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Abstract

:

The use of multirotor drones has increased dramatically in the last decade. These days, quadcopters and Vertical Takeoff and Landing (VTOL) drones can be found in many applications such as search and rescue, inspection, commercial photography, intelligence, sports, and recreation. One of the major drawbacks of electric multirotor drones is their limited flight time. Commercial drones commonly have about 20–40 min of flight time. The short flight time limits the overall usability of drones in homeland security applications where long-duration performance is required. In this paper, we present a new concept of a “power-line-charging drone”, the idea being to equip existing drones with a robotic mechanism and an onboard charger in order to allow them to land safely on power lines and then charge from the existing 100–250 V AC (50–60 Hz). This research presents several possible conceptual models for power line charging. All suggested solutions were constructed and submitted to a field experiment. Finally, the paper focuses on the optimal solution and presents the performance and possible future development of such power-line-charging drones.
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1. Introduction


In this work, we present a complete proof of concept of a robotic mechanism that allows a VTOL drone to be charged from power lines. Motivated by the demanding challenge of constructing a long-duration multirotor platform, we designed an “add-on” mechanism that allows a commercial drone to safely land on power lines, perform a short-term charging loop (in 1–2 C), and finally, take off safely from the power line. Figure 1 represents the overall concept of the suggested power line charging mechanism for drones.



1.1. Related Works


The topic of maximizing the flight time of drones and UAVs has attracted the attention of many researches; see [1,2]. The inspection of power lines is commonly performed using UAVs [3,4]. In order to be able to closely and safely inspect wires and power lines, there is a need to be able to detect, track, and map them in real time [5,6]. Several research works suggested wireless charging from power lines [7,8,9]. The use of a swarm of drones as a dynamic network infrastructure faces a related energy optimization challenge; see [10] for a recent paper regarding the main battery charging (energy harvesting) methods for such swarms. Recently, the concept of “drone-in-a-box” has become popular in many commercial and homeland security applications [11,12]. Several companies such as Skycharge [13], Heisha [14], and Flytbase [15] are offering after-market solutions for Commercial Off-The-Shelf (COTS) drones, allowing them to perform accurate landing on a charging pad. Alternatively, the concept of automatic battery swapping for drones has been suggested by a few researchers and companies [15,16,17]. The concept of “drone delivery” has motivated researchers to model optimization problems related to facility location [18] and vehicle routing [19]. In such cases, the goal is to locate a set of charging stations or battery swapping stations in a way that optimizes delivery performance (communally, time, or cost) [20,21,22]. Finally, the concept of energy harvesting for drones has attracted the attention of many researchers. The use of solar panels on a drone may allow some additional flight time [23,24], but this is mainly applicable to energy-efficient UAVs (i.e., VTOL drones are energy-inefficient by nature). Other methods of “in-air” charging include high-power laser (or mm-wave) long-range wireless charging [25]; however, such methods require the drone to be within the Line-Of-Site (LOS) of the charging station and raise major safety issues, so they are currently impractical for COTS drones. In this paper, we address the challenge of charging a drone on site, without any “charging station”. Moreover, unlike most energy-harvesting methods, which are usually slow and require a long charging period, in this paper, we focus on the use case of “in-mission rapid charging”.




1.2. Requirements


In general, a charging system for drones should satisfy the following requirements:




	
Light weight: The overall flight time on a single charge should remain as close as possible to the original performance of the drone (without the charging mechanism), e.g., at least 85% of the original performance of the platform;



	
Fast charging: The platform should allow a 2:1 charging vs. flying ratio (e.g., 30 min of charging should allow at least 15 min of extra flight time);



	
Rapid landing and takeoff: In order to maximize the operational time, the overall landing and takeoff time should be less than 1 min;



	
Safety: The charging tasks (landing, charging, and takeoff) should be safe and efficient, allowing a common operator to perform a complete charging process with a success probability greater than 99%;



	
Remote operation: the operator should be able to perform the charging maneuver via First-Person Flight (FPV) control (no line-of-site) from a remote location, which might be a few kilometers away;



	
Standard COTS platform: The charging platform should be able to be integrated with standard commercial drones.









