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In recent years,
years, there has been an increasing demand for unmanned aerial vehicles (UAVs)
with various capabilities suitable for both military and civilian applications. There is also a
substantial interest in the development of novel drones that can fly autonomously in different
environments and locations and perform various missions. Nevertheless, current battery
batterypowered UAVs are limited by their flight range. Consequently, several approaches are being
developed to enhance the flight endurance of drones, including augmenting the drone with
solar power.
power. In this review paper, we identify the different classifications of drones that have
been developed based on their weight and flight range. Then, we explain the design
challenges of the electrical systems embedded in the flying drones. Next, we discuss in detail
approaches used to increase the flight endurance using various types of solar cells with
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respect to their materials and mechanical flexibility, in addition to various navigation and
control approaches. Finally, limitations of existing solar-powered UAVs are presented in
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addition to proposed solutions and recommendations for the next generation of drones.

1. Introduction

Drones, which are also known as unmanned air vehicles (UAVs), consist of robots that
Drones,

can fly over extended distances and in spaces that can be dangerous or hard-to-reach.[1, 2]
Drones generally fly autonomously or remotely and can carry payloads without the need for
board human operator
an onboard
operator.[3] Thus, cruise missiles, torpedoes, ballistic vehicles, and
satellites are not considered as drones
drones.[4] Improvements in the development techniques,
steering and control abilities
abilities, and energy-storage devices have enabled the realization of
various drones that can be employed in different locations in which the presence of human
beings can be difficult or dangerous, such as military missions, humanitarian search-andrescue,, and agricultural purposes
purposes.[5-7] More recently, the application of small drones to
package delivery has been widespread, and several companies have already commenced the
development of the required aerial robots. These include Amazon, DHL, Alphabet and
UPS, as depicted in Figure 1 (a-d), respectively.[6-15] In fact, the electronic and mechanical
equipment to be included within a drone largely depend on its application.[16-22] In general,
drones can be used for both civilian and military applications, and can be flown either outdoor
or indoor to achieve variou
various missions in different exciting environments. Moreover, UAVs
can be empowered with different sensors which are needed for performing surveillance,
intelligence, and inspection missions. The applications of UAVs can be classified in various
ways including: 1) categorization based on the type of missions whether military or civilian,
2) categorization based on the zone of the flight whether indoor or outdoor, and 3)
categorization based on the type of the environment where the UAV is flying including
This article is protected by copyright. All rights reserved

underwater, on the surface of the water, on the ground, in the air or in space. It should be
noted that the different types of UAVs such as quadcopters, fixed-wing UAVs, flapping wing
UAVs, etc. can be used in several of the above mentioned applications, for instance,
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quadcopters have attracted interest in military as well as civilian applications such as package
delivery.[19] Nevertheless, such drones are generally powered using a battery source that has a
limited energy capacity. Consequently, drones are required to either stop at different stations
along the way or return to their points of origin to recharge their batteries.[23-28] This results in
an inefficient or even a dangerous output when the drone is being used for military
surveillance applications. One solution to overcome this limitation is to augment the UAVs
with solar cells,
cells, which can recharge the batteries and extend the flight time
time.[29-33]
Solar
olar drones with optimized system designs enable an enhanced flight endurance

when
en compared with battery-powered
battery
or hybrid UAVs. More specifically, to achieve
perpetual flights, the solar energy that is harvested during the day must exceed the power
requirement of the drone throughout the day. In other words, during the night, the drone
would use the energy stor
stored in the battery, while during the day, the harvested solar energy
should be able to simultaneously power the drone and recharge the battery.[29-33] This is
required for a wide range of applications
applications, such as search-and-rescue, large-scale mapping, and
border
der surveillance.
surveillance. Achieving a balance between the energy harvested and power consumed
during a full day would therefore enable perpetual flight; however, some of the challenges
that may arise include weather factors
factors, such as high cloud cover, depending on the geographic
location. Therefore, it is advisable to store extra energy whenever possible according to the
availability of solar energy and battery capacity; however, this will result in more complex
designs, which will be explained further. In this review, we focus on and discuss solar
powered small UAV (SUAVs) (weight and wingspan are less than 15 kg and 5 m,
respectively) demonstrations, challenges, and prospects. First, we explain the different
reported classifications for drones based on either their size, weight, or a combination of
This article is protected by copyright. All rights reserved

different components, and we specify the range of drones that we will focus on in this review
paper. Next, the generally needed electrical systems for solar-powered SUAVs, including
propulsion systems and their power supply, are presented which is explained in Section 3. In
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Section 4, the reported demonstrations of solar-powered SUAVs are discussed in detail. Next,
ontrol and navigation algorithms employed to enhance the UAV flight are
the different ccontrol
Section 6. Finally, the conclusions and future perspectives are presented in
reviewed in Section
Section 7. Thus, our end goal is to provide the reader with an understanding of the different
types of existing SUAVs, what are the main components which are needed to develop such
drones and how they are selected, what are the tradeoffs that need to be taken into
consideration when designing SUAVs, and finally, what has been demonstrated so far in this
key area and what is its future perspective
perspective.
2. Classifications of UAVs
UAVs generally differ in their configurations depending on their mission. There exist
UAVs

several classifications for UAVs based on different characteristics, however, none of them
was comprehensive.
comprehensive. For instance, Watts et al.[34] categorized drones based on their size, flight
endurance,, and other capabilities, for both civilian and military applications
endurance
applications, without taking
the weight into consideration
consideration. Thus, their categories include nano air vehicles and micro air
vehicles (MAV)
(MAV),, which indicate the size classification; vertical take-off and landing; low
altitude and llong
ong eendurance
endurance;
ndurance low altitude and short endurance; high altitude and long
endurance;
ndurance;; and m
ndurance
medium
edium altitude and long endurance, which show the capabilities and flight
endurance parameters.
parameters. On the other hand, Brooke-Holland[35] divided UAVs into three
categories. Class I includes four different groups (a, b, c, and d). The classification depends
on the drone weight and their application without considering the size and type of the drones,
as presented in Table 1. Arjomandi et al.[36] presented classifications based on the weight,
flight endurance and range, maximum altitude, wing loading, and engine type. Categorization

This article is protected by copyright. All rights reserved

based on endurance and range is listed in Table 2, where drones belong to the “High”
category if their endurance and range exceed 24 h and 1500 km, respectively, “Medium”
category if they can fly between 5–24 h and for distances ranging from 100–400 km distances,
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and “Low” category if they can fly for less than 5 h and less than 100 km[36]. Gupta et al.[3]
proposed a drone categorization based on weight and capabilities in terms of flight endurance,
altitude, and range, in addition to typical use without mentioning the dimensions or type of the
drone.. The categories thus range from micro to strike/combat drones. Cavoukian[37] classified
micro/
/mini
mini UAVs, strategic UAVs, and tactical UAVs. The tactical UAVs were
UAVs as micro
micro/mini
then further classified based on their flight range and endurance. Weibel and Hansman[38]
divided drones iinto
nto six types, ranging from micro and mini, to heavy types. Moreover, the
Authority (CASA)[39] classified drones based on weight,
Australian Civil Aviation Safety A
UAVs are lighter than 0.1 kg, small UAVs weigh between 0.1 kg and 150 kg, and
where µUAVs
large UAVs
Vs are heavier than 150 kg for the fixed-wing type and heavier than 100 kg for
rotorcrafts,, as presented in Table 3[39].
rotorcrafts
Furthermore, the United Kingdom Civil Aviation Authority[40,41] divided drones into
Furthermore,

three major types, including SUAVs, which weigh less than 20 kg, light UAVs, which weigh
between 20 and 150 kg
kg, and UAVs, which are heavier than 150 kg. Zakora and Molodchik[42]
classified drones based on the weight and flight range. The classification includes micro and
mini-UAV
UAV close rang
range, lightweight UAV medium range, average UAVs, heavy-mediumrange UAVs, and unmanned combat aircraft
aircraft, among others. They also classified the drones
depending on their application
application, including attack UAV expendable, strategic UAV, and
miniature UAV.[43] Currently, several classes of UAVs have emerged that have different
capabilities based on embedded electronic components, such as microcontrollers, sensors,
batteries, and GPS.[9, 44] Various UAVs have been used for military and civilian goals. UAV
sizes range from fixed-wing UAV to smart dust (SD), which is based on very small robotic

