The ratio between the sides of the primary coil Lp/Wp and the overlapping distance OL/OW is set equal to 2.5 to obtain an adequate coupling with the secondary coil of narrow rectangular shape. The minimum efficiency is set to ηmin = 75%. The optimized results at the end of the iterative procedure are:




	
Primary coil dimension Lp_opt = 375 mm.



	
Array size NCx × NCy with NCx = 2 and NCy = 2.



	
Overlapping distance OL_opt = 50 mm.



	
Side of the square landing area L = 700 mm.








The array of independent primary coils is therefore designed with the dimensions described above.



Once the drone is landed, a procedure starts to detect which coil of the array must be activated. The selection of the primary coil is based on the analysis of the input impedance Zin at the primary port 1-1′ of the WPT circuit [28]. The input impedance is calculated as the ration between voltage and the current before the compensation network. The impedance Zin is maximum when the coupling factor k is maximum, as shown in Figure 9. To find the primary coil showing the best coupling factor (and then the best efficiency) with the on-board secondary coil, each of the n Tx coil is individually connected by the control unit (CU) to the compensation network through electronics switches S1, S2, …, Si, …, Sn as shown in Figure 10, and the resulting impedance Zin,i of the ith coil is stored. At the end of the procedure the CU compares the stored n values of the input impedance and select the Tx coil showing the maximum value of the input impedance, Zin,max, to be used for the WPT charging process.




4.2. Numerical Results


The commercial drone DJI F550 (DJI, Shenzhen, China) is considered. It is characterized by a battery pack composed of 4 lithium cells with a capacity of 4 Ah. The goal is to recharge the battery in about one hour, that implies a DC current Ibat = 4 A. Considering the fully charged voltage Vmax = 16 V the required power for the WPT system is PL = 64 W. Then, the necessary electrical parameters are:




	
Output voltage Vbat = 16 V.



	
Output current Ibat = 4 A.



	
Output power PL = 64 W.








The battery is modeled by an equivalent resistance Req:


    R  e q   =    V  b a t      I  b a t       



(4)




which is set to Req = 4 Ω. The equivalent load resistance that models the full bridge inverter and the filter is calculated as RL = 0.81Req, obtaining RL = 3.24 Ω [29]. In real applications, the load resistance RL varies according to the status of the battery charge, but this variation is very limited and then a fixed value of RL can be a valid assumption [30].



The efficiency is calculated in the considered charging area of 700 × 300 mm2 size (assuming a 700 × 700 mm2 landing pad and a separation of 400 mm between the two landing skids) for three different test cases to highlight the importance of the coil design procedure. In the first case, the charging area is entirely covered by a unique large coil. In the second case, the charging area is covered by an array of coils with the proposed dimensions but without overlapping between the coils (OL = OW = 0). In the third case, the primary coils array with optimized parameters derived by the proposed method is considered. The efficiency maps for the three test cases are reported in Figure 11. The efficiency is calculated in a grid of landing points inside the charging area. A landing point is assumed to be coincident with the projection of the secondary coil central point on the ground. In the first case, with only one large primary coil the efficiency is very poor in the whole area due to a big flux leakage caused by very different dimensions of the Tx and Rx coils. In the second case, the efficiency is good inside the four coil surfaces but there are some areas on the coil boundaries where the efficiency is dramatically reduced. Finally, in the third case, coincident with the proposed solution, the efficiency target η > 75% is widely respected at any landing point of the charging area due to the coil overlapping.




4.3. Electrical Performance


A WPT charging demonstrator based on the electrical and geometrical specifications reported in Section 4.1 has been realized and applied to a DJI F550 drone (see Figure 12a). The first tests were performed to validate the numerical results presented in the previous section in terms of electrical performances. A simplified electrical setup was therefore considered. The primary coil was fed by a half bridge inverter that allows adjusting the frequency and the amplitude of the modulated signal [18].



The receiving coil was connected to the load modeled as a simple power resistor RL. As a first step, a RLC meter Keysight E4980A (Keysight, Santa Rosa, CA, USA) was used to measure the self and mutual inductances and resistances of the two stacked planar coils. The measured values are compared with the numerical results obtained by a FEM analysis (simulation setup is shown in Figure 12b) as reported in Table 1. Then, a comparison in terms of efficiency has been carried out fixing the output power to PL = 64 W for three different Rx coil alignments. In the first case, the coils were perfectly aligned, while in the second and third cases the secondary coil was laterally misaligned in respect of the primary coil on the x-axis direction of 100 and 200 mm, and on the y-axis direction of 35 and 70 mm.



The input real power P1 was derived measuring voltage, current and phase difference at the circuit port 1-1′ by an oscilloscope and a current probe, while the output power PL = |V2|2/RL was derived measuring the voltage drop V2 on the load resistance. In all the considered cases, the output power was kept fixed to PL = 64 W adjusting the input voltage V1. The electrical performances are measured and calculated for several misalignment conditions on the x-axis Tx and on the y-axis Ty. The obtained results reported in Table 2 show a good agreement between calculations and measurements.