1.3. Motivation


This research was motivated by the challenge of maximizing the operational performance of tactical drones. We were mainly motivated by the use case of wildfires, where drones are commonly used at the tactical level to help firefighters gain real-time information regarding the risks, changes in the fire, and post-fire analysis [26,27,28]. In the case of severe fires, a “risky” procedure such as power line charging might be seen as considerable, in particular if such an operation reduces the risk for firefighters. The use case of fighting wildfires often requires the continuous inspection of a wide region; thus, it is important to maximize the drone’s overall operational time. Moreover, it might be desired to allow the drone to land on a spot with good visibility, allowing it to inspect the region with very low energy consumption (telemetry transmission only). We observed that wires are often suitable spots for such landing and guarding applications, and in the case of low-voltage power lines, they can also serve as a charging source. This paper focuses on small commercial drones, which are widely used for such applications. While wireless methods for charging drones from high-voltage power lines have been suggested by several researchers [7,8,9], this requires additional, relatively heavy (onboard) components, in particular a coil. Moreover, this requires the drone to maintain flight (hovering) during the charging process, which requires additional charging power and very accurate hovering capabilities (above the power lines). For recent surveys on wireless-charging methods, see [7,29]. We were unable to design a reliable power-line wireless-charging mechanism for small drones; therefore, we limited the scope of this paper to direct (contact) charging of the drone from low-voltage power lines. We constructed the charging system and tested it in field experiments.




1.4. Our Contribution


This paper focuses on the challenge of charging a drone from low-voltage power lines using direct contact. The research presents several design concepts and discusses their performance in real-world experiments. This paper’s novelty is two-fold: (i) the new concept of “hook landing”, which allows basically any drone to land safely and efficiently on practically any horizontal wire (and take off from it later on); (ii) the new concept of robotic measuring tape, which allows the drone that lands on the wire to approach and contact another wire (power line) in its surroundings (e.g., up to 1 m away), then close the circle for charging. Both concepts were designed and installed on an existing COTS drone (DJI’s Matrice 100). The drone was able to safely land on a single wire, connect the robotic “meter arm” to the other wire, and perform a fast charging, resulting in 15 min of extra flight time using 15 min of charging. To the best of our knowledge, the “hook landing”, the 2DoF robotic measuring tape for charging, and the 1:1 ratio for charging/extra flight time are all new in the scope of commercial COTS drones and UAVs.





2. Onboard Charging Concept for Drones


In this section, we present the design concept of the onboard charger (for drones). In simple terms, one can take the drone’s regular charger and locate it on the drone. For that, we needed the following changes to the drone:




	
We changed the AC socket: we connected the two wires of the charger to the pads that contacted the power lines (one to the ground and the other to the line);



	
We located the charger onboard the drone;



	
We connected the charger to the drone battery (or batteries).








In fact, the charger had two main components: (i) an AC to DC transformer; (ii) a DC battery charger. For simplicity and for safety testing, we started our design with a low-voltage DC charger (mainly 12–24 V). Figure 2 presents the very basic concepts of the modified drone.



Recently, new mini drones such as DJI’s Mavic mini, mini2, and miniSE, have allowed direct 5 V charging capabilities. Thus, one can modify one side of a USB charging cable (two wires) to connect to each of the legs, while the other side of the cable can be permanently connected to the USB charging port. This relatively simple modification allows cost-effective “drone-in-a-box” solutions.



The need to add an AC to DC transformer and the nature of unisolated low-voltage (100–250 V) power lines, which are commonly at least 40 cm apart, limit the use of microdrones (with weight below 1–2 kg). Therefore, we focused on relatively large drones of 2–10 kg that are applicable to real-world power line charging.




3. Power Line Landing Mechanisms


In this section, we cover the topic of landing on wires (power lines). The first wire-landing method is the natural vertical landing approach, which basically uses two parallel wires as a “landing pad”; this requires adjustable skids, (see Figure 3, Figure 4 and Figure 5). Next, we present a rotation landing, which is based on a “T-shaped” drone (see Figure 6) that approaches the wires from below; once the bar is above the two wires, it rotates 90   ∘   and lands. Finally, The concept of “hook landing” is presented; this method uses a vertical pole with a “hook” to land on a single wire with a horizontal approach. This method is by far the most efficient, and therefore, it was chosen to be implemented in the advanced mode.



