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REDESIGNING FIXED-WING LOITERING MUNITION AS
SOLAR SUPPORTED BY USING REVERSE ENGINEERING
METHOD

ABSTRACT

Conventional warfare has been transformed into hybrid warfare or asymmetric threat
in recent decades. Due to this reason, the world's armed forces are constantly taking
innovative steps to improve their defense technologies. Thanks to this technological
development, armed forces all over the world are begun to equip with a variety of
UAVs in accordance with their military mission. One of these UAVSs, supplanted in
army inventories, loitering munitions, also known as kamikaze drones, which create
an explosive effect on the target by hitting the in defilade position, are autonomous

weapon systems that operate on the "search-find-destroy" principle.

In this thesis, first the history of solar-powered manned/unmanned aerial vehicles
(UAVs) all over the world, , the development process of UAV technology in Turkey
and classification of UAVs and the place of loitering munitions will be explained in
details. Then, one of the fixed-wing loitering munitions, ALPAGU which are
effectively used in today's battlefields will be taken on board and its working
principles, features and specifications will be explained. Subsequently, taking into
account the irradiance values of the Sirnak province, it will be calculated whether the
flight duration of 15 minutes can be extended by reverse engineering method with
the additional solar support components. Whether its cost-efficient or not, this study
is the first of its kind to apply a solar support system to a loitering munition in order

to extend its flight endurance by harnessing solar energy.

Finally, as a result of the calculations made on regarding the solar support
components applied to the ALPAGU loitering munition, it will be theoretically
proven that the time in the air can be extended by 11.2%, in numerical terms, 1.76

minutes (105.6 seconds).

Keywords: Loitering Munitions, Kamikaze Drones, Suicide Drones, Solar Cells,
Solar Energy, Solar Supported, UAVs, MPPT, LiHV Batteries
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SABIT KANATLI DOLANAN MUHIMMATLARIN TERSINE
MUHENDISLIKYONTEMIYLE SOLAR DESTEKLi OLARAK
TASARIMI

0z

Son yillarda, konvansiyonel savaglar hibrit savasa ya da asimetrik tehdide
doniismiistiir. Bu nedenle, diinya ordulari savunma teknolojilerini gelistirmek ve
daha ileriye tasimak maksadiyla siirekli yenilik¢i adimlar atmaktadir. S6z konusu,
teknolojik gelismeler sayesinde diinyanin dort bir yanindaki silahli kuvvetler, askeri

misyonlarina uygun olarak cesitli IHA"larla donatilmaya baslanmistir.

Ordu envanterlerinde yerini alan bu IHA'lardan biri de, kamikaze drone olarak da
bilinen, siitre gerisinden hedefi vurarak hedef {izerinde patlayici etkisi yaratan, "ara-

bul-yok et" prensibiyle ¢alisan dolanan mithimmatlardir.

Bu tezde, ilk basta giines enerjili insanli/insansiz hava araglarimin (IHA) diinyadaki
tarihgesi, Tiirkiye'de IHA teknolojisinin gelisim siireci, [HA'larin siniflandiriimasi ve

dolanan mithimmatlarin bu siiflandirmadaki yeri detayl olarak anlatilacaktir.

Glinlimiiz muharebe sahalarinda etkin olarak kullanilan sabit kanatli dolanan
mithimmatlardan ALPAGU ele alinacak, calisma prensipleri, ozellikleri ve adedi
bilgileri anlatilacaktir. Miiteakiben, Sirnak ilinin 1s1ma verileri dikkate alinarak,
tersine mithendislik ile, eklenecek solar destek sistemi ile 15 dk. olan havada kalma
sliresinin uzatilip uzatilamayacagi hesaplanacaktir. Bu ¢alisma, maliyet-etkin olsun
ya da olmasin, solar destek sisteminin dolanan mithimmata uygulanmasi nedeniyle

bir ilk olma 6zelligi tagir.

Sonug olarak, ALPAGU dolanan mithimmata uygulanan solar destek birlesenlerine
iliskin yapilan hesaplamalar neticesinde havada kalma siiresinin yiizde 11,2 oraninda,

sayisal deger olarak 1,76 dk.(105,6 sn) uzatilabilecegi teorik olarak gdsterilmistir.

Anahtar Kelimeler: Dolanan Miihimmatlar, Kamikaze Dronlar, Intihar Dronlari,
Solar Enerji, Solar Destekli, IHA, MPPT, LiHV Piller
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CHAPTER 1

INTRODUCTION

Unmanned Aerial Vehicles are of significance in many application areas from
military purposes to agriculture all around the world. In parallel with the
technological developments, the diversity of unmanned aerial vehicles and intended
purpose has increased simultaneously. With this scope, loitering munitions are
undoubtfully one of the unmanned aerial vehicles that have taken their place in this

diversity [1].

The usage of loitering munitions has changed the course of conflict especially in the
Russian-Ukrainian war, in the second Nagorno-Karabakh war between Azerbaijan
and Armenia [2], in the Libyan operations [3], in Syrian armed conflagrations [4],
and in the strikes by Iranian-backed groups on several military posts and oil facilities
in Saudi Arabia and the UAE [5][6].

Moreover, the experience of loitering munitions used in the Russia-Ukraine War has
shown that the countries possess unmanned aerial systems technology and even the
most powerful armies of the world such as Great Britain have been triggered to

establish their own kamikaze drone units [7].

However, there are some constraints about loitering munitions with a view hovering
endurance along the fixed-wing types. Because of their engineering design and
specifications such as weight, fixed-wing types are more efficient to take the
advantage of solar cells, that is harnessing solar energy. That’s why; fixed-wing
loitering munitions will be handled in this article whether their endurance could be
extended for longer missions via solar cells which are applied onto their structure,

wings and tails.
1.1 Historical Development of Solar Powered Aerial Vehicles

On June 30, 1957, British Colonel H. J. Taplin who wants to make use of electricity

energy developed a permanent magnet synchronous motor and the first to use silver-



zinc batteries, officially recorded with the UAV "Radio Queen" and radio-controlled
flight powered by electricity [8].

No beouty, the first across-the-channel plane is on EO kit, popular obroad. The radio is an ED Mk. 4 three-tube type, moking on all €D project.

Figure 1.1 Radio Queen, powered by electricity [8]

On November 4, 1974, the first flight of solar-powered UAV was performed on a dry
lake in Camp Irwin, California by R.J. Bouncer who served for AstroFlight
company. The designed solar UAV "Sunrise I" flew for 20 minutes at an altitude of
about 100 m on its first flight. The wingspan of the UAV was 9.76 m, the weight was
12.25 kg and the power output of the 4096 solar cells was 450 W power [9].

Figure 1.2 Sunrise I, by R.J. Bouncer [9]

On its 28th flight, the first prototype of Sunrise | was seriously damaged in
turbulence. One year later, on September 12, 1975, an improved version, the
"Sunrise 11", was built with the same wingspan, however the aircraft's weight was
reduced to 10.21 kg. In addition, this time with 14% efficiency, 4480 solar cells were
used which were able to produce 600 W power [10].



Figure 1.3 Sunrise 11 [10]

Across the Atlantic, in the summer of 1975, Helmut Bruss from Germany was
working on a solar-powered model airplane, unaware of Bouncer's project.
Unfortunately, the solar cells of the aircraft overheated and failed to accomplish the
flight. But a year later, together with his friend Fred Militky, managed to produce
"Solaris", the first solar-powered UAV in Europe. On August 16, 1976, it reached an
altitude of 50 m with 3 flights of 150 seconds [11].

Figure 1.4 Solaris, by Helmut Bruss & Fred Militky [11]

Subsequently, because of its cost-effective features, many model airplane
manufacturers experimented solar power aircrafts. Over time, this ambition had
become even more and more. The most authoritative foundation in sport aviation,
The International Aviation Federation (FAI/ Fédération Aéronautique Internationale)
held a contest for F5 Open (Radio Controlled Flight) class competition and "Solar
Solitude” UAV by Dave Beck broke two records and made its name stand out [12].



