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Unmanned Aerial Vehicles (UAVs) are intended to be controlled remotely, either through predefined trajectories or

through a radio controller. UAVs are now essential components in both civilian and military applications. UAVs, on

the other hand, are energy-hungry devices that deplete batteries within minutes of operation. Due to limited battery

capacity, UAVs have short flight times.

wireless power transfer  unmanned aerial vehicles (UAVs)  charging  battery capacity

1. Introduction

In the last decade, there has been a rapidly growing advancement in the applicability of drones (also known as

unmanned aerial vehicles (UAVs)) in different areas, including monitoring, public security, traffic surveillance,

military operations, exploration of hidden or hazardous area, damage assessment, 3D mapping, indoor/outdoor

navigation, disaster relief, precision agriculture, data sharing, infrastructure management and logistics,  owing to

their lightweight, compact design and high maneuverability. Figure 1 shows different applications of drones. UAVs

carrying a range of technologies for communication and sensing have captured the interest of several service

providers including Walmart, DHL, Google and Amazon . Due to the extensive increase in online shopping,

users now require high-speed delivery services. However, fast delivery is becoming a successful tool for online

retailers. Aside from that, retailers may face a critical challenge in providing eco-friendly, cost-effective and efficient

last-mile delivery. In this regard, UAVs have emerged as promising solutions with fast and innovative concepts to

ensure last-mile delivery along with environmental security. Moreover, drones have become a key element in 5G

networks, either as a base station or a mobile relaying system to enable cellular UAV networks. With such an

expanding and staggering market interest, service reliability of integrating UAVs will become a critical success

factor. However, there are several crucial factors which limit the performance of UAVs. Some of these factors are

limited battery endurance, restricted mobility, limited autonomy and limited flight time. Limited flight time is due to

different elements, including sensor accuracy, harsh atmospheric conditions, fixed-wing size and battery

endurance. Several studies have focused on multiple aspects of UAVs  and suggested viable solutions to

overcome these challenges, such as using high-quality devices including batteries, wing, geometry, manufacturing

materials and motors. Some studies have reported optimization algorithms to seek the shortest route for UAVs to

reach their intended destination.

[1]
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Figure 1. Applications

of drones in diverse sectors.

Figure 2 shows that the UAV market is expected to reach $43 billion in total sales by 2025. UAVs are intended to

be controlled remotely, either through predefined trajectories or through a radio controller. UAVs are now essential

components in both civilian and military applications. UAVs, on the other hand, are energy-hungry devices that

deplete batteries within minutes of operation. Due to limited battery capacity, UAVs have short flight times. In most

cases, the traditional battery swapping method is used, in which a drone makes frequent trips to a charging station

where the depleted battery is removed and a fully charged battery is installed. However, this physical battery

swapping method necessitates human assistance, affecting UAV operations and causing significant service

disruptions in remote areas.

These charging techniques are divided into two categories on the basis of transmission distance range: near-field

transmission and far-field transmission. Table 1 summarizes different charging techniques to charge UAVs. The



Battery Charging Techniques for Unmanned Aerial Vehicles | Encyclopedia.pub

https://encyclopedia.pub/entry/24663 3/16

energy limitation of UAVs is also addressed through motion control functions and optimization algorithms to

enhance energy efficiency . However, these efforts cannot fully eliminate these issues as drones are still

required to visit charging stations when their batteries are drained. Furthermore, solar-powered drone technology

has been proposed to harvest energy from the sun. However, this solar power feature cannot be embedded in

small drones. This solar energy harvesting feature also depends on flight weather conditions e.g., drones cannot

properly harvest energy at night or on cloudy days, which leads to the UAV’s substandard performance.

Figure 2. Statistics of Drones and WPT

market growth .

Table 1. Charging techniques to charge UAVs .

2. Battery Charging Techniques for UAVs

Drones are currently used in a variety of applications, including military, power line monitoring, forest monitoring,

disaster prevention and smart agriculture . Drones carry different types of payloads such as GPS, infrared

cameras, batteries and sensors as delivery vehicles. These drones usually carry high energy batteries, e.g., lithium

batteries, which support flight times of 20–40 min . However, range and endurance are critical challenges in

[5][6]

[7]

[4]

EMF Based Charging Charging Type Non-EMF Based
Charging Charging Type

Capacitive charging
Static charging up to a few

mm
Gust soaring

In-flight
charging

Inductive charging
Static charging up to a few

cm
PV integrated

In-flight
charging

Magnetic resonance
charging

Static charging up to a few
cm

Laser beaming
In-flight

charging

Battery dumping
In-flight

charging

[8][9]
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UAVs due to the limited battery capacity. It is not feasible to increase the battery size of UAVs because it will

increase weight, which is another critical concern. Several research studies have addressed battery charging of

UAVs, but it requires an intensive investigation by the research fraternity. Jawad et al.  suggested three ways to

enhance flying time: (i) Drones can be equipped with high battery capacity but it can increase the drone weight. (ii)

Battery swapping can be achieved after landing the drone. However, this also causes complexity and high cost

when swapping the system. (iii) Recharging can be done at the base station of the drone. Charging can be

achieved through a wired or wireless power transfer (WPT) system .