3.1. Vertical Landing


A natural way of landing on wires is to try to approach the wires from above (vertical landing) and use some kind of skid to safely rest on the two wires (see Figure 4 and Figure 5. As all the other methods of landing on wires, the drone uses GPS (GNSS) to perform a “position hold”, and the operator aligns the drone above the center of the two wires, then slowly reduces the drones height, until it tor uches and lands on the two wires.




3.2. Rotation Landing


In this landing method (on wires), the drone has a “T-shaped” structure. The drone approaches the power lines from underneath. First, the drone rotates so that the “T shape” will be parallel with the two wires (in the center below them). Then, the drone elevates itself until the “T” is slightly above the two wires (the drone frame is below the wires). Finally, the drone rotates 90   ∘   and lands on the wires. Figure 6 demonstrates such a landing. Note that the takeoff process is performed in the reverse order.




3.3. Hook Landing Drone


The first two power line landing methods have the following major drawbacks: (i) Vertical landing requires two leveled wires, with some fixed distance. This is often not the case for suburban low-voltage power line infrastructure, which is commonly vertical (or simply has unleveled wires). (ii) Rotation landing requires clear access from below the wires, which are commonly blocked or simply vertical. In general, both landing methods depend on the relative elevation and distance between the two wires, which rarely have any standards, thus limiting the vertical and rotation landing methods to be specifically adjusted to a known scenario.



The “hook landing” method uses a vertical pole with a “hook” at the upper side of the pole. In order to land on a wire (a single one), the drone flies slightly below the wire, while its “hook” is slightly above the wire. Once the pole touches the wire, the drone reduces the motors’ throttle, allowing the hook to hold the wire. Figure 7 shows the “hook landing” of a drone on a wire. Figure 8 shows the “hook takeoff”, which can be seen as the reverse order of the hook landing: the drone starts the motors; it elevates its hook above the wire and then flies back until it is at a safe distance from the wires.





4. Improved Charging Drone


In this section, we present the advanced model for the landing and charging mechanism. Considering the mentioned requirements and the drawbacks of the first two concepts (vertical landing and rotation landing), we designed a solution that first lands on a single wire (hook landing) and only then uses a novel robotic mechanism to connect to the other power line. The mechanism is based on a motorized measure meter with a gimbal-and-video-based control loop (see Figure 9, Figure 10 and Figure 11). The charging system also contains an onboard charger (converting 100–250 V AC current to 24 V DC) and several safety mechanisms and sensors to allow a safe charging with real-time telemetry for current, heat, and battery charging state. The drone was also equipped with a wide-angle up camera, allowing the operator to position the hook of the drone on the wire and then operate the robotic meter toward the other wire.



In order to simplify the charging system while maintaining a high level of safety, we used a drone with “smart batteries”. Such batteries were equipped with an internal Battery Management System (BMS) with several safety features. In simple terms, using smart batteries simplified the interface of the battery to the two wires only (ground and power) to which both the drone and the onboard charger could connect. Finally, we looked for a COTS drone platform that was relatively suitable for the modifications, in particular large enough to add a pole (with the robotic meter arm, charger, and FPV camera). Given all the above requirements, the suggested platform was implemented on DJI’s Matrice 100 drone, which is powered by one or two 6S 4.5–5.7 Ah (23 V) smart batteries and has several payload configurations. Matrice 100 commonly weighs 2.7–3.3 kg in a “ready-to-fly” configuration, depending on the battery and the payload. The overall charging mechanism weighed less than 270 g, which was about 7–10% of the drone’s weight (including the onboard charger, wiring, and all the needed mechanisms to perform a safe and efficient charging from the power lines). Thus, even with the two batteries and advanced payload, the drone could support the additional weight of the power line charging mechanism without exceeding the drone’s maximum takeoff weight, which was 3.6 kg. The integrated mechanism included two wide-angle FPV cameras and a long-range two-way remote control with complete charging telemetry. The suggested platform was tested in several field experiments, including: winds up to 12 kn, a flight elevation of up to 3000 ft above sea level, and a total drone weight of 2.9–3.5 kg. We also tested the power line charging mechanism in lab experiments with a 0.5–2.0 C charging rate, air temperatures of up to 40    ∘  C, and hook hanging “swing tests” in (artificial) winds up to 20 kn. The hook mechanism was able to hold the drone safely on a single cable even in high winds with very little “swing” effect; this was due to the nonelastic (static) nature of metal power lines and the relatively short “hook pole”. However, the charging mechanism was only tested during winds up to 7 kn, due to safety regulations. The modified drone passed all the tests, satisfying the requirements (mentioned above), allowing the platform to charge from 25% to 75% capacity in about 15 min, thus affording the platform an additional 15 min of flight time. To the best of our knowledge, this is the first work that has shown a 1:1 field charging vs. flight time for commercial drones.




