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Abstract

The interest in electric unmanned aerial vehicles (UAVs) is rapidly growing in recent years.
The reason is that UAVs have abilities to perform some difficult or dangerous tasks, with high
mobility, safety, and low cost. It should be noted that UAVs are revolutionizing many public ser-
vices including real time monitoring, search and rescue, wildlife surveys, delivery services, wireless
coverage, and precision agriculture. To increase endurance and achieve good performance, UAVs
generally use a hybrid power supply system architecture. A hybrid power architecture may com-
bine several power sources such as fuel cell, battery, solar cells, and supercapacitor. The choice
of a suitable power source hybridization architecture with an optimal energy management sys-
tem are therefore crucial to enable an efficient operation of advanced UAVs. In the context of
battery-powered UAV platforms, including new technologies such as swapping laser-beam inflight
recharging and tethering, this paper proposes a comprehensive and critical state of the art review
on power supply configurations and energy management systems to find out gaps and to provide
insights and recommendations for future research.

Keywords: UAV, power supply, energy management, swapping, laser-beam inflight
recharging, tethered UAV.

1. Introduction

An unmanned aerial vehicle (UAV) is a flying robot, which can operate autonomously or
controlled telemetrically to carry out a special mission [1]. UAVs have received great interest in

the past few years thanks to advancements in microprocessors and artificial intelligence (AI) [2]
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enabling smart UAVs [3], and motivated by several advantages such as low cost and high mobility.
They are employed in several applications in both military and civil domains: minesweeping,
monitoring, delivery, wireless coverage, and agriculture uses. Several multinationals are hugely
investing in the improvement of UAVs performance to extend their uses as much as possible. It is
expected that the UAV market value reaches US$127 billions in 2020 [4]. Figure 1 shows the top
10 UAV operators ranking conducted in 2018 by Drone Industry Insights [5].

UAV features and configurations vary widely according to mission requirements. Thus, various
types of classifications can be found in the literature focusing on different parameters [6, 7]. Re-
garding shape it was found fixed/rotary/flapping wing UAVs, hybrid and balloon configuration;
regarding size, there are mini, micro, and nano UAVs. The North Atlantic Treaty Organization
(NATO) categorized UAVs in three classes based on the maximum take-off weight (MTOW),
where each class is divided into subcategories depending on altitude and mission radius [8]. Other
classifications are discussed in [§].

Electric UAVs are favored for some of their key features such as reliability [9], reduced noise
and thermal signatures [10], high efficiency [6], no pollutants emission, self-starting and developed
control devices enabling high maneuverability. Internal combustion engine (ICE)-based UAVs have
longer endurance due to ICE high power and energy densities [10]. However, they need an auxiliary
starting motor, their control is more complex [11], and their acoustic and thermal signature are
high. Some researchers [12, 13] combined the electric motor with the ICE in a hybrid architecture
benefiting from the advantages of both engines. However, fossil fuels depletion and the increase
in greenhouse gas (GHG) emissions decreased the interest in thermal engines and motivate the
use of an electric propulsion as a green technology in different sectors such as transportation [14].
International policy and market-based momentum to phase out ICE vehicles have been investigated
in [15], and this trend may be found in UAVs in the near future to facilitate more environmental-
friendly devices. This can be one reason to abandon ICE in UAVs especially for tasks without
long endurance requirement.

Electric power can be mainly provided by batteries, but their low energy density and long
charging time prevent the UAV to have a sufficient flight-time [16]. In addition, battery may
not allow an UAV to conduct some maneuvers needing fast power response due to its slow power
dynamics. In this context, a supercapacitor is a good option to balance battery limitations [17].

It is worth to mention that flight endurance can be improved by aerodynamical optimization in



UAV design stage [18]. Current advancements in battery technologies allow slightly increasing
the endurance for about 90 min using Lithium-Polymer (LiPo) batteries [19], while increasing the
number of batteries is not a practical solution due to weight and space constraints. Extending
UAVs endurance requires then the usage of additional power sources to balance batteries limitations
while being compliant with weight and space restrictions. In this context, a fuel cell seems a good
candidate due its high specific energy and quasi-instantaneous refueling. It can typically have up
to five times higher energy density than LiPo batteries, which leads to a significant increase in the
hybrid-UAV endurance [20]. It is worth noting that most available electrical UAVs are using a
fuel cell as the main power source. A supercapacitor can also contribute to the power supplying
process since it has very high power density and quick response to peak power needed in UAV
takeoff and sudden maneuvers. Fixed-wing UAVs have the possibility to carry solar cells and use
solar energy. Fuel consumption can be reduced [21], therefore extremely increasing the endurance,
while using a storage system. Consequently, the power supply system hybridization, by combining
two or more power sources, seems to be the best option to insure a large endurance for a UAV. The
power supply system structure choice is however crucial. Indeed, it depends not only on the power
sources characteristics, but also on the UAV mission requirements. In this context, an energy
management system (EMS) is mandatory to optimally control the power splitting between the
onboard power sources to achieve the targeted mission with high performance and high efficiency.
An EMS typically includes current and voltage sensors to track the power flow, converters to control
power sources outputs, and a processing unit handling the adopted power management strategy.
Beside hybridization, other techniques can be used to extend battery-based UAVs endurance :
swapping [22, 23, 24], laser-beam inflight recharging [25, 26, 23], and tethered UAVs [27, 28, 29].
Swapping is a technique used to recharge the UAV’s depleted batteries during its mission. For this
purpose, ground stations are deployed in specific locations. A flying UAV can receive light power
by means of a laser-beam transmitted from a generator deployed in a ground station. The UAV
batteries are therefore recharged without landing. Tethered UAVs can have unlimited endurance
because the power will be continuously provided through connection lines linking the UAV to the
power supply ground station.

In the literature, it has been found some review papers addressing different aspects of UAVs,
such as fuel storage and generation in small fixed-wing UAVs [16]; classification, advances and

research trends in small-scale UAVs [30]; UAV-related technologies and applications in civil engi-
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Figure 1: Top 10 UAV operators ranking in 2018 [5].

neering [1]; UAV challenges across civil applications [7]. Moreover, they considered classification
and design challenges of UAVs [6]; fixed-wing UAVs path planning algorithms [31]; guidance, nav-
igation, and control of rotorcraft unmanned aircraft systems [32]; and quadrotors modeling and
control [33]. Unlike these previous review papers, this one will focus on UAVSs energy aspect with
a comprehensive and critical evaluation of the available power supply structures [34] and their
energy management systems. Afterwards, gaps will be identified, while providing useful guiding

recommendations and prospects.

This review paper is organized as follows: Section 2 presents unmanned aerial systems (UAS)
basic knowledge including UAS parts, UAVs classifications and applications. Section 3 discusses
and analyses UAVs power sources and supplying architectures methods, while Section 4 provides

a critical review on UAVs energy management strategies.

2. Unmanned Aerial System (UAS) Basic Knowledge

2.1. UAS Basic Parts

An unmanned aerial system (UAS), illustrated by Fig. 2, is basically composed by three parts:

— The unmanned aerial vehicle (UAV);
— The ground control station (GCS), which can be autonomous or human-operated;

— The command and control system ensuring communication and data links between the UAV

and the ground station.



Unmanned aerial vehicle (UAV). As depicted in Fig. 2, the UAV platform includes (1) an
onboard flight control system based on processing units handling essential tasks, such as guidance,
navigation and control (GNC) algorithms, in-flight data gathering and analysis, communication
with the ground station, and mission planning; (2) a propulsion system including power supply
sources, speed controller, converters, energy management system, motor, and propeller; (3) the
required sensors to maintain an autonomous flight; and (4) payload: equipment needed for the

missions, such as actuators, cameras and radar [30].
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Figure 2: Block diagram of a typical UAS.

In the UAV, the propulsion system is the main onboard power consuming part. Indeed, it allows
the UAV motion by converting the stored electrical energy into a mechanical power generated by
the motor-propeller system. It can constitute more than half of the UAV weight. Figure 3 shows
the schematic diagram of a typical UAV propulsion system.

