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Abstract. As the world population increases, energy consumption extensively increases in every
field. Energy is a need in several applications, and depending on its importance, its production
should be renewable and clean. In order to meet energy requirements sustainably nowadays
various alternative energy resources and improvements are recommended in each sector. One of
the environmental steps taken in the aviation industry is the improvement of the propulsion
systems and the resources used. For this purpose, the use of electrical energy, a more sustainable
option than the energy obtained from fossil fuels, is suggested. In order for electrical energy to be
used efficiently, it must be stored. This article reviews energy storage technologies used in
aviation, specifically for micro/mini Unmanned Aerial Vehicles (UAVs). Combinational energy
storage technologies in hybrid propulsion system architectures and their individual usage in
all-electric propulsion system architectures are examined. New-generation propulsion
technologies are also evaluated and classified in detail.

Keywords: aviation, electric propulsion, energy storage components, battery, fuel cell,
supercapacitors.

1. Introduction

Due to the world’s population growth, industrialization, and urbanization, the energy
requirement is increasing daily. The use of energy can be seen in almost every field. It is also
expected that the energy being used that much would be environmentally friendly, cheap, and
reliable [1]. One of the most significant environmental problems of recent years is global warming.
The negative consequences of global warming affect the lives of all living things. The adverse
effects of fossil fuels on the environment caused an increase in the orientation toward renewable
energy sources [2]. Although the exact date cannot be given, it is expected that fossil fuels will
run out within this century. For this reason, limiting dependence on fossil fuels has become a
necessity [3].

As an environmentalist approach, the aviation industry has set low noise and low emission
targets. For this reason, the search for alternative systems continues to replace the traditional
propulsion systems that harm the environment [4]. Negative results such as increasing CO,
emissions, the effects of emissions on human health, and the increasing costs of fossil fuels have
also led to the search for alternative fuels [5]. In conventional propulsion systems, energy is
obtained by breaking liquid fuels (rarely gaseous fuels are also used), resulting in gaseous
emissions [6]. The International Air Transport Association has committed to reducing carbon
emissions by 50 % by 2050 compared to 2005 [7]. At the same time, according to data published
by the International Air Transport Association, the number of airline passengers increased from
1.4 billion in 1998 to approximately 4.1 billion in 2017 [8]. The global energy consumption of the
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transportation sector is about one-third of the total energy consumption in the world [9]. Air
transport also has a high share in this area. According to 2011 data, civil air transport accounts for
2 % of human-induced CO; emissions [10]. As a result of the COVID-19 pandemic that occurred
in 2020, quarantines have been implemented around the world, and transportation activities have
decreased significantly. As a result, it is observed that environmental quality increased in a short
time [11]. There are many studies investigating the effects of air pollution on human health.
According to a study conducted in 2002, it is determined that 40,000 deaths per year for Austria,
France and Switzerland combined are due to air pollution, and about half of this is due to air
pollution, especially from traffic [12]. Considering all these, electric propulsion systems, which
are a sustainable option for the aviation industry, come to the fore as an alternative to traditional
propulsion systems.

This paper evaluates energy storage technologies and their combinational usage in micro/mini
unmanned aerial vehicles. The organization of the paper is as follows: (i) hybrid electric
propulsion systems are defined, (ii) the importance of energy storage and energy storage
components are examined, (iii) the combinational usage of energy storage components is
explained, and (iv) finally, the paper is concluded by summarizing the paper and mentioning next
future work.

2. Theory
2.1. Hybnid electric propulsion systems

Electric drive systems have a quiet operation, low thermal signature, and low emissions.
however, due to the low specific energy of the battery technology commonly used in existing
systems, their usage times are short. Hybrid electric propulsion systems can combine the
advantages of multiple systems by reducing fuel consumption, aircraft noise, and thermal
signature [13-17].