Figure 1.5 Solar Solitude, by Dave Beck & his team [12]

In the 1990s, Wolfgang Schaeper broke many records in this field with his "Solar
Excel" model. He is also the author of the small UAVs called "MikroSol", "PicoSol"
and "NanoSol" [13].

Figure 1.6 MikroSol (top-left), PicoSol (top-right) and NanoSol (below) by W. Schaeper [13]

These studies were a great inspiration for solar-powered manned airplanes and
various models have been developed. Although models such as Solair I and Solair 11
were designed by Giinther Rochelt at that time, the "Solar Challenger" designed by
MacCready had 16128 solar cells providing 2500 W power at sea level and a
wingspan of 14.2 m. On July 7, 1981, it completed its 262.3 km flight from Puntoise-
Cormeilles near Paris to RAF Manston Base near London in 5 hours and 23 minutes,

using solar energy as the only power source, without even a backup battery [14].



Figure 1.7 Solar Challenger designed and flew by MacCready [14]

This achievement of Solar Challanger paved the way for the first time the U.S.
government to fund AeroVironment Company, which products durable aerial
vehicles and UAV systems. As a result of the works accomplished in 1993
"Pathfinder” (with a wingspan of 30 m and a weight of 254 kg) appeared and made
its first flight in Dryden. When the earmarked funding ended for this program,
Pathfinder included in NASA's ERAST (Environmental Research Aircraft and
Sensor Technology) program [15].

Figure 1.8 Pathfinder flying over Hawaii [15]

In 1998 an upgraded model "Pathfinder Plus" was developed. A new prototype called
"Centurion” was developed under the ERAST program. The aim was to develop a
prototype technology for a future fleet of solar-powered aircraft that could stay in the
air for weeks or months and be used for scientific sampling or telecommunications

missions.



The fourth and final work of ERAST program was the UAV called "Helios". The
UAV, which made its first flight in 1999, entered turbulence 30 minutes after take-
off during a test flight on June 26, 2003, and its wings broke apart due to high
positive dihedral and then fell into the Pacific Ocean [16].

Figure 1.9 Helios, just before disintegrated [16]

Researches on UAVs to prioritize endurance at high altitudes had been ongoing in
Europe. German Acrospace Center (DLR/Deutschen Zentrum fiir Luft- und
Raumfahrt) hard works from 1994 to 1998 led to the development of the "Solitair". It
is designed for long-term missions in mid-latitudes (roughly between 35 and 65
degrees North and South.) by meeting all energy needs with adjustable solar panels
for the best solar radiation absorption [17].

Figure 1.10 Solitair,1998 [17]



Thanks to "Helinet Project” funded by the European program, between January 2000
and March 2003, feasibility studies were conducted for a solar-powered "Heliplat"
platform with a wingspan of 73 m and a weight of 750 kg. Due to its high bandwidth,
it was intended to be used for communication and earth observation like a satellite
[18].

Figure 1.11 Heliplat,2000 [18]

The "Sky-Sailor" project, backed up by the European Space Agency in 2004, began
at EPFL (Ecole Polytechnique Fédérale de Lausanne) in Lausanne, Switzerland.
Solar-powered aerial vehicles are expected to play a major role in planetary
exploration. The aim was to develop a UAV that could be used for the exploration of
Mars. On June 21, 2008, covering 874.4 kilometers, Sky-Sailor performed a 27-hour
non-stop Zurich-London journey [19].

Figure 1.12 Skysailor, 2008 [19]

In 2006, inspired by Giinther Rochelt, a German firm called Solar Flight developed a
piloted aerial vehicle Sunseeker Il, after long series of modifications and refinements

on Sunseeker I. More surface area for solar cell coverage applied on designed wings



by integrating the new generation of solar cells into the actual wing structure rather
than sticking them on the surface. Besides, the new propulsion system produced for
the Sunseeker II was twice as efficient as Sunseeker I’s. After these developments
the project evolved into a new two-seated aircraft, Sunseeker Duo which has 1510

solar cells with wingspan of 22 meters and weight of 280 kg [20].

Figure 1.13 Sunseeker I, Sunseeker 11, Sunseeker Duo (right to left) [20]

In 2015, ETH Zurich (Swiss Federal Institute of Technology) has constructed a
pioneering low-altitude long-endurance (LALE) solar-powered UAV which is
capable of flying for multiple days, for the first-ever crossing of the Atlantic Ocean.
Swiss Glaciologists used AtlantikSolar to monitor glaciers in Greenland. Ongoing
daylight situation in the Arctic Summer ensured potentially ideal solar energy. As a
result, between July 14th-17th 2015 AtlantikSolar performed 2338 km and 81.5
hours (4 days and 3 nights) during its continuous flight and broke the flight
endurance world record for all solar aircrafts below 50kg total mass [21].

Figure 1.14 AtlantikSolar while landing & monitoring glaciers [21]

In 2020, BAE Systems, a British aerospace company based in London, developed a
HALE UAV called Persistent High Altitude Solar Aircraft (PHASA-35) in



collaboration with Prismatic. PHASA-35, has been used for border control, disaster
relief, surveillance, telecommunications as a cheaper alternative to satellites thanks

to its ability to stay in the air for up to 12 months [22].

Figure 1.15 PHASA-35 [22]

1.2. Development Process of Unmanned Aerial Vehicles in Turkey

For the last few years, our country, Turkey has been on the world media agenda with
its Unmanned Combat Aerial Vehicles (UCAVSs). From Syria to Libya, from lIraqg to
Nagorno- Karabakh, these UCAVSs, which act as game changers in the field and
create a new concept of warfare, attract the attention of defense industry analysts and

the world's militaries.

Turkey's introduction to UAVs dates back to the 1990s. In the early 1990s, the first
steps were taken with the purchase of the GNAT 750 from the USA and the start of
development work within Turkish Aviation Industry (TAI). The first national UAV
work began in 1992 with the IHA-X1 contract between the Defence Industry Agency
(DIA) and TAI. The IHA-X1, for which TAI successfully completed the
development process, was shelved due to the lack of vision and concept at the time
[23].
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Figure 1.16 The first national UAV of Turkey in 1992, IHA-X1[23]

Although a contract was signed to develop IHA-X1 between TAI and DIA, works
regarding the design details of the vehicle had continued. In 2007, the design was
frozen and the production of a new UAV began within TAI, which was renamed
ANKA. While TAI had started its projects with the assignment it received from the
DIA, BAYKAR (a private defense company) had started working on UAV on its
own initiative in 2000. The company first developed the small-scale BAYRAKTAR-
MINI UAV, which made its first flight in 2004 [24].

Figure 1.17 Bayraktar-Mini UAV, utilized in Internal Security Operation [24]

BAYKAR did not limit itself to the Bayraktar-Mini UAV, but started working on the
development of a larger-scale UAV. Following these efforts, the company
manufactured the tactical class UAV named Bayraktar-TB1 (Caldiran) and flew the
UAV for the first time in 2009 and completed all of its flights in the same year [25].
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Figure 1.18 Bayraktar-TB1 (Caldiran) [25]

In 2010, important developments took place both in foreign procurement and in the
ANKA project. Although Turkey had started work on national UAVS, it would take
time for them to enter the inventory, so Turkey purchased 10 HERON Unmanned
Aerial Vehicles from Israel, and the HERONSs were delivered in 2010.

In the ANKA project, the first ANKA, ANKA-A, left the hangar in July 2010 and
successfully made its first flight on December 30, 2010. With this flight, Turkey
produced a MALE class UAV for the first time. After the first flight, the flight tests
of the ANKA-A continued intensively, and by May 2013, Turkey took the first step
in the transition from UAV to UCAV. ANKA-A conducted Turkey's first UCAV test
by firing two ROKETSAN-made CIRIT missiles on its wings at the target marked by
the ASELSAN-made ASELFLIR-300T electro-optical camera. However, after this
test, due to the current conjunctural situation and the fact that CIRIT is not suitable
for use in UAVs, the work on UCAVs could not be completed and was limited to
that shot [26].

