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Abstract

:

A wireless charging pad for drones based on resonant magnetic technology to recharge the internal battery is presented. The goal of the study was to design a robust, reliable and efficient charging station where a drone can land to automatically recharge its battery. The components of the wireless power transfer (WPT) system on board the drone must be compact and light in order not to alter the payload of the drone. In this study, the non-planar receiving coil of the WPT system is integrated into the drone’s landing gear while the transmitting pad is designed to be efficient for any landing point and orientation of the drone in the charging pad area. To meet these requirements, power transmission is accomplished by an array of planar coils integrated into the ground base station. The configuration of the WPT coil system, including a three-dimensional receiving coil and a multicoil transmitter, is deeply analyzed to evaluate the performance of the WPT, considering potential lateral misalignment and rotation of the receiving coil due to imprecise drone landing. According to the proposed configuration, the battery of a light drone (2 kg in weight and 0.5 kg in payload) is recharged in less than an hour, with an efficiency always greater than 75%.
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1. Introduction


Unmanned aerial vehicles (UAVs) are becoming increasingly popular in various fields, including surveillance, delivering and monitoring [1]. Lightweight drones are generally equipped with a number of rotors, between 4 and 8. Drones’ electric power is supplied by a lithium battery pack, which allows a flight time of up to 40 min [2]. Since this time may be insufficient for some applications, the use of drones is severely limited. To increase operating times, drones can be equipped with a higher capacity battery, but this leads to an increase in weight and, consequently, a reduction in payload. Alternatively, the mission time can be extended by quickly charging the battery. However, this operation currently requires human intervention. A current challenge is to allow drones to operate with complete autonomy. A possible solution to achieve this goal consists in designing a ground base station (landing pad) where the drone lands for automatically recharging its batteries by using near field (inductive) wireless power transfer (WPT) technology. This technology, which is widely used currently in several applications, allows a very efficient and reliable power transmission between the ground base station, which hosts a transmitting coil, and the drone equipped with a receiving coil installed on board the drone [3,4,5,6,7,8,9]. The application of WPT technology must account for several aspects, mainly related to the additional weight on board, which must be limited as much as possible. Another critical aspect is the possible misalignment of the WPT coils due to the imprecise landing of the drone, which can lead to a reduction in the coupling factor between the transmitting and receiving coils, and therefore in the WPT’s electrical performance. These two aspects have been studied in the recent past, and different solutions have been presented [10,11,12,13,14,15,16,17,18]. In [10], an inductive charging system is proposed that adopts a small receiving coil placed on the landing gear of the drone. This solution offers the advantage of an extremely limited vertical separation between the transmitter and the receiver. However, the presence of the receiving coil could interfere with the view of any cameras on board. In [11], the drone is equipped with a large receiving coil, assuring good electrical performances in terms of power transfer, but with a significant extra weight on board. In [12], a charging system for small drones is presented that includes a transmitter and a receiver made with multiple coils. A critical aspect of this solution is that the multiple receiving coils mounted on the drone’s underbody limit applications that require the installation of payloads under the drone. An automatic alignment system is proposed in [13], in which the transmitting coil is placed on a movable plane within the landing pad, and its position is adjusted to meet the alignment condition after landing. This solution makes it possible to improve the electrical performance but significantly reduces the reliability due to the presence of movable parts. The use of a movable plane is also investigated in [14], together with the use of an array of primary coils. An advanced algorithm is presented to guarantee a fast and accurate alignment between transmitting and receiving coils. In [15], a charging system using capacitive WPT is designed. In this case too, the main limitations are the weight and limited ground clearance required to achieve good performance. In [16], a capacitive wireless coupling system is proposed, operating at the frequency of 6.78 MHz; in experimental tests, an efficiency of 50% was obtained, with an output power of about 12 W. In [17], an inductive WPT system operating at a frequency of 300 kHz is described; the system is designed to reduce extra on-board weight and to achieve an efficiency up to 90%. In [18], an optimization design for the coils is provided to reduce weight and improve tolerance of misalignment. The proposed method is validated with a prototype operating at a frequency of 164 kHz. A mid-frequency system is presented in [19], where the WPT system is used to power a small drone. A full review of the charging systems for drones can be found in [20,21,22].



