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Abstract: Unmanned aerial vehicles (UAVs) are increasingly attracting investment and development
attention from many countries all over the world due to their great advantages. However, one of the
biggest challenges for researchers is the problem of supplying energy to UAVs to ensure they can
operate for a longer time. Especially in the case of rotary wings, they consume more energy than
other UAV types as the motors need to spend a lot of energy to operate in order to overcome the
gravity of the earth. The article aims to research power supply, energy consumption on UAVs, and a
method of taking advantage of external energy sources to provide power for the operation of UAVs
and discuss UAVs’ structure, categories, and control. Two experiments were conducted separately to
evaluate the energy consumption of UAVs and the energy conversion from external energy sources
to electrical energy. A test bench was designed to evaluate and determine the maximum efficiency
using regenerative braking mode. The measuring device was manufactured to measure the necessary
parameters to calculate the energy consumption and performance of the system. Experimental
numerical results show that energy conversion from external sources is one of methods that can help
increase the flight time of the UAV.

Keywords: energy consumption; unmanned aerial vehicle; quadrotor; efficiency

1. Introduction

Since their appearance in the early 19th century, unmanned aerial vehicles (UAVs)
have been invested in research and development by many countries around the world.
In the beginning, UAVs were used mainly in the military field and accounted for 90% of
the UAV’s market share. Nowadays, with the development of science and technology,
UAVs have integrated various modules, such as sensors, cameras, and Lidar, making
them more applicable in the civil field. Therefore, unmanned aerial vehicles (UAVs) are
increasingly improved and have some advantages over traditional manned vehicles, such
as compact size, cost of manufacturing, and maintenance. Along with that, recreational
and industrial interests cause the UAV’s market share to increase to more than 50% in
the nonmilitary field. According to the latest data, the global market size of UAVs is
predicted to be worth USD 32 billion in 2022 and could reach USD 72 billion by 2028 with a
compound annual growth rate of 14.4% [1,2]. In the civil field, UAVs have a wide range
of applications in agriculture, such as seed planting, weed recognition, insecticide and
fertilizer prospecting and spraying [3,4], monitoring and data collection [5], delivery of
goods [6], photography [7], mapping, and numerous other applications [8]. In addition,
UAVs are increasingly used in the military field, such as reconnaissance, surveillance of
enemy activity [9,10], radar system jamming, shadowing enemy fleets, decoying missiles,
or executing attack missions [11]. Some applications of UAVs are shown in Figure 1.
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Figure 1. Applications of UAVs in: (a) agriculture [11], (b) monitoring and data collection (pollution
and land monitoring) [12], (c) photography (film, video) [13], (d) aerial mapping [14], (e) reconnais-
sance [15], (f) surveillance of enemy activity [16], (g) attack missions [17], (h) decoying missiles by
the emission of artificial signatures [18].

One of the most important tasks when designing and building a UAV is to make sure
the system is operational for as long as possible, which means increasing the endurance
of the UAV. There are many methods used to solve this problem, such as designing UAV
shapes with optimal aerodynamic parameters to reduce friction and aerodynamic drag or
reducing the system weight of the UAV [19-21]. These methods have many advantages,
but when they reach a certain stage, it is difficult to advance further. Another approach
that many researchers have focused their research on is to solve the problem of power
supply for UAVs. The capacity limitation of a UAV energy storage system is a crucial
technical challenge for UAV applications. Among UAV types, the multirotor is one of
the fastest-power-consuming machines. Most of them have a battery life of less than
60 min [22-25]. To solve this problem, there are two options: increase the battery capacity
and recharge the battery. However, in the case of increasing battery capacity, this option
has a few disadvantages when the current battery technology is quite limited. Precisely,
as the battery capacity increases, the mass of the battery that the UAV needs to carry will
increase. Many methods have been studied to increase the energy density contained in the
battery, but not much progress has been made yet. To increase the operating time of the
UAV, the method of re-energizing the battery from external sources has been focused on
research and development. There are two methods of charging the battery: wireless and
wired charging. The current wired charging technique has limitations, such as complexity,
insufficient mobility, and low efficiency. Meanwhile, the wireless charging technique has
solved the limitations of wired charging when it provides sufficiently greater freedom of
movement. UAVs can operate for longer periods of time and continuously without the
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need to return to their base for charging. There are a wide range of wireless charging
methods that have been researched and developed to find an efficient battery charging
technique. These methods have their own advantages and disadvantages. In addition, they
will be discussed in more detail later in the paper.

This paper focuses on the recharging technique using wind power to convert me-
chanical energy into electrical energy to improve the endurance of UAVs and the capacity
of the electrical energy power supply system for UAVs. When the UAV flies to a certain
height, taking advantage of the wind as the UAV descends, the wind causes a force on the
propeller, causing the motor to rotate using windmilling, which will generate electrical
energy and charge back the battery or supercapacitor on the UAV. In this paper, we will
discuss the energy storage technology and power supply for electric UAVs to improve the
flight time and possibilities of wireless charging techniques for UAVs.

2. Concept of an Electric UAV
2.1. Brief Description of UAV's

Currently, UAVs have many types and are used in various fields, from civil to mili-
tary. Therefore, many criteria have been proposed to classify UAVs into different groups,
such as endurance, flight range, flying mode, size, mission, and application. In [26], they
are divided into five groups according to operations: unmanned ground vehicles, un-
manned aerial vehicles, unmanned surface vehicles, unmanned underwater vehicles, and
unmanned spacecraft. Authors in [27] classify UAVs into three categories based on robotics:
autonomous, shared autonomous, and teleoperation systems. Based on aerodynamic con-
figuration, UAVs can be divided into three categories: fixed wing, rotary wing, and flapping
wing. The advantages and disadvantages of these UAVs are shown in Table 1.

Table 1. Comparison between UAV types [27].