Figure 1.19 ANKA-A, loaded with CIRIT [26]



12

By October 2013, the ANKA-A had completed acceptance. In the same month, a
serial production contract was signed between TAI and DIA. The UAV to be
delivered under the serial production contract was a very different UAV than the
ANKA-A. The UAV in the contract, called ANKA-S, had many new features,
including satellite control. Although it was very important for a UAV like the
ANKA-S to enter the Turkish Armed Forces' inventory, the high-level requirements
caused both the Turkish Armed Forces to be deprived of field experience for a long
time. The project and ANKA-S deliveries which were scheduled to start in 2016 was
delayed, did not start until 2018.

Back in 2010, a new UAV decision was made by the Defense Industry Executive
Committee. The Committee authorized DIA to procure new domestic and national 12
tactical UAVSs. Contract negotiations between DAI and BAYKAR, which began in
early 2010, were concluded in December 2011. Having signed a contract with
Bayraktar TB-1, BAYKAR delivered six Bayraktar TB-2s on November 22, 2014. In
the process, the company took the UAV to a much more advanced level. The UAV
evolved from the Tactical class to the Medium Altitude Long Endurance (MALE)
class. While the BAYRAKTAR TB1 was a UAV with a wingspan of 9 meters and a
total take-off weight of 450 kg, the BAYRAKTAR TB-2 is a much more advanced
UAYV with a wingspan of 12 meters and a total take-off weight of over 700 kg.

Figure 1.20 Bayraktar TB-2, the first operational UCAV of Turkey [27]

In July 2015, Turkey entered a new era in the fight against terrorism, at a time when
the need for UAVs was felt the most. In the same year, TAI carried out the first flight
of the ANKA-B, a lightened version of the ANKA-A that can reach an altitude of
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30,000 feet and stay airborne for 24 hours. By 2015, BAYKAR had completed its
contract by delivering the remaining six Bayraktar TB-2s [27].

In 2016, the existing Bayraktar TB-2s were converted into UCAVs through
agreements with ROKETSAN and began participating in Internal Security
Operations, and became Turkey's first operational UCAV. Thus, Turkey conducted
its first UCAV operation in 2016. The Gendarmerie received three ANKA-Bs in
2016, and shortly after the Bayraktar TB-2s, the ANKA-Bs were also armed and put
into operational use. In 2016 and 2017, increasing the number of UCAVS, new

Bayraktar TB-2s were taken into TAF inventory.

In 2018, TAI began deliveries of the ANKA-S and for the first time, an unmanned
aerial vehicle with a range of hundreds of kilometers and satellite communication
was included in the TAF inventory. ANKA-Ss were also rapidly armed. Although
UCAVs were used in Operation Euphrates Shield between 2016 and 2017, the first
operation in which UCAVs emerged as a game changer was Operation Olive Branch
in January 2018. This operation also played an important role in the development of
UCAVs. In the operation, where intensive Electronic Warfare was applied, engineers
took part in the field to keep UCAVs operational, and our UCAVs performed
thousands of flight hours and destroyed thousands of targets belonging to the
separatist terrorist organization YPG/PKK [28].

Figure 1.21 ANKA-S [28]
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On August 29, 2021, the doors of the new era opened and the first AKINCI UCAVs
were delivered to the TAF. Both BAYRAKTAR TB2s and ANKA-B and ANKA-S
performed/are performing all their missions with 22 kg MAM-L and 6.5 kg MAM-C
ammunition. With the introduction of the BAYKAR-developed AKINCI into the
inventory, this situation has completely changed. With AKINCI, which has a payload
carrying capacity of 1.5 tons, the attack missions of UCAVs continued to increase
[29].

Figure 1.22 AKINCI, Tactical Unmanned Aerial Vehicle [29]

BAYKAR, which has been carrying out domestic and international deliveries of
Bayraktar TB-2s, as well as development and testing activities for AKINCI,
continued its efforts to add new capabilities to the Bayraktar TB2, and introduced the
SATCOM-integrated Bayraktar TB-2/S in 2020. BAYKAR also had one more
surprise in 2020 by announcing Bayraktar TB-3 UCAV which has planned to put
upon the market in 2024, which can take off and land on the TCG ANADOLU LHD
[30].

Figure 1.23 Bayraktar TB-3s on TCG ANADOLU LHD [30]
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As one of the 8 countries in the world that produces its own UCAVs, Turkey has
reached a very advanced point in the combat field. In the coming years, it will reach

much more advanced points with new future projects such as Bayraktar Kizilelma,

national UCAV developed by BAYKAR [31].

Figure 1.24 Bayraktar Kizilelma [31]

In line with all information above, it is obvious that Turkey has covered a distance in
UAV technology. However, although there are 37 solar panel manufacturers in
Turkey, there are no remarkable researches concerning the development of solar-

powered unmanned aerial vehicles yet. [32].
1.3 Classification of Unmanned Aerial Vehicles

Due to the fact that there is no standardized approach for the classification of UAVs
all over the world, there is one widely accepted three main prerequisite criteria for
classification methods. First criteria is flying ability without operator (human),
second one is moving ability via remote-controlling systems or autonomous way, the
last one is capability of carrying lethal or non-lethal payloads. However, not all
aircrafts can be considered as UAVs that meet this criteria. For instance, ballistic and

semi-ballistic aircrafts and cruise missiles are not considered as UAVS.

Examining the studies in the literature, there are UAVs classifications based on
different parameters. These classification parameters could be analyzed under 16
headings as sorted in the Table 1.1 below [33].



Table 1.1 Parameters for UAV Classification

16

Classification Parameters

1 | The usage area of the aircraft 9 | Fuel system

2 | The type of control system 10 | Fuel tank type

3 | Flight rules 11 | The number of fuel system utilization

4 | Wing tvpe 12 | The type of aircraft
General category (UAV maximum take-off

5 | The condition of the space used in the air @ weight, range, hover time, maximum altitude
it can reach values)

6 L .du‘ecnon SHTELE) £ e 14 | Realizable distance according to the radius

landing
7 | Take-off - landing type 15 | Flight altitude
8 | Engine type of the aircraft 16 | Function and fields of application

Classification for UAV’s is based on one or several of these parameters in different

combinations. However, the most common accepted classification parameter in the

literature is the 13" one which based on the UAV's take-off weight, range, hover

time or endurance, and maximum altitude. Considering the practical usage areas,

functional/operational characteristics, commercial and educational activities, it could

be easily understood why this classification standard is prevalent and why the

method is useful. The most commonly used assessment, in this type classification

parameter can be summarized as follows [33]:

- Weight (Gross take-off weight + Payload weight)

- Operation (flight) altitude

- Duration in the air

- Distance at which data can be collected

- Field of usage (intended use)

- The task performed by the UAV

When the classifications made according to these parameters are analyzed in the

most general and broad sense, the main subgroups are Micro/Mini UAVSs, Tactical
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UAVs, Strategic UAVs and Special Mission UAVSs.