All the proposed solutions were mainly derived from previous WPT applications in other fields, such as automotive or consumer electronics, and adapted to drones [23]. In this study, an improved solution is proposed that combines the following three main advantages over current alternatives:




	−

	
Full integration in the landing gear of the receiving coil, meaning that no extra weight and no reduction in payloads occur;




	−

	
High tolerance of misalignment conditions through the adoption of an array of planar transmitting coils in the ground base station;




	−

	
High charging power and good electrical efficiency for every possible drone landing position and orientation in the ground base station.









The solution proposed in this paper combines the benefits provided by the enhanced landing gear, which acts as a WPT receiver [17], with the simplicity of a smart multicoil landing pad, where, depending on the drone’s landing position, only one coil of the transmitting array is active during the charging process.




2. WPT Equivalent Circuit


The proposed charging system is based on inductive resonant technology, which is itself based on the magnetic coupling between two or more coils. In the following, the receiving coil is assumed to be installed on the drone while the multiple coils transmitting system is placed in the ground base station.



A standard two-coil WPT system, made by a single coil transmitter, can be suitably represented by the equivalent circuit shown in Figure 1, where: the inductive coupling is modeled by the self-inductances L1 and L2 and by the mutual inductance M [3]; and the ohmic losses are modeled by the resistances R1 and R2 for the transmitting (primary) and receiving (secondary) coils, respectively. The series-parallel (SP) compensation topology is adopted, since this topology allows greater efficiency when the number of turns of the secondary coil is small, as described in [10,11]. The capacitor C1 is connected in series with the transmitting coil, while the capacitor C2 is connected in parallel with the receiving coil. The values of C1 and C2 are adequately chosen to obtain the resonance condition at the same operational angular frequency ω0 = 2πf0 as:


   C 1  =  1   ω 0    2  (  L 1  −  M 2  /  L 2  )    



(1a)






   C 2  =  1   ω 0    2   L 2     



(1b)







In the proposed application, the operational frequency is set to f = 300 kHz to obtain a good trade-off between good magnetic coupling and low electronic losses [17]. In the simplified circuit, both source and load blocks are modeled by simple equivalent analogical devices as the attention is focused on coupling mechanism, which allows wireless power transmission. The primary coil is fed by a time-harmonic voltage source with a small internal resistance Rs; in reality, the feeding block includes converters (i.e., a rectifier and an inverter). A similar simplification is adopted for the load, here modeled by a simple resistance RL at resonance while in real world it includes an AC/DC converter (i.e., a rectifier), a charging regulator and a battery, as shown in Figure 2. From the battery specification, it is possible to approximately calculate the value of the equivalent resistance Rdc. This value depends on the voltage and current waveforms in the receiving coil, but for the sake of simplicity and without introducing a large approximation, the load resistance RL before the rectifier is assumed to be


   R L  =  8   π 2     R  d c   =  8   π 2       V  d c      I  d c      



(2)




where Vdc and Idc are the voltage and current after the rectifier, respectively, when neglecting the losses in the AC/DC converter.



The efficiency η is evaluated as


  η =    P L     P 1     



(3)




where PL is the real power on the resistive load RL (i.e., port 22’ in Figure 1), given by:


   P L  =      |   V 2   |   2     R L     



(4)




and P1 is the real power at the input port 11’ of the transmitting circuit given by


   P 1  = Re  {   V 1  c o n j (  I 1  )  }   



(5)




with V1 and I1 the voltage and current at the input port (i.e., port 11’ in Figure 1).