The onboard sources deliver power to the DC bus through unidirectional and bidirectional
converters to enable battery charging and discharging. These converters allow controlling the
power flow. They receive control signals from the EMS that handles power splitting. Small UAVs
widely used motor type is the brushless DC (BLDC) motor, thanks to its key features, such as
high efficiency and power density [35], high speed and good torque characteristics, reliability, ease
of control, and long lifetime [36]. Although induction motors are advantageous in terms of low
cost and robustness, they have some limitations, such as a relatively low efficiency, cooling issue,

and low torque.



— —
1 1 =
Power 1 | Converters| DC Inverter [ BLPC L
Sources [t | Bus [ moror f:
w H
Speed
: : Contoller [#:7 "
Rucumsucususuas » EMS P : S

----- » Data acquisition
) Power flow

Figure 3: Block diagram of a UAV propulsion system.

2.2. UAVs Classifications

Several criteria can be considered to classify UAVs such as size, fuselage (rotary, fixed, flapping
wings) [33], endurance, flight range, MTOW, flying mode (lighter than air, heavier than air)
[37], and mission or application. Thus, we cannot find acknowledged unique classification in
the literature. Authors in [38] proposed a comparative study between three UAV configurations,
namely: fixed-wing, rotary wing, and hybrid. Classifications based just on weight parameter are
proposed in [39]. In [40], mission is considered as the main criterion to classify UAVs as miniature,
tactical, strategic, and loitering munition. Cai et al. [30] proposed a classification based on six
characteristics of UAVs with a MTOW less than 25 kg. In this case, 132 UAVs available models
were investigated leading to the proposal of three categories (Table 1): small tactical, miniature,
and micro UAVs. This classification is summarized in Fig. 4.

Table 1: UAV classification proposed in [30].

Specs Small tactical Miniature Micro
Size <10 m <5 m <15 m
MTOW 10-25 kg <10 kg <100 g
Speed <130 m/s <50 m/s <15 m/s
Altitude (m) <3500 AGL" <1200 AGL <100 AGL
Range <50 km <25 km <10 km
Endurance Up to48 h Up to 48 h  Up to 20 min

* AGL: Above Ground Level.

Hassanalian and Abdelkefi [6] introduced a new classification considering UAV configuration.
Indeed, they have proposed spectrum to define drone classes based on weight and wingspan with
maximums of 1500 kg and 61 m, respectively. The spectrum includes six categories: UAV, mi-

cro UAV, micro air vehicle, nano air vehicle, pico air vehicle, and smart dust. The UAV class

6



®

SeanEagle "nl‘ll('l Maxi RQ-11B Raven
; i : _ P Black Hornet Hubsan quadcopter
s i
V-BAT (Hybrid UAV) IT180 (Coaxial UAV) FlyingCam Dragonfly (Multi-Rotor)
[ Small tactical UAVs [ Miniature UAVs ] [ Nano UAVs ]

Figure 4: Illustration of the classification proposed in [30].
includes horizontal take-off and landing, vertical take-off and landing, hybrid configuration, heli-
copter, heli-wing, and unconventional models. This study have also considered a bio-UAV, which
is an equipped insect or bird used for specific missions. Gupta et al. [41] classified UAVs based on
their roles in military applications: high altitude long endurance (HALE), medium altitude long
endurance (MALE), tactical UAV (TUAV), mini UAV, micro UAV, and nano Air Vehicles. Vala-
vanis and Vachtsevano [8] discussed military classifications and other categorizations based on (1)
MTOW and ground impact risk, (2) operational altitude and midair collision risk, (3) autonomy,
(4) ownership. Figure 5 is an illustration of the UAVs configuration-based classification proposed

in [42].

2.3. UAV Applications

UAVs have entered several both civil and military application areas, thanks to academic re-
search and industrial projects advances. By integrating sensors and camera, UAVs can now perform
difficult and risky missions without human intervention. This is done with high efficiency, rapidity,

while maintaining low cost [38].

2.83.1. Inspection and monitoring

1) Traffic monitoring:

Nowadays, UAVs play an important role in traffic monitoring. They continuously collect data
in real-time about roads and traffic conditions and transfer information to the monitoring cen-
ter. UAVs present many advantages compared with traditional roads monitoring methods (radar
sensors, fixed surveillance video cameras), such as flexibility, large coverage range instead of fixed

one, rapidity, and accuracy to detect incidents. They can also be efficient in traffic estimation [43].

7
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Figure 5: UAVs configuration-based classification [42].

Guido et al. [44] employ UAVs in their methodology of vehicle tracking. The authors emphasize
the usefulness of using UAVs in traffic management by recording and processing collected data.
Leitloff et al. [45] proposed UAV based systems as a solution for traffic monitoring in case of dis-
aster or mass events. In this context, devices for online acquisition, assessment, and sharing traffic
information, are installed onboard the UAV. The literature is typically rich with traffic monitoring

and vehicle tracking applications and case studies [46].

Figure 6: UAV-based traffic monitoring [47, 48].

2) Infrastructures inspection and monitoring:
Construction of large-scale infrastructures such as big buildings and highways require a huge
number of employees and machines deployed in a large working area. UAVs can facilitate moni-

toring operations for managers to be up to date with the state of advancement of the project, and



to control tasks without the need to access the construction site.

AT&T (American Telephone & Telegraph) conducts an automated inspection of more than
65,000 cell towers based on video analytics using UAVs [49]. Efficient deep learning algorithms are
implemented to conduct online detection of system faults or malfunctions. Smart grid power lines
monitoring using industrial Internet of UAVs is investigated in [50]. In [51], authors discussed a
method for inspection of power lines, substations, and transformers. In this context, the UAV is
equipped by infrared (IR) cameras to detect bad conductivity in power lines by processing recorded
images (Fig. 7 (b)). In parallel, the approach aimed to accurately identify buildings and vegetation
that are in proximity to the power lines.

In a recent experimental study, Marquez and Segovia [52] equiped a UAV with a radiometric
sensor and a thermographic camera in order to estimate dust accumulation on solar photovoltaic
panels (Fig. 7 (a)). This application seems to be important since the loss in energy production
caused by dust can reach up to 15 % in one year [52]. In [53], a wind turbine blade surface cracks
detection framework is proposed using UAV-based aerial imaging and image processing.

In [54], authors were interested in the inspection of water, gas, and oil pipelines. UAVs conduct
autonomously remote sensing, visual, and thermal inspections based on onboard sensors, which
enable detection of gas leaks in dangerous or hard-to-reach sites. The literature is typically rich

with infrastructures inspection and monitoring illustrations and case studies [55].

(a) UAV-based solar photovoltaic panels inspection [56, 57]. (b) UAV-based power lines inspection [58, 3].

Figure 7: UAV-based infrastructures inspection.



3) Environmental monitoring:

Governments, all around the world, are in continuous interest for information and updated
data about environmental changes and their impacts. In context, periodic measures are conducted
on top of volcanoes, mountains, rivers, seas, and even in the atmosphere [38]. UAVs are then used
as an effective tool for collecting samples thanks to their dynamic characteristics. Civil protection
institutions can accurately monitor water resources before, during, and after a flood occurs, thus,
preparing a damage control plan. Furthermore, by deploying several UAVs above volcanoes, it
would be possible to have online measurements to safely estimate a volcano state (Fig. 8 (a)).
In 2013, the NASA conducted flights to take measurements on a volcanic plume near San José,
at Costa Rica, using the RQ-14 Dragon Eye drones made by AeroVironment, which have an en-
durance of 80 min [59]. In case of disaster, communication and computing infrastructures may
be damaged [45], so UAVs can quickly provide details and data to enable efficient control of res-
cue operations. Monitoring of pollution can be performed by UAVs equipped by specific sensors,
enabling real-time measurement of polluting gases diffusivity, such as CO, COy, SO,, and NOy
(Fig. 8 (b)). In [60], fixed-wing UAVs were employed to capture high-resolution images, which
help in studying water pollution. Others relevant illustrations and case studies on UAV-based

environmental monitoring can be found in [61, 62].

-.ﬁr

(a) UAV-based volcano monitoring [63]. (b) UAV-based pollution monitoring [64].

Figure 8: UAV-based Environmental monitoring.