The European Organization for Unmanned Aerial Systems (EUROUVS), based on

various criteria which was inspired by this classification is demonstrated in Table 1.2

[34].
Table 1.2 UAV Classification adopted by EUROUVS
(ategony MaximumTake ~ Maximum flight Endurance  Data Example
(atronym) Off Weight (ky)  Altitude (m) (hours)  Range (Km) Missions Systems
Micro/Mini URNs | Micro (MAY) 0.0 250 1 <10 Scouting, NBC sampling, Black Widow, MicroStar, Microbat,
surveillance inside burldings | FanCopter, QuattroCopter, Mos-
quite, Hornet, Mite
Mim <30 150-300 <2 <10 Film and broadcast industries, | Mikado, Aladin, Tracker, DragonEuye,
agricuiture, poflution Raven, Pointer I, Carofo C20/Ps0,
measurements, surveillance | Skorpio, R-Max and R-50, Robo-
inside buildings, communica- | Copter, YH-3005L
tions refay and EW
Tactical UAYS (lose Range ({R) 150 3.000 2-4 10-30 | RSTA mine detection, search | Observer |, Phantom, Copter 4,
b rescue, EW Mikado, RoboCopter 300, Pointer,
Camcopter, Aenal and Agnultural
RMax
Short Range (SR) 200 3.000 3-6 30-70 BOA, RSTA, EW, mine detec- | Scorpi 6/30, Luna, SilverFox,
tion Eyelnew, Firebird, R-Max Agn/
Photo, Homnet, Raven, phantom,
GaldenEye 100, Flyrt, Neptune
Medium Range 150-500 1.000-5.000 6-10 70-200 | BDA, RSTA, EW, mine detec- | Hunter8, Micke, Aerostar, Siper,
(MR) tion, NBC sampling Falco, Armor X7, Smart UAY, UCAR,
Eagle Eye+, Alice, Extender, Shadow
200/400
Long Range (LR) - 5.000 6-13 200-500 | RSTA BDA, communications | Hunter, Yigilante 502
relay
Endurance (EN) 500-1.500 5.000-8.000 12-24 >500 | BOA, RSTA, EW, communica- | Aerosonde, Vulture || Exp,
tions relay, NBC sampling Shadow 600, Searcher I, Hermes
: _ 4505/4501/700
Medium Altitude, | 1.000-1.500 | 5.000-8.000 24-48 >500 BDA, RSTA, EW weapons Skuforce, Hermes 1500, Heran TP,
Long Endurance delivery, communications MQ-1 Predatar, Predator-IT, Eagle-
(MALE) relay, NBC sampling 1/2, Darkstar, E-Hunter, Dominatar
Strategic UAVs High Altitude, 2.500-12.500 | 15.000-20.000 | 24-48 >2.000 | BDA, RSTA, EW, communica- | Global Hawk, Raptar, Condor,
Long Endurance tions relay, boost phase Theseus, Helios, Predator B/C,
(HALE) intercept launch vehicle, Libellule, EuroHawk, Mercatos,
airport security SensorCraft, Giobal Observer,
Pathfinder Plus,
Special Task UAVs "lemal(lﬂ) | 250 1.000-4.000 34 300 | Anti-radar, anti-ship, anti- | MALI, Harpy, Lark, Marula
aircraft, anti-infrastructure
Decoys (DEC) 250 50-5.000 <4 0-500 | Aenal and naval deception Fluyrt, MALD, Nulka, ITALD, Chukar
Stratosphenc T80 20.000-30.000 >48 »2000 |- Pegasus
(Strato)
Exo-strato- 160 > 30,000 T8D 180 - MarsFlyer, MAC-1
spheric (EX0)
Source: Adapted from "UVS-Intemational-"UAV System producers & Madels: All UAY Systems Referenced,” 2006

Especially when we examine the classification table loitering munitions could be
placed Special Task UAVs, furthermore Lethal (LET) types. Adopted in 2008, this
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classification could be evaluated as a study lagging behind technological
developments, because specifications has not been involved such as endurance lower
than 1 hours, data link range lower than 10 km. Additionally, one more criteria had
better be attached to those parameters to classify such as “Propulsion System”. The
types of propulsion system based on energy types are given in Figure 1.25 below
[35].

VAV

Pmyul:lmn Fm'rgy
| | ]
Enei 3 . System
h;el Di[;:s::;rs Structure i i Components
# ]
[ | | l | |
Ramjet Piston Turbo Panallel Series Power Supply EMSs Motor
Reciprocating | | Rotary SeriesPanllel | Complex PMSM bk
I | ]
- Lithium Superconducting
Turbojet Turbofan Batterise Fuel cells Solar R
[ l Permanent Magnet Synchronous Motor (PMSM)
Turboprop ‘ Turboshaft Energy Management Strategy (EMS)

Figure 1.25 UAV propulsion classification based on energy types [35]

In this study, it will be examined whether the flight endurance could be extended by
utilizing solar energy for loitering munitions powered by lithium batteries. In other
words, the main purpose of this thesis is while exploiting electricity from the lithium

battery; refill it by converting solar energy to electrical energy.
1.4 Literature Review

1.4.1 Loitering Munitions

The development of artificial intelligence (Al) in the defense industry produces
unprecedented smart systems that redefine how the fighting units are projected on the
battleground. Weapon systems are progressively getting more intelligent, more

precise, more flexible, and smaller.

Loitering munitions, also dubbed as kamikaze drones, are the most recent example in
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this regard. These suicide drones are remote controlled aerial weapons with a niched
explosive substance (warhead), which can recon until the objective is detected, then

attack and destroy the target by crashing into it.

Loitering munitions are low-cost guided precision munitions that can be maintained
in a holding pattern in the air for a certain time and rapidly attack land or sea non-
line-of-sight targets. Loitering munitions are under the control of an operator who
sees a real-time image of the target and its surrounding area, giving the capacity to
control the exact time, attitude, and direction of the attack of a static, relocatable, or
moving target, including providing a contribution to the formal target identification
and confirmation process [36].

Furthermore, loitering munitions can conduct a birds-eye view patrol duty around the
target area within its range and duration time. In line with these explanations
kamikaze drones are not to be confused with “Cruise Missiles” or “UCAVs” [37].
Although sharing some similar characteristics, they are different from cruise missiles
and UCAVs in terms of loitering time around the target area and homecoming to
base dependently for its type. The comparative similarities and differences of these

three highly confusable flying weapon systems are as shown in Table 1.3 [38].

Table 1.3 Comparative Similarities/Differences Between Loitering Munitions, Cruise Missiles and

UCAVs
Characteristic Cruise missile Loitering munition UCAV
Cost appropriate for expendable v v No, but high cost allows for higher-
es es
one-time use quality platform
; Yes, typical mission profile is round-
Recovery possible after launch No Usually no i
rip
Built-in warhead Yes Yes No
Stealthy final dive to target Usually yes Usually yes Usually no
Loitering No or limited Yes Usually yes
Sensors for target acquisition Limited Yes Usually yes
Command and control during flight Usually limited Yes Yes
Longer, optimized for constant Shorter, even shorter for typical
Range Shorter :
speed flight round-trip mission
Speed Typically higher Typically lower Depends on role
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1.4.2 Types of Loitering Munitions

Early examples of loitering munitions, which emerged in the 1990s, were developed
for use against targets such as radar sites and missile launchers. Subsequently, both
the nature of the targets and the types of products have diversified rapidly within the
following years due to the technological changes in defense. Currently, loitering
munitions designed for different and diverse missions across the world can be
divided into four different categories according to their wing types. These are given

in Figure 1.26 below.

[ Loitering Munitions ]

T
Delta-Wing :

Uvision Hero

N
3
. ZALA Lancet

A Shaded-136

ST-35 Storm Thunder

(*) Point Blank isa p d designed loitering ition and has both Rotary & X-type wing.

Rotary-Wing
Type

mas

-Tvaf

Figure 1.26 Classification of Loitering Munitions in accordance with Wing-Type

Fixed-wing type loitering munitions can be divided into two categories as
“conventional” and “tandem” types. The only difference between these two types is
that the tail wing of the tandem type is longer than the conventional one in terms of
the aerodynamic system. In a tandem design, there is slight difference between the
length of the tail wing and the length of the main wing. Fixed-wing type loitering can

be launched by hand, rail, canister or launcher.