In terms of the values of the lumped circuit parameters, the AC resistances R1 modeling the ohmic losses on the primary coils, are directly obtained from the Litz wire datasheet. The inductances L1 and L2 and M are calculated by post-processing the magnetic field distribution in the considered domain, which can be obtained through the numerical solution of the time-harmonic magneto-quasi-static (MQS) field equations, using the finite element method (FEM). The simulations are performed in this work using the commercial software COMSOL for solving the magnetic field equations:


  ∇ ×  1 μ  ∇ ×  A  + j ω σ  A  + σ ∇ V =   J   e    



(6a)






   B  = ∇ ×  A   



(6b)




where µ is the magnetic permeability, σ is the electric conductivity, B is the magnetic flux density, Je is the external current density, A is the magnetic vector potential and V is the electric potential. Magnetic insulation is imposed at the external boundaries of the computational domain, far from the source. The coils are modelled as 1D loops, where the currents are imposed using the Edge Currents tool. In the presence of thin conductive material, the Transition Boundary Conditions (TBCs) can be applied to reduce the computational cost as they avoid the discretization of the conductive regions. The theory of TBC can be found in [24,25].



The parameters of the coils in terms of self and mutual inductances are calculated by applying Ohm’s law, as described in [5]. The coupling factor k between the coils is obtained by:


  k =    M        L 1   L 2       



(7)







Playing an important role in the inductive coupling, k should be maximized. Typically, k depends on magnetic coupling: k increases as coil size increases, and k decreases as the separation distance increases. In our application for drone battery charging, the coil size is limited by the dimension of the considered drone, while the separation distance between transmitting and receiving coils should be reduced as much as possible.



The input impedance Zin at the input port 11’ for the SP compensation is given by [26]:


   Z  i n    ( ω )  =  R 1  + j  (  ω  L 1  −  1  ω  C 1     )  +    ω 2   M 2     R 2  + j ω  L 2  +    R L    1 + j ω  C 2   R L       



(8)







At the resonance angular frequency ω0 = 2π f0, by replacing the capacitors C1 and C2 given by (1) in (8), the input impedance becomes:


   Z  i n   =  R 1  +  M 2   (  j    ω 0     L 2    +    ω 0    2   (   R L  − j  ω 0   L 2   )     R 2   (   R L  − j  ω 0   L 2   )  +  ω 0    2   L 2    2     )   



(9)







From the relation between the coil currents [23], and from the circuit in Figure 1, it is possible to calculate the efficiency η as:


  η =    R L     |   I 2   |   2    Re  {   Z  i n    }     |   I 1   |   2    =    R L    Re  {   Z  i n    }       M 2       (   L 2  +    R 2   R L     ω 0    2   L 2     )   2  +    (     R 2     ω 0     )   2     



(10)








3. System Configuration


	A.

	
WPT Design Specifications







To design the charging system of a drone, several aspects need to be considered. First, when the battery is low, the UAV will return to the landing pad using the autopilot and automatic landing procedure. There are several methods that can be used to improve landing accuracy. However, an external factor (e.g., strong wind) can significantly affect the accuracy of the final landing, and in case of an incorrect landing, a second attempt is not always practicable in low-battery conditions. To this end, the landing pad must be suitably sized to ensure a considerable tolerance of any imprecision in landing, which often involves a strong misalignment between the receiving and transmitting coils.



The electrical characteristics of the charging system mainly depend on the battery of the drone. Typically, drones use high-energy-density batteries, capable of high discharge and charge current. In this study, a medium-sized drone is considered, with an empty weight of around 2 kg and frame dimensions of around 500–600 mm. The typical payload of this kind of drone is about 0.5 kg. Battery pack configuration is a function of desired range, flight agility and flight time. A typical battery consists of four LiPo cells connected in series, for a total voltage Vbat = 14.4 V. It can be assumed that the battery capacity is 5 Ah, so that the total energy is Ebat = 72 Wh.



Thus, the power Pwpt requested from the charging system can be expressed in relation to the desired charging time Tch, expressed in hours as


   P  w p t   =    E  b a t      T  c h      



(11)







Typically, a charging time of one hour is a worthwhile trade-off in order to obtain fast charging without degrading the batteries. Thus, a charging time Tch = 1 h is adopted here, which corresponds to a charging power of Pwpt = 72 W. The equivalent resistance is approximately RL = 2.9 Ω.