2.3.2. Delwery

Several companies around the world are using UAVs for fast delivery of goods or packages [6]
(9), such as DHL postal service in Germany [65], Google and Amazon in USA [66], and others.
UAVs can serve also for delivery of medical supplies in emergency cases [7]. A typical illustration
is the case of the Federal Aviation Administration (FAA) that conducted the first UAV-based

medical delivery in 2015 [67]. The operation was based on GPS coordinates to reach the delivery

10



location, where the UAV was equipped with a checking device to confirm that the package reaches
the right customer/receiver. Other illustrative examples of UAV-based delivery can be found in

(68, 69).

Figure 9: UAV-based delivery [70, 71].

2.3.8. Agriculture

In recent years, UAVs become an attractive option in agriculture to gather low-altitude high-
precision images above the field [72, 73]. Then, appropriate image processing operators or software
are used to extract valuable data about the state of the cultures and health information such as
moisture and soil properties. UAVs can also be used in several tasks such as irrigation scheduling,
disease detection, soil texture mapping, weed detection, residue cover, tillage mapping, crops

management, cultivations analysis and other applications in precision agriculture (Fig. 10) [74, 75].

Figure 10: UAVs used in precision agriculture [76, 77].

2.8.4. Wireless coverage

UAVs can be used for wireless information transfer as flying access points (Fig. 11)[4]. They
can cooperate with the cellular network to provide a better coverage for isolated areas that are
badly covered due to obstacles such as mountains or buildings. UAVs can be deployed as relay
nodes to replace ground base stations of the communication network, in case of malfunction or

damage due to disaster for example [7]. Other illustrative studies dealing with UAV-based wireless

11



coverage can be found in [78].
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Figure 11: UAV-based wireless coverage illustrations [79, 80].

2.83.5. Military applications

Originally, UAVs were restricted to military applications. They were afterward extended to the
civil sector. Well-known UAVs (generally called drones) military applications are: artillery guid-
ance, delivery of equipment and supplies, radio and data relay, borders surveillance, spy drones,
communication disruptors and electronic warfare, maritime operations (anti-ship missile defense,
naval fire support, over the horizon targeting), reconnaissance flights, minesweeping raking, Ftc.

(Fig. 12) [8].
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Figure 12: UAVs military applications [81, 82, 83, 84].

3. UAV Power Sources

Gas turbine engines have been used in aircraft propulsion systems for their high power-to-

weight ratio [85] and long operating time [6]. However, they present good performances only for

12



high power ranges [86], above 100 hp [85]. They are however not suited for small-scale UAV
applications as they exhibit low fuel economy and a very low efficiency with a high noise level [85].

The internal combustion engine (ICE) constituted the pillar of aircrafts propulsion system [87].
Comparatively to an electric motor (EM), an ICE, thanks to its higher fuel energy and power
densities, allows long flight time and large payload range, which are two important challenges
in airborne applications. However, the multi-step process of producing energy reduces the ICE
system efficiency [88]. EMs are preferred for UAVs due to many key features such as their very
low thermal and acoustic signatures, well developed electronic control systems, ease-adaptation
to automatic control, self-starting feature [11], low cost, and a higher reliability minimizing crash
possibility due to motor shutdown or failure. It is worth noting that in electric propulsion systems,
electronic speed controller (ESC) failure may occur due to overheating and melting of ESC casing.
Duplicating components can be a solution to this issue [89].

A hybrid power propulsion prototype for UASs was proposed in [11]. The purpose was to
combine the benefits of both thermal and electric engines into a hybrid architecture. However,
even the simulation results proved an endurance improvement of 13%, the system is complex and
not environmentally friend. In the same context, other authors, such as Bonbergino et al. [10, 90],
and Xie et al. [12], have also discussed a hybrid parallel powertrain architecture which using both
EM and ICE. Incorporating an ICE in UAVs is unfortunately not yet a solution of choice in terms
of fuel usage and endurance optimization limited degree of freedom. In this context, this section
will be restricted to electric propulsion-based UAVs, therefore discussing and critically evaluating
electric power sources supplying UAVs. Interesting supplying strategies will also be presented for

one-source-based UAVs, such as swapping, laser-beam inflight recharging, and tethered UAVs.

3.1. Battery-based Supplying Techniques

3.1.1. Battery-powered UAVs

Most small UAVs, especially quadrotors are battery-powered. Indeed, batteries are considered
as the main component in battery-powered UAVs [91], their usage improves the simplicity and the
flexibility of the propulsion system. Moreover, battery-based platforms can satisfy various hobbyist
applications in term of flight time and cost-effectiveness. However, typical small battery-powered
UAVs have short endurance due to constraints on the battery pack weight. They can fly for a
maximum of 90 min using LiPo batteries [19]. Consequently, these small-scale UAVs are usually

devoted for commercial ends. Lithium batteries are preferred for small UAVs due to their low

13



weight and relatively high specific energy. Indeed, LiPo batteries power almost 90% of micro aerial
vehicles whith a weight less than 2 kg and a length less than 100 cm [6]. Table 2 details the key
characteristics of four types of battery technologies, namely specific energy, energy density, and
specific power. This will allow the technology choice for an UAV with a given application and
mission. In [92], different battery technologies are evaluated in term of state of charge (SOC) for

a given mission.

Table 2: Comparison of different batteries [93].

Characteristic Ni-Cd Ni-Mh LiPo Li-S
Specific energy (Wh/kg) 40 80 180 350
Energy density (Wh/1) 100 300 300 350
Specific power (W /kg) 300 900 2800 600

In [94], Traub investigated parameters that affect performances of a battery-powered UAV
and developed mathematical expressions to estimate the range and endurance considering the
battery discharge conditions. This mathematical formulation was not evaluated by simulation nor
experimentally tested. One of the biggest challenges with batteries powered electric vehicles is the
reduced autonomy. Intensive research efforts were thus focused toward improvements of batteries
performances to extend their operational time and enable electric vehicles to conduct long-duration
missions. Nevertheless, even with advancements in batteries characteristics, the specific energy of
current battery technology still limits endurance and range. Therefore, they will not reach many
UAV applications needs. Additionally, both stability and safety levels are affected as a result of
energy density improvement [95]. Thus, different solutions were developed in the literature to
deal with battery limitations. Fuel cells seem to be a good alternative due to their performances
especially the higher specific energy. Furthermore, most existing UAVs are powered by more than
one energy source, where batteries, fuel cells, solar cells, and supercapacitors are hybridized to

from the UAV power supply.

3.1.2. Swapping

Swapping is a technique used to recharge the UAV’s depleted batteries during its mission. It
can be conducted autonomously or human-operated. Hotswapping is a specific technique where a
depleted battery is replaced by a fully charged one, keeping the UAV powered on. It can then join
its hotspot and operates again. By deploying more than one UAV and by managing their coopera-

tion so that a vehicle can hand over its hotspot seamlessly to another one, the multi-agent system

14



can provide continuous service to an area [23]. Three conditions must be fulfilled to complete a typ-
ical swapping operation: (1) ground recharge station where UAVs can land for charging/changing
batteries, (2) UAV swarm for persistent applications, (3) the management system to ensure UAVs

swarm cooperation. Figure 13 and 14 illustrate the swapping and Hotswapping techniques.
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(a) Hotswapping. (b) Swapping.

Figure 13: Swapping vs hotswapping techniques [23].
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Figure 14: Swapping and Hotswapping Algorithms.

Ground stations (GSs) are deployed in specific locations such as cities or along trajectories
connecting cities to establish an infrastructure network [96]. Their installation can be done on
cell towers, street lights, rooftops, power poles, or standalone pylons [97, 98]. The battery swap
station includes several components: ground electronics, onboard circuit, landing frame and a
contact mechanism [99]. The battery can be charged by contact enabling paths or by inductive
coupling [100], and the docking platforms can be fed by power lines, big batteries and solar cells
for remote stations. Figure 15 shows some commercially available GSs.