Delta-wing type loitering munitions can be divided into two categories as well. One
of them is “Single Delta-Wing” Type, the other one is “Double Delta-Wing” or
“Canard” type. Delta-wing loitering munitions usually can be launched by catapult or

multiple launcher.
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X-wing types, also known as “Cruciform”, loitering munitions can be divided into
two categories as well. “Twin X-Wing” type and “X-Wing with Rotary Support”.
While Uvision Hero, ZALA Lancet and ST-Storm Thunder are the prominent
examples of Twin X-Wing type, Point Blank is the noticeable example of X-Wing
with Rotary Support type.

1.5 Fixed-Wing Loitering Munition, ALPAGU

1.5.1 Components and Specifications of the Weapon System

When their components are analyzed as shown in Figure 1.27, they are comprised of
“Tube Launcher”, Fixed-Wing Smart Ammunition System (Drone)” and “Ground
Control Station (GCS/Tablet)”. Fixed-wing loitering munitions can be operated
autonomously or with GCS by remote controlling, besides all these components can

be carried by a single soldier [39].

&
———> Fixed-Wing Smart Ammunition System (Drone)

Tube Launcher €——

Jrusgen Ground Control Station
(GCS/Tablet)

Figure 1.27 Components of ALPAGU Loitering Munition [39]

This article will be based on the specifications and design features of the ALPAGU
fixed-wing loitering munition produced by STM, which means “hero who attacks the
enemy alone” in Turkish etymology. For this paper, all the scientific and
experimental studies done in this field, in the past periods will be taken into account.
Specifications of ALPAGU fixed-wing loitering munition are given in Table 1.4
below [40]:
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Table 1.4 Dimensions & Specifications of ALPAGU Loitering Munition

¢ 88,3 cm >
I i 14 | Operational Range 8 km (LOS)
| |
| I I Wingspan 88,3 cm
r 3 a
lz Length 65,3 cm
4 10,5 cm A -
36.4 cm Diameter 10,5 cm
653 cm Weight 1950 gr
Warhead 270 gr
<« 284cm Endurance 15 minutes
L‘" 10,5 cm \ ) f Power Source/Weight Li-Po, 270 gr
| i | Operating Temprature -20 C°/+40°

I 08 (] e—1

1.5.2 Working Principle of the System

Fixed-wing loitering munitions have almost the same working principle and they are
usually utilized to demolish strategical enemy target. Thanks to its design, initial
launch is provided by compressed air (pneumatic launch) from tube launcher
(canister) just as mortar shell. As soon as Smart Ammunition System is launched, its
aerofoil and tail wings are opened automatically to transform into a plane.
Simultanously, propulsion system is activated by electricity storage unit, Li-Po or Li-
lon battery, which gives the electricity energy to propeller. After reaching target
sight of view, the Smart Ammunition System begins to loitering and gathering

intelligence about the enemy area and target.

After acquiring the target, the loitering munition is locked onto the enemy vehicles,

radars or opponents by the operator with GCS remote control system.

Subsequently, the loitering munition gets kamikaze position to hit and destroy the
target for precise attack. If its risky and impossible, the operator can abort the
mission to hit another target or recon to gather intelligence within its duration time.

Working principle of a fixed-wing loitering munition is given in Figure 1.28 below.
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Figure 1.28 Working Principle of a Fixed-Wing Loitering Munition

1.6 Description of the Problem
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According to a report by the The Study Center of The Drones, the advantages of

loitering munitions are as follows [41].

easier to distinguish between armed and unarmed people.

Compared to alternatives such as mortars, rockets and small-sized missiles, it is

- Depending on the duration of their stay in the air, they enable target detection and

tracking.

- They have higher hitting accuracy compared to their alternatives.

- They are more cost-effective compared to alternatives that will allow attacks to be

carried out with equal precision.

- Unlike rockets, missiles and mortars particularly rotary-wing loitering munitions,

allow for mission abortions.

However, in addition to the above-mentioned advantages, fixed-wing, delta-wing, X-

wing designs are not subject to mission termination, return and reuse for incomplete

missions. Moreover, the biggest constraint is the limitation of the flight duration of

the munitions, especially those with fixed-wings, depending upon the amount of
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energy in the battery. For instance, the flight endurance of ALPAGU is totally 15

minutes.
What if mission abortion and additional time needed to accomplish the mission?
1.7 Scope and Purpose

The scope of the research thesis will center around, one of the fixed-wing loitering
munitions, ALPAGU, its features and specifications. This study is a good example of
reverse engineering. The main purpose of this thesis is to extend the total flight
duration of ALPAGU (15 min.) via additional solar-support components such as
solar cells and MPPT. While conducting the research and calculations the irradiation
values of the Sirnak province, an internal security operational area will be taken into
account. Whether its cost-efficient or not, this study is the first of its kind to apply a
solar support system to a loitering munition in order to extend its flight endurance by
harnessing solar energy.
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CHAPTER 2

SOLAR ENERGY AND IRRADIATION

2.1 Photovoltaic Power Potential of the Globe and Turkey

Solar energy is a main source of renewable energy, harnessing the irradiance from
the sun beam to obtain solar power to generate electricity or thermal energy by using

a range of technologies.

In order to calculate the solar energy efficiency, firstly irradiance model must be
handled. Model of irradiance depends on some variables such as such as daytime,
solar cell efficiency, geographical location, albedo and so on. Photovoltaic power

potential of the Globe and Turkey is given in Figure 2.1 below [42]:

SOLAR RESOURCE MAP QJWIDNKGMP
IED PHOTOVOLTAIC POWER POTENTIAL
TURKEY ESMAP xmmD

SOLAR RESOURCE MAP (7, WORLD BaNK GROUP ESMAP
PHOTOVOLTAIC POWER POTENTIAL S e ¢ R

4

““ Myﬂ '&\\T

Figure 2.1 Photovoltaic power potential of the Globe and Turkey [42]

Examining daily and total sum of irradiance and long term avarage, Turkey is located
in the "solar belt" with high solar energy potential region. Annual average 1311
kWh/m2 year and the average sunshine duration is 2640 hours. This figure averages
3.6 kWh/m2 power for about 7.2 hours per day, for a total of 110 days of sunshine
duration. Furthermore, considering internal security operations are conducted mostly
in South-Eastern Anatolian Region, in the provinces such as Sirnak and Hakkari,
new designed solar-supported loitering munitions can be easily used [43]. With this
scope, subsequent calculations will be based on average irradiational values of

Sirnak province.
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2.2 Irradiation of Sirnak Province and Calculating Daily Energy

Density

Because of operational activities in the region could be conducted any time in the
year, yearly average values will be taken into account for the calculations as
presented in Figure 2.2 and Table 2.1-2.3 [44].
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Figure 2.2. (a) Approximation Of Irradiance With A Sinusoid, (b) Irradiation Map of Sirnak
(c) Monthly Solar Irradiance and Daytime of Sirnak [44]

Table 2.1 Average Irradiation (Imax) of South-Eastern Anatolian Region by Districts

Province Average Irradiation Duration (hour-year) Ave. Max. Irradiation (KW/m?)
Adiyaman 2961 1564
Batman 2873 1576
Diyarbakir 2613 1473
Gaziantep 2978 1582
Kilis 2975 1575
Mardin 3033 1588
Siirt 2828 1591
Sanlurfa 3030 1586

[ Simak 2975 1601 ]

Table 2.2 Monthly Average Irradiance Duration of the Day (Tday) In Sirnak Province by Districts

Averageygnyiy* 8,18 h
Month [1 2 3 4 5 6 @ 8 9 10 11 |2]Ave_

Beytiigsebap 4,49 561 6,70 7,59 9,79 11,75 12,00 11,30 986 729 579 441 8,05
Cizre 429 557 6,73 7.67 997 1248 12,83 12,05 9.89 7,49 6,00 4,64 830

idil 429 554 6,78 7,77 10,01 12,63 12,97 12,15 9,95 7,53 599 461 835

Giiglikonak 4,13 526 642 758 986 12,07 12,36 11,62 996 739 572 440 8,06

Merkez 418 535 647 7,53 986 12,01 12,31 11,57 990 734 577 444 8,06 )