The maximum misalignment that the system can tolerate is provided by the precision of the drone landing. For this application, a drone equipped with a GPS Real-Time Kinematic (RTK) system is considered [2]. This technology allows a very precise position reference (less than 20 cm) in ideal conditions; however, a maximum misalignment of +/−50 cm is considered here as the worst case. To allow wireless battery charging even in the event of an imprecise landing, it is necessary to suitably size the landing pad and, therefore, the transmitting coil embedded in it. However, as a larger transmitting coil would lead to a reduction in the coupling factor and, therefore, in electrical efficiency, its dimension cannot be increased. To overcome these disadvantages, an innovative array of planar transmitting coils is proposed to improve tolerance to misalignment conditions while maintaining the transmitting and receiving coils at similar dimensions. The proposed solution can also benefit from a reduced separation distance between the coupled coils as the receiving coil is fully integrated in the drone’s landing gear. A further advantage of this solution is the reduced additional equipment (low weight gain) for the onboard WPT receiver and a near-total lack of reduction in payload.



Once the requirements for the electrical performance of the WPT system and the tolerance to misalignment of the coils have been established, the focus is on the design of the WPT coils. In the following, the receiving coil design is addressed first as it is constrained by the geometric shape of the drone, followed by the design of the transmitting coils array.



	B.

	
WPT Coil Design







(1) Receiving Coil Integrated in the Landing Gear



In the proposed solution, the receiving coil is the landing gear itself. Therefore, the landing gear is designed to also act as receiver coil of the WPT system, as described in [17]. To this end, the shape and material of the landing gear is very important to ensure mechanical strength and good electrical performance. The drone’s standard landing gear, typically made from plastic or composite materials, such as carbon fiber or Kevlar, is replaced with a new landing gear made from an aluminum tube. Aluminum is preferred to other materials with higher conductivity, such as copper, due to its very good mechanical properties and low weight. Furthermore, a hollow cylindrical section of the aluminum tube leads to a very low resistance, even in AC, as the skin effect at the frequency considered does not significantly reduce the area of the conductive tube section where the current flows if the thickness of the tube is lower than penetration depth.



The shape of the landing gear was selected by considering two main aspects: improving the coupling factor k and ensuring adequate distance of the drone body from the ground. The landing gear used in the present study is shown in Figure 3a. If necessary, this shape can be modified in case of special requirements, by varying its height from the ground or by installing a suitable payload. The dimensions of the landing gear are constrained by the size and weight of the drone. For a drone with a frame size of 550 mm, the dimensions of the landing gear used as the receiving coil are d1 = 30 cm, d2 = 20 cm, d3 = 25 cm, d4 = 10 cm and d5 = 15 cm, as shown in Figure 3b. It should be noted that the size of the landing gear is significantly smaller than the wavelength at 300 kHz, that is, about 1000 m. The electrical parameters of the landing gear in terms of self-inductance and self-resistance are obtained by calculation and measurement. The external inductance was calculated by a MQS field analysis while the AC resistance of the landing gear was measured by an RLC meter at the considered frequency [17]. The obtained values were L2 = 1.33 μH and R2 = 33 mΩ.



(2) Transmitting Coils Array



The transmission system is mainly designed to ensure efficiency above a fixed level and the minimum area of the ground station where the drone battery can be recharged. In this case, having selected a misalignment tolerance of +/−50 cm, the charging area is assumed to be 1 m2. It is clear that with such a large charging area demand, a single primary coil, much larger than the secondary coil, leads to very poor coupling factor k and electrical efficiency η. To avoid this inconvenience, an array of square transmitting coils is proposed, with the goal of assuring an efficiency in the landing area η ≥ 75% for any possible landing position and orientation of the drone in the ground pad.



The proposed array of square transmitting coils is designed through the following two investigations aimed at:




	
detecting the maximum size of the single transmitting coil suitable to meet the efficiency target for the admissible lateral offset;



	
defining the array in terms of number, size and position of the coils.