In [24], Williams and Yakimenko developed a multi-rotor aerial prototype for long-duration

15



Figure 15: UAV’s charging stations [96, 101].

missions using the swapping approach, where the objective was to maintain the airborne platform
operation based on the battery SOC monitoring. The concept is to keep one of three quadcopters
continuously on the loiter position, when the battery SOC drops under a defined threshold. The
second quadcopter takes over and allows the former to join the ground station to put the battery on
charging and get a replenished one to be ready to its next use. This system cycles through vehicles
until all batteries are exhausted or the mission is accomplished. Batteries necessary number to
ensure durable operation depends on the discharge time and the required charging time, and do not
depend on the UAVs number. Nevertheless, the bigger it is, the more robust the system becomes.
However, changing and charging batteries on the launch platform was not done automatically, so
the system still restricted to human intervention. Additionally, regarding their field test, no special
mission using sensors was conducted, only static loitering was performed.

An economical comparison between battery refilling/recharging platforms has been proposed
in [102]. Three stations were developed based on an axiomatic design before being investigated,
which enable the authors to present analysis linking the cost, complexity, and coverage levels.
It was shown that refilling stations are a good choice when the coverage is low, otherwise, it is
preferable to use exchange stations.

Suzuki et al. [103] presented a comparison between battery charging/replacement systems
using a Petri net model. The authors also presented a detailed and illustrated discussion about
the design options of autonomous swapping stations. The target was to conduct a precise UAV
positioning for swapping regardless of landing error. However, the estimated swap time was nearly
one minute, which is a considerable time comparatively to other works [104, 105]. In addition, the
system was not fully operational. Indeed, some modules were not prototyped nor tested.

In another study [99], a ground recharge station for battery powered quadrotor helicopters

was designed and an algorithm was implemented to reduce the battery recharge duration. The
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proposed autonomous charging process uses safer electrical contacts and a balancer. It was intended
for swarm applications. In this case, as in the majority of the carried studies, there were no
experiments nor flight tests. It should be mentioned that the battery lifetime was neglected.

A design and hardware implementation of an automated refueling station for small-scaled UAVs
is presented in [106]. I order to extend the operational time and enable long-duration autonomous
missions with multi-agent UAV systems, a planning and learning algorithm was developed and
tested in 3 h long persistent flight using three UAVs and more than 100 battery swaps. The
battery recharger mechanism to exchange batteries is based on a linear sweeping motion leading
to a simple and robust design. However, the system cost was not considered, while increasing the
number of batteries and UAVs can lead to a costly and complex to manage system.

In [107] Swieringa et al. proposed a swapping system based on online algorithms to perform
energy management, UAV health monitoring, and accurate landing. In this approach, a servo-
based lift is employed to swap and place the batteries onto a hexagonal mat horizontally mounted,
which holds the charging batteries. However, that swap mechanism induces UAVs power loses.
Even individual tests were done for all the components, the entire system was not tested.

In [104, 105], active infrared imaging were used to design an autonomous docking platform. The
system, operating in day and night time includes a camera and an infrared filter for high precision
landing. The UAV landing operation is guided based on image processing and the swapping
process is reduced to less than 10 seconds instead of 60 in [108]. In this study, the focus was just
on the swapping time and landing precision. Cooperation between UAVs was not discussed and
the improvement of the operational time was not proved by any definite long-duration mission.

A hardware platform was proposed in [109] including a dual-drum structure to perform fast and
efficient hotswapping using a buffer of 8 batteries. The experimental work includes results about
the needed battery swapping average time. In this study, a flight test was conducted considering
a search and track mission with communication constraints. However, the developed station with
3 quadrotors performs that mission for about 70 min as a maximum operational time.

In a recent paper [22], Bocewicz et al. were interested in cyclically repeated missions such as
aerial delivery services. In this approach, mobile battery swapping stations (MBSs) are proposed,
they move to given swapping points at defined times according to a preset timetable. Thus, UAVs
can join the suitable station for battery replacement and also for loading/unloading of goods. In

this study, where the MBSs routing problem was considered, the aim was to optimize both the
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used UAVs number and the distance to travel by proposing a declarative model of routing UAVs
and MBSs. Nevertheless, this approach fit to only a few types of missions, in addition to the
fact that the mobile swapping stations approach it is not always feasible. It should be mentioned

that this study was focused on the routing task with no experiments, where the swapping was not

discussed.

A critical analysis a the literature swapping approaches is proposed in Table 3.

Table 3: Critical evaluation of available swapping studies.

Ref. Main Contribution Advantages Limitations

[107] Multi-rotor aerial prototype for Hardware prototype, the system No autonomous swapping, sys-
long-duration surveillance mis- can operate continuously, bat- tem operation managed by lap-
sions based on battery health tery health considered. top rather than an embedded
monitoring. controller.

[99] Design, test, and construction of Hardware platform, autonomous No flight test conducted, battery
an autonomous ground recharge swapping, embedded controller, health not considered.
station using a balancer and safer  optimization algorithm to reduce
electrical contacts. recharge duration.

[106] Planning and learning algorithm Design and hardware imple- System cost not discussed, land-
developed and tested in 3h mentation, automated refueling, ing accuracy neglected.
long persistent flight using three flight test results
UAVs and more than 100 battery
swaps.

[107)  Automated swapping mechanism The constructed platform can Entire system not tested.
including online algorithms to maintain one UAV operating in-
perform energy management, ve-  definitely, algorithms for preci-
hicle health monitoring, and ac- sion landing and battery health
curate landing. tracking.

[104, Autonomous docking platform Hardware platform, accurate No flight test, endurance im-

105] design including active infrared and fast swapping (8 seconds), provement not discussed.
imaging day/night time operation.

[109] Dual-drum structure to perform Flight test, communication con- Vehicle health not tracked, ex-
fast and efficient hotswapping. straints considered. periments limited to only 70 min

as maximum mission time.

[22] Declarative model of routing Optimization of the traveled dis- Only computational results, no
UAV multi-agent system and tance and UAVs number. experimental validation, swap-
mobile battery swapping stations ping technique was not dis-
(MBSs) for delivery missions. cussed.

[103] UAV positioning after landing Precise UAV positioning for Relatively long swapping du-

with small error.

swapping regardless of landing
error.

ration,
tested.

entire system was not

3.1.3. Laser-beam inflight recharging
The swapping approach seems a good solution to extend battery-based UAVs operating time
with the ground station constraint for charging/replacing batteries. This consequently impacts

UAVs mission flight time and operation efficiency. In this context, wireless recharging was proposed
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as an alternative approach [23, 110].

The required ground station includes a prime power source to supply the laser generator, which
transmits a light beam to the UAV while it is airborne. An embedded optical receiver converts light
to electricity powering the UAV. This technology enables UAVs to stay inflight indefinitely without
the need of landing to recharge batteries. When recharging is needed, the UAV joins an aerial
power link area to receive energy. Thereby, safety is improved by eliminating takeoff and landing
risks. Laser transmitters are deployed on rooftops of high buildings in order to avoid laser-beam
obstruction or on a mobile station (Fig. 16). A radiative link will be established between the UAV
and the nearest energy source to allow fast power transfer. A working prototype was developed
by LaserMotive enabling a transfer of hundreds of watts [25]. In addition, experiments in [26]
demonstrated the technique feasibility illustrating more than 12 h flight time for a quadcopter.
In this study, where both the mechanical design and flight control system were presented, size,
payload, and UAV adaptation to a specific application were considered.

The laser-beam inflight recharging approach constraints the UAV to operate at reduced heights
and sometimes in a limited area to keep power transferring from the laser transmitter. In this
context, the Federal Aviation Administration (FAA) regulations limit the maximum altitude for
small UAVs to 400 feet [111]. This rule concerns to commercial and government UAVs weighing
less than 26 kg. In addition, a laser transmitter is required for each UAV, therefore limiting the

number of deployed UAVs in the area or considerably increasing the approach cost [23].
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Figure 16: Laser-powered UAVs [110, 112].