Silopi 434 573 683 7,65 990 12,53 12,90 12,12 993 747 6,09 470 834

Uludere 441 568 675 7.55 9. . . -
Average 430 553 6,67 7,62 5 A 5 5 bl Ll — .
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Table 2.3 Monthly Average Radiation Density (Egensity) In Sirnak Province by Districts

Ave. Egengiry: 4,36 kKW/m2

Month JI 1 03 4 5 @ 7 8 9 10 10 12 |Pro-Ave-
Beytiisscbap 2,01 2,85 4,21 523 6,52 6,92 7.08 6,08 5.25 371 2,42 183 451

Cizre 1,90 244 407 501 6,09 666 6,44 584 499 3,77 248 180 430

o~
idil 1,90 2,49 4,09 506 6,19 6,75 6,58 589 501 379 246 180 433 &
Giiglitkonak 1,92 246 4.07 506 6,15 6,71 6,51 588 500 3,74 241 180 431 E

Merkez 1,95 2,55 4,11 510 6,24 6,75 6,65 590 5,06 3,75 242 1,81 436
Silopi 1.90 2,54 4,11 505 6,12 6,64 6,48 584 502 3,76 249 181 431
Uludere 1.97 2,73 4,18 5,15 6,32 6,77 6,75 595 515 3,70 244 1,82 441 I|

[ 1,94 2,58 4,12 509 6,23(6,74 6,64 591 507 3,75 245 1,81 ]

Average

Analyzing the average sunshine duration of the day in Sirnak province, the highest
point is reached in July with 12.53 hours, while the lowest sunshine duration is
realized in January with 4.30 hours. The maximum radiation intensity is reached in
June with 6.74 kWh/m?-day, while the minimum radiation intensity is realized in
December with 1.81 kWh/m?-day [45]. Equation of the daily energy density per

square meter is given in Formula 2.1 below [46]:

Maximum Duration of
Irradiance the Day
(W/m?) «— — (h)
[ [ . .
Irradiance margin
Daily Energy I max Tday F .
' E . —_— actor (CN)
perm?  *—Lday density T Nwthr —+ (2.2)
— 0 > U».::rn~>1
2 dark messp clear sky
3 _zt; 159 CN : Constant Number

Monthly average irradiation (Imax) in Sirnak province is 1601 W/m?, additionally
Monthly average irradiance duration of the day (Tday) is S =8,18 hours.

So, the daily energy density is:

1601 W/m? «8.18 h

E yay density = 3142 * 0.8(assumption) = 6673.2 Wh/m?
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CHAPTER 3

SELECTION OF THE ADDITIONAL COMPONENTS

3.1 Choosing the Solar Cell Type

One of the renewable, clean and cost-effective energy sources Solar energy, is
obtained by converting heat energy into electrical energy through photovoltaic (PV)
cells from the sun. Connecting solar cells in series or parallel, constitutes solar
modules (panels) and they are applied primarily the surface of wing then other parts

of the airplane such as fuselage or tail if needed.

According to the fabrication process and type of the raw material, there are various
types of PV cells that can be sorted. Because of its low cost and abundance, the most
common used type of material is silicon. According to the type of crystal, there are

three types of silicon solar cells [47]:

» Monocrystalline silicon solar cells have typically very high efficiency roughly
15:20% and are made of a high incidence of silicon, so this characteristic brings
about high price. Although they are not cost-effective they can provide the highest
power outputs. Hence, of all the types of silicon solar cells, it is the most efficient
solar cells available. However, one of its disadvantage is that the whole solar system

can get out of order even if the solar cells are partly covered with dirt or snow.

* Polycrystalline solar cells, is also known as multi-crystalline silicon (mc-Si) or
polysilicon (p-Si). This type of solar cell is inexpensive if compared with
monocrystalline. Polycrystalline solar cell efficiency is around 13:16%, additionaly it

is less temprature resistant than monocrystalline type.

» Amorphous silicon (a-Si) solar cells, have good response to weak sun light.
Although the production costs are very cheap, the conversion efficiency is low
around 6-8% for this type.
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Other type solar cells made of different materials:

* Cadmium telluride (CdTe) solar cells, are named due to the component chemical
elements cadmium and telluride. This type has the only thin-film technology with
low cost The conversion efficiency of cadmium telluride solar cells works around
9:11%.

» Copper indium gallium selenide (CIS/CIGS) solar cells, have showed the most
potential in terms of efficiency in the range 10:12 %.compared to Cadmium telluride
(CdTe) solar cells. They have also wide applicability of substrate, adjustable optical

band and strong antiradiation ability.

To summerize and compare the characteristics types of solar cells explained above

Table 3.1 is given below.

Table 3.1 Comparative Characteristics of Solar Cell Types

Monocrystalline Polycrystalline Amorphous CdTe CIS/CIGS
Typical Module @ 13:16% 6:8% 9:11% 10:12%
Efficiency
ST R (e 25% 20.4% 13.4% 18.7% 20.4%
Efficiency
et S SeC R 6-9 m? 8-9 m? 13-20 m? 11-13 m? 911 m?
1Kw
Lowest price 0.75 /W 0.62 $/W 0.69 $/W
. Performance Less temperature I Relatively I .
Tcm[_::crarun drops 10-15%s at resistant than Tolerates low impact on Tunpt.mmn,
Resistance . . extreme hear - resistance
high temperature | monocrystalline performance
o . . Can be Can be Can be
Flexibility Not flexible Not flexible flexible flexible flexible

According to above informations and considering energy efficiency, it is clear that
monocrystalline solar cells is the most suitable solar cell type to be used in fixed-
wing loitering munitions design. Furthermore, among all monocrystalline types, the
lightest one, GEN Il solar cells (Figure 3.1) manufactured by a firm called
Sunpower, provides today’s highest performance and energy-efficiency by Maxeon
cell technology. Compared to standart conventional solar cells, GEN Il solar cells
generates 25-35% more energy with its long term performance in that when the
surface exposed to sunlight, GEN Il enables 1% more sun beam absorption in
overcast and low light conditions. Corrosion resistance with its thin copper metal

system and crack resistance with its lead-free components provide outstanding
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resilience and eco-friendly energy delivery as well [48].
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Figure 3.1 (a) Application of GEN Il PV Cell on the wing with hot shrink plastic wrap. (b) GEN Il
PV Cell Bond Pad Original Dimensions. (c) Resilience of GEN 11 PV cell [48]

In line with all informations given above, due to structural dimensions of ALPAGU

fixed-wing loitering munition, new design can be accomplished by new

manufactured GEN 11 solar cells with 90x90 mm dimensions as explained in Figure
3.2 below:
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Figure 3.2 (a) Birds-eye view of solar cell applied ALPAGU. (b) New Manufactured GEN 11 PV Cell
Bond Pad Dimensions (presume). (c) Spectral Response of Typical GEN Il (d) Average efficiency

of GEN Il PV cell
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3.2 Current and Voltage of a Solar Cell

The current to voltage curve of a solar cell has a very characteristic shape, as
presented in Figure 3.3 and can be explained by the mathematical models of an ideal
or real photovoltaic generator [49]. Instead of Standard Test Conditions (STC) of the
planned solar cells Maxeon GEN I, the real photovoltaic values and the new
manufactured cell values are calculated in this article. Standard Test Conditions are
at 1000 W/m?, air mass 1.5 G Spectrum and 250 shown in Table 3.2 below [48].