5. Results


In this section, we present the main experimental results of the power-line-charging drone. We start by presenting the safety considerations, as power line landing can be extremely risky and in no way should be done without the proper experimental protocols. We then present the results regarding the actual landing and takeoff processes as performed by the “hook drone”, and we elaborate on three options: the FPV, secondary drone control, and autonomous detection and landing using wire detection and mapping.



5.1. Safety Considerations: Power Line Landing and Battery Charging


In general, drones should not land on power lines. This paper presents a research concept that was implemented and tested in a controlled testing facility. In this subsection, we present a few safety issues that we found to be helpful in terms of performing such experiments in the safest way:




	
The components should be tested independently: (i) low-voltage (e.g., 24 V) static charging (no landing); (ii) wire landing: we performed many safe landings on a disconnected pair of wires;



	
The flying of the drones should be in a designated area, in which the “power lines” model is located; one should not attempt to perform an actual landing of a drone on real (active) power lines;



	
Lithium batteries are explosive (e.g., see Figure 12), and dangerous situations can occur, so it was necessary to make sure all the experiments were performed in the proper settings. Figure 12 shows the result of a 1 kg lithium polymer battery explosion. During a lab charging (and discharging) experiment with the 24 V DC charger, one of the two 6S batteries overheated (most probably due to a manufacturing defect), and at some point, the defective battery exploded, causing a fire and a “total loss” of the drone and surrounding electronics. Due to safety regulations, there was no one near the faulty battery (the drone in the charging process), resulting in just minor damages to the gear and no harm to any person;



	
Smart batteries with an inner protection (BMS) should be used [25,30]. This method can result in many lithium battery overheating or overcharging events, which may lead to battery explosions, as shown in Figure 12. We made sure that each battery had the following protection measures: (i) overcharge/overdischarge voltage cutoff; (ii) overheating: this was extremely important during charging experiments; (iii) maximum current;



	
In a full field experiment, the generator should have a Residual-Current Device (RCD) that is both sensitive and has a fast cutoff (response) time (see Figure 13 for the basic field experiment setting).









5.2. Power Line Charging for Drones: Performance Evaluation


In order to evaluate the performance of the power line charging, we considered a relatively large drone with a minimum weight of 5 kg and a maximum weight of 10 kg; its flight time was 33–15 min accordingly. Such a (large) drone allowed us to install several parallel chargers and present the drone’s performance with respect to the number of onboard charges. Figure 3 (left) presents the charger’s settings in the drone; one can install 1–3 such chargers each with an expected charging rate of 200 W, allowing a maximal charging rate of 600 W. The flight experiments on the large drone were performed at an elevation of 2200–2300 ft (670–700 m) above sea level. The charging experiments were performed both in the field experiment and repeated for 10 charging and discharging cycles in the lab experiments. The results were relatively stable in all the experiments.



The correlation between the drone weight and its flight time is shown in Figure 14 (left); note that the graph is relatively “close” to linear. Figure 14 (right) presents the expected performance reduction with any additional charger. Overall, each charger reduced the flight time by about 4% of, which was considered acceptable. Figure 15 (left) presents the power consumption of the drone (Watts) with respect to its weight; again, one can see that the graph is relatively linear. Finally, in Figure 15 (right), the significant difference between charging the battery to 100% or to 70% is shown. The graph also presents the benefit of having all (three) chargers, allowing a speedy charge of about 45 min from 10% to 70% charge, which would allow a an extra flight time of about half an hour.