This article is protected by copyright. All rights reserved

and multisensory micro-electro-mechanical systems. Figure 2 depicts the proposed spectrum
of the various types of UAVs reported by Hassanalian et al.[45] Based on their classification,
UAVs can have wing spans ranging from up to 61 m wide with a weight of 15 tons[46] to SD,
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which has a size as low as 1 mm and weighs 0.005 g.[47] The mid-range includes different
drones that have different size and weight combinations, such as micro drones ((µUAV), nano
air vehicle
vehicless (NAV
(NAVs
(NAVs),
s)),, and pico air vehicles (PAVs).[17]
Thus, while several classifications of drones exist, none is comprehensive in terms of

flig capabilities (i.e. endurance, altitude and range), and
the drone type, size, weight, flight
applications. Here, we propose a new classification of the small drones based on their weight
and flying time (or flight range) in addition to the potential range of applications as shown in
Table 4.. It is worth to note that it is difficult to add all of the drones’ features in the
classification since many features overlap, for instance, very lightweight as well as very heavy
drones with the same wingspan have been demonstrated in the past. However, the proposed
classification is beneficial in specific for solar powered drones because the drone weight in
addition to the added weight of solar cells strongly affect the flight time of a given UAV. In
fact, researchers are currently focusing on minimizin
minimizing the weight of added solar cells through
the use of flexible cells for instance, which have a thinner body compared to their rigid
counterpart. Thus, it is useful to categorize drones based on their weight and flight time. In
this review paper, we focus oon and discuss solar powered small UAV (SUAVs) (weight and
wingspan are less than 15 kg and 5 m, respectively) with different flying capabilities used for
various applications. It should be noted as well that small drones are not merely smaller
versions of large airplanes. Because small drones must maintain the same capabilities as
larger drones, several challenges and complexities arise in their design[17] as will be discussed
in the next sections. Selected types of SUAVs based on the previously mentioned

This article is protected by copyright. All rights reserved

classifications (flapping wing NAVs, fixed wing nano-UAVs, fixed wing µUAVs, rotarywing µUAVs and quadcopter µUAVs) are shown in Figure 3 (a-e), respectively.[48-52]
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3. Electrical systems for solar-powered SUAVs
A drone is a flying robot
robot, because of which, motion generation is required. To achieve

this, a propulsion system must be integrated into the complete system. Propulsion system
technologies vary according to the drone type and its flight mode.[20] For instance, fixed-wing
UAVs use propulsion systems that are like those employed in traditional aircraft. This results
in reduction of cost and time consumption in designing new systems.[63] Nevertheless, other
drones require the development of new propulsion
propulsio technologies. In general, power density
and energy density are two critical factors in any propulsion system: the former measures the
power converter, while the latter measures the power source energy and engine conversion
[63,
63,
3,
efficiency.[[6

64]
64]

Moreover, such
s
a system is normally proportional to the size, weight,

application, and capability of the drone. An
A appropriate system should have a small size, low
weight, excellent reliability, and fuel economy. Normally, the population system account for
take
up to 60% of the take-off
weight of the UAV, and its performance dictates the overall
performance of the flying robot
robot.[63, 64]
In terms of rotary, tilt, and fixed-wing
fixed
UAVs, different types of propulsion systems

can be used, including fuel
fuel-based engines, such as piston engines, gas-turbine engines, and
injection engines, among others, or electrical brushed or brushless motors. The typical
components (i.e. battery, electronic speed controller, motor and propeller) included in a
propulsion system are illustrated in Figure 4 (a-d).[65] Among the fuel engines, the most
promising one is the gas turbine-based engine because of its excellent reliability and high
power-to-weight ratio.[63, 65] Nevertheless, other engines are being used in UAVs; for instance,
while piston engines exhibit a power-to-weight ratio that is three to six times lower and lower

This article is protected by copyright. All rights reserved

endurance,[66, 67] they are utilized because of their low cost and the unavailability of highperformance gas turbine engines.[63]
For SUAVs, including, µUAVs and MAV, there are four propulsion options, including

Accepted Article

micro gas turbines, batteries, micro-diesels, and fuel cells.[68] With the exception of batteries,
propulsion systems generally have a similar fuel consumption per unit power; however, micro
gas turbine engines are the smallest and have the lightest weight.[63] However, electrical
motors are currently the most common systems used to fly drones because of their excellent
controllability
controlla
bility and high efficiency.[69] While brushed and brushless motors are
reliability, controllability,
being used, brushless motors are more suitable for UAV applications owing to their smaller
size and lighter weight. This is because no iron core is embedded in such a motor, and the
magnet is placed inside the coil, res
resulting in improved efficiency.[70] In fact, brushless motors
tha
have been used to fly the rotary wing type of drones because their lift consumes more than
50% of the stored energy.
energy [69] The propeller is another mechanical system that is integral to any
ropulsion system. Moreover, flapping wing
type of propulsion
wing-based µUAV and NAVs use electric
motors with low vibration, low fuel consumption
consumption, and high energy density. The motor
interfacess with the mechanical and electrical components
components, where the inputs are the voltage
and current,
current, while the output is a rotational motion with a controllable angular velocity over a
wide range to enable the lift of the ddrone and other capabilities.[70] Specifically, brushless
motors are being used in flapping-wing
flapping
micro-UAVs because they generate a higher
torque.[71] However, there is a tradeoff relationship between torque and weight
weight, which are the
two most critical parameters for motor selection in flapping wing-type drones.[72] Compared
to fixed-wing drones, the flapping-wing type consumes a higher energy.[71] To overcome the
limitations of modern motors that generate a low torque even at high rotational speeds, a highperformance and lightweight gear box is normally used.[73]
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In addition to the propulsion system, flapping wing drones require an actuation device
that varies depending on the type of flapping.[74,

75]

The Aero Environment company has

developed actuation devices comprising strings and rollers for NAVs and used a motor
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empowered with a gear to generate the desired frequency.[76-80] R. Wood et al. designed and
fabricated flapping wings for PAVs based on piezoelectric actuators.[81, 82] In fact, the design
of a suitable actuator is critical for the development of an efficient flapping wing drone.
Different technologies have been used based on the type of flapping wing drone, including
shape memory alloyalloy
-based
based wires, solenoids, electric motors, and piezoelectric components
alloy-based
components.[8386]

For instance, propulsion systems inspired by insect and bird muscles have been previously

demonstrated. On the other hand, iin the case of the fixed and rotary drone wing types, their
propulsion system still exhibits low efficiency; thus, new engine technologies are required.
3.1 Power supply and endurance
Engine-based
Engine
Engine-based
based drones are generally powered using different fossil fuel sources,

including methane, gasoline, and hydrogen
hydrogen. However, batteries, solar cells or a combination
of batteries and solar cells are the options which are being explored extensively, in small
drones or UAVs for power supply. Fossil fuels can generally result in higher energies than
batteries; however, existing internal combustion engines employed in such drones exhibit
extremely low efficiency[87] and can cause stability issues in SUAVs due to fuel use.
Therefore, batteries are used to power the flying robot because of their lighter weight, higher
energy density, power density, commercial availability, in addition to being economical with
good life cycle and most importantly being rechargeable.[16,

88]

Each of these battery

parameters affects the performance and usability of SUAVs. The different types of batteries
are explained in the section 3.2. Moreover, SUAVs cannot fly for extended periods exceeding
30 min when using fossil fuel or batteries, because SUAVs exhibit limited storage capacity,
unlike larger drones which exhibit extended endurance.[88] Micro fuel cells are promising for
This article is protected by copyright. All rights reserved

application in such drones; however, this technology is still under development.[89] To date,
small lithium batteries remain the most appropriate choice among all of the commercially
available power source technologies.[88, 90]
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To augment the flight time of drones, it is necessary to reduce the drag. This can be

achieved by carefully designing the wingspan and shape and optimizing the speed of the flight.
In addition, weather conditions can contribute to reducing the drag and subsequently the
[88,
8
power consum
consumption
consumption.
ption..[[8

90, 91]