More than one power source is used together in the hybrid electric drive system. The first
source is an electric motor, while the other source is usually a conventional internal combustion
engine (can also be a fuel cell, battery, or supercapacitor). In systems where electric motors and
internal combustion engine are used together, the internal combustion engine is added to increase
the range [16]. Aircraft powered by internal combustion engines can fly for long periods due to
their high energy density. The range of a vehicle driven by a hybrid electric drive system is shorter
than a vehicle driven solely by an internal combustion engine, but its efficiency is higher [15].
The combined thrust of the two power sources allows them to be designed in a smaller size [18].

Furthermore, the advantages of electric propulsion systems and conventional combustion
engines can be combined in a single system. Hybrid electric propulsion systems are energy
efficient and can be operated over long distances. An energy-efficient aircraft also saves costs and
contributes to the conservation of resources. All these advantages also increase the system’s life
[19-20].

2.1.1. Series hybrid electric propulsion system

In this architecture, the mechanical power produced by the internal combustion engine is
converted into electrical energy with a generator. This power can drive the electric motor or be
used to charge the battery. The internal combustion engine is not used directly to generate thrust,
so it operates efficiently at its optimum operating point regardless of driving conditions [21]. It is
the electric motor that provides the thrust. Fig. 1 shows the series hybrid electric propulsion
structure. The dashed lines in the figure show the electrical connection paths.

Control of the system with serial architecture is simple and easy. This system is also
compatible with multiple motor and fan structures. However, in serial architecture, a total of 3
drive components are needed together with the generator, therefore the system is heavy. Due to
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its weight, serial architecture is not preferred in aviation [13]. Also, since the electric motor
provides all the thrust, it must be sized accordingly, creating aviation problems. There is a lot of
energy loss in the serial architecture and additional components cause an increase in cost and mass.
The serial hybrid electric drive architecture is suitable for short trips in aviation [23].
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Fig. 1. Series hybrid electric propulsion structure [22]

2.1.2. Parallel hybrid electric propulsion system

The electric motor and the combustion engine are connected to the same shaft in a parallel
architecture. They can provide the thrust together or separately [18, 21]. In this architecture, two
drive components are needed; the electric motor also acts as a generator [23]. Fig. 2 illustrates the
parallel hybrid electric propulsion structure.
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Fig. 2. Parallel hybrid electric propulsion structure [22]
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The control strategy of the parallel hybrid electric propulsion system is complex, so it is
essential to ensure energy management. In addition, the system cannot operate silently [24]. In
addition, the parallel hybrid system has a high specific power and specific energy. Although the
specific power is increased in the series hybrid architecture, no systemic changes can be made as
long as the battery power remains the same [25]. The parallel architecture consists of fewer drive
components, which makes it lighter [26]. For this reason, the parallel structure in aircraft comes
to the fore.

2.1.3. Series/parallel hybrid electric propulsion system

In this system, the combustion engine can provide the thrust directly. In addition, the battery
or the generator driven by the combustion engine powers the electric motor, and this electric motor
can also provide the thrust [22]. Fig. 3 shows the series/parallel hybrid electric propulsion system
structure.

This architecture may have some advantages as well as disadvantages to serial and parallel
architectures separately. There has been an increase in cost and mass due to the number of drive
components. As the number of potential power flow paths increases, so does the power
management complexity. The serial structure has the least number of potential power paths. The
maximum potential power path is in a series/parallel structure. In other words, it can be sorted as
Serial < Parallel < Serial/Parallel according to power management complexity. Serial/parallel
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structure is preferred in land vehicles because weight is not a problem, but weight is a significant

disadvantage for aircraft [26].
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Fig. 3. Series/parallel hybrid electric propulsion structure [22]

2.2. All electric propulsion system

In hybrid architectures, batteries and gas turbine engines provide thrust at different times, and
gas turbine engines are also used to charge the battery. In all-electric systems, the only source of
propulsion in the aircraft is the batteries. Fig. 4 shows the construction of an all-electric propulsion
system.
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Fig. 4. All-electric propulsion structure [22]
3. Importance of energy storage

Renewable energy has been used throughout human history. Solar energy was used for basic
needs such as heating and growing food. Later, fossil fuels started to be used and replaced with
renewable energy. The cost of solar energy in the 1900s is estimated to be ten times higher than
that of fossil fuels. However, indirect effects such as environmental costs must also be considered
for full cost calculation [27]. Today, the problems related to fossil fuels provide the orientation to
renewable energy again. Power output is not constant in renewable energy sources. For example,
solar energy is only possible during the daytime and on sunny days. This disadvantage can only
be overcome by storing energy [28]. Energy storage provides a constant power output by reducing
power fluctuations [29]. Energy can be stored in different ways and used when needed [30].