A sketch of the adopted coil configuration used in the first investigation is shown in Figure 4. Due to the particular conformation of the receiving coil with a three-dimensional shape, lateral misalignment in both directions (x- and y-axes) is considered. The coupling factor k between the landing gear/receiving coil and a square-shaped transmitting coil is calculated by varying the size of the transmitting coil (side length s) and the lateral offset along the x-axis (trx) and the y-axis (try). The allowable length of the s side of the transmitting coil is set in the range 0.3–0.6 m. A smaller size for s is not considered as the transmitting coil would be smaller than the receiving coil (i.e., landing gear). Conversely, a larger transmitting coil would produce too large a magnetic flux leakage. The maximum lateral offset is set at trmax = 0.3 m in both the x- and y-axis directions.



The calculation of the coil parameters was performed through an MQS field analysis, discretizing the computational domain in 187,452 elements using a tetrahedral mesh. The results obtained in terms of coupling factor k vs. offsets trx and try for different values of transmitting coil side s are shown in Figure 5. For each configuration considered, the electrical efficiency η was also calculated from the analysis of the equivalent electrical circuit, considering N1 = 10 turns of the primary coil and RL = 2.9 Ω, as shown in Figure 6. For all the calculations, the input voltage was adjusted to obtain a fixed output power P2 = 72 W. The efficiency, defined by (3), was calculated through the analysis of the equivalent circuit of Figure 1. The design target for the efficiency was set at η ≥ 75%. A minimum efficiency of 75% is assumed to be very good for this type of application, considering the high variability of the drone’s landing position. Furthermore, this efficiency value does not degrade the wireless charging process. However, the efficiency target is an input design parameter and can be varied.



An efficiency of η ≥ 75% was obtained using the largest coil with s = 0.6 m for an offset up to 27 cm. As can be seen, the efficiency exhibited a different behavior if we considered the misalignment on the x- and y-axes due to the asymmetrical shape of the receiving coil; however, the system makes it possible to maintain an efficiency greater than the target (η ≥ 75%) for both directions.



For this configuration, the tolerance of possible yaw (rotation on the vertical axis) during landing was investigated. Although the angular precision of the autopilot can be very high, possible rebounds during the landing can significantly modify the final angular position θ. Thus, yaw angles from θ = 0 to θ = 90° were considered. The coupling factor k, considering two different positions of the drone, is shown in Figure 7, demonstrating that k is not strongly influenced by the possible rotation θ of the drone.



The electrical quantities calculated by the equivalent circuit analysis for θ = 0, s = 0.6 m, as well as for different values of the coupling factor k, are reported in Table 1.



To extend the tolerance of the system at trx ≤ 50 cm and try ≤ 50 cm (landing area 1 m2), an array of multiple transmitting coils was adopted. With four transmitting coils, arranged as a 2 × 2 matrix, it was possible to obtain η ≥ 75% for any lateral offset trx ≤ 54 cm and try ≤ 54 cm. The four planar coils were partially overlapped for a distance Op = s/2–trmax = 3 cm, to avoid areas (from trmax–s/2) where the efficiency was below the efficiency target. It should be noted that trmax for the considered case of square coils is assumed to be the same on both x and y axis. The conductors of the transmitting coils were insulated with a thin layer of plastic to avoid electrical contact between them.



To improve the efficiency of the system, considering the most probable landing position (offset nearly zero in each direction), an additional identical fifth coil was placed at the center of the ground pad. The proposed final configuration of the primary five-coil array is shown in Figure 8, where the five planar square coils with side s are depicted using brown, blue, light blue, green and yellow lines. Only one transmitting coil in the array is activated in the ground pad depending on the drone’s landing position.



The input impedance Zin in (9) is strongly dependent on the mutual inductance M, which is proportional to the coupling factor k. A graph of the input impedance Zin vs. k is shown in Figure 9. A higher value of the coupling factor k, or mutual inductance M, generally leads to an increase in electrical efficiency [4], as can also be seen from (10). The procedure for choosing the coil in the landing pad to be activated is as follows: after the drone has landed, the electronic unit powers one transmitting coil at a time to evaluate its input impedance Zin and memorize this value. In this way, Zin is evaluated for all five landing pad coils. At the end of polling, the coil that features the highest Zin input impedance is selected as the transmitting coil to be activated. The input impedance Zin is calculated by measuring the input voltage V1, the input current I1 and the phase between them. A block diagram summarizing the selection of the transmission coil, in which there is a five-port switch controlled by the control unit to select the best transmitting coil, is presented in Figure 10.