In addition to optimizing the physical and geometrical

parameters of the drone, augmenting the flying robot with renewable energy sources, such as
piezoelectric
piezoelectric-based
based devices or solar cells
piezoelectric-based
cells, can increase the flight time or enable the operation
of additional on
on-board
board electronic components, such as imaging devices and sensors.[88, 91, 92]
on-board
Several demonstrations
demonstrations of solar
solar-powered drones have been reported since 1974, most of
which are large and thus have a large area for attaching solar energy harvesters. Regarding
small drones
drones,, which generally have limited power capacity and increased power consumption,
their flight endurance is limited to no more than 30 min. Moreover, another challenge in such
small drones is that the flat area that is available for mounting solar cells may be limited as
demonstrated in as Figure 5(a)
5(a); therefore, it is essential to develop and use flexible solar cells
that can be attached to any curved surface available on the aircraft
aircraft.[91] Solar-powered drones
will be explained in more detail in Section 4.
While solarsolar
solar-powered
-powered
powered drones can extend flight endurance, solar cells are not eeffective

when the weather is cloudy or during night. Thus, batteries are required to enable flights at
night, and they can be recharged using solar energy during the day under clear
clear-sky conditions.
Another proposed solution for this problem is to use a laser beam generated from a device
placed on the ground, which can be focused on a solar cell mounted on the bottom of the
drone, as depicted in Figure 5(b).[94] This would allow continuous light harvesting by the
solar cell even during the night. Moreover, this would be more easily applied because the
This article is protected by copyright. All rights reserved

laser device is based on the ground, and it can thus be simply and cheaply powered.
Nevertheless, this technique cannot be applied to high-altitude (higher than 5 km) drones, but
it would be applicable in the case of rotary wing drones that are lower altitude drones.[93, 94]
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Another technique that has been proposed to increase the flight time of drones is the use of the
energy generated from the flapping motion. Accordingly, Abdelkefi and Ghommem[92]
optimized the energy harvesting by selecting an optimum electrical load resistance. They
demonstrated the powering of different on-board electronic components, such as imaging
devices and sensors,
sensors, using piezoelectric energy harvested from the morphing mechanical
wings. This energy harvesting technique can be further enhanced by including
motion of wings.
various types of vibrations, motion of the aircraft, wind, and thermodynamic features of the
atmosphere. In this review, we focus on energy harvesting from solar cells.
3.2 Energy requirements and selection of batteries and solar cells
The energy required to fly a drone continuously for a day should be calculated very

During the night, the battery provides the required energy for the flight. During the
carefully.. During
day, the battery should be charged using solar cells. Therefore, to achieve a perpetual flight,
the major points to consider are as follows:
a) The minimum capacity of the battery should be larger than the energy required to
power the drone for one entire night. This energy is supplied by the solar cells during
the day when the battery recharges. Also during the day, the energy required to power

pro
the drone will be provided
by the solar panel. Thus, the solar panels capacity must be
at least twice the minimum capacity of the batteries, such that the panels can fly the
drone during the day and charge the battery at the same time with its surplus energy
for it to be able to fly continuously during the night, while compensating for different
losses. For instance, if 700 W/h is needed to minimum power the flight of a given
drone for one complete night, then the battery should have a 700 W/h capacity with a
This article is protected by copyright. All rights reserved

small margin to overcome different challenges that may arise, such as when the
weather is cloudy and the solar cells would not be able to fully charge the battery.
Moreover, the solar cell capacity should generally exceed double the minimum needed
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power for a given flight for one entire night (i.e. exceed 1400 W/h) to compensate for
different losses
losses, such as when the temperature of the cells increases or when it is
cloudy, degrad
cloudy,
degrading
ing their efficiency. This would be required to achieve a perpetual flight
as explained in detail by S. Sairam et al.[95]

he energy generated by the solar cells during the day should be larger than the energy
b) The
needed for the flight
flight.

o estimate the required area of solar cells, a graph is usually plotted to show the solar
To
irradiance (W/m2) vs. time during the day. If the solar energy is found to be insufficient, then
satisfied It is also important to ensure
the area of the cells is increased until the condition is satisfied.
that there is no excess or deficit in solar energy
energy. Moreover, if the altitude of the drone is
varied during the expected flight, it is critical to estimate the drag and tthrust at different
altitudes using the values of aair density. Consequently, the desired drag coefficient, lift
cient, and weight of the system are determined. B
coefficient,
Based on the obtained parameters, an
aerodynamic engineer designs the drone in terms of wings and body to meet the determined
values.

The selection of proper energy resource is one of the important steps to design SUAVs.

The battery is selected such that iit can provide the energy required during the night. Notably,
the battery should exhibit a high power-to-weight ratio, and it is therefore important to lower
the weight of the battery such that the overall weight of the drone is reduced. Therefore, based
on the requirements/application and among all the different battery types which are
commercially available in the market, the lithium-ion (Li-ion) and lithium-polymer (LiPo)
batteries are quite popular in portable electronics and electric vehicle industries and quietly
This article is protected by copyright. All rights reserved

growing a lot in aerospace industries as well, due to above mentioned different advantages.[44]
The major difference between Li-ion and LiPo batteries is the available chemical electrolyte
between electrodes. In Li-ion batteries, the Li-ion flows from negative to the positive
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electrode through liquid electrolyte; however, the Li-ion flows through semisolid polymer
electrolyte, in LiPo batteries. Both Li
Li-ion and LiPo batteries have their own advantages and
disadvantages. Typically, the Li
Li-ion battery offers high power and energy density whereas the
LiPo battery is flexible in nature and offers more safety because it lowers the chance of the
leakage of electrolyte through the battery which might cause of explosion. As a result, LiPo
batteries are ccurrently
urrently being used to power more than 90% of small UAVs.[44, 45]
The drone consumes additional power during the take-off and the battery needs to be

recharged during the daytime so that it can be operational during the night as well. Therefore,
the solar cells are a promising option to charge the batteries when the SUAVs are operational
and flying.
ing. The solar cell is one of the additional elements that should be considered for
UAVs which can reduce the number and weight of needed batteries to be connected to the
ultiple small
drone. Multiple
small-sized
solar cells must be connected in series, parallel or series-parallel
fashion to generate the required energy. The needed number of solar cells should be
calculated according to the required to
total output power and to the used batteries’ voltage and
current ratings. Moreover, tthe battery voltage should conform with the voltage provided to the
practice, it is almost impossible to match the battery parameters with the required
motor. In practice,
values; however, it is important to ensure that there is no deficit. In addition, a battery
management system is required to interface between the battery and solar cells to protect the
battery in terms of temperature control, charging and discharging rate, and battery lifetime.[16]
3.3 Selection of Solar Charger
Solar chargers or battery management systems using the Maximum Power Point
Tracking (MPPT) Algorithm must be mounted between the solar cells and battery to extract
This article is protected by copyright. All rights reserved

the largest amount of power from the photovoltaic (PV) devices during the flight. In fact, the
voltage output from the solar panel fluctuates during the flight for various reasons, such as
weather conditions; thus, a solar charge controller is employed to enable the charging of the
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battery using a constant voltage. Advanced algorithms such as MPPT are used to achieve
pulse width modulation
modulation, which allows the solar charge controller to extract the largest power
device.. Moreover, DC-to-DC and Buck/Boost converters are applied in the
from the PV device
charge controller to provide a con
constant voltage to the battery. As a result, the battery is
charged using maximum power and at a constant voltage. In addition, other controls can be
implemented to protect and improve the battery lifetime
lifetime, such as charging and discharging
low- and high
rates and lowhigh-voltage cut-off, using the MPPT controller.[45]
The
he solar controller
controllers most commonly use a “perturb and observe” algorithm. This

means that the voltage and current delivered by the solar panel are continuously tracked
tracked, and
the corresponding power output is calculated. By comparing the power output to previously
recorded values, if the vvoltage and power are found to increase or decrease, then the duty
cycle is increased.
increased. By varying the duty cycle, the controller tracks the curve showing the
aximum power point in the solar panel power vs. voltage, which allows it to extract the
maximum
maximum voltage.
voltage. This has been the most efficient algorithm in solar-charge controllers
because of its simplicity, easy implementation, and ability to measure two parameters, i.e., the
voltage and current,
current, unlike other algorithms, such as the incremental conductance
algorithm..[45]
4.