Different energy storage technologies have been developed to store energy. Each technology
has different properties that are suitable for different applications. Energy storage systems are
basically divided into two groups according to systems where electricity is stored directly or by
converting it to another energy type. Examples of direct storage systems are supercapacitors stored
in the electric field and superconducting magnetic energy storage systems (SMES) stored in the
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magnetic field. In indirect storage, electrical energy is first held by converting it to a different
energy type and is used by converting it back to electrical energy when desired. Examples of this
are batteries that store electrical energy in the form of chemical energy, flywheels that store it in
the form of kinetic energy and pumped water plants that store it in the form of potential energy
[31]. There are also many different methods and technologies for storing energy. The energy
storage concept is very comprehensive, and its application area is also wide. In aviation, flywheels,
superconducting magnetic energy storage systems (SMES), batteries, fuel cells, and
supercapacitors have been used for energy storage. Looking at the features of these technologies,
it will be more understandable which ones can be used in micro/mini UAVs.

3.1. Energy storage with flywheel

Flywheels are mechanical batteries. Flywheels have advantages such as long life, high
efficiency, high power density, not being affected by temperature, and zero emissions. On the
other hand, flywheels are mechanical systems and can break or explode. This means they carry
risks. Besides the risk of explosion, flywheels need frequent maintenance. Additionally, due to
mechanical movement, friction losses occur in the energy of the flywheels. Flywheels were used
to drive the hybrid electric bus Gyrobus in Sweden in the 1950s. Thanks to the flywheel, some of
the energy the bus lost during braking was recovered. However, in this bus, the volume occupied
by the flywheel was very large, which narrowed the available space. From this perspective, it can
be said that the energy that needs to be stored for flywheels should be proportional to the size of
the flywheel. Large size also means large weight. Although it is possible to use a flywheel instead
of a battery or with a battery in aviation, it is not a preferred system for small UAVs. The flywheel
was also used in the Formula 1 championship in the 2009 season. The system in the Formula 1
vehicle is called KERS (Kinetic Energy Recovery System) and it is known that the rotor weight
of the flywheel in this vehicle is 5 kilograms. Since the flywheel is a rotating mass, it needs to be
balanced and balance errors cause vibration. To prevent this, additional weights are placed on the
flywheel. This again shows that flywheels are not a good option for UAVs [31-32].

3.2. Energy storage with SMES (superconductor magnetic energy storage) system

In this system, there is a coil wrapped with superconducting wires, and electrical energy is
stored in the magnetic field in this coil. The system efficiency is high, and the response time is
short (in the order of milliseconds). The stored energy can be given back to the system at any time
[30]. The cooling system used for SMES can be quite complex and costly [33]. In addition, SMES
are more expensive than other storage technologies and require a larger working volume [31].
They are not preferred for small-sized UAVs.

There are different energy storage technologies used or in use in aviation. In this study, energy
storage technologies used in small-sized UAVs are examined in detail. These technologies are
batteries, fuel cells, and supercapacitors. Batteries and fuel cells store energy chemically, while
supercapacitors store it physically [34].

3.3. Energy storage with batteries

Batteries are the most widely used energy storage technology in electric aircraft. Batteries are
systems that store chemical energy and convert it into electrical energy when necessary [35]. A
typical battery; consists of two electrodes, an anode and cathode, an electrolyte, and a separator
between them [36]. Fig. 5 shows the battery structure. While the anode is corroded during
electrolysis, an electric current occurs at the cathode due to ionic exchange. The electrical energy
formed from this reaction is used in various tools [37].