Construction . e -
UAV Types Cost Maneuver and Range Flight Energy . C1V}11a1.1 M11_1tar.y
. . Safety Consumption Application Application
Repairing
Ii:;i;y Medium High Medium Medium Medium High High Medium
Fixed wing Medium Low Medium High Medium Low Medium High
Flj\ggtgng High Medium High Low Low Medium Medium Low

From Table 1, it can be seen that the rotary-wing UAV (multirotor) is used more
commonly in both civil and military applications due to advantages, such as cost and
high maneuverability. In 2004, most UAVs were produced for military purposes. UAVs
intended for civilian use accounted for a very small and insignificant proportion compared
with 98% of UAVs used in the military [28]. At that time, fixed-wing UAVs were most
commonly used in the military field. With the development and popularity of science and
technology available on UAVs to hobbyists, rotary-wing UAVs are increasingly interesting
to hobbyists, commercial organizations, and governments. Rotary-wing UAVs account for
62.8% of the global market share, while fixed-wing and the rest account for 25.4% and 12%,
respectively [29]. However, the problem of energy consumption of rotary-wing UAVs is
still a big challenge when it consumes higher energy compared with the other two types.
Rotary-wing UAVs often use many motors to help the UAV overcome the gravity of the
earth, so the energy consumed for it is very large, making the flight time of the rotary wing
shorter. In addition, commercial rotary-wing UAVs usually have a flight time of less than
1 h. Therefore, in this paper, the authors focus on solutions to solve the problem of power
supply for rotary-wing systems (especially, quadrotors). However, before moving forward
with that, let us first briefly discuss the UAV’s components.

The UAV system is made up of many different components. Depending on the require-
ments of the mission, parts of the UAV may be changed. However, they basically include
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the following subsystems: navigation, air vehicle, payload, communications, launch, recov-
ery and retrieval equipment, and control station. These subsystems do not exist in isolation
but are parts of a total system. The structure of the UAV can be seen in Figure 2.

POWER SUPPLIES

NAVIGATION - PAYLOAD

COMMUNICATION

CONTROL STATION ‘ ‘ LAUNCH and RECOVERY

Figure 2. Functional structure of an UAV.

Air vehicle (aircraft) is used to carry subsystems for it to operate, such as commu-
nications link, control equipment, power plant, and fuel. In addition, aircraft carry the
mission payload to its point of application. Air vehicles are designed and manufactured
mainly based on the need for operational missions. The factors that can affect an aircraft’s
design are drag;, lifting forces, thrust generated, and gravity. Payload, based on the need for
operational tasks, the type, and the performance of the payload, can be different. However,
it basically can be divided into two types: video cameras, thermal imaging cameras, sen-
sors [17], and loads, such as weapons, missiles, and bombs for the military, and crop spray
fluid, firefighting materials for civil purposes, and so on [18]. When designing a UAV, the
payload is one of the important factors to consider. A heavier payload will affect the energy
required for the UAV to operate. This leads to a trade-off in the flight duration of the UAV.
Launch, recovery, and retrieval equipment, Launch equipment is used on those air vehicles that
do not have the capability of vertical flight. The equipment could be in the form of a ramp,
propelled by a system of compressed air and so on. Recovery equipment is also needed for
air vehicles without vertical flight capability. The recovery equipment could be a parachute
installed within the air vehicle, a large net, or a carousel apparatus. Retrieval equipment
is required to transport the UAV back to its launcher. A communication system is required
to provide a link between the control station and the air vehicle. Communication can be
achieved by three methods: radio, fiber optics, and laser beam. However, the transmissions
widely used are at radio frequencies. The control station (CS) is the center of the operation
and the man-machine interface. Via a communication system, from the control station,
the operator can send control commands to the aircraft so the UAV can perform various
tasks. In addition, at the CS, the operator can get information from sensors, cameras, other
payloads, position, and status information of the UAV [30,31].

In this paper, our aim is to accumulate energy from an external power source to
improve the endurance of the UAV. By knowing the trajectory of the UAYV, it is possible
to calculate the energy consumed for the flight. In addition, a navigation system is an
important factor needed to be able to calculate the trajectory of the UAV. The navigation
system is necessary for the operator to know the position and status of the UAV to control it
during flight.

In the past, an expensive, complex, and sophisticated system called INS (inertial
navigation system) was used for navigation. However, it required frequent positional
updates from the control station using radio tracking or recognition of geographical features.
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Since the appearance of the global navigation satellite system (GNSS), the UAV can access
positional information in real time, which helps to ease this problem. The GNSSs now
available are compact, light, and quite cheap. The GNSS currently has four systems used
in the world: GPS, GLONASS, Galileo, and BeiDou. GPS (Global Positioning System)
provides a Precise Positioning Service (PPS) for authorized users with P(Y) and M signals
at the frequencies L1 (1575, 42 MHz) and L2 (1227, 60 MHz) and Standard Positioning
Service (SPS) for others. GLONASS consists of 24 satellites of the Uragan-M block, which
have been launched since 2001 and which provide the SF (Obfuscated FDMA) service to
authorized users and the OF service to other users. Unlike other GNSSs that use the CDMA
(Code Division Multiple Access) method, GLONASS uses the FDMA (Frequency Division
Multiple Access) method. As regards Galileo, from a planned number of 30 satellites,
26 have been launched so far, and 4 satellites are not in use. One pair of satellites did not
achieve proper orbit due to carrier failure, another had very low power, and 1 failed a flight
clock. The BeiDou system (BDS) is operated in two variants: the older BDS-2 has been
fully functional since 2012, and the newer BDS-3 since 2020. By connecting these satellites
and knowing their positions, it is possible to calculate the coordinates and the speed and
altitude of the UAV. Using these parameters from the calculation of GNSS data can help to
plan the trajectory of the UAV, and it can be useful for power management using energy
storage technologies.

Figure 3 shows a UAV flight scenario. During the flight from the starting point to
the ending point, the UAV consumes a lot of energy in the C1 and C2 areas and stores the
energy back by converting wind energy into electric energy in R1 area. In order to achieve
the goal of generating the maximum of the UAV coefficient of efficiency, it is necessary
to find the efficient coefficient of wind energy to electric energy conversion. Since the
UAV is affected by environmental factors and the variable speed of the motors, the power
consumption model of the UAV is in fact a nonlinear model. The energy consumption
model will become complex due to many parameters to be considered. However, our aim
is to find the maximum efficiency; therefore, in this paper, the energy consumption model
will be considered in linear form.