Demonstrations of Solar
Solar-Powered SUAVs

Currently, the mounting of solar cells on UAV surfaces, primarily the wings area, is
considered an effective technique for increasing the flight time. The battery is generally added
as a backup storage in situations where the cells cannot generate a considerable amount of
power because of flying under a cloudy sky or in the dark, especially if a perpetual flight is
This article is protected by copyright. All rights reserved

not necessary. Thus, a hybrid source based on a combination of PV cells and batteries is
generally utilized to power UAVs.[16,

96]

The wing chord and wingspan of the drone are

selected such that the required solar cell area can fit. For instance, common silicon solar cells
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have an area of 125×125 mm2; thus, if the wing chord is 200-mm wide, only one row of cells
can be arranged over this area, which means that some area would remain uncovered,
resulting in lower energy output. Even though dicing the cells can be performed to enable
them to fit on
on a larger area, this will re
result in the reduction of their current and thus power
put. Therefore, both the wing chord and wingspan contribute substantially when mounting
output.
the cells on the available area.
There have been several demonstrations of solar-powered drones in the past, most of

which have used rigid/semi
rigid/semi-flexible silicon solar cells produced by SunPower.[97] This is
primarily because silicon PVs exhibit excellent endurance and reliability at low cost.
Moreover, SunPower has been producing monocrystalline silicon solar cells based on the
interdigitated back contact technology wit
with high efficiencies (>20%). Nevertheless, advanced
drones show unconventional surfaces and foldable wings, which makes the use of ultraflexible solar cells, and even ultra
ultra-stretchable ones, a necessity. In fact, solar cells need to be
flexible to be able to fully confirm the unconventional surfaces on the drones
ultra-flexible
drones, which
would otherwise affect the aerodynamic characteristics of the flight, including takeoff and
landing characteristics. While flexible solar cells generally have a lighter weight than their
rigid counterparts, the
their use has been avoided in the past majorly because of their lower
efficiencies and higher costs
costs. As flexible solar cells have improved more recently in terms of
cost and efficiency using different technologies and materials, a few demonstrations of solarpowered drones using flexible cells have been reported either experimentally or theoretically.
These include silicon and III-V thin-film-based cells, back-etched heterojunction silicon cells,
and corrugation-based ultra-flexible silicon solar cells. In the following sections, the different
solar cell technologies and their applications in SUAVs are discussed. More specifically, we
This article is protected by copyright. All rights reserved

will focus only on drones having a weight below 15 kg and a sub-5 m wingspan, whose flight
endurance has been studied. In fact, small solar-powered drones are more challenging to
design due to their high-power consumption and restricted power capacity as a result of their
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weight limitation.
he first solar
solarThe
solar-powered
flight was conducted by the Sunrise airplane in 1974, which

was only 10 kg with a 10
10-m wingspan.[98] The aircraft was designed to be battery-less; thus, it
would fly during the day and descend at dawn from its operating altitude to approximately
10,000 ft before solar radiation was again available for it to take off and climb. The Gossamer
penguins flight followed in 1980 with a 21-m wingspan and a weight of 31 kg.[99] However,
this drone required human assistance
assistance, and was thus tested by a 45-kg pilot who managed to
using 3920 solar cells generating 540 W. Other demonstrations of solarfly it over 3.14 km usi
powered drones include the Centurion in 1998[100], Pathfinder in 1993[101] and Helios in
1999[102], which were >500 kg with a wingspan greater than 100 m
m. All these demonstrations
used silicon solar cells, most of which were developed by SunPower; however, these drones
were large and heavy.

In terms of SUAVs, which are sub
sub-15 kg with a sub-5 m wingspan, more recent

demonstrations have been performed owing to their increasing range of applications. In fact,
in 2005, Cocconi demonstrated the first solar UAV (SoLong) to fly at night continuously for
48 h. The aircraft had a 4.75-m wingspan with a weight of 12.8 kg. The drone used a hybrid
Li
-ion
ion batteries combined with 76 SunPower A300 solar cells (20.4%), to
source, including LiLi-ion
30, 33, 61, 103-107]
22.
.55 W.
W.[[30,
The solar cells were encapsulated with glass epoxy. Moreover,
generate 22
22.5

the wings were molded using computer numerical control (CNC) machining to allow the
semi-flexible cell to comply well with the surface and minimize any potential perturbation to
the aerodynamics of the flight, as shown in Figure 6(a). Nevertheless, additional endurance
tests were not performed to confirm the reliability of the system over longer durations. In
2016, Scheiman et al.[62] mounted IMM solar cells on an NRL aircraft to extend its flight time.
This article is protected by copyright. All rights reserved

The IMM triple junction InGaP/(In)GaAs/InGaAs grown on GaAs cells is generally more
efficient (>26%), lighter, and more flexible than silicon solar cells, enabling better coverage
of the curved wing surfaces, however, this comes at the expense of a higher cost. The NRL
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PV-SBXC drone contains 4.5-m wings and weighs approximately 6.8 kg, requiring a
minimum power of 70 W for flying depending on the speed. Moreover, the drone is handlaunched, as shown in Figure 6(b). Each wing was covered with 120 IMM cells weighing 185
g and generating 120 W. The array was then covered with a transparent polymeric sheet using
vacuum bonding
bonding for protection. An MPPT system with a nominal efficiency of 96% is also
used to interface between the solar cells and the battery. Nevertheless, actual testing of the
endurance of the flight is still to be performed. In a follow-up work, the same group included
different solar cell technologies on the same NRL drone for direct comparison. These include
efficiency Si and thin flexible GaAs, as shown in Figure 6(b).[58] The Si cells were
high-efficiency
based on SunPower monocrystalline silicon with an efficiency of 22%, which were soldered
on the backside using a copper ribbon. The panel used on each of the two wings is then
laminated between two polymeric sheets for protection. The panel on each wing has a weight
of 211 g and provides 84 W under AM1.5G test conditions. However, the 23% efficient thin
film GaAs solar cells developed by Alta were interconnected using a conducting adhesive,
resulting in a weigh
weightt of 125 g for each wing and a power output of 92 W under STC. The
authors reported that the GaAs mounting oon the wing was more convenient than all three solar
ell technologies, nevertheless, this results in an increased cost compared to the Si cells
cell
technology.

The endurance of the flights using both SunPower and Alta Devices solar cells were

tested by timing the beginning of the flights at sunrise with >90% state-of-charge in the
batteries. Using silicon solar cells, the drone was flown in 2016 in Washington, DC.
Moreover, a rectangular flight pattern was programmed with a minimum altitude on a sunny
day, which enabled an 80-W power output from each wing under a peak sun intensity of 740
This article is protected by copyright. All rights reserved

W/m² (global horizontal insolation) at noon. Consequently, the drone could fly for 10.9 h
continuously. However, the drone with the Alta solar cells was able to fly for 11.2 h
continuously. The flight was performed in 2017 in the same area using the same rectangular
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pattern. However, the peak sun intensity was 980 W/m² (GHI) at noon, resulting in a power
output of 101 W from each wing. Therefore, the comparison is not fair since the peak sun
intensity was different in both tests, in addition, the cost comparison was not taken into
t results showed that the use of the solar cells was able to
consideration. Nevertheless, the
extend the flight by more than twice the original time. By the end of the tests, the flight using
the silicon cells used 89% of the battery capacity while the flight based on the GaAs cells
used only 66%. This suggests that an additional 1 h of flight could have been possible owing
capaci Notably, the same group has integrated 31% efficient triple
to the additional battery capacity.
junction InGaP/GaAs/Ge solar cells and 33% efficient IMM cells InGaP/GaAs/InGaAs on the
NRL drone;
drone; however, testing is still to be performed.
In another work, Sudha et al. used flexible and ultra-lightweight (170 g/m2) silicon

film solar cells to extend the flight time of a small UAV with a sub-1-m wingspan.[108]
thin-film
The solar cells, providing an output of 19.55 V
V, were connected to a battery of 16.59 V via
MPPT. The endurance test was perform
performed by studying the battery output voltage in time until
it was drained. It was found that the battery was completely drained after 2 h 50 min, which
indicates that a flight time extension of 1.5 h was achieved compared with the case when no
solar cells were connected. Nevertheless, the efficiency, output power, actual size of the drone,
the solar cells were not mentioned in the work. Ridwan et al.[109] focused
and actual weight of the
on lightweight micro-scale UAVs. The UAV has fixed wings with a 1.63-m wingspan and
2.125-kg weight, as shown in Figure 6(c). SunPower monocrystalline silicon solar cells (C60)
with an efficiency of 21% were connected in series to a 3000 mAh battery via an Arduino
solar-charge controller. The solar cells were able to generate 15.14 W under a solar radiation
of 929.46 mW/cm2, which indicates that the efficiency of the cells dropped to 14.8% due to
This article is protected by copyright. All rights reserved