The electrical model of batteries can be expressed in several different circuits. The difference
between them consists in emphasizing the importance of each circuit element. The simplest of
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these models is the internal resistance model. The Fig. 6 shows the internal resistance model of
the battery. The internal resistance model describes the relationship between voltage drop and
operating current.
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Fig. 5. Chargeable cell/battery diagram [28]
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Fig. 6. Battery electrical model [38]

In this model, the required power is calculated by multiplying the terminal voltage (V;) and the
battery current (/). Power equation:

P =V, (1)
Terminal voltage (V;) is expressed by equation. Terminal voltage equation:
Ve = Voc = IRe, (2)

where V. is the voltage value calculated based on the SOC value of the battery. I stands for
battery current and R, stands for internal resistance [38]. These are the basic elements of the
battery. The electrical circuit can be revised according to the feature. desired to be emphasized.

Batteries are divided into three classes according to the usage situation. The first of these are
the batteries, which are called primary batteries and cannot be recharged once used. On the other
hand, secondary batteries are rechargeable batteries that can be used repeatedly. Secondary
batteries are also called accumulators [37]. The third class consists of special batteries designed
to fulfill a specific purpose [35]. Many types of batteries vary according to the material used in
the battery. The choice of material depends on the expected performance and cost of the battery.
In addition to the electrode material, batteries are also available according to liquid (aqueous and
organic) and solid (polymer and ceramic) electrolyte types [39]. The types of secondary batteries
used in UAVs are explained below.
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3.3.1. Secondary battery types

The main secondary batteries are named according to the electrode material, and their
properties are given below.

Lead/Acid (Pb/A): It is the oldest type of battery used in electric vehicles [34, 40]. A lead acid
battery has Pb at its anode and PbO, at its cathode. The electrolyte material is sulfuric acid
(H2S04). While discharging, the lead of the negative electrodes and the lead dioxide of the positive
electrode react with sulfuric acid. As a result of the reaction, lead sulfate is formed and the
electrolyte loses its dissolved sulfuric acid and turns into water. Energy is released as the chemical
reaction ends, and energy is added to reverse the process. General reaction:

Pb + PbO, + 2H,SO4 «—— 2PbSO4 + 2H,0.

Lead acid batteries have advantages such as low cost, long life cycle, and low maintenance,
but they have disadvantages such as low specific energy and not being environmentally friendly.
In addition, in the case of overcharging, irreversible polarization occurs in the electrodes
[34, 37, 40]. Low specific energy shortens the range of the UAV. In addition, sustainable
technologies are becoming increasingly important and are important in battery selection. For these
reasons, Pb/A batteries are not a good option for UAVs.

Nickel Metal Hydride: Nickel-iron (Ni-Fe), nickel-zinc (Ni-Zn), nickel cadmium (Ni-Cd) and
nickel metal hybrid (Ni-MH) are nickel-based batteries. Ni-Zn and Ni-Fe batteries have a short
lifespan and low specific power. Therefore, they are not very suitable for electric vehicles. The
properties of Ni-Cd and Ni-MH batteries are similar. Although Ni-Cd has been used for a long
time, Ni-MH has replaced Ni-Cd due to its higher energy storage capacity and lighter weight.
Since cadmium is not used in Ni-MH batteries, it is relatively environmentally friendly. It is
suitable for use in electric vehicles. Ni-MH batteries have high specific power and are used in
some electric vehicles such as the Honda Civic Hybrid. The lifespan of this battery can reach
3000 cycles. Ni-MH batteries have a long lifespan, these batteries can last as long as the life of
the vehicle [34]. Shortly after the development of Ni-MH batteries, newer battery technologies
were introduced and these batteries replaced the Ni-MH battery [41].

Ni-MH batteries contain metal hydride at the anode and Ni(OH), at the cathode. A potassium
solution is used as the electrolyte. General reaction: MH + NiOOH «—— M+ Ni(OH)s.