3.1.4. Tethered UAVs

UAVs, when tethered to a power supply, can have unlimited autonomy. There will be no need
to repeated recharging neither in the air nor by landing on the ground because electricity will
be continuously provided by a ground power supply station through connection lines. This will

also allow a safe and efficient data transfer between the UAV and the ground station. Generally
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power lines are made of copper wires. However, fiber technology is taking place in the tethered-
UAV area. Kilowatts of power can be transferred using high-intensity light in a fiber optic cable.
Optical power decreases the detectability by eliminating the electrical signature. It can also reduce
both battery payload and power lines weight up to eight-times than copper wire [113]. In addition,
fiber technology is more beneficial in high altitudes. Indeed, with copper wires, power losses will
reduce efficiency. Figure 17 provides illustrative two examples of tethered UAVs.

In [28], a tethered UAV is proposed for maritime pollution monitoring. It is deployed on the
ship to detect oil spilled on the sea to avoid heavy contamination of the shore. In their patent,
Woodworth et al. [29] outfitted a tethered UAV for data gathering applications. However, the
major drawback of this approach is the limited operating area, the connecting cable prevents the
UAV to fly far from its ground station. Sometimes a moving vehicle is used to carry the prime
power source so that the UAV can cover a larger area. In [27], Gu et al. proposed a tethered UAV
for extremely-long-endurance missions of nuclear power plants. It is targeted that the UAV flight
may last for a few days or even a few months as long as the tethered cable provides continuous
power. It is worth noting that prototypes were designed and successfully demonstrated in outdoor
environments.

It has been above-presented and discussed UAVs battery-based power supplying techniques.

Table 4 proposes then a critical comparison of the available literature on these techniques.

Figure 17: Tethered UAVs [114, 115].

3.2. Fuel Cell Powered UAVs

Hydrogen-powered UAVs, as illustrated by Fig. 18, can fly for hours instead of few minutes
when traditional batteries are used [116]. For example, LiPo batteries possess specific energy up
to 250 Wh/kg [20], while it can reach 1000 Wh/kg in case of a fuel cell system with a compressed
hydrogen tank [19]. In addition, the refueling process is done almost instantly, while it (recharging)

takes a long time with batteries.
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Table 4: Comparison between battery-based supplying techniques.

Power Advantages Limitations and drawbacks Related
supplying papers
technique
Swapping Unlimited operating time, good op- Necessity of a ground station (GS), re- [107, 23, 97,
tion for long-range missions, uses only duced operational efficiency, increased 98, 99, 100,
one energy source = Weight and com- batteries and UAVs number = high 24, 102, 103,
plexity of power management are ex- cost; concerns of cooperation between 106, 104,
tremely reduced. UAVs and the GS; issues in autonomous 105, 22]
swapping: landing, battery changing
operation.
Laser-beam Unlimited operating time, wireless re- Necessity of GS, reduced operating [23, 25, 26,
charging fueling, no need to land, one energy heights, constraints related to laser- 110]
source, persistent missions, the oper- beam obstruction, reduced range.
ating range is extended.
Tethered Unlimited operating time, no need to The necessity of GS, limited operating [27, 28, 29]
UAVs land, one energy source, safe and ef- area, UAV damage in case of tethering

fective data transfer, persistent oper-
ation.

loss.

Figure 18: MMC’s HyDrone 1550 multicopter equipped with 1800W H1-Fuel Cell [117].

In [118, 92|, three types of batteries, Li-ion, Ni-Cd, and Ni-Mh, beside fuel cell are compared
and investigated considering some criteria such as energy and power densities, discharging charac-
teristics, temperature effects, efficiency, and endurance. However, no flights test were conducted
to study the power sources behavior during flights and to find out their capabilities and perfor-
mances versus different airborne conditions. Figure 19, illustrating specific power vs specific energy
for batteries, fuel cells, and supercapacitors, shows that fuel cells clearly outperforms the others
sources in term of specific energy. They should therefore be considered as the solution of choice
for higher endurance UAVs for a given weight [119]. Fuel cells may have lower energy density
compared to Lithium batteries, as the hydrogen tank volume has to be considered (Fig. 20).

In [120], Belmonte et al. investigated the development of a UAV for mobile crane inspection.
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They have considered proton exchange membrane fuel cells and lithium-ion batteries and analyzed
them from an economical point of view and a life cycle assessment. One of the main conclusion
were that from a commercial point of view, fuel cells, being a niche product, are more expensive

compared to the Li-ion battery.
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Figure 19: Specific energy/power comparison between energy sources [118].
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Figure 20: The Hycopter UAV from HES [121].

3.2.1. Fuel cells efficiency issue
Elements on the process of electricity generation from fuel cells can be found in [116]. In term
of efficiency, fuel cells can reach a level as high as 60% [122]. It is unfortunately lower than that

of lithium batteries (over 90%). Indeed, a fuel cell stack operation requires auxiliary equipement,
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which reduces efficiency, while the onboard hydrogen generation system increases complexity (Fig.

21) [116].
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Figure 21: Fuel cell system auxiliaries illustration [123].

3.2.2. Fuel cell types

Many technologies are used in the fuel cell industry. They are typically classified according
to chemical criteria such as catalysts, and electrolytes, or operating characteristics such as tem-
perature. In their study [16], Gong et al. propose a brief comparison between most used fuel
cell types in UAVs, namely polymer electrolyte membrane fuel cell (PEMFC), direct methanol
fuel cell (DMFC), and solid oxide fuel cell (SOFC), where Table 5 summarizes their main key

characteristics.
Table 5: Key features of most used fuel cell types in UAVs [124, 125, 126, 127]

Stack  System

Fuel cell Fuel Efficiency Temp. specific specific
type (%) (°C) power  power
(W/kg) (W/kg)
PEMFC Hydrogen 40-60 30-100 >500 >150
DMFC Methanol 20-30 20-90 >70 >50

SOFC Hydrocarbon 30-50 500-1000 >800 >100

PEMFC seems to be the most commonly used type for UAVs propulsion system [116]. Indeed,
Intelligent Energy, which is a fuel cell development company, focused on manufacturing PEMFC
for UAVs applications [128]. Indeed, this fuel cell technology has typical characteristics such

as: lightweight, high power density, low operating temperature allowing less warm-up time, long
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lifetime, and low response time to load variation [16, 129].

Table 6 proposes some examples of fuel cell-powered research and industrial UAVs.
Table 6: Fuel cell-powered UAVs.

Organisation UAV name UAYV type Fuel cell Hydrogen Endurance
type storage
type
EnergyOr (2011) FAUCON H, Fixed wing PEM Compressed 10 h 04 min
Hp
U.S. Naval Re- Ion Tiger Fixed wing PEM (550 W) Cyrogenic 48 h
search Laboratory liquid Hy
(2013)
EnergyOr (2016) HyQauad Multirotor PEM (900 W) Compressed 2 h
1000 Hy
SKYCORP (2018)  e-Drone Zero  Multirotor PEM (800 W) Compressed 2 h
H, (3 1,
300 bar)
BATCAM (2019) / Multirotor PEM Compressed 70 min
Hy (61) (with 5 kg
payload)
MetaVista (2019)  / Multirotor PEM (800 W) Liquide Hy 12 h 07 min

6 1)

3.2.3. Fuel storage

Hydrogen has a density of only 0.089 kg/ m® at standard temperature and pressure [16]. Hence,
to enable UAV carrying sufficient fuel for a given mission, tanks must be bulky [130] (Fig. 22).
This is an important constraint regarding an UAV size and weight. Furthermore, safety reasons,
there is no possibility to store pure hydrogen under extremely high pressure and low temperature
[131].

There are mainly three techniques that are currently used to store hydrogen in UAVs [16]:
Compressed hydrogen gas, liquid hydrogen, and chemical hydrogen generation. Each of these
storage techniques has its advantages and drawbacks, which are analyzed and discussed in Tables
7 and 8.

The literature on hydrogen storage shows a variety of approaches. In [138], Swider-Lyons et al.
provided a comparative study considering qualitative and quantitative criteria to select the best
hydrogen storage method for a 24 hours flight performed by the Ion Tiger UAV. However, based on
practical and flight-tested prototypes developed by several research teams (EnergyOr) [126], Naval
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Figure 22: Fuel cell storage tank constraint illustration [132].

Table 7: Comparison between compressed and liquid hydrogen storage.