different reasons such as increased temperature of the cells among others. As a result, the
drone was able to fly for an additional 2 min compared to a battery-powered UAV at an
altitude of 100 m. Using the same SunPower C60 solar cells, a fully solar-powered
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quadcopter was achieved by Goh et al. under a solar radiation of 882 W/m2 and at altitudes
[53]
53]]
higher than 10 m
m..[[53
To achieve this, the researchers had to balance the weight, rigidity, and

surface area of the solar cells to generate the required power. The design was optimized when
quadco
the authors realized that the surface area of the quadcopter
was increasing at a higher rate than
its total weight after the addition of solar cells to its surface. By arranging 148 solar cells on a
carbon fiber rod in a 4S
4S-6S configuration, as depicted in Figure 6(d), approximately 360 W
of power was generated under a solar intensity of 882 W/m2. The quadcopter did not use an
MPPT because there was no battery to store the excess energy. Therefore, the surface area of
the solar cell was optimized such that they instantaneously produced the power required to be
consumed by the quadcopter. The resulting width of the drone was approximately 1.6 m with
a total weight of 2.6 kg. When tested outdoors in Singapore, under a solar radiation of 882
W/m2, the drone was able to fly for 1 min 38 s using 100% solar power. In fact, it is
challenging to fly such a quadcopter owing to its large surface area and light weight, which
results in its forced landing due to wind or clouds. Nevertheless, w
while the flight duration may
appear to be short, this demonstration confirms that ffully solar-powered drones could be
possible by further optimizing the design of the system in terms of solar cell technology,
shape of the drone, and electronics including the propeller and motor. However, such drones
would be able to fly only during the dday.
To enhance the flight time, in general, it is required to optimize several parameters of

the drone including the overall weight, length and size of the wingspan in UAVs. The
scientists of Wyss Institute for Biologically Inspired Engineering, Harvard University,
presented an insect sized solar-powered UAV of less than 0.05 g weight and less than 5 cm
wingspan Figure 7(a).[54] The design of the solar-powered UAV includes a different number
This article is protected by copyright. All rights reserved

of wings for lifting (either 2 or 4) Figure 7(b), polycrystalline piezoelectric bimorph actuators,
six arrays of solar cells Figure 7(c) which are selected based on the required time of flight, in
addition to the rapidly prototyped electronic printed circuit boards (PCBs) Figure 7(d). The
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six arrays of solar cells generate a power output of ~4.86 mW/cm Figure 7(e). After
optimizing different parameters, a 90 mg UAV with four wingspans (each of 3.5 cm) is found
to achieve peak to lift ration of 4.1. The electronics are attached on the center of the UAV to
avoid disturbing its aerodynamics. The used solar cells consist of commercially available cells
3J--AA
3J
AA--0.25
0.25--B0
B0 from MicroLink Devices) in the batch of two, and they were
(TSC-E-3J-AA-0.25-B0
connected in parallel and series to achieve a specific output. A third version of the UAV is
demonstrated having an overall weight and length of the UAV is almost 260 mg and 6.5 cm,
and allowing for an excellent extra payload capacity of 70 mg, in addition to being equipped
th lightweight
lightweight sensors, solar cells or battery, and electronics. Nevertheless, additional
with
experiments are still needed to be performed outdoors, in addition to improving the used
actuators. Finally, an extensive study is required to understand the interaction between wingwing for optimizing the number of needed wings and spacing between them.
While previous demonstrations of solar-powered drones used mostly semi-flexible

solar cells and were mounted on almost flat or semi
semi-curved surfaces, however, Dr. N. El-Atab
in Prof. Muhammad M. Hussain’s group at King Abdullah University of Science and
Technology (KAUST) recently used ultra-flexible silicon solar cells to extend the flight time
of small UAVs with unconventional surfaces
surfaces.[55] Flexible solar cells were developed using a
corrugation technique,
technique, which allows the transformation of SunPower solar cells into their
ultra-flexible versions without deteriorating their electrical performance[110-113]. The technique
is based on the creation of grooves within silicon until the back contacts are exposed, while
the different patterns enable different flexing capabilities in terms of flexing directionality and
weight, which would be needed to cover different surfaces on the drone, as shown in Figure
8(a). For instance, a diamond-patterned cell enables the flexing in two directions, while linear
This article is protected by copyright. All rights reserved

corrugated cells allow for unidirectional flexing only, as shown in Figures 8(b-c). Using a
small commercial drone (Syma) that weighs 910 g with a width of 31 cm, the authors
connected two corrugated solar cells in series to generate an output of 1.1 V; however, the
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output current of 912 mA outdoors reduced indoors depending on the location of the drone
and its proximity to the windows. The total added weight of the cells with elec
electronics was
only 12 g. Nevertheless, the authors reported an extension in flight time of 34 s compared to
the drone with no solar cells indoors. However, the extension in flight time was limited due to
the low efficiency of the commercial power management chip that was interfaced between the
Li-ion
Liion battery. This confirms that all components of a solar powered SUAV must
cells and the Li-ion
be well designed and have a high efficiency to achieve a long extension in the drone’s flight
time. Table 5 summarizes the primary characteristics of the previously demonstrated solar
solarSUAVs.
UAVs.
powered S

5.

Energy harvesting optimization algorithms

Several algorithms have been developed to enhance the flight time of solar
solar-powered

UAVs. While large UAVs have been us
used in some of the demonstrations that we will discuss
in this section,
section, similar optimization algorithms can be implemented on small
small-scale drones.
Optimal and stochastic control method
method-based optimization techniques have been used which
define the optimum con
controlled path of any system or process to enhance their efficiency and
other parameters. The optimization procedure offers deterministic and stochastic algorithmic
techniques to solve different engineering problems in a stepwise manner. The deterministic
optimization algorithm offers a stepwise procedure; however, the stochastic optimization
technique utilizes probabilistic techniques to solve any engineering problem. Nevertheless,
there is a need to define other parameters and constraints before starting/utilizing the

This article is protected by copyright. All rights reserved

optimization processes that could be linear or non-linear with single or multivariable
functions.
Different problems have been solved using efficiency optimization techniques;
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however, our primary objective is to briefly review the optimizatio
optimization techniques that have been
developed for improving the UAVs power efficiency and where the energy was harvested
from solar cells. T
Too optimize the efficiency of solar
solar-powered SUAVs, the aim of researchers
is to optimize the flight time, which is required tto cover the distance between two different
ts. During this calculation, one major constraint is to consider that the sun is fixed in the
points.
sky[113]. Huang et al. utilized particle swarm optimization (PSO), which is based on a
stochastic optimization technique,
technique to extend the endurance of solar-powered SUAVs. In the
presented work,
work, PSO proposes a hybrid optimization technique for continuous non-linear
functions to monitor stationary[115] and moving[116] objects, which can be highly applicable for
space, military, or defense applications. The mathemat
mathematical modeling and explanation of the
extended solarsolar
-powered
powered SUAVs include the drone model, energy harvesting and consumption
solar-powered
model, electrical optical model, and multiple constraints (surveillance and dynamic). For
static object tracking/detection[115], a simulation has been conducted, which is divided into
two parts, i.e.
i.e.,, energy
energyenergy-optimal
path planning and analysis of flight energy characteristics. The
energy optimal path planning simulation is based on penalty functions
functions, and the assumptions
that have been considered are that the wind flow does not affect the speed of the UAV, the
weather is clear, and the sky is cloud-free. For energy optimal path planning, the simulation is
performed for a planned trajectory with a flying speed and altitude of approximately 2.78
km/h and 0.3 km, respectively. The POS arthrotomic simulation provides a rapid optimal
solution, nevertheless, actual testing is still required to confirm the results and the reliability
of the algorithm. The simulations show that the flying altitude affects the harvested energy
and that the production power is high when the upper side of the solar-powered SUAV wing