Lithium/Ion (Li-Ion): Li-lon batteries have different types according to the positive and
negative electrode material or the electrolyte used. Commercially available batteries usually use
carbon with lithium as the anode. The most commonly used batteries use lithium carbon as the
anode, lithium cobalt oxide (LiCoO), lithium manganese dioxide (LiMn,O4) or lithium iron
phosphate (LiFePOs) as the cathode. The batteries used in mobile phones and laptop computers
are lithium cobalt oxide batteries, and this battery is not a preferred type for electric vehicles. More
advanced lithium batteries used for military applications are lithium sulfur dioxide (LiSO») or
lithium thionyl chloride (Li-SOCL). Lithium-ion batteries generally use a liquid, anhydrous
organic electrolyte, but solid electrolytes are also used for dry lithium-ion batteries. The most
typical electrolyte solutes are lithium salts such as LiClOs4, LiBr, LiCF3SOs and LiAICI [34].

The way Li-lon batteries work is based on the transfer of lithium ions. During charging, lithium
ions exit (de-intercalate) the lithium metal oxide cathode and enter the graphite-based anode.
During discharge, the opposite happens. The lithium atom loses electrons during charging,
forming the Li+ ion. There is a risk of explosion due to the volume increase of the electrodes
during charge/discharge. The task of the electrolyte in the Li-lon battery is to provide the
transmission of ions. The electrolyte does not react [34, 37].

While Li-Ion batteries were in the research phase, ZEBRA batteries and Ni-MH batteries were
used in electric vehicles. At the beginning of the 2000s, the most advanced technology used in
hybrid and fully electric vehicles were Ni-MH batteries. Ni-MH batteries had many advantages
over Ni-Cd and Pb-Acid batteries used in those years. However, Li-Ion technology began to be
widely preferred after Li-Ion batteries were produced. Li-lon batteries have some advantages over
nickel-based batteries. These are the relatively high cell voltage and superior energy density. It
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also has a 1:4 lower self-discharge rate compared to nickel technology. In addition, Li-Ion batteries
are lighter in weight, as lithium metal is the lightest of all metallic materials used in batteries.
Li-Ion batteries have the advantages of high cycle life and efficiency. For this reason, it is preferred
in electronic devices and electric vehicles. Tesla Roadstar can be given as an example of electric
vehicle using Li-Ion batteries. Li-Ion batteries were introduced in 1991 by the Sonny company.
Since then, its capacity has increased severalfold and continues to evolve [35, 42]. The high cost
of Li-lIon batteries used today and the limitations of insufficient power density for some
applications are still unresolved problems. In addition, Li-Ion batteries are less tolerant of abuse
than Ni-based batteries. Cycle life is greatly reduced in case of overcharging or discharging.
Another disadvantage of the Li-Ion battery is the problem of overheating and explosion. That’s
why a battery management system is needed. From a cell perspective, Li-Ion batteries have a 20 %
higher energy capacity than Ni-MH batteries. On the whole, it can be said that the battery
management system of the Ni-MH battery is simpler and lighter than that of the Li-Ion battery
because the battery management system required for the Li-lon battery is quite complex [43].

Another promising technology for electric vehicles is lithium-polymer batteries. The only
difference from the Li-Ion battery is that a polymer gel is used as the electrolyte. It is lighter and
thinner than a Li-lon battery. However, its service life is short, and its specific power is low. If
lightness is the most important criterion for the application to be used, this battery type can be
preferred [34].

Metal/Air: When metal-air batteries run out, their electrodes are replaced and they become
usable again. For this reason, they are among the secondary battery types, but they cannot be
recharged like the others. Magnesium/air, lithium/air, zinc/air, etc. There are varieties. Zinc/air is
preferred in applications requiring long life due to its high energy density. Metal/air batteries have
only one reagent, the other component being oxygen in the air. Lightness is at the forefront of this
battery type. One of the places where it is used is hearing aids. However, electric vehicles are not
among their usage areas [34].

Sodium/Nickel Chloride (NaNiCly) (ZEBRA): The name ZEBRA comes from the Zero
Emission Battery Research Association. The Zebra battery uses solid nickel chloride as the
positive electrode and molten sodium as the negative electrode. The central positive electrode is
impregnated in a liquid sodium-aluminum chloride electrolyte surrounded by a ceramic
electrolyte. During discharge, nickel and sodium chloride are converted to salt and nickel [34].
General reaction: 2Na + NiCl, «— Ni + 2NaCl.