Compressed H> Liquid H»
- Most used - Density: 71 kg/m"° at 1 bar
- Storage pressures: and -252.87 °C
Properties 35-70 MPa [133] - A thermal insulation is needed to
- Density: 42 kg/m3 at keep a very low temperature
70 MPa [134] - Fit on large scale applications
- Simple - Increased safety
Advantages - Low storage mass penalty - High density

- Rapid refueling capability - Reduction of tank weight

- High liquefaction energy = Costly
process

- Impractical small-scale production
- Liquefaction requires very low
temperature.

- Difficult handling

- Very low storage efficiency
Disadvantages - Safety risks
- System larger volume

Table 8: Chemical hydrogen generation techniques comparison.

Sodium borohydride Ammonia borane Liquid hydrocarbons
N(LBH4 +2H204)4H2+ N(LBOQ NHgBHJ‘)NHzBH2+H2 CHQOQ‘)HZ“’COQ
- Catalyst is required

- A proper catalyst must be used

Properties - Widely used for UAVs - Dehydrogenation at 120-180 °C [135]
to eliminate carbon monoxide
- React at 80-120 °C [16]
- Stable, and fast reaction at ambient - High volumetric and gravimetric
temperature - High hydrogen storage capacity efficiency
Advantages - The high H, weight fraction [136] (19.6%) [16] - Storage is easy to handle
- Low hydrolysis heat - Stable under ambient conditions [137] - High rates of hydrogen production
- Easy to handle at ambient temperatures
- The hydrogen generator - Slow reaction
. is needed = increase in weight - Liberation of gaseous impurities - Carbon monoxide poisons the
Disadvantages
- NaBO, precipitation issue - Extensive material expansion PEMFC
- By-product tank is needed and foaming
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Research Laboratory [139, 140], Boeing RD Europe [141, 142, 143|, Florida Solar Energy Center
[144], it can be concluded that liquid H» is not a suitable solution due to constraints related to its
infrastructure [16]. Even if in another research at the Colorado State University [145], a fuel cell
powered UAV was designed to reach more than 24 hours flight-test using compressed hydrogen. Re-
garding chemical hydrogen generation, it typically needs extra equipment for hydrogen extraction
therefore leading to a heavy and complex power supply system. Furthermore, hydrogen extraction
is time-consuming therefore impacting the UAV response-time to load changes. In [20], Kim and
Kwon presented performance analysis of a fuel system with a hydrogen generator powering a small
UAV under real flight test of 2 hours. In this context, stack and reactor temperatures, hydrogen
generation rate, and fuel cell output power were evaluated under varied power demand. This study
validated the fuel cell ability to power a successful flight. However, some related issues have been
highlighted, such as startup time, catalyst durability, and clogging caused by the by-product.
Furthermore, the developed system in [138] based on Protonex 550 W PEM fuel cell proved by

a flight test 6 times endurance increase than Li-ion battery system.

3.3. Hybrid Power Sources

3.3.1. Fuel cell and battery

Despite their performances and technological advancements, fuel cells have some limitations
when used as a unique power source for UAVs. Indeed, a fuel cell is characterized by a large time-
constant (in the order of seconds) since it needs to be supplied by fuel and air using pumps, valves,
and compressors. The slow response is mainly due to pumps mechanical characteristics, flow delay,
thermodynamic characteristics, and the capacitance effect [146]. Thus, in case of high variation
in current demand, fuel starvation problem can occur, which can affect lifetime, reliability, and
efficiency [147]. Combining a fuel cell with battery to form a hybrid power supply system seems
therefore to be a good option that enables the UAV propulsion system to benefit from advantages
of both sources and to balance their drawbacks [148, 92, 120].

Indeed, battery since it has higher power density, faster response, and higher efficiency than a
fuel cell, will be selected to supply the required peak-power, when UAV conducts typical maneuvers
such as take-off and climbing. The fuel cell will afterward be the main supply in in cruise or descend
periods. It can also charge the battery to keep the SOC higher than the prescribed threshold.

In [149], Verstraete et al. discussed the performances of a hybrid UAV propulsion system
powered by a 200 W fuel cell and a battery by mean of hardware-in-the-loop (HIL) simulations.
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The behavior of each source under different tests was highlighted and analyzed. This study also
considered endurance and hydrogen use. In a similar study in [150], HIL-based on real flight
recorded data was performed under different load fluctuation degrees. In [151], the authors focused
their study on the battery contribution to the hybrid system. Their experimental investigation
emphasizes the performances of the battery under several solicitations that can be undergone
during flight mission phases. Detailed characterization of this propulsion system is presented in
[152], using different mission profiles and speeds. However, the energy management strategy was

not developed in these studies as power splitting was only conducted by a passive method.

3.83.2. Solar cells as an auxiliary power source

Application of photovoltaic (PV) generation system in moving carriers, such as UAVs is receiv-
ing considerable attention. In this case, a UAV outfitted by PV arrays on its wings can indefinitely
fly providing that a battery is installed for energy storage to supply at night or in case of sun avail-
ability [21]. Solar powered-UAV are typically designed and widely used for HALE applications
as illustrated by Fig. 23. HALE UAVs are designed to perform persistent missions (more than 1
day) at a very high altitude. Morton et al. [153] proposed a solar-powered UAV design method to
optimize the airframe efficiency. The experimental tests on the developed prototype have shown
that the amount of solar energy received was sufficient for the UAV to carry the additional payload
of the solar system extending its endurance [153].

In [154], Harvey et al. proved that using PVs might enable up to 59% of fuel savings in
addition to reducing the UAV weight. Then, exploiting solar energy is a relevant contribution
to UAV endurance improvement. As shown by Fig. 23, solar powered-UAVs must have large
wings in order to maximize the amount of received light energy. In this context, a maximum
power point tracking (MPPT) algorithm is required [155]. In this context, the MPPT hardware
system includes a simple converter associated with a low-cost microcontroller, current, and voltage
sensors. In [21], Shiau et al. proposed the design and validation of a solar power management
system (SPMS) for their experimental UAV powered by solar cells and batteries. The SPMS
includes three cascaded stages: An MPPT stage to maximize the PV power under temperature
and solar radiation variability. Then, the battery management block controlling energy storage
and delivery. The last stage is the DC/DC converter providing +5 V and +12 V power sources
and supplying all the onboard electronic circuitries. However, this study does not consider the

propulsion power in both energy management process and design. In [155], Pen et al. have

27



proposed an interesting perturb and observ-based MPPT algorithm to achieve high efficiency for

PV systems under fast multi-changing solar irradiances, which could be the case of UAVs.

Figure 23: Solar-powered UAVs [156, 157].

3.8.8. Supercapacitor as an auziliary power source

Supercapacitors are recently attracting attention as faster energy storage systems are needed in
a number of applications to replace or complement batteries, which suffer from sluggish charge/discharge
with a limited lifetime [158].

A supercapacitor is characterized by a much higher power and much lower energy densities
when compared to a battery. In addition, it operates in a large temperature range, with overcharge
tolerance, low maintenance cost, and a reasonable cost [159]. It can also extremely reduce the DC
bus voltage fluctuations. Table 9 provides a comparative analysis of batteries and supercapacitor
main characteristics.

In this context, integrating a supercapacitor as an additional power in a UAV hybrid power sup-
ply will offer an additional degree of freedom in term of supplying architectures, while reinforcing
power density and allowing rapid power response (Fig. 24). In hybrid power supply architecture,
the fuel cell is typically the main power source, while the others are auxiliary ones. The fuel cell
will therefore be selected to power the UAV steady state therefore extending its lifetime [161]. In
this case an EMS is mandatory to enable each power source working in its optimal condition.

In [17], Gong et al. provided a HIL-based evaluation and analysis of a hybrid UAV propul-
sion system including fuel cell, battery, and supercapacitor. The system was compared to a fuel
cell /battery system under a flight profile to find out the role of the supercapacitor. In addition,
the effect of supercapacitor capacity on fuel cell and supercapacitor behaviors were studied. The
achieved results have shown good performance of the supercapacitor in load smoothing and dy-
namic response. In an additional work on the same UAV configuration [162], the authors conducted

two flight tests with a real UAV prototype (Fig. 24). It has been therefore clearly shown the su-
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Table 9: Comparison between batteries and supercapacitor [160].