In the second test, all the real electronics components of the system are considered (see again the scheme in Figure 3) and applied on-board the drone as reported in Figure 12a. On the drone Rx side, the equivalent resistive load has been replaced with the rectifier [31] and the battery. The rectifier is composed by 4 ultra-low forward voltage Schottky diodes and has been placed with the compensation capacitors on the landing gear as shown in Figure 13. The efficiency of the complete system ηtot is then measured as the ratio between the power on the battery Pbat given by the product of the charging current Ich and the battery voltage Vbat and power generated by the DC source Pdc. The obtained results are reported in Table 3, considering three different charging statuses of the battery, from fully discharged to fully charged for a misalignment on the x-axis Tx = 100 mm and on the y-axis of Ty = 40 mm.



The sensing circuit embeds a voltage probe, a current probe and a microcontroller to handle the communication with the base station. On the transmitting side, a DC/DC converter has been connected before the inverter and it is controlled by the CU. The CU processes the battery data from the drone and controls the charging procedure varying the setting of the converter. For this kind of battery, a constant-current/constant-voltage charging procedure is necessary.



Several operative tests have been performed verifying the validity of the proposed method. The charging of the battery is completed in about one hour after the automatic landing of the drone. Furthermore, it has been verified that the presence of the on-board Rx coil with electronics does not alter the flight capability of the drone, due to the very limited weight of the on-board WPT systems. In addition, the magnetic field emissions do not interfere with the drone Electronic Control Unit (ECU) and communication systems.





5. Conclusions


A WPT system is applied to an electric vertical take-off and landing UAV. All on-board components have been designed to be very light and compact in order to reduce weight and size as much as possible. By the design procedure, a small secondary coil with only two turns has been proposed and installed on a drone landing skid. This installation with a small air gap between primary and secondary coils leads to a high efficiency of the WPT system. A procedure has been also proposed to design an optimized array of independent primary coils for the ground station of a WPT charging system. Thanks to this approach, it is possible to mitigate the inconveniences produced by possible coil misalignment due to an imperfect landing of the drone.



Numerical and experimental results have been presented in terms of electrical performances to demonstrate the validity of the proposed WPT application. In particular, the proposed solution allows for the achievement of good electrical performances combined with an excellent tolerance to coil misalignment. This aspect is of fundamental importance for the automatic recharge of the drone battery. Finally, the proposed solution reduces the weight and size of the onboard WPT systems without altering the flight capabilities of the drone, maintaining almost unchanged the payload and the vision of the on-board apparatuses such as cameras and sensors.
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Figure 1. Typical drone landing support. 
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Figure 2. Configuration of the WPT charging coils for a drone. 
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Figure 3. Adopted electrical configuration of the WPT charging for a drone. 
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Figure 4. Electrical circuit of a WPT charging system with Series-Parallel (SP) compensation. 
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Figure 5. Simplified equivalent circuit of two coupled coils with SP compensation. 
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Figure 6. Efficiency vs. number of turns N1 and N2 considering SP topology (a) and Series-Series (SS) topology (b). 
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Figure 7. Efficiency η vs. number of turns N2 when N1 = 8 considering SP and SS topologies (a). Secondary coil weight vs. number of turns N2 (b). 
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Figure 8. Flow chart of the coil design procedure. 
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Figure 9. Input impedance vs. coupling factor k. 
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Figure 10. Transmitting coils connection scheme. 
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Figure 11. Calculated efficiency on the charging area for one primary coil (a), four primary coils without overlapping (b) and four primary coils with overlapping (c). 
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Figure 12. 3D model of the drone with WPT system for numerical simulation (a), demonstrator of the WPT system applied to a DJI F550 drone (b). 
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Figure 13. WPT charging system electronics on-board the drone. 
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Table 1. Measured and calculated parameters of the WPT equivalent circuit parameters.
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	Method
	R1 (mΩ)
	R2 (mΩ)
	L1 (μH)
	L2 (μH)
	M (μH)





	Numerical
	-
	-
	44.1
	1.23
	0.91



	Measured
	180
	20
	46.2
	1.33
	1.05
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Table 2. Measured and calculated electrical quantities of the WPT system circuit when PL = 64 W.
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Misalignment

	
Type

	
V1 (V)

	
I1 (A)

	
η (%)

	
P1 (W)




	
Tx (mm)

	
Ty (mm)






	
0

	
0

	
Calculated

	
11.7

	
6.2

	
88

	
72.5




	
Measured

	
12.5

	
6

	
85

	
75




	
100

	
0

	
Calculated

	
10.2

	
7.6

	
83

	
77.5




	
Measured

	
10.8

	
7.3

	
81

	
78.8




	
200

	
0

	
Calculated

	
8.5

	
9.6

	
78

	
81.6




	
Measured

	
9.9

	
8.5

	
76

	
84.1




	
0

	
35

	
Calculated

	
12.0

	
6

	
89

	
71.9




	
Measured

	
12.6

	
5.9

	
87

	
73.5




	
0

	
70

	
Calculated

	
12.3

	
5.8

	
90

	
71.1




	
Measured

	
12.8

	
5.6

	
89

	
71.2
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Table 3. Measured electrical performances of the WPT system for three charging statuses of the battery and Tx = 100 mm Ty = 40 mm.
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	Battery Status (%)
	Vbat (V)
	Ich (A)
	Pbat (W)
	Pdc (W)
	ηtot (%)





	10
	12.8
	4.1
	52.4
	64.7
	79



	50
	14.4
	4.0
	57.6
	72.9
	78



	100
	16.4
	4.0
	65.5
	85.2
	76
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