5.3. Power Line Landing Using Analog FPV Systems


The FPV is a popular method for controlling racing drones by human operators. Unlike LOS control in which the drone operator sees the drone and controls it accordingly, in the FPV, the operator sees what the drone cameras see and controls it accordingly. We found the FPV to be an efficient and safe method for controlling a drone while landing on power lines (or taking off from them). Combined with the “GPS position hold” mode, the FPV controlling method allowed us to test each of the three landing methods (vertical, rotation, hook) for over 50 successful landings on the power lines (without any “crashes”). Yet, the “hook landing” method was the fastest, allowing an experienced FPV operator to land the drone on a wire in less than 10 s (the same holds for the takeoff process). Moreover, the “hook landing” was performed on a single wire, allowing the robotic meter arm to reach the other wire in almost any configuration (as long as the wires were within 1 m apart), while for the other two methods (vertical and rotation), the distance between the two wires needed to fit the drone skids or “T-shaped” structures.




5.4. Two Drones’ Guided Autonomous Landing: Negative Results


We found that in some cases, the onboard cameras could not always capture the whole picture. Therefore, we developed the following (complicated) guided landing method: (i) The first drone detected a landing spot and lands (or hovers) in a nearby location such that it could properly view the power lines in the landing position; (ii) then, the second drone approached the lines and was guided for “hook landing” by the operator based on the video as transmitted by the first drone; (iii) once the second drone has landed safely, the first drone may guide another drone for wire landing. After the first drone has completed the charging process, the first drone can also guide the takeoff stage of the second drone. Figure 16 presents the overall concept of guided landing (two drones). Note that both images (of Figure 16 are the actual view of the guiding drone, at a low resolution (360 P), as all the computations were performed “onboard” the guiding drone and needed to support at least 30 fps (preferably 60 fps).




5.5. Long-Range Power Line Landing


Recent improvements in long-range digital video transmitters such as DJI’s digital FPV system allow low-range and low-delay video transmutation: 4 km range, 28 ms delay (720P at 0 fps). We observed that in order to perform a safe FPV landing on the power lines, a delay of 100 ms was acceptable; therefore, one can use longer video transmission configurations, e.g., DJI’s OcuSync 3.0 has a range of up to 10 km (LOS conditions). Moreover, the “HereLink” digital video transmission system has a range of up to 20 km using a stack antenna. We were able to exceed this range by up to 25 km using a 14 dBi patch antenna. Finally, recent commercial drones such as Parrot’s Anafi AI have a built-in 4G (LTE) modem, allowing an operator to practically fly the drone at any range, as long as the drone has cellular coverage. Based on these advantages of long-range video transmission and due to safety regulations, we did not perform an autonomous landing on the power lines, limiting the landing to a human FPV operator. It should be noted that the expected video transmission range would often exceed the drone’s flying range. Yet, the challenge of autonomously and safely landing a drone on a power line is surely a research topic we will consider as a future work.





6. Conclusions and Future-Work


This paper focused on the concepts of charging drones (VTOLs) on power lines by landing on them, charging at a low voltage (100–250 V unisolated), and finally, taking off (safely) from the power lines. The main results of the paper were: (i) the concept of “hook landing”; (ii) the concept of a robotic meter arm. Combined, the two concepts allowed us to land on a single wire efficiently and safely; moreover, this allowed us to separate between the landing and the charging processes. The suggested method was implemented and tested on a few drone platforms. To the best of our knowledge, the charging performance of our suggested system on the Matrice 100 drone was outstanding, allowing a 1:1 ratio between charging and extra flight time. Landing a drone on a power line is risky, and there is a tendency to bury power lines [31]; however, the significant cost of such infrastructure improvements limits this tendency; thus, unisolated low-voltage power lines will probably remain common in a wide range of regions. We conjecture that in some cases, the use of a power-line-charging drone can in fact reduce the risk to firefighters and therefore might be considered. For future work, we plan to add an autonomous landing capability to the power-line-charging drone, the idea being to detect the wires (using vertical stereo cameras) and then performing a control algorithm according to the drone’s relative position to the wires. Finally, we plan to design a safe charging station, which will use 24 V DC wires and allow a set of commercial drones to perform a safe and efficient charging.
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Figure 1. The power-line-charging drone concept: (Left) DJI’s Matrice 100 with all the additional mechanisms that allow it to safely land on a wire and charge from the power line (100–250 V). (Mid) The wire landing gear and robotic meter. (Right) Actual charging of 196 Watt -as measured by the onboard current sensor. 
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Figure 2. The very basic concepts of the drone with the onboard charger. (Left) Parrot Beebop 1.0 with a standard 3S battery and a 12 V charger connected to it. The drone is charged from a 12 V (DC) power source. (Right) The same drone with two conductive plates on its back legs—ready for basic testing—with an additional weight of about 50 g added to the drone. 