Type Energy Power Cycle Efficiency Merits Drawbacks
density  density life (%)
(Wh/kg) (W/kg) (Times)

Lead-acid  30-40 200-300 300-400 75 Low cost, high dis- Poor performance at

battery charging rate, and high low temperature.
recycling rate.

Ni-MH 60-80 800-1500 1000 75 High energy density, High self-discharging

battery high charging and dis- rate, need for a cooling
charging speed, and system, and higher
long lifetime. manufacturing cost.

Li-ion 100-120 600-2000 1000 90 High voltage, high Lifetime decrease at

battery energy density, high temperature, non-
lightweight, long overcharge, mnon-over
cycle life, low self- discharge, and high
discharging rate, no security requirement.
memory effect, and no
pollution.

Supercapa- 4-15 1000 - 100,000 85-98 Fast charging and Low energy density.

citor 10,0000 dicharging speed,
pollution-free and

extremely long life.

percapacitor considerable contribution in delivering peak power and absorbing power fluctuations
during a dynamic flight with rapid changes in power load. The DC bus voltage stabilization has
been also shown. The EMS strategy has not been unfortunately discussed.

A critical comparative analysis on UAV hybrid power supply configurations is proposed in

Table 10.
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Figure 24: A hybrid fuel cell-battery-supercapacitor power supply in a UAV [17, 162].
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Table 10: Comparison of power supply configurations.

Energy Architecture Advantages Limitations and drawbacks Related
sources papers
Thermal Gas turbine High power-to-weight ratio and Very bad fuel economy and high [85, 86]
energy engine long operating time. noise level.
ICE Very high power and energy den- Reduced efficiency, thermal and [11, 10,
sities, high endurance, large pay- acoustic signatures, GHG emis- 12, 13]
load range. sion, fuel high cost.
One Battery High energy density, energy Low power density, reduced en- [94, 95]
electrical stored (not generated) = quick durance, long recharging time
source response to power demand. with “memory effect” for some
battery types, to increase auton-
omy = add more batteries = in-
crease weight and cost.
Fuel cell High energy density, instantly Energy generated = slow re- [20, 19,
refueling without “‘memory ef- sponse to power demand, aux- 138]
fect” , to increase autonomy =- iliary equipment are required
use more fuel in the same stack (compressors, regulator, etc),
(weight reduction). lack of infrastructures for hydro-
gen distribution, issues of hydro-
gen storage, safety concerns, hy-
drogen production high cost.
Hybrid Fuel cell and Hight energy and power densities Increase of weight, EMS is [20, 151,
power Battery = increase in the endurance and needed (controllers and convert- 163, 164,
supply the response time, energy gener- ers) = additional weight and 165, 149,
ation and storage. complexity. 150, 166]
Fuel cell, Bat- Additional energy source = en- Necessity of large UAV wings, [87, 21,
tery, and so- durance improvement, clean, free cannot be used in rotary-wing 167] [168,
lar cells and available energy = decrease UAVs, an energy storage device 169, 170]
in energy cost, hydrogen saving. is needed, EMS and MPPT are
required.
Fuel cell, Bat- Very high power density, fast EMS is needed, supercapacitor [17, 162]

tery, and su-
percapacitor

charging, reduced weight, and re-
duced dc bus fluctuations; very
long lifetime, minimum heat loss
due to the reduced internal resis-
tance.

voltage regulation is necessary.

4. Power Management Strategies

Hybridization is the most suitable architecture to power the propulsion system in UAVs. It

allows combining advantages and performances of different power sources, and balancing their

limitations. Thus, power has to be optimally split between sources to achieve an efficient energy

usage and to enable power sources high performance operation, while extending as long as possible

their lifetime. Thereby, a power management system or strategy (PMS) must be implemented

for power real time splitting among the available sources, while considering constraints such as

efficiency, fast response, fuel consumption, required power, and flight conditions. This approach is
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an active power management strategy, where the power outputs are controlled through converters
by the energy management unit. Power can also be supplied using a passive method, which is widely
used for small UAVs as in [171] and [172]. In this case, the power sources are directly connected
to a DC link and supply the propulsion according to their own characteristics. Neither additional
power converters nor controllers are needed, therefore considerably reducing complexity, weight,
and power losses [167]. Hardware architectures of both passive and active PMSs are depicted in

Fig. 25.
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Figure 25: Active vs passive PMS Architectures.

In [167], Lee et al. investigated benefits and drawbacks of both active and passive PMSs using
flight test results and power simulation. The studied hybrid power supply system is composed of a
fuel cell, a battery, and solar cells. It is intended for low-speed long-endurance UAVs. Simulation
results have shown that the passive PMS could not maintain the battery minimum SOC, therefore
affecting its lifetime and increasing the system failure possibilities. On the other hand, power
losses reached 4.7% when using an active PMS. In this context, the two PMSs where not evaluated
in the same conditions. Indeed, the passive PMS was just simulated, while the active one was
experimentally implemented. In addition, many flight related conditions were neglected. Table 11
presents a comparison between active and passive PMSs.

Hereafter, we will focus on the main active PMSs proposed in the literature for UAVs energy

management.

4.1. Rule-based Strategies
Rule-based control is one of the most widespread control strategies due to its simplicity, re-

liability in management using predefined conditions (if-then rules). It is typically characterized
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Table 11: Comparison between active and passive PMS.

PMS Advantages Disadvantages

- Optimized power usage

- Weight
. - Safety of power system .
Active ) - Complexity
- Efficiency .
T . - Power losses in converters
- No prior sizing to sources is needed

. - Power distribution Low efficiency
- Simple .
. . - Sources Reduced lifetime
Passive - Light S .
- Energy sources strict sizing required
- Power losses are reduced . .
for reliable DC bus sharing

by a very low computational cost, enabling online EMS implementation [163]. In [167], Lee et al.
investigated a PMS to control a UAV propelled by a hybrid power system including a fuel cell, a
battery, and solar cells. The proposed PMS takes into account the required power and the battery
SOC to assign each power source output. In this study, solar cells are used as the primary source
since it requires no onboard fuel. The PMS considers power outputs as control variables and sets
terminal voltage (20-36 V) of each source by means of DC-DC converters. The fuel cell supplies
the UAV only in a defined power interval (50-180 W), to keep it working in nominal conditions. In
parallel with the PMS, the battery management system prevents battery from overcharging when
it is fully charged. A minimum SOC of 45% was prescribed for UAV safe operation.

In a recent paper [166], Yang et al. proposed a state machine strategy for a fuel cell /battery
UAV. In this case a control logic divides the decision area into five states based on demand power
and battery SOC values. The hybrid power system architecture includes two converters, where
one is bidirectional to control battery charging/discharging. Furthermore, two PI controllers are
used to regulate power and voltage references. To validate the proposed PMS, authors conducted
experimental tests soliciting the power system by load profiles with different SOC initial conditions.
This study was unfortunately not implemented in a real UAV and tested on ground.

In [170], Xian-Zhong et al. proposed an EMS based for a PV /battery-powered long-endurance
UAV. In a first phase, the available PV energy is split into three parts, where the first one powers
the UAV, the second one is stored to be used in a next phase, and the last part is used to charge
the battery. The second phase starts when solar irradiance decreases. In this case, the UAV power
deficit is covered in part by the stored energy and the use of gravitational gliding. The last phase,
in case of a total solar power deficit, the battery powers the UAV at low altitude and enable a safe
landing (end of mission). In this simulation study, the proposed PMS considers the wind effect and

has shown about 23.5% of energy conservation in comparison with another management strategy.
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The availability of such kind of UAV is unfortunately strongly dependent on solar energy.

In a recent study [168], Gang and Kwon proposed a power switching technique based on
inter-changing power supply between a PV system (including a battery) and a fuel cell-based one.
Solid-state relays are used to select either the most suitable power source or both, according to their
states, power requirements, and flight conditions. When the PMS activates the fuel cell system,
it delivers the load power, while the PV system is switched to standby mode. In this period, the
generated PV power is used to charge the battery. The authors designed and constructed their
hybrid UAV, and they conducted a flight test over a period of 1.5 h. However, neither the switching
rules nor the control algorithm were explained.