Altitude (km)
A UAV’s trajectory
Consuming area C2

Consuming area C1

Recharging area R1

Starting

point End
wo.int

Distance (km)

Figure 3. UAV flight scenario to get maximum efficiency.

The UAV’s energy consumption is mainly concentrated in the propulsion system.
The current flowing through the motor is very large, so the quadrotor usually has a short
operating time. The propulsion power consumption can be calculated as

4
Epr = /t:f ;(]wi(t) + Ky} () + Dowi(t) ) wi(£)at @
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Battery

where w; is the angular velocity of motor i, | is the inertia of the motor, D, is the viscous
damping coefficient, and Kr is the drag coefficient.

The energy converted from wind energy can be calculated according to the
following formula:

t
E. = /t 770Pw(t>dt ()

1

where 7 is the efficiency coefficient of wind energy to electric energy conversion, and Py, is
wind energy.
The UAV’s performance between energy conversion and energy consumption can be

calculated as follows: E
—_ ¢

n= E, 3)

From Equations (1) and (2), it can be seen that the energy consumption of the UAV
depends greatly on the angular velocity of the motors. It is very important to control the
current of the electric motors or the electric drive of the system. The efficiency of these
electric drives is affected by the level of the current. Meanwhile, energy conversion is
affected by #g and the wind energy through the cross section of the propeller. Therefore,
in the following sections, we focus on discussing the concept of the electric drives of
UAVs according to the technology of the energy storage elements, such as supercapacitors,
batteries, and fuel cells.

2.2. Electric and Hybrid UAV Using Energy Storage Technologies

Aviation emits 2% of CO; annually and is predicted to increase to an average of 4%
to 5% in the future. If this continues without taking concrete action to control it, ICAO
expects emissions to roughly triple by 2050, which will account 25% of the global carbon
emissions. Nowadays, the aviation industry can reduce noise and emission levels with
the help of technological developments. Climate change concerns have led the aviation
industry to explore more electric and hybrid electric propulsions as a potential path for
reduced emissions during the last few decades [32].

Parallel hybrid (shown in Figure 4). These systems add the thrust or power generated
by the ICE and the EM to propel the aircraft. The parallel hybrid has some advantages, such
as high energy efficiency in steady conditions, low fuel consumption, and great synergy
with nonhomogenous distributed propulsion. The drawbacks of a parallel hybrid are com-
plex powertrain controllers and high complexity of distributed propulsion implementation,
and in some cases, a mechanical coupler is needed.

| Motor mode

Motor ™=y  Tyrbofan Fan

Figure 4. Parallel hybrid [32].

Serial hybrid (shown in Figure 5). In these systems, the electric motor (EM) provides
the entire power or thrust required. The ICE provides power to the electric propulsion sys-
tem as a motor-generator. The pros of the serial hybrid are simplicity of powertrain control,
good performance at low flight speed, and great synergy with distributed propulsion. They
also have some disadvantages, such as high fuel consumption and energy losses as the ice
mechanical energy is transformed into electric energy.
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Turboshaft

Battery

Battery

Motor Fan

Motor mode

Motor Fan

e Generator mode
Figure 5. Serial hybrid [32].

All electric (shown in Figure 6). An all-electric propulsion system is widely used on
small UAVs due to its advantages over other types. One advantage is having low noise.
Electric motors make less noise when operating than fuel-powered engines. In addition,
the all-electric propulsion system allows for a distributed use of smaller, quieter engines.
Efficiency is also one of its advantages. The electric drive of the propulsion system can have
more than 90% efficiency in comparison with 55% for large turbofans and 35% for small
turbofans. Another advantage of all-electric propulsion systems is scalability. Precisely,
the performance is the same when using one or two large motors or many small motors
in electric propulsion systems. Therefore, in this paper, the research study focuses mainly
on all-electric architecture using small UAVs. However, the energy problem of all-electric
propulsion systems is the biggest challenge in designing UAVs [33].

-

Motor mode
J‘— Motor Fan

Generator mode

Figure 6. All electric [32].

Energy Management Strategy for UAVs

There have been many energy management strategies (EMSs) for UAVs studied and
reported in various articles. The authors in [34] presented various EMSs for UAVs in
different flight segments with varying sizes of battery packs. In [35], Xie et al., introduced a
comprehensive review of conceptual design and energy management methodologies for
hybrid electric-powered aircraft. In [36] Antonio Russo and Alberto Cavallo presented
a method to deal with the stability analysis and the control of a supercapacitor based
on the Second-Order Sliding Mode for a More Electric Aircraft. In [37], Giacomo et al.,
introduced an alternative EMS for aeronautic applications. The strategy is charging a
battery in a nominal condition, and when the overload happens, the battery is used to help
the generator.

Hybrid systems combine the advantages of different energy sources and balance
their limitations, resulting in a significant increase in system performance. It is therefore
very suitable for use in powering UAV systems. In EMS, power needs to be optimally
split between power sources to achieve high performance of the system and efficiency of
energy usage. The EMS can be mainly considered as follows: rule based, intelligent based,
optimization based, and others (shown in Figure 7).
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Figure 7. EMS classification for UAVs.

The architecture of an electric propulsion system can be seen in Figure 8. The Power
management system controller will control the DC/DC converters so that the whole system
can be supplied with the appropriate voltage to perform the task with high efficiency.
In addition, the controller can prevent the system from overheating, overshooting, and
overdischarging by monitoring the working state of the UAV.

il o - -a
—— Power management | !
i i > system controller B § E Povrer sigml
i Control signal
P 1 DC BUS
A |
Battery —» DC/DC converter — » Inverter [ BLDC
i o motor
.. | il
Supercapacitor »  DC/DC converter —»
______ J «-- |
Fuel cell »| DC/DC converter

Figure 8. An architecture of an electric propulsion system on the hybrid system [34].

2.3. Power Sources Used in a UAV

The power system plays an important role in the UAV and is seen as the heart of
the system as it supplies power for the whole operating system. The power system has
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Hydrogen
Tank 111

(a)

a significant effect on the flight performance of an aircraft. The power sources for UAV
operation mainly include heat engine, fuel cell, supercapacitor, battery, and external energy
source (solar, wind, etc.). They are divided into two categories: chemical system and
electrical approaches (shown in Figure 9).