This article is protected by copyright. All rights reserved

is more exposed to sunlight. Moreover, the analysis of the energy parameter in terms of the
difference between harvested energy and consumed energy revealed that the net energy of the
drone varies from 472 J to 400 J, with an incremental change of 18% after performing the
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optimization algorithm.
Moreover, to
to extend the flight time, tthe PSO algorithm with the receding horizon

control technique has been proposed for energy path optimization[116]. The simulations were
performed for four different dates ((January 21st, April 21st, July 21st, and October 21st), which
are in different wea
weather
ther season
seasons in Beijing (39.93 North, 116.28 East) in the Republic of
China. Of the four different dates, the instantaneous power (i.e
(i.e., the difference between
harvested and consumed power) is found to be maximum on July 21st (summer season)
etween 12:00 and 13:00.
13:00 To perform energy optimal path planning, the simulation is divided
between
into three parts: (i) comparison of energy optimal path planning
p
with and without optimization,
(ii) impact of major parameters on the optimization
optimizatio technique, and (iii) utilization of the
te
designed optimization technique
for different speeds. The comparison of instantaneous energy
was initially performed, and the optimized energy path is noted to be nearly twice that of the
optimized energy with a regular occurrence of decrement in total energy. Next, various
un-optimized
parameters were considered to analyze the harvested energy and track the success ratio for
four different
different values of future control sequence (N = 1, 3, 5, 7). The effect of the velocity
variation was then simulated, which also confirmed that smaller speeds of solar-powered
drones cause less energy consumption, thereby extending the flight time. While the results are
promising, however, the additional components which are needed to perform this optimization
and their costs were not taken into consideration in the study.
J. N. Fadila et al.[117] discussed an efficient method (based on solar Kirchhoff’s current
and voltage law) for solar cell operation to increase the flight time of SUAVs. The
experimental analysis was performed on drone flights with and without solar cells on top of
This article is protected by copyright. All rights reserved

the entire drone’s body. The results confirmed that if the drone flies between 10:00 to 14:00,
then the maximum supplied power can be optimized. The flight time was found to increase by
approximately 25% when the drone flies with solar cells mounted on the entire body owing to
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direct exposure by sunlight. Nevertheless, this optimization study limits the operation time of
the drone which might not be suitable for all applications. In another work, an algorithm was
developed to find the most efficient landing positions for future battery charging on the
ground using a solar array[112]. The proposed approach involves using onboard sonar sensors
and an OptiTrack system that scans the sun position for efficient landing. After developing the
algorithm, two
two different test set
set-ups were made to test the precision of the outcome, in which
the first setset
-up
up consisted of only a small table on a flat surface, as shown in Figure 9(a). The
set-up
UAV is expected to land on the table as it is the highest illumination and flattest point. Its
small size is chosen to verify the accuracy of the algorithm. For this setup, the scanning
patterns are discretized over a 10 10 mesh [Figure 9(b)], and the computation of the solar
intensity was performed [Figure 9(c)]. For the second test set-up, three random chairs were
added to test a more realistic scenario
scenario, as shown in Figure 9(d); the discretized scanning
pattern and solar intensity were plotted as shown in Figure 9(e). In both experiments, the
drone was landing on the flat table; however, an appropriate flight plan was needed as the
drone landed
landed on the edge of the table during a few experiments
experiments. This experimental analysis is
extremely useful for the delivery of the payload and surveillance.
P. Oettershagen et al.[33] from ETH Zurich presented ‘AtlantikSolar’ (AS-2), as

depicted in Figure 9(
9(g
g
9(g-h),
with a small size, weighing 6.9 kg. The drone is a hand-launchable
solar-powered SUAV, which has exhibited multi-day operation. To maximize flight
robustness, the UAV design of the airframe, energy generation and storage, propulsion,
actuation, system identification using state-space estimation, flight control, and dynamics
were analyzed using different control algorithm techniques. The airplane mass model,

This article is protected by copyright. All rights reserved

incoming solar power, and output models were used to verify the design of the solar-powered
SUAVs. In another work[96] from the same group, different challenges, such as small payload
capacity, complex operation and low energetic margins in high-performance and low-altitude
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solar-powered SUAVs, were considered. To solve these challenges, the authors divided the
task into
to four different parts: (i) developing a lightweight and power-efficient light sensing
system forr multimulti-day/night
multi
-day/night
day/night UAVs, (ii) achieving an effective energy band for payload transfer
applications for
for multimulti
multi-day/night
-day/night
day/night UAVs, (iii) enhancing the functionality of the landing and the
launching of solarsolar
-powered
powered SUAVs, and (iv) developing the Kalman filter-based autonomous
solar-powered
hermal tracking framework. The designed AtlantikSolar UAV is found to be capable of
thermal
flying a world record 81:26:14 h continuously, covering a ground distance of 2338 km with
an access time of 6.8 h, a charge margin of 6.2 h, and a minimum state of charge of
[33]
33]]
approximately 39%[[33
. However, for these critical and challenging applications, it is crucial to

perform optimization studies of aircraft wing design
design.[33] Moreover, D. F. Colas et al. from
Menlo Park, California (Head-office)
(Head
of Facebook Inc. presented a multidisciplinary design
high
optimization technique for high-altitude
long endurance aircraft with a solar-powered flying
single-boom
single
-boom
boom and multi
multi-boom aircraft,[120] in which a study of the benefits and
wing[119] and singlerisks of all three configurations is conducted. In particular, solar cells integrated on the flying
wing aircraft configuration are studied in terms of aerodynamics, structure of wings/aircrafts,
and balance using modern optimization technique
techniques[33].
The aerostat has recently garnered attention owing to its low development cost and

[121-122]
[121
21
design.[1
Nevertheless, various major challenges and issues are being faced
less complex design.

when integrating solar cells to extend flight endurance in an aerostat. Determining the optimal
methods of design and integration of solar cells can solve various problems, such as power
loss due to non-uniform illumination in curved areas. To this end, Ghosh et al.[122] analyzed
the structural designs and morphologies of the cells to reduce power losses such that the solar

This article is protected by copyright. All rights reserved

module on the upper body of the aerostat can harvest the maximum sunlight for energy
conversion. From the measured current–voltage and power–voltage plots of the solar module,
it was shown that the maximum current and power are produced at 12:00; however, the
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voltage generation is a maximum at 13:00. Because the maximum output current is measured
at 12:00, the power is also the highest at 12:00 since the current factor has a greater effect on
the power enhancement. This phenomenon confirms that the incident solar radiation is
maximum and uniformly distributed at 12:00. The scanning window technique which is a fast
and efficient technique has been utilized for MPPT, which defines the maximum power point
open-circuit
circuit voltage oof the solar module. The width of the scanning window changes
at the open
open-circuit
according to the solar module technology and other parameters, such as temperature and nonuniform illumination. The distributed MPPT algorithm is also presented to calculate the
maximum power at the submodule level of the solar panel, which eliminates potential
atching. This algorithm helps in defining the effect of shadowing across each of the four
mismatching.
submodules, as shown in Figure 10(a). The distributed maximum power point tracking
(DMPPT) algorithm is also shown to enhance power generation by approximately 8%, as
depicted in Figure 10
10(
( [122].
10(b)
S. Sekander et al.
al [123] reported rotary-wing UAVs that harvest energy from solar, wind,

and electromagnetic radiation to extend their flying time. The energy available from these
renewable resources is uncertain, which requires the consideration of various parameters and
that an optimization be performed to enhance the harvested energy. The authors developed
statistical models that help to calculate the probabilistic energy and signal-to-noise ratio
interruption for cellular devices at ground. The probability density, cumulative density, and
moment-generating functions of energy-harvested power are developed for solar and wind
energy sources. The Gil-Pelaez inversion theory is utilized to calculate the energy and signalto-noise ratio interruption. The formulated mathematical expressions are verified from Monte

This article is protected by copyright. All rights reserved

Carlo simulations, which include the distribution of harvested energy, effect of transmitted
power through the UAV, effect of the daytime, and flight time. A well-developed statistical
model for harvesting energy through solar and wind power was then utilized to analyze the
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performance of wireless communication systems for aerial applications. Nevertheless, actual
testing is still needed to confirm the results.
al [124] utilized a reinforcement learning algorithm that maximizes the
J. Zhang et al.

hroughput of solarsolar
-powered
powered drones within a specific time range. The proposed power
throughput
solar-powered
cognition mechanism considers the payload information, trajectory path, flight altitude,
cloudy environment, and solar position to propose a control algorithmic technique for
optimizing the energy harvesting and resource allocation to extend the flight time of the drone,
as illustrated in Figure 11(a). The proposed power cognition system is time slotted, where
each time slot includes power sensing, power decision, and power mobility for each solar
solardrone.. In power sensing, the drone measures the solar power density along an
powered drone
optimized trajectory and estimates the cchannel state values. In power decisions, the data
collected from the drone during the power sensing helps to obtain the amplitude, solar
position, energy harvesting, reso
resource allocation decision, and altitude of the flying trajectory,
which is required for the next time slot. In power mobility, decisions made from control
algorithms were executed. After processing these three sschemes, the difference between the
harvested and
and consumed energy in the drone was observed to maximize the throughput. The
authors also evaluated the proposed power cognitive scheme using simulations. The effect of
the action vector ( ) contributes significantly in defining the system throughput and energy
harvested over time. The baseline scheme (for =0.1) exhibited a minimum throughput and
harvested energy because it focuses only on the instantaneous throughput. However, the
throughput and harvested energy were both a maximum for the proposed scheme at =0.1,
where the small drone learns the optimal action for the following state by considering the
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upcoming energy arrivals, as depicted in Figure 11(b-c). While the reported algorithms in this
section show potential in enhancing the flight time, however, the additional cost and energy
consumption of the components needed to perform the optimization techniques were not
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taken into consideration in the studies. Moreover, actual testing is still required to confirm the
reliability of such algorithms over eextended periods of flights.
6.