Zebra battery has a high specific energy, and their life cycle is more than ten years. However,
it works between 270 °C and 350 °C. Extra energy is required to keep the battery at this
temperature. When the battery cools down, it takes one day to warm up again. Therefore, its usage
area is a limited battery.

Although widely used, batteries also have many disadvantages and are still an emerging
technology. Many criteria are considered when choosing the battery type to use in electric
vehicles. The life span of the battery is the main selection criterion. In electric vehicles, the life of
the battery should be as long as the life of the vehicle; otherwise, the battery needs to be replaced,
which means extra cost [34]. Short-lived batteries are not preferred because they require both cost
and maintenance frequency. Even the most advanced battery in current technology has some
disadvantages. Batteries chemically store electrical energy, resulting in a physical change between
the charged and discharged states. For this reason, they both charge slowly and have a limited
lifespan [44-45]. However, batteries are the most commonly preferred technology in electric
vehicles, and the choice of battery type to be used is of great importance. The type of battery to
be used for the aircraft is selected according to the usage area of the aircraft [46]. Table 1 contains
commonly used secondary battery types and their characteristics.
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Table 1. Different battery types and features [47-48]

Battery/parameters Lithium based Nickel based Lead acid
Ion Polymer Ni-MH Ni-Cd
Nominal cell voltage 3.6 3.0 1.2 1.2 2.0
Specific energy (Wh/kg) 35 100-200 60 40-60 35
Energy Density (Wh/I) 70 150-350 220 60-100 70
Specific power (W/kg) ~200 4200 130 140-220 ~200
Power density (WH/L) ~ 400 4350 175 220-350 ~400
Operating temperature (°C) | —20 to +60 —20 to +60 —20to+60 | =20 to +50 | —15 to +50
cycle life 500-1000 200-1000 300-500 300-700 250-500

3.4. Energy storage with super capacitors

They are also known by names such as supercapacitors, electrochemical capacitors,
ultracapacitors, and electric double-layer capacitors. These names have been given by different
manufacturers of supercapacitors [49]. Supercapacitors are structurally similar to batteries. But
unlike batteries, supercapacitors have a separator membrane that separates the two electrodes. In
addition, while both electrodes are usually made of the same material in batteries, the electrodes
in supercapacitors can be made of the same or different materials [50].

A simple capacitor is formed by placing an insulating material between two metal electrodes.
Fig. 7 shows the capacitor structure. On the other hand, Supercapacitors have an electrolyte
between two electrodes with a raised surface. Figure 8 shows the supercapacitor structure. The
electrodes are connected to each other by a power source and current flows from one electrode to
the other. Charge separation naturally occurs at each electrode-electrolyte interface, and energy is
stored in this way. The voltage continues even if the power is disconnected. Equal but opposite
charges attractions in the electrolyte in solid electrolytes. This is where the term ‘double layer’
comes from [51].

Negative . ¥ o\ |
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Fig. 7. The capacitor structure [52] Fig. 8. A supercapacitor with a surface-enhanced

electrolyte [52]

The storage capacity of conventional capacitors is in the micro and mini farad range. In
capacitors, energy charges accumulate on the plates, while in supercapacitors, charges accumulate
at the electrode-electrolyte interface. The most important factor determining a capacitor’s
capacitance is the width of the surface area to which the electrons are attracted. Supercapacitors
have a very large surface area, and the capacity of a supercapacitor can be defined in kilofarads,
unlike other capacitors [53-54].

Due to its porous structure, the carbon material is very suitable for being an electrode material
[54]. In addition, carbon nanotubes, which are allotropes of the element carbon, have high
conductivity and good electrochemical stability, but carbon nanotubes exhibit a low capacitance
[55]. Activated carbon is a form of graphite with a porous structure. Activating carbon increases
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the surface area and pore volume [56-57]. Supercapacitors can store more charge than others
because activated carbon is used as the electrode material, and activated carbon has a spongy
structure. Thus, the maximum area that the loads can hold is provided [52]. Carbon can be
activated in different ways. There are many studies on obtaining activated carbon from biomass
wastes. Activated carbon could be obtained from various biomass wastes such as sugar cane pulp,
corn cob, coconut shell, rice husk [58]. It is easy and relatively inexpensive to obtain in this way
[59].