In [173], Savvaris et al. proposed a simple rule-based algorithm to control a battery/fuel cell
hybrid system. Power is adopted as a variable of control instead of current. Relays are used to
either activate or deactivate each source power flow. In this context, three operation modes have
been considered: The parallel mode, when the two sources are supplying the UAV; the charging
mode, when the battery is charging; and the load following mode (between the previous modes).
Beside simulations, HIL-based experiments were carried out. However, there were no flight test
with a real UAV and the endurance issue has not been discussed.

A constrained thermostat control (CTC) strategy was proposed in [87]. The algorithm set solar
cells as the primary source, which can charge the battery in case of extra power. Furthermore, the
strategy keeps a low threshold SOC of the battery (30%) during flight to ensure safe landing when
solar cells and the fuel cell cannot cover the necessary power. The battery contributes to the power
supplying as long as the SOC is higher than the prescribed threshold. This was a simulation-based
study that needs at least HIL-based validation.

4.2. Fuzzy Logic Strategies

A fuzzy logic-based PMS can be implemented to enhance power allocation for an UAV hybrid
power supply system increasing energy efficiency. The fuzzy control algorithm uses inputs such
as battery SOC, power demand (Pp), and photovoltaic power (if PV panels are used); and then
generates control commands (i.e. fuel cell power Prc) respecting the pre-set rules. These rules
determine the management strategy and set priorities and constraints. In general, PV power has
the highest priority to supply the UAV, while fuel cell power has the lowest one. Table 12 shows an
example of fuzzification for a battery/fuel cell control system [164]. The battery SOC is classified
as: low (L), medim (M), and high (H), respectively. The power demand Pp has five fuzzy states:
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medium (M), high (H), very high (VH), low (L), and very low (VL). Similarly, the fuzzy output
Pr¢ has five fuzzy states: M, VH, H, L, and VL.

Table 12: Fuzzificationn for a battery/fuel cell power control system [164].
Pp
VH H M L VL
L VH VH H M L
SOC M vH H M L L
H H M L VL VL

Prc

In [164], Zhang et al. proposed an online fuzzy EMS for a UAV propelled by a hybrid fuel
cell/battery power system. The designed EMS was experimentally tested. In this study, the fuel
cell supplies the propulsion through a programmable DC/DC converter, which controls its current
output. The battery is directly linked to the DC bus with no converter. Its output current is in
this case indirectly determined by the power balance principle. The implemented algorithm uses
the battery SOC and the power demand as input variables and calculates, under a fuzzy process,
the fuel cell power as the output variable. The fuzzy EMS was compared with state machine and
passive control strategies, using three types of flight missions: pulsed-power mission, flight-power
mission, and long endurance mission. The proposed management strategy shows good performance
regarding fuel consumption and battery SOC. However, it was implemented in a test-bench using
programmable electric load to emulate power demand profiles. No real flights were carried out.

In [163, 165], Karunarathne et al. proposed an energy and power management system to
optimize power splitting between a PEMFC cell and a Li-ion battery. In the first stage, the
EMS aims to reduce oxygen concentration voltage losses. It makes long term decisions based on
the required power, the battery SOC, and the PEMFC control parameters. In the second stage,
the PMS receives those decisions and deals with a short-time implementation. The PMS uses a
rule-based system to define the PEMFC output through a unidirectional converter and controls
the DC/DC bidirectional converter to enable the battery charging/discharging by switching it
to buck/boost modes. The EMS acts on the PEMFC compressor motor voltage to control the
inlet airflow rate. To set the compressor voltage into optimum value, an ANFIS-based (Adaptive
Neuro-Fuzzy Inference System) adaptive controller is used to predict the membership function
estimation parameters. However, this study is still at the simulation stage with no experimental

investigations.
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In [169], Zhang et al. introduced a hybrid approach combining fuzzy logic and state machine
strategies. The fuzzy logic strategy is used for power allocation for the UAV battery and fuel cell,
when the state machine strategy is in charge of power management for the solar cells and battery.
A mission scenario was implemented in a simulation platform to study the power sources behaviors.
The proposed strategy was compared to the thermostat control strategy [87], implemented for the
similar UAV. The carried out comparison considers the battery SOC, fuel utilization, and each
source contribution proportion in the supplying process.

Far from the rule-based and fuzzy logic EMS/PMS approaches, an optimal EMS using dy-
namic programming was introduced in [174]. The proposed algorithm was tested with several
flight scenarios and different hybridization degrees (batteries contribution in power supplying),
and considering fuel consumption. The investigations aimed to determine the best architecture
regarding endurance improvement. This study leads to the main conclusion that hybridization
can be beneficial in term of endurance only in case of the fuel cell inability to ensure the UAV
supplying as a unique source. The computational complexity of such an optimal method may be
an obstacle for online usage.

A critical comparative analysis of UAV EMS/PMS main literature is proposed in Table 13.

5. Conclusions and future trends

UAVs have been in continuous development and they are reaching a large range of applications.
In this context and as the propulsion system constitutes the mainstay of a UAV platform, this paper
have been focused on the onboard propulsion system energy aspect by proposing a comparative and
critical state of the art review on UAVs power supplying architectures and suitable energy /power
management strategies. This comparative and critical study intends providing a starting basis for
the development of performing UAV power propulsion systems by facilitating trade-off in the choice
of power sources. One source-based UAV power supply system will be greatly limited because of
their poor performance under varying operating conditions. Thus, hybridization of power sources
with different characteristics is becoming a standard solution in designing a UAV electric power
system. In this context, hybrid power sources choice and sizing are strongly depending on UAV’s
tasks and corresponding weight /duration constraints.

This paper also discussed the issue of unlimited endurance for specific missions. Indeed, it

has been presented and discussed typical UAVs power supplying techniques, namely swapping,
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Table 13: Power management strategies proposed for UAVs.

Ref. Power supply Experiments/ Contribution Limitations
system Simulations
[167] FC/ Battery/ Solar Experiments Flight test for 3.8 h of an imple- Night operation not tested.
2014 cells mented rule-based PMS in 200
W class UAV.
[166] FC/ Battery Both State machine strategy tested in  Only ground test.
2018 different SOC conditions.
[168] FC/ Battery/ Solar Experiments Switching technique between so-  Strategy algorithm missed.
2018 cells lar and fuel cell systems.
[21] 2009  Battery/ Solar cells Experiments Battery management in a solar Power for propulsion system
system to power the electronic neglected.
circuits in a designed UAV.
[164] FC/ Battery Experiments Online fuzzy rule-based EMS us- No flight test.
2018 ing one programmable DC/DC
converter.
[163, 165] FC/ Battery Simulations Intelligent EMS and PMS using Strategy not tested with UAV
2010,2009 ANFIS-based controller. profile mission.
[87] 2012  FC/ Battery/ Solar ~ Simulations Constrained thermostat control The proposed architecture
cells (CTC) strategy. may make the system heavy.
[169] FC/ Battery/ Solar ~ Simulations Combination of fuzzy logic and No experimental validations.
2018 cells state machine strategies.
[173] FC/ Battery Both HIL simulation of simple rule- No flight test, endurance not
2016 based algorithm. discussed.
[23] 2013 Solar cell/ Battery  Simulations Three-stage EMS for solar- High dependence on solar en-
powered UAV. ergy.
[174] FC/ Battery Simulations Optimal EMS wusing dynamic Optimization high computa-
2009 programming. tional cost.

laser-beam inflight recharging, and UAV tethering. As it has been clearly shown in the state of art

review, there are few EMS/PMS specific approaches for UAVs in comparison to electric vehicles.

This is mainly due to UAVs specificities and constraints, while there were only few flight test studies

investigating energy management strategies. In this context, the problem of energy optimization

is hardly constrained by the UAV weight that limits the onboard computational capacity for real-

time optimization, in addition to the fact that embedded processors need to be supplied, therefore

affecting the endurance. In this context, off-line optimization could be considered as a trend, when

many constraints of on-line optimization can be overcome. Indeed, recent works proposed UAVs

energy consumption prediction based on an a priori knowledge of the scheduled mission (profile,

maneuvering actions, duration, etc.) [175, 176].
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