Effect of the solar cells development on Solar powered UAVs

Despite other development in the various design, layout, control and energy systems

technology, the advancement of solar cells also affects the development of SUAVs.[125-127] The
placement of solar cells on the part of SUAVs exposed to sunlight during their fl
flight is one of
solar-powered
the challenges. Rigid solar cells have been used in the past in the application of solar
UAVs, with several solar cell types being studied for this purpose; these include
monocrystalline silicon (SunPower), exhibiting limited flexibility, suitable efficiency, and
III-V solar cells and inverted metamorphic multi-junction (IMM)excellent reliability, and III
based cells, which are lightweight with high efficiency. All these different types of rigid solar
cells are scalable and offer high performance; however only can be placed on the parts of the
UAVs, which are not curved such as on the fixed wings. Therefore, due to the evolution of
the--art
the
art fabrication technologies, researchers started developing flexible and
state-of-the-art
stretchable inorganic solar cells with high efficiencies
efficiencies. For instance, R. Bahabry et al. and N.
El-Atab et al.

[55]
[[55
55]]

worked on the development of corrugated flexible silicon solar cells
ce with

>20% efficiencies. Fiv
F
iv different corrugated patterns (linear, diamond, honeycomb, hexagonal
Five
and octagonal) in silicon solar cells were studied to extend the flying hours of drones. The
performances of the corrugated patterns solar cells were compared with rigid solar cells.
These comparisons were performed on the AtlantikSolar Aircraft. Among all these differently
corrugated solar cells, the linear corrugated ones offer maximum power output with the
longest extension in the flight time, however the linearly corrugated solar cell offers
This article is protected by copyright. All rights reserved

flexibility in only one direction. On the other hand, the remaining four corrugated solar cells,
i.e., diamond, honeycomb, hexagonal and octagonal, increase the order of multidirectional
flexibility and the active area losses (%), while decreasing the extended flying hours.
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The research on maximizing the efficiency of flexible and stretchable solar cells is

evolving very fast which will affect the advancement in SUAVs.[55, 127-130] The stretchability
and flexibility in solar cells offer to cover large amounts
amount of curved areas in SUAVs for
placement of solar cells. Moreover, the flexible solar cells are generally lighter weight than
due to which the flight time of UAVs can increase.
their rigid version, due
7.

Scalability of SUAVs

The solar powered SUAVs are hybrid-powered systems that consist of multiple

components such as electric motor, speed controller, switching circuits, pressure sensors,
actuators batteries and solar cells.[9,

54, 131-134]

The miniaturization of SUAVs requires the

miniaturization of every component of the vehicle however the major components of SUAVs
cells, batteries and electronics parts
are the solar cells,
parts. The large-sized solar powered UAVs have
been developed since a longer time, however, the advancement in SUAVs is gaining huge
attention in agricultural, surveillance, remote sensing and infrastructure inspection
applications due to their various advantages such as lightweight and small size. Several solar
powered SUAVs
SUAVs have been demonstrated in recent years, however, most of them are either
experimentally characterized in the indoor environment or only operational for minimal fflight
time. The advancement in ssolar cells, batteries and electronics is obviously going to play a
huge role in the advancement and further scalability of SUAVs; in addition, other research
areas including relative localization, control and advancement in algorithmic optimization will
also affect the scalability of SUAVs.[125-126, 135]
8.

Conclusion and perspectives
This article is protected by copyright. All rights reserved

Small drones or UAVs have recently attracted increasing attention owing to their
increased range of applications, whether for military or civilian requirements. However, the
major issue preventing their wide deployment is their limited flight time. Thus, empowering
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drones with solar-energy harvesting capability is a promising solution to overcome this
limitation. IInn this paper, we initially reported and explained the different classifications of
existing drones that can be categorized based on either their weight, wingspan, or a
combination of different characteristics. Since none of the existing classifications is
comprehensive, we propose a new classification of drones based on their weight, flight
comprehensive,
endurance (or flight range) an
and potential applications. Next, the general electrical components
and systems used in solar SUAVs have been discussed, including propulsion systems and
power supply components
components, with an accurate estimation of the energy requirements.
Next, we reviewed the different solar-powered drones that have been previously

demonstrated, focusing
demonstrated,
focusing on drones that are sub-15 kg with a sub-5-m wingspan. Different solar
materials have been used to date, ranging from silicon to III-V and IMM-based cells, with
both rigid and flexible versions. Nevertheless, the most used technology has been
monocrystalline Si,
Si, developed by SunPower
SunPower, because of its high efficiency, low cost,
excellent reliability, semi
semi-flexibility, and the ease with which it may be attached to the drone
faces. Most of the solar
surfaces.
solar-powered drones used hybrid power sources where a Li-ion or LiPo
battery was integrated into the system to allow excess energy storage
storage, thereby enabling flights
during the night. Moreover, perpetual flights have been demonstrated in SoLong aircraft;
however, as drone sizes become smaller, it becomes more challenging to achieve longer
extensions in the flight time owing to their higher power consumption and limited area
available for attaching solar cells. This indicates the need to develop and utilize ultra-flexible
solar cells, which would allow for a larger coverage on the unconventional surfaces of small
drones. A promising solar cell technology based on the corrugation technique has been

This article is protected by copyright. All rights reserved

reported, which allows the transformation of the commonly used SunPower cells into their
ultra-flexible versions, with no noticeable degradation in performance. Nevertheless, it should
be noted that even though previous demonstrations of solar powered flights have been
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performed, however, the studies were incomplete and missing either an actual testing of the
flight under different light and weather conditions, a study of the cos
cost of the system, or a
reliability testing of the flights under extended durations.
Moreover, optimization algorithms have exhibited significant importance and effect on

the extension of flight time. Such algorithms focus on optimizing the path of the dron
drone such
that the harvested solar energy is maximized. The additional power consumption required to
run such processes should be overcompensated by the additional collected solar energy. Again,
in this key research area, the previous demonstrations mainly fo
focused on simulated instead of
experimental flights. Thus, actual testing of the flight using the different optimization
algorithms in addition to studying the actual cost and power consumption of the additionally
needed components to perform the different algorithms are still needed to confirm the
viability of such approaches.
solar
While several demonstrations of solar-powered
small drones have been reported, they

remain at the proofproof
-of
proof-of-concept
stage. In fact, solar-powered small drones are still not
commercially available
commercially
available, which indicates that additional testing is needed, specifically in the
areas of reliability and endurance of the complete system. Moreover, there is currently no
single standard protocol for the characterization of solar
solar-powered aircraft. Certain key
parameters that should be reported for a better comparison and benchmarking of the different
small drones primarily include the wingspan, total weight, altitude, solar cell technology,
solar cell efficiency, flexibility and weight, battery technology, initial flight time, and
extension of the flight time under specific solar radiation conditions. Additional helpful
information could be related to the reliability of the system and mechanical resilience. Finally,
This article is protected by copyright. All rights reserved

in addition to higher energy density batteries, future advances in solar cell technology with
higher specific power and increased flexibility are likely to enable smaller drones to be
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substantially solar-powered.
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Figure 1. Different delivery drones us
used by companies, such as (a) Amazon©[6] (b) DHL©[7]
©[8]
[8]
(c)) Alphabet©
, ((d
(d)
d)) UPS©[8].