2.1. Battery-Powered UAVs

Small drones are typically battery-powered and batteries are critical components of these drones . They improve

the flexibility and simplicity of the propulsion system. Moreover, battery-powered drones offer cost-effectiveness

and enhanced flight time. However, small UAVs have limited battery endurance due to low weight carrying capacity

and can travel up to 90 min on LiPo batteries . Small scale UAVs are mostly suitable for commercial

applications. Furthermore, Lithium batteries are installed in small UAVs due to their high energy and light weight.

Table 2 illustrates a comparison of different batteries. Donateo et al.  evaluated different batteries on the basis

of state of charge (SOC) for a desired operation. Similarly, the researcher in  investigated parameters which

impact the performance of battery-powered UAVs. Battery-powered UAVs face the critical challenge of reduced

autonomy. Several research studies have focused on enhancing battery performance to extend UAV mission time.

Moreover, safety and stability concerns have been reported as a result of energy density enhancement . Thus,

several approaches have been proposed to overcome these limitations, such as super capacitors, solar cells, fuel

cells and hybrid charging technologies.

Table 2. Comparison of different batteries .

2.2. Battery Swapping

To overcome the limitation of battery capacity, some studies have proposed a battery swapping method to recharge

drained batteries of UAVs . The battery swapping method is partially autonomous. It is conducted with human

assistance or automatically. In the literature, two techniques have been reported for battery swapping: swapping

and hot swapping . In hot swapping, drained batteries are replaced with fully charged batteries while the UAV

keeps operating. Hot swapping offers the benefit of allowing the UAV to activate and rejoin its operation. While in

swapping, UAVs with drained batteries are replaced with another UAV with fully charged batteries. Figure 3

[8]
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Characteristics Li-S LiPo Ni-Mh Ni-Cd

Specific power (W/kg) 600 2800 900 300

Energy density (Wh/L) 350 300 300 100

Specific energy (Wh/kg) 350 180 80 40

[18]
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presents an illustration of swapping and hot swapping techniques. Battery swapping techniques consist of three

components: (i) a battery swap station; (ii) UAV swarms; and (iii) a control system for managing UAV swarms.

Battery swap stations include contact mechanism, landing infrastructure, onboard circuits and ground electronics.

In , the researchers presented an economic evaluation for recharging of UAVs by considering system

complexity, coverage and cost. Multi-UAV systems and cooperative algorithms are proposed to offer continuous

service by UAVs. Similarly, the researchers in  proposed an automated system to quickly swap a depleted

battery of a UAV along with charging several other batteries. In , the researchers reported an automated method

to swap UAV batteries to support persistent UAV missions. The proposed dual-drum structure enables the efficient

swapping of eight batteries. In , the researchers briefly discussed the design mechanisms of autonomous

swapping stations. In , the researchers demonstrated a swapping system for accurate landing, UAV healthy

monitoring and energy management. In a recent study , the researchers proposed a patrolling algorithm to

optimize UAV trajectory and battery swapping. Furthermore, battery swapping techniques also cause some serious

concerns, such as GCS feasibility, landing issues, charging/discharging time, limited applications, increased

swapping agents, high cost and system complexity.

Figure 3.

Swapping vs. hot swapping technique .

2.3. Dynamic Soaring

Dynamic or gust soaring is based on the behaviour of albatrosses and prolongs UAV mission duration . The key

principle is to gain energy from airflow and wind. Figure 5 presents an illustration of dynamic soaring maneuvering

of an albatross. Figure 4 shows that an albatross can gain wind velocity without wasting energy through the

alignment of its body and wing position. Dynamic soaring is useful to attain velocity from ambient energy sources

without discharging the battery of a UAV. Consequently, it will enhance the durability of UAVs. However, there are

several critical concerns related to dynamic soaring. The major drawback is that dynamic soaring is only suitable

for fixed-wing UAVs that have sufficient wing geometry to harness the energy from the wind. However, this

technology is not applicable to multi-rotor drones due to varying geometries. Another major drawback is the

intermittent nature of wind. Thus, the drone will not be able to use this feature in the absence of wind as it is highly

dependent on these environmental conditions. Furthermore, to effectively mimic the maneuver and harness

maximum energy, fixed-wing UAVs must be equipped with a sophisticated control system.