The efficiency was calculated for any point on the ground pad where the drone can land. The transmitting coil that guarantees maximum electrical efficiency among the five coils was also identified. The map of the efficiency for any landing position (x, y) is shown in Figure 11, where it can be observed that η ≥ 75% at any point in the charging area. From an electrical point of view, only one of the five transmitting coils of the array is used at a time, depending on the position of the drone on the ground pad. The map reported in Figure 12 shows which coil should be activated for each point (x, y) in the landing pad considering a yaw angle θ = 0. The asymmetrical behavior of the efficiency map in the center of the ground pad is due to the asymmetrical design of the receiving coil/landing gear. It should be noted that when a coil is selected for charging, the others are in an open-ended condition; thus, they do not interfere with the charging coil.




4. Conclusions


An innovative, high-efficiency WPT system to automatically recharge the battery of a drone was presented. The additional equipment of the WPT system to be mounted on board the drone must be greatly reduced. In the proposed solution, the landing gear, made of aluminum tube, has been used as a receiving coil to reduce the additional weight without interfering with the payload operations of the cameras, lidars, etc. However, from an aeronautical point of view, this otherwise convenient solution complicates the design of the charging pad, since the receiving coil is not planar. For this purpose, the design of a new charging station was developed to ensure high efficiency for any landing position and the orientation of the drone in the ground pad. An array composed of five planar square coils, partially overlapped, was designed and optimized. Using this array, an efficiency always greater than 75% was obtained. In addition, the wireless charging pad was almost insensitive to the drone’s landing position and orientation.



The efficient charging pad was developed for a medium-sized drone with a payload of 0.5 kg and three-dimensional landing gear/receiving coil in aluminum pipe. However, the dimensions of the charging ground pad are easily scalable to adapt the proposed solution to the needs of different drones in terms of the drone’s power and landing precision. Finally, it should be noted that in the proposed solution, the wireless charging pad proved to be highly efficient despite using an asymmetrical and non-planar receiving coil. Therefore, the performance of the charging pad could be improved by using a planar and symmetrical receiving coil for different applications.
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Figure 1. Simplified equivalent circuit of a WPT system with SP compensation. 
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Figure 2. Load model: complete (a) and simplified (b). 
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Figure 3. System configuration for drone wireless charging (a) and landing gear dimensions (b). 
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Figure 4. Coil configuration with a single transmitting coil (in green) and a 3D receiving coil (in red) (a). Top view of the coil configuration with lateral offsets trx, try and rotation θ of the receiving coil (b). 
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Figure 5. Coupling factor k vs. lateral misalignments trr (a) and try (b) for variable side length s of the transmitting coil. 
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Figure 6. Efficiency η vs. lateral misalignment (offset) trx (a) and try (b) for variable side length s of the transmitting coil. 
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Figure 7. Coupling factor k vs. coil rotation θ. 
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Figure 8. Configuration of the five transmitting planar coils. 
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Figure 9. Input impedance Zin vs. coupling factor k. 
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Figure 10. Feeding configuration of the multiple transmitting coils. 
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Figure 11. System efficiency map on the charging area/ground pad. 
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Figure 12. Transmitting coil activation at any point of the landing area using the same colors for the coils as in Figure 8. 
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Table 1. Electrical quantities in the equivalent circuit for different values of the coupling factor k.
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	k
	I1 (A)
	Is (A)
	V1 (V)
	V2 (V)
	η





	0.06
	8.03
	8.10
	11.75
	14.48
	0.77



	0.10
	4.51
	8.11
	19.62
	14.47
	0.81



	0.15
	2.99
	8.15
	26.71
	14.48
	0.89
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