Figure 2. Different types of small UAVs as proposed by Hassanalian et al. Reproduced with
permission.[45] Copyright 2017, Elsevier.
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Figure 3. Different types of small UAVs
UAVs: (a) Flapping wing nano air vehicle, Reproduced
[48]
48]]
with permission[[48
; (b) Fixed-wing nano air vehicle Reproduced with permission[49]; (c)

wing MAV, Reproduced with permission[50]. Copyright 2014, SAGE publications; (d)
Fixed-wing
Rotary-wing
wing MAV
MAV,, Reproduced with permission[51]; Copyright 2019, www.rc-wing.com (e)
uadcopter MAV
MAV,, Reproduced with permission.[52], Copyright 2021, Bilgi Birkimi
Quadcopter

Figure 4. Components of a typical electrical propulsion system. (a) Battery, (b) Electronic
speed controller, (c) Motor, and (d) Propeller. Reproduced with permission.[65] Copyright
2011, IEEE.
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Figure 5.. (a) F
Fixed
Fixed-wing
ixed--wing
wing UAV using rigid solar cells on the wings. Reproduced with
permission.[88] Copyright 2014, Korean journal publishing services; (b) Concept of a solar
R
UAV powered using a laser source. Reproduced
with permission.[94] Copyright, Research
India Publications.

Figure 6. (a) Alan Cocconi holding the 12
12.8-kg SoLong solar powered aircraft. Reprinted
[61]
61]]
; (b) the NRL drone wing covered with Alta GaAs solar cells (up) and
with permission.[[61

SunPower silicon solar cells (bottom). Reproduced with permission.[62] Copyright 2016,
IEEE; (c) Silicon solar cells attached on a micro-scale UAV with fixed wings. Reproduced
with permission.[109] Copyright 1996, IEEE; (d) A 100% solar powered quadcopter using 148
SunPower silicon solar cells. Reproduced with permission.[53] Copyright 2019, Wiley.
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e
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Insec
t--sized
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Figure 7. (a) Insect
Insect-sized
micro-sized aerial vehicle with four wingspans and six arrayed solar
cells. (b) MicroMicro
Micro-sized
-sized
sized aerial vehicle with four RoboBee X
X-Wings. (c) Six arrayed solar cells in
connected in series and parallel to achieve a specific output
output. (d) Flexible integrated circuitry
connected to micromicro
micro-sized
-sized
sized aerial vehicle. (e) The characterization plot of the power obtained
from this solar array at varying distances from the light source. Reproduced with
[54]
54]]
permission.[[54
Copyright 2018, Wiley.

Figure 88.. (a) Corrugated ultra
ultra-flexible silicon solar cells mounted on a drone with
unconventional surface. (b) Diamond corrugated silicon solar cell enabling flexing in two
directions. (c) Linear corrugated silicon solar cell enabling flexing in one direction only.
Reproduced with permission.[55]. Copyright 2020, Wiley.
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Figure 9. ((a
(a–c)
a–c) Test setup 1: small table on flat surface with discretized value of 10 10 mesh
a–
and solar intensity. ((d
d
(d–f)
Test setup 2: small table and random chair on flat surface with
discretized value of 10 10 mesh and solar intensity. Reproduced with permission.[118] (g)
AtlantikSolar UAV designed by Autonomous Systems Lab, Swiss Federal Institute of
Technology Zurich (ETH Zurich), Switzerland
Switzerland, which is a long endurance multi-day flight.
Reproduced with permission
permission.[33] Copyright 2017, Wiley. (h) The airframe and avionics of
presented AtlantikSolar UAV. Reproduced with permission
permission.[107] Copyright 2018, Wiley.

Figure 10. (a) Aerostat comprising four solar submodules. (b) Energy harvesting response of
the distributed maximum point power tracking algorithm by approximately 8%, which is
This article is protected by copyright. All rights reserved

applied after the scanning window technique. Reproduced with permission.[122] Copyright
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2017, Elsevier.

11.. (a) Schematics show
Figure 11.
showing the application of solar powered SUAVs for wireless
communications to ground users. (b) T
Throughput and (c) harvested energy with respect to the
time slot for different discount factors (proposed and baseline both)
both). Reproduced with
[124]
[124
24]]
permission.[1
permission.
Copyright 2020, Elsevier
Elsevier.

Tables

Table 1. Classification of drones based on the Brooke – Holland model.[35]
Class

Type

Weight (kg)

Class I(a)

Nano drones

<0.2

Class I(b)

Micro drones

]0.2, 2]

Class I(c)

Mini drones

]2,20]

Class I(d)

Small drones

]20,150]

Class II

Tactical drones

]150, 600]

Class III

MALE/HALE/Strike
drones

>600
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Table 2. Classification of drones based on Arjomandi et al.[36]
Endurance

Range

High

>24 h

>1500 km

Medium

5 – 24 h

100 – 400
km
<100 km

Low

Accepted Article

Category

<5 h

Table 3. Classification of drones by the Australian Civil Aviation Safety Authority
(CASA).[39]
Class
µUAVs

Weight (kg)
<0.1

Small UAVs

]0.1,150]

Large

>150 for fixed wing
>100 for rotorcrafts

Table 4.. Classification of different small solar powere
powered drones based on the weight, flying
time/range
/range and applications
applications.
Type
A

B

C

D

E

F

Weight
(kg)

Flying time
(hours)

Ref.

Comments

<3

<5

[53],
[54],
[55]

This type of SUAVs consists micro and nano sized SUAVs
which have potential in real time application for agricultural
growth monitoring, military/security applications, and
construction monitoring.
Type – A SUAVs have several potential applications, however,
due to lower flying time, Type – B SUAVs are better suited for
use in various applications. For instance, for monitoring the
agricultural fields and construction, the flying time of SUAVs
must not be less than 8 hours at least.
These kinds of UAVs are more suitable for sample collection
from hospitals, operational oversight, traffic light control and
surveillance etc.

<3

>5

[2]

3-6

<5

[57]

3-6

>5

[58],
[1]

Type – C SUAVs have a lower flying time duration, therefore
the Type – D SUAVs are better suited for the above mentioned
applications.

>6

<5

This type of SUAVs is very suitable for spraying the
disinfectants, fire extinguisher, payload transfer for military
application, hospitals and courier.

>6

>5

DJI
Matrice
600
Pro [3]
[58],
[61],
[62]

Due to the lower flying time, the Type – E SUAVs might not be
suitable for very critical applications. The Type – F SUAVs are
going to play a very important role in inter-country
transportations and healthcare applications.

Table 5. Characteristics of different small solar powered drones.
This article is protected by copyright. All rights reserved

NRL PVSBXC62

NRL PVSBXC58

MicroUAV57

Quadcopter53

Syma55

Year

2005

2016

2017

2019

2019

2020

Insectsize
UAV[54]
2019

Weight (kg)

12.8

6.8

6.8

2.125

2.6

0.922

<0.0005

Wingspan (m)

4.75

4.5

4.5

1.63

1.6

0.31

<0.05

Hybrid

Hybrid

Hybrid

Hybrid

Solar

Hybrid

Solar

Solar Cell
Material

Si
(SunPower
A300)

Si
(SunPower)

GaAs (Alta)

Si
(SunPower
C60)

Si (SunPower
C60)

Si (SunPower)

GaAs

Flexibility

Semi-flexible
SemiSemi
-flexible
flexible

Semi-flexible

Flexible

Semi-flexible

Semi-flexible

Ultra-flexible

Ultraflexible

Efficiency (%)

20.4

22

23

21

21

19

31

Power Output
(W)

225

168

184

19.9

360

1.1

~0.25

Continuous
48 h and 11
min

Continuous
10.9 h

Continuous
11.2 h

Extension by
1.5 h

Continuous 1
min 38 s

Extension by
34 s

–
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SoLong61

Power
Source

Flight status
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his paper reviews solar
This
solar-powered drones that have been previously demonstrated using
various materials ranging from silicon to III
III-V and IMM-based cells, with both rigid and
flexible versions.
versions. A focus is placed on drones that are sub
sub-15 kg with a sub-5-m wingspan.
The different developed optimization algorithms for extending the drone endurance are also
discussed.
Keywords: UAV; drones; solar cells; photovoltaics; flight endurance.
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