MPP

Prnax=VuppIupp /’(\

Electrical Characteristics of a typical Maxeon Gen Il Cell

At Standard Test Conditions (STC)
STC: 1000W/m?, AM 1.5G and cell temp 25°C

T
T
//
Power [W]

/

I

|

I

I

1

4 :
1

g |
/ Voltage [V] :
L 1 L

0 5 10 15 20 25 30Vy 35 Voo 45 Lo

Current [A]

Figure 3.3 Characteristic Graphic of Table 3.2 STC of the Maxeon GEN 11
Current to Voltage Curve solar cells

3.3 Maximum Power Point Tracker (MPPT) Selection

Depending on the inclination of the sun rays and sun irradiance along the daytime, a
solar charge controller, called Maximum Power Point Tracker (MPPT) converts
sunlight into electrical energy via solar cells. This converter maintains the maximum
amount of power which is provided by the solar modules. Firstly, the obtained power
is used for the propulsion group (engine, propeller) and the onboard electronics,
secondly to charge the electrical storage unit with sufficient energy. Due to the fact
that no more power comes from the solar modules at nighttime, solely the electrical
storage unit energise those elements. Brief description of a solar-support design of a
fixed-wing loitering munition is schematically represented in the Figure 3.4 below
[49].



Solar Module

Solar Charge
Controller (MPPT)

Motor, Propeller
Electronics....

(if sufficient)
Electrical
Storage Unit
(Rechargable
Li-Po Batteries)

Figure 3.4 Brief description of Solar-Support Design of a Fixed-Wing Loitering Munition
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Considering that there are many types of MPPTs available on the market, it is

important to choose the lightest MPPT that will minimize the total weight increment

and will not adversely affect the propulsion system of the Fixed-Wing Smart

Ammunition System. Some lightest MPPT types available on the market are given in

the Table 3.3 below.

Table 3.3 Comparison & Specifications of lightest MPPTSs available on market

Product Name Current Voltage Weight
Botlink MPPT SA 12.5-50V
Morningstar 45A 12V 141,7 gr
Sunguard (5 ounces)
Provista ISC 3042 30A 12 160 gr
Sunrock20 20A 12V/24V 478 &
m (15.8 Ounces)

The lightest MPPT, Botlink MPPT, is chosen to minimize the total weight of the
structure [21]. Totally, 21 (twentyone) GEN Il solar cells can be applied in serial

configuration and the total energy gained from the solar can be calculated by

Formula 3.1 [50]:
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Efficiency of the
curved solar Efficiency of
E'day density Panels (CN) MPPT (CN)
|
" Ipax T, '
max fday A
Eelector - 7T Nwthr rcncbrnscnmppt 3.1)
Area of Efficiency of
Solar Cell solar cells (CIN)
(m?)

According to a research on Skysailor first prototype carried out in ETH Autonomous
Systems Laboratory, parameters for a smooth flight which are constant or assumed
constant are given in Table 3.4 below [49]:

Table 3.4 Parameters that are constant or assumed constant made for Skysailor in Zurich (example)

Parameter Value Unit Description

;. 0.8 - Alirfoil lift coefficient

Cpa 0.013 - Airfoil drag coefficient

e 0.9 - Oswald’s efficiency factor

L nax 950 [W/rnz] Maximum irradiance

Kpau 190-3600 [J/kg] Energy density of battery

Keelis 0.32 [kg/mz] Mass density of solar cells

Kencaps 0.22 [kg/mz] Mass density of encapsulation

Koot 0.00047 [kg/W] Mass to power ratio of mppt

Kpprop 0.013 [kg/W] Mass to power ratio of propulsion unit
Kgpuce 0.44/9.81 [kg/m’] Structural mass constant

Moo 0.25 [kg] Mass of navigation & control system
Mhec 0.7 - Efficiency of step-down converter
Tleelis 0.169 - Efficiency of solar cells

Pchre 0.98 - Efficiency of battery charge

Hewrtr 0.95 - Efficiency of motor controller

Pdischrg 0.98 - Efficiency of battery discharge

Marbox 0.95 - Efficiency of gearbox

Tonor 0.85 - Efficiency of motor

L7 — 0.97 - Efficiency of mppt

Rprop 0.85 - Efficiency of propeller

P 1 [W] Power of navigation & control system
Xy 3.1 - Structural mass area exponent

X2 -0.25 - Structural mass aspect ratio exponent

The total area (m?) of solar cells (Asc) applied on the new design is:
(0.090 m x 0.090 m) x 21 = 0.1701 m?,
Efficiency of the curved solar cells on the main body is assumed as 0.5 (CN)

Efficiency of GEN Il solar cells given by Sunpower Firm is %22.4=0.224 (CN) [19],

In accordance with the information obtained from Botlink Firm, efficiency of MPPT
is %98=0.98 (CN),
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Taking into account all above mathematical analysis datas, calculation result gives
the total electric energy generated by solar cells,

Area of Solar Cell Efficiency of
(mZ) solar cells (CN)

l_‘_\l_‘_\

Eclec,,, =I6673. 2 Wh/mzl* 0.1701 * % 0.5 % 0.224 * 0. 98.4 124.58 WH
L

' . .
, Efficiency of the ~ Efficiency of
day density curved solar MPPT (CN)

Panels (CN)
(assumption)

As mentioned in ALPAGU loitering munition specifications the flight endurance is
totally 15 minutes. Considering the total electricity energy gained via solar cells is
124.58 W per hour, so the gained energy during the flight endurance (15 min) is;

15 min
Eezecﬂg =124.58 W =« 60 min =31.145W

Returning back to Botlink MPPT which planned to use in the new design, its seen
that input/output current specifications are 5A and 12.5-50 V, the required electricity

energy can be only counterposed by the electricity storage unit.

The minimum required power of MPPT can be calculated as follows:

Pyppr = Vuppr * Iyppr (3.2)

The required power of MPPT for the flight duration is;

15 min
Eelecﬂg =62.5W * 20 min =15.625W

When the operating power of the MPPT is subtracted from the power obtained from
the solar cells, the total power value feeds the battery can be calculated during the 15
minute flight:

Ppatfeea = Psc — Pumppr (3.3)

Phatjeea = 31.145W — 15.625 W = 15.52 W
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3.4 Electricity Storage Unit (Battery) Selection

The primary goal of assembling a solar power system into a UAV is to extend the
duration and range by providing an extra power source during flight. Despite there
are many types of lithium based electricity storage units are in use such as Li-lon and
Li-S batteries, Lithium-polymer (Li-Po) batteries are mostly preferred in unmanned
aerial vehicles that use electricity as an energy source due to their high current
output. In addition, Li-Po batteries are the most popular energy source in unmanned
aerial vehicles because of their high power, light weight and long life. However, Li-
Po batteries have some disadvantages as well as advantages. For instance, their

sensitive chemical structure is susceptible to combustion [51].

Although 270 g, 11.4 V 4300 mAh Li-Po battery pack used in ALPAGU fixed-wing
loitering munition, in its original design, lighter Li-Po batteries can be used in order
to reduce the total weight. One of the lighter rechargable high voltage Li-Po battery
(LiHV) avaible on the market is given in Figure 3.5 below with its specifications in
Table 3.5 [52]:

Figure 3.5 Gens Ace 4300mAh 3S1P 11.4V 60C LiHV Battery [52]

Cutting-edge technology new LiHV batteries has a special characteristics to increase

its voltage capacity almost 1 to 10 times.



Table 3.5 New Battery Pack Specifications
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SKU GEA43003560T3 Voltage 35 (11.4V)
Article Category Gens-Car Gens ace Length (£5mm) a0
B-60C-4300-351P-HV-
Article No. Width (5 40
reete SoftCase-1TO3 idth (£Smm)
Net Weight (£10g) 246 Thickness(5mm) 29
Brand Gens ace Wire Gauge 12#
Capacity 4300 mAh Wire Length (C/D) 60mm/120mm
Discharge Rate (C) 60C Connector Type XT60/T-plug
Bal o t
Parallel (P) 1 s aneer-ennecter JST-XHR
Type
P battery = Vbattery | battery (3.4)
Pbattery = Vbattery * Ibattery = 11. 4’ V * 4’. 3 Ah == 49. 2 Wh
Pbatter 49.2 Wh
y .
T = =3.23 h

chargepay — Pbatt.feed T 15.52 W

With the total power which is feeding the battery, the battery used in the new design

of the loitering munition can be charged in 3.23 hours (193.8 min).