Chemical

Motor mode

e Heat engine
e Fuel cell

Motor mode

Storage mode

Generator mode

Electrical Motor mode

e  Battery
e  Supercapacitor

Generator mode

l Storage mode

External energy source

e  Solar energy
e  Wind energy

Figure 9. Power supplies in a UAV.

A heat engine is mainly used in large UAVs, such as HALE and MALE. It converts
thermal energy into mechanical energy, which is the source of a UAV’s operation. However,
because of complex control, high thermal signature, loud noise, low fuel economy, and the
need for an auxiliary starting motor, a heat engine is not suitable for use in small UAVs.

Fuel cells (see Figure 10a) are used to convert the chemical energy of fuel into electricity.
Hydrogen and oxygen are most commonly used as working substances for fuel cells in
UAVs. The UAV using fuel cells as a power source usually has higher endurance as a fuel
cell has five times higher energy density than a LiPo battery (see Figure 10). Nowadays,
concerns about the lack of fossil fuel supplies and greenhouse gas emissions have led
scientists to gradually reduce their interest in chemical energy sources and look for other
green and cleaner energy sources.

Electrical
Loads

Hydrogen
Fuel Cell
30 W

Photovoltaic panels

(b)

Figure 10. (a) Fuel cell; (b) solar power.
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Electrical power has many advantages, such as reliability, no pollutant emission, high
efficiency, low noise, self-starting feature, and a well-developed control system. Among
the sources of electrical energy used on the UAV, the battery (Figure 11a) is the most com-
monly used one to power the system due to it cost-effectiveness, simplicity, and flexibility.
However, batteries still have some limitations, such as low energy density and a long time
to charge. In addition, in some cases of requiring a fast power response for the UAV’s
maneuver, the battery is not a good choice due to its slow power dynamic. To compensate
for these drawbacks of the battery, using supercapacitors (see Figure 11b) could be con-
sidered when it has much higher power and can be a faster energy storage system (faster
charge/discharge rate) compared with a battery. A supercapacitor also has a reasonable
cost, a large operating temperature range, and a low maintenance cost and reduces the
DC bus voltage fluctuation. However, in comparison with batteries, supercapacitors have
lower specific energy capacities (only a few Wh/kg). Among supercapacitors, electrical
double-layer capacitors are the most common types, which are very durable and capable of
fast charging and discharging and have millions of cycles.

Supercapacitors:
83F/48V
58F/15V
10F/2.5V

Lithium-Ion
Polymer
Batteries

Figure 11. Electrical energy storage systems: (a) battery; (b) supercapacitors.

In Figure 12, it can be seen that the fuel cell has the highest specific energy, while the
specific power is the lowest compared the other energy sources. Each energy source has its
own advantages and disadvantages, so many researchers have also sought to combine those
energy sources with their advantages to create hybrid power sources. For example, a hybrid
power source could be a combination of a battery and a fuel cell that can take advantage of
the battery’s high-power density, high efficiency, fast response, and advantages of the fuel’s
high energy density. In this case, the battery is used as the power source for the request of
peak power, such as takeoff and climbing. Additionally, the fuel cell could be used in the
cruise and descent periods.
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Figure 12. Comparison between energy sources [38].

Another approach that is of interest to researchers is to use external energy sources,
such as solar energy and wind power, to increase the endurance of the UAV without the
need to return to the ground for recharging. That helps UAVs to be more efficient in
performing their tasks. Solar-powered UAVs (especially fixed-wing UAVs) convert energy
from sunlight into electricity by using photovoltaic panels installed on the wings. Some
UAVs that use solar energy as a source of energy could be mentioned, such as NASA’s
Pathfinder [39], Helios [40], and Airbus Zephyr developed by Qinetiq Inc. [41]. One of the
disadvantages of solar-powered UAVs is that they are only efficient during the day. At
night or when it is cloudy, the amount of electricity obtained from photovoltaic panels is
absent or negligible. Wind energy is one of the clean and available energy sources in nature.
There have been many research works on applying wind power in many different areas of
life [42]. However, the conversion of wind energy into electricity to provide operational
power for UAVs is still limited. In this paper, we focus on analyzing the possibility of
recharging energy using wind energy in UAVs.

2.4. Charging Techniques for Battery Used in UAVs

By using chemicals to absorb and release energy on demand, batteries are the most
popular energy storage devices in UAVs due to their many advantages. Among the tradi-
tional charging methods, battery swapping is the most widely used on UAVs. However,
nowadays, wireless charging is increasingly attracting the attention of researchers. Ap-
proaches to wireless charging can be divided into two groups: non-EMF-based charging
and EMF-based charging.

The non-EMF-based technique mainly includes gust soaring, PV array, and laser
beaming (shown in Figure 13). Gust soaring is one of the non-EMF-based techniques to help
increase the flight time of UAVs. By adjusting the trajectory of the UAV to catch the rising
air, it can convert wind energy into the energy needed for the UAV’s operation (shown
in Figure 13a). In [43] the authors proposed a numerical analysis of dynamic soaring.
However, this technique still has some drawbacks that this method is only effective for
fixed-wing UAVs and is highly wind dependent.
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Figure 13. Non-EMF-based techniques: (a) gust soaring; (b) PV arrays and laser beaming.