Supercapacitors are devices with high specific power, and electrical energy loading into the
device occurs rather quickly compared to the battery [60]. No chemical reaction takes place inside
supercapacitors and energy is physically stored. Therefore, the charge-discharge cycle is almost
unlimited. In addition, they do not need service during their lifetime [61]. Since they do not contain
dangerous and toxic substances, their production and disposal do not have a negative impact on
the environment. They can also operate smoothly in a wide temperature range (—40 °C to +85 °C)
[30, 62-64].

Their energy densities are relatively low [64-65]. However, this also makes them less hot and
they can operate in a wide temperature range. They perform much better than batteries at very low
temperatures.

Super capacitors are an emerging, new and promising technology. Using them together with
the battery in UAVs improves the battery and increases the system performance.

3.5. Energy storage with fuel cells

Fuel cells are systems that generate electrical energy from chemical energy and use pure
hydrogen or oxygen in the air as fuel [66]. As in batteries, energy conversion in fuel cells occurs
through redox reactions that take place at the anode and cathode electrodes.

Fuel cells have a higher energy density compared to batteries. With this feature, it provides a
longer flight and a longer range. However, the chemical reaction in it causes long response times,
as in batteries. This means they cannot rise to an advanced level in terms of power density. Fuel
cells can operate in different temperature ranges depending on their type. The operating
temperature range for PEM (Proton-exchange membrane fuel cell) fuel cells used in UAVs varies
between 80 °C and 1000 °C [67]. It is more advantageous in weight than batteries. A fuel cell is
much lighter than a lithium-ion battery with the same energy capacity. In addition, it is suitable
for use in covert operations thanks to its lower thermal trace and low noise characteristics [68-69].
Although its use on UAVs is becoming widespread, it has certain limitations.

4. Hybrid use of energy storage technologies

Energy storage technologies can be used together, and their advantages can be combined. What
is expected from a hybrid electric system is that it can meet the long-term energy needs while at
the same time meeting the sudden power need [70]. The combined uses of energy storage
technologies are discussed below.

4.1. Battery-super capacitor

In this combination, the battery provides long range and durability with its high specific
energy, while the supercapacitor meets the sudden power need with its high specific power.
Batteries and fuel cells cannot meet the power needs of the system in some situations, such as
sudden maneuvers. The power used when the vehicle accelerates or slows down shortens the life
of the battery. During high power demands, the battery voltage may drop below the minimum
limit. Battery-supercapacitor hybridization can be used to protect system voltage from sudden
drops. Supercapacitors and batteries can be used together to extend battery life and improve
performance in electric vehicles. Since battery-supercapacitor hybridization increases efficiency,
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it also reduces costs in high-cycle applications. It has also been found that adding a supercapacitor
in parallel with the battery increases the energy capacity by 20 % compared to discharging the
battery alone [71].

In order to increase the power density in batteries, it is necessary to increase the size of the
battery, but this causes additional cost increases and increases the weight. Weight gain is a
disadvantage for aircraft. It has also been observed that the battery-super capacitor hybridization
has higher specific power than the battery-powered system alone [72-73]. For this reason, it is
seen as a rational solution to add an additional super capacitor to the battery instead of increasing
the battery size.

4.2. Battery-Fuel Cell

This was one of the first hybrid electric systems proposed. The battery provides high power
pulses and offers the required power density in this structure. The fuel cell converts the fuel into
electrical energy at a constant rate to provide a high energy density for long-term missions, thus
providing high efficiency [74].

Fuel cells are efficient and also have low emissions but require expensive filtration to prevent
pollution. It is also heavy. In battery-fuel cell hybridization, the fact that both technologies are
separately heavy causes the system to be overloaded, and this creates a disadvantage in aviation
applications. Weight is a big problem, especially in UAVs. Additionally, the hydrogen used in
fuel cells can only be stored by liquefying it. For this purpose, hydrogen is stored in high-pressure
tubes and there is a possibility that these tubes may explode. In addition to the hydrogen storage
problem, its availability also poses a disadvantage [4]. Although this hybridization is a system
used in UAVs, its disadvantages cannot be ignored.