Since the battery can be charged in 193.8 minutes, the additional solar capacity
provided to the battery by solar energy, during the flight time in 15 minutes is given

in equation 3.5;

. Capacity *T £
[C apacitygoiar = Tchi:;t:ry fRst ] (3.5)
batt
. 4300 mAh * 15 min
Capacitygpior = = 332.8 mAh

193.8 min

Calculation of the total battery capacity in the final state (equation 3.6), with the

additional capacity obtained from the solar cells:

CapaCityTotal = CapaCityBattery + CapaCitySOIar

(3.6)

Capacityryiq = 4300 mAh + 332.8 mAh =|4632.8 mAh




37

CHAPTER 4

TOTAL WEIGHT OF THE NEW DESIGN

4.1 Forces on the Fixed-Wing Loitering Munition

There are four forces which affects on the loitering munition during the flight. These
are basicly Lift, Drag, Thrust and Weight as illustrated in Figure 4.1 [53].

Lift

f

Drag \ Thrust

Weight

Figure 4.1 Forces on the Loitering Munition [53]

Lift, is the force hold upward on the structure and provides the main body stay in the
air thanks to the special shaped wings, known as airfoil. This special shape provides

lift effect by deflection and air pressure on the airfoil.

Drag, also called air resistance is the force that affects in the opposite direction of
the flight direction and it slows the main body down because of air molecules

density.

Thrust is the force that propels the structure in a forward direction, and thrust is the
opposite force of the drag. The motor and the propeller blades provide this

propulsion force.

Weight is the downward force on the structure which is caused by the gravity.

Weight has direct proportional to the total mass of the structure.

Since no changes have been made to the contents of the propulsion system such as
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motor, motor controller, gearbox and propeller, the lift force, thrust and drag forces
will not be affected. However, due to the additional contents for solar support (solar

cells, MPPT) the total weight of the structure will be altered upwards.
4.2 Total Weight Calculation

The total weight of the new designed loitering munition will increase depending on
solar support components (solar cells, MPPT) and the replaced LiHV battery. So, the

latest weight will be as follows in Figure 4.2:

» oy @
21
1950 gr ! + . +

33gr

Figure 4.2 Components to Change the Total Weight

Wtotal = Woriginal + 21+ WSC + WMPPT + (Wnewbatt - Worigbatt) (4-1)

Figure 4.3: Total Weight of the New Design

Wiotar = 1950 gr + 21+ 3.3 gr+ 31 gr + (246 gr — 270 gr)
2026 gr
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CHAPTER 5

CALCULATING THE ADDITIONAL FLIGHT TIME

As for calculating flight time of the new-designed loitering munition, firstly average
amp draw must be known. Average Amp Draw, expressed in amperes (A), is the
ratio of total weight (AUW) and power required to lift 1 kg in watts (P) to battery
voltage (V). According to Ohm’s Law, P/V stands for the current (I) in amperes

required to lift one kilogram into the air [54].

Average Amp Power required to
TDraw (A) lift 1 kg (W)

AAD= AUW v soreers (5.1)
Voltage (V)

All-up Weight (kg)
up Weig g ,’ (A)

During the flight required maximum power of ALPAGU fixed-wing loitering
munition is 150 W. To calculate the power to lift 1 kg (P) for both initial and solar-
supported design:

p _ Priign p _ Priign:
original — solar —
g Woriginal Wsolar
150w 150w
Poriginal = To50 g =092 W Poriginal = Z56 g =408 W

Secondly, to calculate the flight time of the new-designed loitering munition, seems
like a daunting task, but it's actually quite easy by a single formula. Time of flight is
the ratio of capacity of the battery (Capratt) and discharge percentage of the battery

(%) to average amp draw (AAD) in amperes.

Time of Flight (h) Discharge
‘ Percentage (%)

Discharge
AAD — Average Amp (52)

Draw (A)

Taigne = CaPpage

Capacity of the
battery (Ah)
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Capacity of the battery, expressed in milliamp hours (mAh) or amp hours (Ah) could
be found printed on the choosen LiHV battery. The higher the capacity, the more

electricity energy is stored in the battery.

Battery discharge during the flight depends on the operator who is remote controlling
the loitering munition with GCS. Discharge is the percentage value and usually
accepted as a common practice never to discharge them by more than 80% in that

LiPo batteries can be damaged if fully discharged [55].

So, comparative flight endurance of the original design and the new design with solar

support contents can be calculated as follows:

Flight Endurance-1
(Initial/Original Design)

Flight Endurance-2
(Designed with Solar Cells)

o
O P
«w? AAD= AUW —
& |4

\\e,
76,92 W

=1,950 k
AAD I =T1av

AAD = AUW _£_
|4
74,03 W¥

)
=2,026 k
AAD I =Tiav

AAD=13,157 A ¢

Thight =0,261 h x 60 min

Tﬂ.ight = 15,66 min

Taignt = CaPpatt ___Dlscharge
AAD
)
Tﬂight = 4,3 ﬂh ﬂ_—
13,157 &
Tf].ight = 0,261 h

» AAD=13,157 A

Taignt = CaPpatt ___Dlscharge
AAD
0,
Tﬂight = 4,63 f;(h _E_;%——
13,157 4
Tf].ight = 0,281 h

Thight =0,281 h x 60 min

Tﬂ.ight = 17,42 min

AT fiighe = Triigne(ry — Triighe(2)

AT f1ighe = 17.42 min — 15.66 min = 1.76 min

%T light —
[ Jtight Tfiigher)

ATfll'ght 1.76 min
15.66 min

*100 = 11.2%
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CHAPTER 6

CONCLUSION AND RECOMMENDATIONS

6.1 Conclusion

To recapitulate, in line with technological developments, new-age weapon systems
such as loitering munitions are entering the military arena so rapidly and to be used
in the recent battlefields effectively. The development of artificial intelligence (Al)
in the defence industry produces unprecedented smart systems. The use of loitering
munitions in warfare reflects the efficacy of these munitions by overriding the risk
and presents unrisky assault/defence plan for military planners.

Both technological developments and necessity for renewable, clean energy sources,
made aeronautical engineers and aviation companies search for a new efficient and

inexpensive energy source such as solar.

Although there are 37 solar panel manufacturers in Turkey, there are no remarkable
researches concerning the development of solar-powered unmanned aerial vehicles
yet [27].

Due to the fact that solar technology can be applied only to wide-wing HALE/MALE
UAVs or light weight UAVS, this paper is committed on these light-weight futuristic

weapons, loitering munitions.

Returning back to all informations and calculation given above on ALPAGU, fixed-
wing loitering munition’s 15,66 minutes flight endurance could be extended
theoretically to 17,42 minutes via applied solar cells and additional contents such as
MPPT and LiHV battery. With this method, the extension on the flight endurance
equals to 1,76 minutes (105,6 seconds) which is corresponding %11,2 to the total

flight time.
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6.2 Recommendations

It is clear that countries with UAV technology will gain a wide range of initiatives
and technological gains in the field of next-generation aviation, leaving other
countries behind. Although there are 37 solar panel manufacturers in Turkey, there
are no remarkable researches concerning the development of solar-powered
unmanned aerial vehicles yet. This study may strike a match to combine these two

industry fields to develop technological achievements exponentially.

As for the outcome of this thesis, the total flight time extension 1.76 minutes (105.6
seconds) may be seen as a short time in casual life, but it is a very long duration in
the battlefield for loitering, gathering intelligence and chasing moving targets.
Furthermore, it is considered that this academic study will form the infrastructure for
an actual multi-disciplinary application and will shed light on other studies to be
conducted in this field.
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