[20]
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Figure 4. Dynamic soaring maneuver .

2.4. Tethered UAVs

Tethered UAVs can support unlimited autonomy. This technology does not require physical landing on a charging

station and avoids repeated recharging. In this technology, UAVs can get a continuous power supply through a

connecting cable from a charging station. This technology ensures efficient and safe data transmission. In general,

copper wires are used as power supply lines. However, optical fiber technology is also used in the tethered UAV

area. Fiber optic cable supports kilowatts of power transfer using high intensity optical beams. Optical fiber

technology can significantly reduce the UAV payload and power lines compared to copper lines . Two examples

of tethered UAVs are presented in Figure 5. Muttin  proposed a maritime application-based tethered UAV for

detecting oil pollution from ships. Moreover, Gu et al.  demonstrated a tethered UAV for nuclear power plants to

support extremely long-endurance operations. In , the researchers proposed a method for UAV localization in an

indoor environment using a quasi-taut tether. In a recent study , the researchers used UAV tethered technology

for 3D deployment of aerial base stations.

[27]
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Figure 5. Tethered UAVs .

2.5. Charging from a Power Line

Power lines are abundant in both rural and urban areas. These power lines can be used as a source of power and

electricity supply. Several research studies have investigated tethering UAV technology to power lines to deliver the

required energy to UAVs. The technique is viable to efficiently transmit data and power to UAVs. In , researchers

proposed the recharging of UAVs through power lines. An important technology to implement this technology is

known as power line perching. It is based on landing a UAV on a current carrying conductor to recharge itself. It

involves two aspects. Firstly, the process of guiding the UAV to the location of the power lines. Secondly, the

charging process to deliver power to the UAVs. In addition, the conversion of high voltage energy from power lines

into low voltage for the UAV’s battery must be taken into account. In the context of landing maneuvers, it is worth

noting that navigational electronics reading will be highly affected by the EM field. Researchers from the

Massachusetts Institute of Technology (MIT) proposed a solution to overcome this challenge . The

researchers developed an internal measurement unit within the UAV which can guide it according to the EM field of

power lines. The proposed mechanism involves a particle filter and synchronous demodulation. Though this

proposed mechanism is promising, it involves high computational power and complex signal processing.

2.6. Fuel Cell (FC)

To achieve long missions and enhance the battery endurance of UAVs, researchers have suggested the

implementation of fuel cells (FC) technology. A typical UAV LiPo battery has 250 Wh/kg of energy, whereas

compressed FC has 1000 Wh/kg of energy . Furthermore, refueling in FC is faster and more efficient than

battery charging and swapping technology . Several technologies are being implemented in the FC industry.

Most of these are based on temperature characterization, electrolytes, catalyst and chemical criteria. In , Sharaft

et al. evaluated the performance of frequently used FCs in UAVs, e.g., Solid Oxide Fuel Cell (SOFC), Methanol

Fuel Cell (MFC) and Proton Exchange Membrane Fuel Cell (PEMFC). It can be concluded that the most frequently

used FCs in UAVs are PEMFC. Several leading research institutes have dedicated their efforts to FC technology.

Georgia Tech University experimentally demonstrated a 500 W FC-powered UAV system, while the Office of Naval

Research (ONR) set a breakthrough record for an FC-powered UAV for the highest endurance of 48 h .

Furthermore, a Korean aerospace research institute demonstrated an FC-powered UAV with landing, vertical

takeoff, monitoring and hovering capabilities . Although FC technology has appealing advantages, such as

[33][34]
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reduced power losses and reduced carbon dioxide, FC technology is hampered by a sluggish dynamic response

causing voltage fluctuations . Moreover, absorption of excessive energy is difficult, which leads to a cold start.

Similarly, storage of some FC, such as Hydrogen FC as shown in Figure 6, under low temperature and high

pressure is another critical concern.

Figure

6. Hydrogen-powered UAV .

In , Cai et al. briefly discussed different types of batteries, such as Ni-Mh, Ni-Cd and Li-ion. Researchers carried

out a comparison of these batteries with fuel cells considering different parameters such as endurance, efficiency,

temperature effect, discharging and power densities. Figure 7 presents a comparison of FCs, super capacitors and

batteries considering power density vs. energy density aspects. It clearly indicates that FCs outperform other

resources in terms of energy density. In , the researchers investigate a drone for mobile crane inspection. As the

flight time of drones is short for commercial applications, the researchers used lithium-ion batteries and proton

exchange membrane cells to overcome this short flight time. The researchers carried out analysis of both the

environmental impact and the economic point of view. Lightweight fuel cells resulted in being more expensive than

Li-ion batteries.