4.3. Super capacitor-fuel cell

The supercapacitor has high specific power while the fuel cell has high energy density. In this
combination, the fuel cell meets long-term power requirements, while the supercapacitor serves
high pulse power requirements at short intervals (energy control). However, due to the fuel cell’s
undesirable features, such as the risk of explosion, high volume, and most importantly, the need
for an additional source for the starting energy, batteries are preferred in addition to the
supercapacitor instead of this structure.

In hybrid electric system configurations, the aim is to use one of the technologies as a power
provider and one as an energy provider. The task undertaken by each technology in these
configurations is briefly summarized in Table 2.

Table 2. Theoretical hybrid electric storage system configurations [70]

Theoretical configurations | Energy provider | Power provider

Battery-super capacitor Battery Super capacitor
Battery-fuel cell Fuel cell Battery

Super capacitor-fuel cell Fuel cell Super capacitor

4.4. Hybrid electric drive system examples and combination technologies

The hybrid use of energy storage devices in electric vehicle technology, especially
supercapacitors, is a topic that has come to the fore recently. the fact that it does not have a long
historical background also limits the knowledge of the literature on this subject. in particular, most
studies on aircraft are limited to theoretical knowledge. However, some experimental studies were
also found. Examples of theoretical and experimental studies are as follows; in an article published
in Bulgaria in 2010, it aimed to improve the flight time by connecting a supercapacitor in addition
to the battery in the propulsion system of the UAV, and the system was designed. in the article,
more attention was paid to the design of the energy management system of this structure. No
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experimental study has been conducted [75]. Xiong et al published a review article on
battery-supercapacitor hybridization in 2018. This article examines energy management systems
and hybrid propulsion system architectures for hybrid propulsion. as a result of the study, it was
concluded that connecting an additional supercapacitor to the battery extends the battery life and
reduces the overall cost [76]. in the study conducted by Gong and Verstraete in 2018, fuel cell,
battery and supercapacitor were used together in the UAV propulsion system, and flight tests
evaluated the performance of the UAV. This study aims to reduce the fuel cell’s load and thus
increase its life by using the supercapacitor and the relatively high specific powers of the battery
in situations that require sudden maneuvers such as landing and take-off. This system has been
tested on a fixed-wing UAV with components connected in parallel. It was concluded that the
triple hybrid propulsion system reduces the load of the fuel cell and increases its life [77]. the use
of fuel cells in the study increased the weight of the propulsion system, and although this extra
weight is not a problem for a fixed-wing UAV, it is undesirable for a micro/mini-class UAV. as a
result, although using three technologies together creates a system with very good features by
combining the advantages of all three, it is useless for micro/mini UAVs.

5. Conclusions

In this article, it is aimed to emphasize the importance of energy storage technologies of novel
propulsion systems specifically for micro/mini UAVs. They have many advantages in terms of
the environment. They store the clean energy required for novel propulsion systems. Systems in
which these technologies are used together or individually have been examined in terms of both
their properties and connection types. By scanning the literature, each energy storage technology
and each propulsion system structure were examined in terms of advantages and disadvantages.

Although electric and hybrid electric propulsion technologies provide improvements in
operating costs, noise, fuel consumption, and most importantly emissions compared to
conventional propulsion system, all-electric and hybrid electric aircraft configurations will not be
preferred for large aircraft unless improvements are made in the specific power of the batteries
and fuel cells. for this reason, supercapacitors stand out as a newer technology, which has high
specific power as well as weight and size advantages and also attracts attention with its
environmentally friendly material structure.

Electric energy storage devices are still under development and each has advantages as well
as disadvantages. By using them together, efficient systems can be obtained and one step closer
to completely environmentally friendly systems. This article provides a broad overview of energy
storage technologies used in micro/mini UAVs. a paper, which includes an extensive literature
review, in which supercapacitors with all these features will be our future study in detail.
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