PV arrays is a technique that uses photovoltaic panels to convert solar radiation into
electricity. Researchers have focused on studying the factors affecting the efficiency of
electricity conversion from solar energy. Many studies have shown that factors such
as the arrangement of photovoltaic cells, flight time, battery type, and payload are the
most important parameters, while the efficiency of the photovoltaic cell and the electrical
components do not play a crucial role [44]. Laser beaming is a technique commonly used
by the military to prolong the flight time of UAVs for reconnaissance or intelligence
purposes [45]. In [46-48], laser, which, in the form of a concentrated and streamlined beam
of light at a certain frequency and of a particular wavelength, is directed to photovoltaic
cells, was installed on a UAV. This PV cell will convert the laser beam into useful energy
to recharge the battery of the drone. Besides those non-EMF-based techniques, battery
dumping is also considered another technique to prolong the UAV’s mission duration. This
strategy helps to increase the mission duration of the aircraft marginally. In [49], the authors
proposed a concept of decreasing the UAV weight by dumping empty battery packs and,
consequently, slightly increasing the UAV’s flight time. They divided the battery pack into
sections, connected them, and detached sections once they were fully discharged. In [50],
the authors gave other solutions to implementing automated battery changing stations.
The empty battery is removed from the UAV with the help of automated manipulators at a
specifically designed platform, while a new fully charged battery is replaced.

EMF-based techniques are also considered one of the options, which can be used to
increase the UAV’s mission duration. In [51], the authors researched the potential of using
the power line’s electromagnetic field to charge a UAV and proposed a method to estimate
the amount of energy available for the UAV to use around the transmission line by using a
magnetic field. In [52], capacitive, inductive, and magnetic resonant charging techniques
were presented. In this technique, the problems of the UAV’s battery recharging and high
efficiency of the power transfer during the movement are still challenging tasks.

Current charging techniques are commonly used on fixed-wing UAVs, while rotary
wings are limited. In Table 1, it is mentioned that rotary wing has higher power consump-
tion than other types of UAV. Among the types of rotary wing, the quadrotor is the type of
UAV that has the most applications in both civil and military applications, thanks to its
many advantages. However, the problem of supplying power to ensure the quadrotor can
operate for a longer time is still a big challenge. In the next section, we will discuss the
dynamic model, the control methods of the quadrotor, and the method of taking advantage
of wind energy to convert it to electrical energy for a quadrotor.
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2.5. Working Principle and Dynamic Model of a Quadrotor

Multirotors are widely used in the world because of their versatile flight flexibility.
The multirotor can perform complex movements by changing the speeds of the motors.
Among them, the quadrotor is the most popular drone that has many advantages, such
as cheap cost, compact size, ease of control. The quadrotor moves mainly because of the
thrusts from the four motors fixed symmetrically to the platform. To be able to control the
quadrotor, every two opposite motors (1, 3 and 2, 4) must rotate in the same direction, and
the other two are on the contrary. A model of a quadrotor is illustrated in Figure 14.
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F2 | a F1
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¥
-
.
P
P
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Figure 14. Quadrotor configuration.

Right

The motors are supplied with different amperages, which will change the force and
torque balances on the quadrotor.

2.5.1. Quadrotor’s Dynamic Modeling

The Euler-Lagrange formalism is used to model the dynamic rotation of a quadrotor.
The airframe orientation can be given by a rotation, Rp_g, from a body-fixed frame to an
earth-fixed frame, where Rg g is the rotation matrix.

Using the Lagrange method, the motion equation can be written in a general form:

d (L OL
i=2\ =) 5 4
dt(&/i) 54; @

where g; are generalized coordinates, and G; are generalized forces.

gi = (v, v,2,¢,0,0) € R®, where (xyz) € R3 are absolute positions of the quadrotor
mass in a fixed-body frame. (¢, 0,)) € R3 are Euler angles, where ¢, 6, i are roll, pitch,
and yaw angles respectively.

To calculate parameters of the quadrotor between two frames, the rotation matrix can
be obtained by the following formula:

C¢C9 CwSQS(p — C¢S¢ ClpSQC(p + S¢S¢
R=|S4Co SySeSp+CyCy SySeCp — SpCy )
—Sg CoSy CoCyp

where C* = cos(*) and S* = sin(*).
The kinematic energy can be calculated as:

1 TS | - - 21 - : 2
T= EIXX ((p - 1,1]51119) + EIW (GCosgo + 1pszn<pcos€) + EIZZ (Qsmgo - 1/)005(pc059> (6)

where Iy, Iyy, I, are moments of inertia on the axes x, y, and z, respectively.
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The potential energy can be calculated as:

V=g / xdm(x)(—gsind) + /ydm(y)gsimpcos@ + /de(z)gCOS(pC059 (7)
Using Lagrangian formula L=T-V, the three equations of motion can be received:

Lixp = 09 (Iyy — Lz)
Ly = 9:”1/’(122 — L) ®)
Izzl/J = G(P(Ixx - Iyy)
Each BLDC motor generates a thrust moment, which is defined by T; = bwiz, where b
is a thrust factor of the propeller and b > 0. w; is an angular velocity of the motor i.

The main thrust acting on the quadrotor is the summation of thrust moments of four
motors that can be calculated by the following formula:

T=Ti+To+Ts+ Ty ©)

The generalized moments can be obtained by the following formula:

T = bl (wf — w3)
T, = bl(w§ — w?) (10)
S OF S B LA

where [ is the distance from the motor to the quadrotor center mass, an 4 is the drag factor.
The control from motors can be obtained as follows:

T b b b b w%
| | 0 —=bl 0 bl w%
Ty —bl 0 bl O w% (11)
T, d —-d d —-d wi
The dynamic model of the quadrotor is introduced as follows:
X (ClpSgC(P + S(PSw)Kl
y = (SIPS@C(p — S¢C¢)K1 (12)
z -9+ C9C¢
L >
[0 k0] ooy
O = |o9(=) +490| + |0 1, O||Ks (13)
I Ao =Ty LK
P 0 ( lzz vy ) 0 0 L 4
The control inputs Kj, K3, K3, and K4 can be obtained:
K = b(w% + w3 4 w3 + wi) (14)
Ky bl (w3 — w3)
T=|Ks| = bl(w} — w? e R® (15)
K| o d(wf+ @i — @} - w))

where, Kj is an essential parameter to control the quadrotor reaching the desired attitude;
Ky, K3, K4 control the roll, pitch, and yaw displacement, respectively; J, is the moment of
inertia of the rotor; and () is the overall sum of rotors” speed.

To control the quadrotor, we use the semiphysical DSPACE system. With the DSPACE
system, it is possible to receive signals from sensors and output PWM signals to control the
motor speed. However, in order to control the quadrotor, it is necessary to first mention
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about its control methods. In the next section, we will briefly discuss the control methods
commonly used on the rotary wing in general and the quadrotor in particular.