Figure 2. The very basic concepts of the drone with the onboard charger. (Left) Parrot Beebop 1.0 with a standard 3S battery and a 12 V charger connected to it. The drone is charged from a 12 V (DC) power source. (Right) The same drone with two conductive plates on its back legs—ready for basic testing—with an additional weight of about 50 g added to the drone.



[image: Drones 05 00108 g002]







[image: Drones 05 00108 g003 550] 





Figure 3. The vertical landing drone. (Left) The drone as seen from “below”, showing three parallel chargers and the skids in open position (with the conductive strips and the needed wiring to and from the chargers). (Right) The vertical landing drone in a “standing position”, ready to fly. The drone has 8 motors (2 on each arm), a weight of 5 kg, another 0.25–0.75 kg of onboard chargers, and the ability to lift another 4 kg of payload or batteries—a total maximum of 10 kg. 
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Figure 4. Vertical landing and charging. 
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Figure 5. Vertical landing requires parallel, leveled, and horizontal wires, which is often not the case for real-world power lines. 
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Figure 6. Rotation landing: the drone approaches the wires from underneath, and the “T-shaped” structure is aligned with the two wires (in between the wires). (Left) The drone’s FPV camera is located on one of the sides of the “T-shaped” structure (marked in pink). (Right) The experiment setting: a very basic structure to practice FPV-based “rotation landing”. 
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Figure 7. Hook drone: DJI’s Matrice 100 with an additional vertical pole with a hook and a robotic meter. (Left) A view from above. (Right) Hook landing: indoor experiment. The drone simply flies below the wire while the hook is above it, and when the drone touches the wire, it reduces the throttle, allowing it to land on the wire. 
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Figure 8. Takeoff from a wire: the reverse order of landing. The drone starts the motors, elevates its hook above the wire, and then, flies back until it is at a safe distance from the wires. 
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Figure 9. The advanced power-line-charging drone, equipped with a pole containing a hook and a robotic meter above it. (Left) The main components added to the drone: (a) Charger: converter for 100–250 V AC to 24 V DC, up to 12Amp. (b) The current meter allowed us to see the actual charging rate and the energy capacity added to the battery. (c) The wide-angle front camera. (d) The wide-angle up camera, allowing the operator to position the hook of the drone on the wire and then operate the robotic meter to the other wire. (Right) The basic charging experiment: (a) For safety reasons, performed on 24 V DC. (b) The drone’s original power charger was connected (via wires) to the hook and the end of the meter. (c) The drone was both working (armed) and being charged. 
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Figure 10. Hook landing: testing the ability to guide the robotic meter to the other wire. The image was taken from a real charging experiment using a 220 V AC generator. Note that the first wire (to which the hook was connected) was lower than the second one; this was not an issue as the robotic meter had a “pitch” range of 145   ∘  . 
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Figure 11. The robotic meter arm in action. (Left to Right) The drone lands on the first wire (the meter is closed). The robotic meter starts to open, in the general direction of the second wire (aiming above it). The meter passes above the second wire and then drops onto it. Finally, the meter draws back until it connects tightly to the second wire. 
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Figure 12. The result of a 1kg lithium polymer battery explosion. (Left) The remains of the drone after the explosion. (Right) The result of the burning and the extreme heat caused by the battery explosion. 
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Figure 13. The basic experimental setting, which included a power line demo structure with two parallel wires. (Left) The low-power (safe, 24 V DC) settings. (Right) The real-world experiment using a 220 V generator with an extra safety Residual-Current Device (RCD) that was both sensitive and had a fast cutoff (response) time. 
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Figure 14. The relation between the drone weight and its flight time. (Left) The graph of the original drone without any onboard chargers. (Right) The graph for each onboard charger configuration (0–3). 
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Figure 15. Discharge and charging rates. (Left) The measured energy consumption of the drone with respect to its weight. (Right) Charging time, using 1–3 chargers; the red line represents the time until being fully (100%) charged, while the blue line presents the time for a 70% charge. 
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Figure 16. Guided landing: for this, two drones are needed: (Left) The first drone detects possible power lines. (Right) The first drone guides the second one to the power lines until it lands on the first wire. Finally, the second drone can guide the first one to land nearby it (on the same power lines). 
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