[42]
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[44]

[45]



Battery Charging Techniques for Unmanned Aerial Vehicles | Encyclopedia.pub

https://encyclopedia.pub/entry/24663 9/16

Figure 7. The comparison

of energy density and power density for different energy storage devices .

2.7. Super Capacitor (SC)

Battery-powered UAVs are subject to high energy density, sluggish response and limited lifespan. On the other

hand, FC-powered UAVs are subject to sluggish dynamic response, which can cause voltage instabilities. In such

cases, super capacitor technology emerges as a promising alternative to UAVs with a faster energy storage

capability. This is due to the fact that SCs are characterized by reduced voltage instability, high lifespan, low

maintenance cost, charging tolerance, wide operating temperature range, low energy density, fast response and

higher energy . The SC offers various benefits in terms of reinforced power density, rapid response of energy

management system (EMS) and supplying architecture. Several research studies have focused on integration of

SCs into UAVs. In , the researchers carried out critical analysis of a hybrid UAV propulsion system containing

FC, FC and battery. These studies indicate a good performance of SC on system load stability and dynamic

response. Some studies  dedicated to hybrid UAV models indicate a significant contribution of SC in

absorbing power instability and supplying peak power. Table 3 summarizes a comparison of the main

characteristics of SCs and batteries.

Table 3. Comparison between batteries and super capacitor .

[46]
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2.8. Photovoltaic Cell-Based UAV Charging

PV cells are commonly considered to charge the batteries and enhance the flight time of UAVs. PV cells make use

of sunlight to charge UAV batteries. Both the PV cells and the batteries utilized in a UAV are used in this way.

Whenever sunlight is present, the required power is provided by PV cells and in the absence of sunlight, batteries

are used to deliver the required power to the UAV. Research work on solar-powered UAVs reported that several

parameters play key roles such as temperature intensity, angel of incidence of sunlight, geometry and the position

of PV cells . This technique is not suitable in scenarios with insufficient sunlight. There is a need to adopt

alternative strategies whenever sunlight is not present to continue UAV flight. These methods include additional

power supplies, enhanced battery power or PV cell size and automatic position adjustment according to sun

position. As PV cells require a certain payload capacity and wing length of the UAV, it is feasible for fixed-wing

UAVs. Moreover, environmental conditions such as humidity, temperature, fog and clouds reduce the system

efficiency or reliability.

Solar energy-based UAVs have gained the attention of many researchers. Figure 8 presents solar-powered UAVs.

Solar-powered aircrafts are currently being used for power line inspection, forest fire fighting, border surveillance

and high-altitude communication. This technology can be used to supersede environmental, scientific and

communication satellites used for military and civilian applications. Sufficient flight power can be achieved through

the appropriate selection of PV cells and taking into account the efficiency and weight is the key to ensuring long

flight times and high endurance in solar-powered UAVs. Different solar cells and materials are used to attain cost-

effectiveness and high efficiency. Some studies suggest mono-crystalline silicon PV cells due to their affordable

cost and high efficiency . Furthermore, mono-crystalline silicon PV cells offer high flexibility which supports easy

integration in the UAV wing. It is still important to investigate PV cells with novel designs, energy management

Type
Energy
Density
(Wh/kg)

Power
Density
(W/kg)

Cycle Life
(Times)

Efficiency of
Charging and

Discharging (%)
Advantages Drawbacks

Lead-acid
battery

30–40 200–300 300–400 75
High recycle rate,

low cost
Poor performance
at low temperature

Ni-Mh
battery

60–80
800–
1500

>1000 75
Long lifespan, high

energy density

High
manufacturing
cost, high self-

discharging rate

Li-ion
battery

100–
120

600–
2000

>1000 90

Long cycle life,
lightweight, high
energy density,

high voltage

Security risk, non-
overcharge,

life reduce at high
temperature

Super
capacitor

4–15
1000–
10,000

>10,000 85–98

Fast charging and
discharging speed,
pollution-free and
extremely long life

Low energy
density

[53]
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strategies and manufacturing materials to ensure high efficiency and high availability . The research fraternity

should focus more on material science developments as low photoelectric efficiency is a major limiting factor in this

area . Some researchers proposed an effective approach for the optimization of solar-powered UAV flight

trajectories to gain more solar radiation, along with low consumption of mechanical energy .

Figure 8. Solar-powered UAVs .
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