2.5.2. Control Methods for the Quadrotor

Since the appearance of UAVs, many control methods for UAVs have been researched
and developed over the years to make the control response faster, less erroneous, and more
accurate. The control methods can be divided into three main groups: Linear robust control,
nonlinear control, and intelligent control.

The linear robust control method was found early in the quadrotor development
and was sufficient for stable flight. Some linear robust control can be mentioned, such
as the proportional-integral-derivative controller (PID), which is known as one of the
most popular controllers due to its ease of application and simplicity (see Figure 15). In
control theory, one of the classical approaches is PID controller. The PID controller has
many advantages compared with other controllers in some aspects, such as great ease of
implementation, ease of changing parameters (gains), and reliable algorithm yield.

— PP K,e(t) ) )
Reference input  Error \ / Control input Output
+
r(t) e(t) 3 > 2 +

,’ M1 K f e(r)dr Quadrotor

+_ i \ o y, - model
' ™
D K, de(t)
L8 dr ~

Figure 15. Block diagram of a PID controller.

The overall control function is introduced:

t de(t)
u(t) = Kpe(t) +1<i/0 e(v)dt + Ky =0 (16)

Linear quadratic controller. In the quadrotor control, the commonly used LQ con-
trollers are the linear quadratic regulator (LQR) and linear quadratic Gaussian (LQG)
controllers. To optimize the system, a cost function and a minimum cost by a weighting
factor are used. The Hoo controller is commonly used in the quadrotor system with external
disturbances and uncertainties. It can achieve stabilization with a guaranteed performance
by synthesizing controllers; hence, many researchers try to apply the Heo controller to a
quadrotor control.

Since a quadrotor is a system with many inputs and 6 degrees of freedom, nonlinear con-
trollers are often used to have better performance. Nonlinear controllers can be mentioned
as backstepping control techniques, feedback linearization, and sliding mode control. The
feedback linearization controller is used to transform the nonlinear system into an equivalent
linear system by changing the variables and suitable control input. A nonsingular matrix
can be obtained by using a similarity transformation. Then the system can be applied a
standard linear control theory. After that, the solution can be used in the nonlinear system.
The backstepping controller is used for a special class of nonlinear dynamics systems. Using
other methods can stabilize the subsystems that are from an irreducible subsystem. The
design process can begin from a known-stable system and “back out” new controllers that
progressively stabilize each of the subsystems. When the final external control is reached,
the process will complete. The sliding mode controller (SMC) modifies the system using
a discontinuous control signal to force the system moving within the system’s normal
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behavior. Because of model uncertainties and external disturbances, the SMC technique
changes the system to the sliding surface.

Compared with other control strategies, intelligent control covers a wide range of
uncertainties. Intelligent controllers can be mentioned, such as fuzzy logic controller, model
predictive, and neural network controller. The fuzzy logic controller has advantages over
another controller as human experience can be used to design controller. A fuzzy controller
consists of an input stage, an output stage, and a processing stage. Triangle is the most
common shape of the membership function. In [53], the authors used fuzzy logic control
with PID and LOR control to control a quadrotor with a Qball-X4 platform. The neural
network consists of neurons, which interact with each other in different layers. The neural
network system has units called processing elements. The neural network is used for the
design of a nonlinear dynamic system with uncertain nonlinear terms and system errors.
The model predictive controller (MPC) is used to predict the future behavior of the system to
optimize a cost function by generating the future control input. The MPC is considered an
advanced process control method for maintaining the output at the operational conditions
and set points.

A quadratic cost function for optimization is given by:

M=

Il
—_

N
J=Y wy(ri —x)* + Y wy,Au? (17)

i i=1

In [54], a neural network and an MPC were used to control the quadrotor to chase
an escaping target in cluttered environments. The authors proposed a GTO-MPC-based
practical framework to generate chasing trajectories for the quadrotor. In [55], the authors
used nonlinear MPC for a fault-tolerant controller to stabilize and control a quadrotor with
a single broken rotor.

From the above control methods, the authors built a set of experiments to control
the quadrotor to perform different flight scenarios to evaluate the energy consumption of
the UAV.

3. Development of Accumulation to Improve Energy Consumption in the Quadrotor
3.1. Energy Accumulation by Wind Energy Conversion
3.1.1. Concept of Energy Conversion from Wind Energy to Electrical Energy in
the Quadrotor

Wind energy is one of the clean and available energies in nature. Using regenerative
braking mode, many researchers have tried to convert wind energy into electrical energy to
power a UAV. In principle, under the action of air flowing through the blade, the propeller
rotates and turns the motor into a generator (see Figure 16). There are two options that
can generate power on a quadrotor: using a nonvariable pitch propeller and a variable
pitch propeller.

Airflow &

Airflow

Figure 16. Air direction on charging mode [56].
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In the case of a nonvariable pitch propeller, the direction of the rotation of the propeller
in motorized mode will be opposite to that of the propeller in regenerative braking mode.
As soon as the motors of the UAV are disconnected, the rotation of the propeller will slow
down and stop. When the UAV decreases in altitude, the wind will affect the propeller,
causing it to rotate in the opposite direction and cause the motor to become a generator
and charge it back. However, the efficiency of this energy charging is not high when the
wind energy has lost a large amount to stop the rotation of the propeller.

In the case of a variable pitch propeller (VPP), the VPP changes the angle of attack
to keep the same direction of rotation. This regime of autorotation can generate much
more electrical energy than static propellers, and it is far easier to control the flight itself
(see Figure 17).

Figure 17. UAVs with variable pitch propellers [57].

The technique of using wind energy to generate electrical energy through regenerative
braking mode is not all common in a multirotor. The above-mentioned pitch propeller
possibilities of power generation use techniques that are, however, not at all common. Most
of the multirotor drones used nowadays do not have variable pitch propellers, and using
the reverse flow of the air is impossible without the need for reprogramming the flight
controller. However, for the classic airplane, both methods are applicable in real situations.
Therefore, the goal is to evaluate the effectiveness of energy generation in regenerative
braking mode.

3.1.2. Winding Energy Conversion of the BLDC Motor

The structure of a BLDC motor drive system is shown in Figure 18. In this topology,
the voltage of the battery is proposed to be Vp,t < Vs (voltage of a supercapacitor). Under
normal conditions, the diodes D; and D, are reverse-biased. In this case, the battery
and supercapacitor power the UAV’s electric propulsion system by supplying the BLDC
motors with suitable voltages. The controller uses rotor position signals recognized by Hall
sensors to control the switches K;_g to produce continuous torque. The conversion of wind
energy to electrical energy occurs with the regenerative braking event. The Dy is forward-
biased, and the supercapacitor could harvest the braking energy through the inverter.
When the voltage of the supercapacitor (Vsc) is greater than the upper voltage limit of
the supercapacitor (Vscmax), the regenerative energy stops flowing into the capacitor, and
then it goes to the battery through D,, which is in a state of forward bias. In regenerative
braking mode, the MOSFETSs on the high side of the H-bridge are turned off, and those on
the low side are controlled by an appropriate PWM. By using a suitable switching scheme,
the bidirectional switches and the utilization of the inductances in the BLDC motor and
the inverter can be used as a boost circuit to change D; and D, states and, thus, the BLDC
motor modes.
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Figure 18. BLDC motor drive system with normal mode and regenerative braking mode.

3.2. Experiment for Evaluating Energy Consumption
3.2.1. System Design and Manufacture for Control Testing and Data Acquisition

The system was first designed in Inventor (shown in Figure 19). Using tools in Inventor
can find out relatively accurate system parameters, such as moments of inertia (Jxx, Jyy, J zz)
around the axes X, y, and z.

Figure 19. Quadrotor design in Inventor.

Then, the system is built with a rigid frame that can slide vertically with very little
friction. Four motors are attached to four corners of the cross-shaped frame. The distance
from each motor to the center is 65 cm. The bar connecting the motor to the center is made
of aluminum with a thickness of 1 mm. The frame is punched with many small holes to
reduce the weight of the system and provide better wiring. The basic system parameters
are shown in Table 2.
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Table 2. System parameters.

Parameters Value Unit
Lix 0.23 kg.m?
Iyy 0.23 kg.m?
P 0.449 kg.m2
Iy 0.0021 kg.m?
Mass 2.1 kg
Length 0.65 m
Thrust coefficient 3.68.107° N.s2
Drag coefficient 1.61.10°° N.m.s?

The state parameters of the quadrotor measured by using the sensors MPU 6050 and
HY-RS05 are sent to the computer via Arduino Uno and the dSPACE system. dSPACE is a
semiphysical simulation system in which the quadrotor’s controller will be simulated in a
Simulink environment. By using the DS1104SL_DSP_PWM block, it is possible to directly
output the PWM signal through the ports ST2PWM, SPWM7, SPWMS, and SPWMO9 to
control the motors” speed. The dSPACE ControlDesk program uses the sdf file, which is
generated from a MATLAB file to monitor and edit system parameters in real time (shown
in Figure 20).

Computer

Measuring
device

Figure 20. Test bench of regenerative braking UAVs to design control.

Figure 21 shows dSPACE’s interface. It mainly has three parts. The system parameter
sections include altitude, vertical speed, and yaw, which are measured by MPU 6050 and
HY-RS05 and sent to dSPACE using Arduino Uno via NRF24L01. The second section show
the values of current motors and battery voltages that are measured by the measuring
device. The data acquisition section is for collecting data of various parameters of the
system and can help to save them into a log file, which can be used later in MATLAB.
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Figure 21. dSPACE's interface.

3.2.2. The Measuring Device

The measuring device is designed to measure and monitor the voltages and currents
of four motors at the same time. The measurement data are transmitted directly to the
computer via a Wi-Fi network to serve the purposes of calculation and system simulation.
The operating principle of the measuring device is shown in Figure 22.

Figure 22. The operating principle of the measuring device.

The measuring device consists of four measuring modules. Each measuring module
has a structure shown in Figure 23. The measuring device uses a microprocessor, ESP32, in
collecting and processing data from the current and voltage at the same time and sending
them to the computer in real time. The dual-core ESP32 is used to make the system work
fluently. Core 0 is in charge of measuring the accumulator’s current and voltage, calculating
the state of charge (SoC), recording data to the SD card, and displaying to the OLED display.
Then, Core 0 will calculate the data, which later will be sent to the computer via a wireless
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channel by Core 1. If the transmission is unsuccessful, it must be repeated by Core 1
without effect on the measurement process of Core 0.

ACCUMULATOR
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mmm) DATABUS
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4mmmm)  \VIRELESS COMMUNICATION

Block diagram of a measuring module
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MICRO-
CONTROLLER
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1 Transmitter
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GOOGLE SHEETS o/ S
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Measuring device
Figure 23. The measuring device [58].

In addition, on the measuring device, there are four screens that simultaneously
display parameters, such as the amperage, voltage, temperature, and power consumption
of each motor.

The measuring modules are calibrated with the help of the multimeter Agilent 34410A
and 34330A 30 A Current Shunt. The device has a relative error of 0.3% in the case of
voltage measurement and 3% in the case of current measurement.

3.3. Experiment to Generate the Maximum Efficiency of Wind Energy to Electric
Energy Conversion

The second experiment was conducted to determine the efficiency parameters of the
system in the aerodynamics laboratory of the Department of Aviation Technology at the
University of Defence, Brno. To simulate different wind speeds, an electric motor with
a power of 18 kW and a fan diameter of 50 cm was installed in the wind tunnel. The
operating range of the subsonic wind tunnel was from 2 to 42 m/s. Test conditions and
parameters of the components used in the experiment are shown in Table 3.

Table 3. Test conditions and parameters of the components used in the experiment.

Parameters Value Unit
Experimental Atmospheric pressure 745.2 mroan
condition parameters Temperature 248 c
Air density 1.1595 Kg/m3
Rated voltage 4-6 S
Motor Internal Resistance 194 mQ)
Kv380 Weight 68 g
Carbon fiber Diameter 16 Inches
Propeller Pitch 5.5 Inches
Power slide-type Max resistance 105 Q

potentiometers




Aerospace 2022, 9, 500

22 of 29

In generating mode, the coefficient of ratio speed can be calculated by the

following formula:

.D.
AO = T[Tons (18)

DIag can be CalCulated by the I()”()VV 11 lg 1(” I[lula.

where ¢ is the drag coefficient.
Torque can be calculated by the formula:

M= %cmanBVOz (20)

where ¢y, is the torque coefficient.
The power supply by the wind onto the system can be calculated by the following:

1
Py = gcpanZVS’. (21)

where ¢, is the power coefficient
The total power can be calculated by the following:

Protat = P+ P2+ P3 (22)

where Py, is the instantaneous total power from three channels of the motor.

P1, Py, and Pj are instantaneous powers of channels 1, 2, and 3, respectively.

The efficiency of wind energy to electric energy conversion can be calculated by
the following.

Protal
o = P, (23)

Figure 24 shows the diagram of the experimental setup. The electric motor with a
16 x 5.5 propeller is placed perpendicular to the airflow in the wind tunnel. They are
connected in series with three potentiometers.

The experiment was conducted with wind speeds of 12 and 15 m/s. The test modes
were symmetrical and asymmetrical loads (potentiometers). The data were measured with
instruments of the company NI and the program LabVIEW. Computer 1 was responsible
for controlling the aerodynamic parameters, temperature, and so on, of the wind tunnel.
Computer 2 connected to computer 1 was responsible for processing measured parameters
from measurement block 2 to calculate and display values, such as power, amperage, and
the voltage of each phase.
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Figure 24. Diagram of the experimental setup.
4. Experimental Results and Discussion
4.1. First Experiment
In this experiment, the system conducted three consecutive tests to evaluate the energy
consumption parameters of the system at different heights of 1, 2, and 2.5 m. Figure 25
shows the measured voltage and current of the system. On the first flight, the flight time
was 26 s. The amperage before takeoff was 0.6 A and quickly peaked at 80 A. The voltage
of the battery was reduced to 14 V during the flight of the system. The energy consumed
for the first flight was about 6 Wh.
18 | \
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Figure 25. Measured voltage and current of the system.
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The second flight had a flight that lasted up to 55 s. The battery voltage at the start of
the second flight was 15.37 V in comparison with 15.49 V of the first flight. During the flight,
the battery voltage dropped to as low as 13.65 V, and at the end of the flight, it recovered to
15.2 V. The energy consumed for this flight was approximately 13 Wh. In the case of the
third flight, the flight time of the system was 54 s. Around the 400th second, the amperage
suddenly increased to nearly 100 A because, during the flight, the system performed the
flight to a height of more than 0.2 m and then returned to a height of 2.5 m. The amount of
energy the system consumed was 15.5 Wh in this third flight. The voltage of the battery
dropped to the lowest value of 13.3 V and returned to the value of 15.1 V (see Figure 26).

I I | 40
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Figure 26. Energy consumption of the system.

4.2. Second Experiment

In Figure 27, Py; and Py, are total powers in the case of symmetrical load and asym-
metrical load, respectively. Cp,; and Cp are power coefficients in the case of symmetrical
load and asymmetrical load.

In Figure 27a, the value of the total powers obtained from the experiment with a
wind speed of 12 m/s increased and reached the maximum values of 4.4 and 4.1 W as
the coefficients of ratio speed had values of 3.3 and 3.31, respectively. In Figure 27b, in
the case of a wind speed of 15 m/s, the maximum values of the total powers that can be
obtained were 9 and 10.1 W. By using Equations (18)—(23), it was possible to calculate the
efficiency of wind energy to electric energy conversion. Figure 27 shows a comparison
of the coefficient of efficiency 7, in the cases of symmetrical and asymmetrical loads of a
three-phase generator.

It can be seen from Figure 28 that the coefficient of efficiency in the case of symmetrical
load became a better value in comparison with the case of asymmetrical load. With a wind
speed of 12 m/s, the coefficient of efficiency reached the highest values of 37.2% and 42.8%
when the coefficients of ratio of speed (Ag) were 1.55 and 3.1, respectively. In Figure 28,
the maximum values of the coefficients of efficiency were 49.1% and 47.3 as Ag = 3.44 and
A = 2.91, respectively, in the case of a wind speed of 15 m/s.
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Figure 27. The total power obtained with the symmetrical load case and the asymmetrical loa
in the case of wind speeds of 12 m/s (a) and 15 m/s (b).
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In Figure 29, it can be easily noticed that the energy consumed by the UAV during
takeoff and flight was very large. However, with the conversion of wind energy to electric
energy, the UAV increased its efficiency by approximately 2%. Although this efficiency is
limited, optimizing the flight trajectory can increase the conversion rate of wind energy to
electrical energy more efficiently.
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Figure 29. Energy consumption, energy conversion, and gain efficiency of the UAV.

5. Conclusions

This paper has contributed to giving an overview of the structure, classification,
dynamic model, and control methods of UAVs and one of the current leading concerns
about the problem of energy supply for UAV operation. In this paper, two experiments
were conducted to evaluate the energy consumption of UAVs and the efficiency of energy
conversion from wind energy to electric energy and evaluate the influence of converted
energy on the UAV performance. From the results of the first experiment, it was shown that
the main energy consumption of the quadrotor was during flight. The energy consumption
for the quadrotor to rise to a certain height was quite small compared with the energy that
UAV consumed for movement. Therefore, to increase UAV performance, UAVs must fly to
high altitudes to take advantage of wind energy, and the energy obtained when converting
from wind energy will be suitable in the flight scenario (shown in Figure 3). In the second
experiment, the efficiency of energy conversion from wind energy to electric energy was
approximately 50%. From there, the UVA’s gain efficiency can be calculated. Although,
in the experiment, the efficiency of the UAV increased by only approximately 2%, the
trajectory planning for the UAV had a great influence on this efficiency. In the future, the
authors will conduct other experiments to evaluate the dependence of trajectory planning
on the UAV’s endurance by using various flight scenarios.
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