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ABSTRACT 

This bachelor’s thesis describes and evaluates performance of vertical take-off and landing 
unmanned aerial vehicles (UAV) for a cargo transportation use case. The first part of the thesis 
describes a real-word problem with cargo transportation and how the problem could be solved 
using an unmanned aerial vehicle. The mission which an unmanned aerial vehicle would have 
to undertake is also described and performance requirements are specified based on this 
mission. 

The second part of the thesis focuses on analyses which evaluate the performance 
requirements and estimates the power required for an UAV which could fulfill the use case 
mission. The first analysis is based on performance data of both existing unmanned and manned 
aircraft. The second analysis focuses on finding a relationship between power and total 
propeller area. Next, a relationship between maximum take-off weight and total area 
of propellers is considered. And finally, different configurations types of vertical take-off 
and landing aircraft, their required power, and their total propeller area are compared. 

In the third part of the thesis, a tandem tilt-wing configuration, which is chosen as 
concept design for this use case, is evaluated. Firstly, the number of propellers and their 
diameter is chosen for this configuration and the power required is estimated. Secondly, 
the initial configuration design of the hybrid propulsion system is selected. And next a mass 
analysis of the initial aircraft design is performed and evaluated for feasibility.  And finally 
taking into consideration the results of all of these analyses, a rough concept design drawing 
capable of fulfilling the use case mission is presented. 

 

KEY WORDS 
Unmanned Aerial Vehicle, UAV, drone, vertical take-off and landing, VTOL, power required, 
maximum take-off weight, total propeller area, performance, tilt-wing, cargo transportation.  

 

  



 

  



ABSTRAKT 
Tato bakalářská práce popisuje a vyhodnocuje výkonnosti bezpilotních leteckých prostředků se 
svislým vzletem a přistáním pro transport nákladu. První část práce popisuje problém v oblasti 
transportu nákladu a současně nastiňuje možné řešení tohoto problému pomocí bezpilotního 
leteckého prostředku. Dále je definována mise, kterou bezpilotní prostředek musí splnit, a podle 
této mise specifikuje výkonnostní požadavky na bezpilotní prostředek. V této části je rovněž 
krátce zmíněna problematika legislativy provozování dronů v Evropské Unii. 

Druhá část této práce se zabývá analýzami, pomocí kterých jsou posouzeny výkonnostní 
požadavky a odhad potřebného výkonu bezpilotního letadla pro splnění požadované mise. První 
analýza je založená na datech o letových výkonech existujících bezpilotních i pilotních 
letadlech. Druhá analýza se zabývá vztahem mezi výkonem a celkovou plochou vrtulí. Další 
analýza se zabývá vztahem mezi maximální vzletovou hmotností a celkovou plochou vrtulí.  
Na závěr je prověřen vliv různých konfigurací letadla se svislým vzletem a přistáním 
na potřebný výkon a celkovou plochu vrtulí. 

Třetí část této práce je zpracován prvotní konfigurační návrh bezpilotního prostředku 
se svislým vzletem a přistáním, s tandemovým uspořádáním otáčivých křídel osazených 
pohonnými jednotkami. Nejprve je pro tuto konfiguraci vybrán počet vrtulí a jejich průměr 
a také odhadnut potřebný výkon. Poté je popsán prvotní návrh hybridní pohonné soustavy. 
Následně je provedena hmotnostní analýza prvotního konfiguračního návrhu bezpilotního 
prostředku s hybridním pohonem. Na závěr po zhodnocení výsledků všech analýz, 
je prezentován výkres hrubého konfiguračního návrhu bezpilotního prostředku. 

 

KLÍČOVÁ SLOVA 
Bezpilotní letecký prostředek, UAV, dron, svislý vzlet a přistání, VTOL, potřebný výkon, 
maximální vzletová hmotnost, celková plocha vrtulí, výkon, otočné křídlo, přeprava nákladu.  



 

  



ROZŠÍŘENÝ ABSTRAKT 
Tato bakalářská práce se zabývá vyhodnocením výkoností a požadovaného výkonu 
pro bezpilotní letecký prostředek se svislým vzletem a přistáním pro transport nákladu.  

První část práce popisuje problém v oblasti transportu nákladu. Výrobní firmy musí 
striktně dodržovat termíny doručení vyrobených komponent k zákazníkovi. Pokud tyto termíny 
nedodrží, čelí vysokým pokutám. Stává se, že firma není schopna část zásilky vyexpedovat 
včas. Proto musí výrobci najít jiné řešení, jak rychle zásilku doručit. Bezpilotní letecký 
prostředek by mohl být řešením tohoto problému. Z mise, která popisuje, jak by problém mohl 
být řešen, plynou výkonnostní požadavky na dron, konkrétně na dolet, platící zatížení, 
maximální rychlost a rozměry cargo prostoru. Také byla odhadnuta maximální vzletová 
hmotnost. V první části je rovněž krátce zmíněna problematika provozování dronů v Evropské 
Unii. 

Druhá část této práce se zabývá analýzami, pomocí kterých jsou posouzeny výkonnostní 
požadavky a odhadnut potřebný výkon pro bezpilotní letadlo, které by bylo schopné splnit 
požadovanou misi.  

První analýza je založená na datech o letových výkonech a výkonu existujících 
bezpilotních i pilotních letadlech. Celkem byla shromážděna data o 50 letadlech se svislým 
vzletem a přistání a rovněž i s konvenčním vzletem a přistáním. Shromážděna byla data 
o doletu, maximální vzletové hmotnosti, platícího zatížení a maximálním výkonu. Z těchto dat 
byly vytvořeny grafy závislosti výkonu na maximální vzletové hmotnosti, doletu na maximální 
vzletové hmotnosti, maximální rychlosti na maximální vzletové hmotnosti, platícího zatížení 
na maximální vzletové hmotnosti a maximální rychlosti na výkonu. Z této analýzy byl odhadnut 
potřebný výkon pro bezpilotní letadlo se svislým vzletem a přistáním pro transport nákladu. 

Druhá analýza se zabývá vztahem mezi výkonem a celkovou plochou, kterou pokryjí 
vrtule za jedno otočení (celková plocha vrtulí). Z této analýzy bylo zjištěno, že se zmenšující 
se celkovou plochou vrtulí, se zvětšuje potřebný výkon. Tato analýza byla značně zjednodušena 
a výsledky této analýzy slouží jen jako velmi hrubý odhad potřebného výkonu pro určitou 
celkovou plochu vrtulí. 

Další analýza se zabývá vztahem mezi maximální vzletovou hmotností a celkovou 
plochou vrtulí. Tato analýza vychází z porovnání dat letadel se svislým vzletem a přistáním 
a slouží pro hrubý odhad potřebné celkové plochy vrtulí. 

Poslední analýzou je prověřen vliv různých konfigurací letadla se svislým vzletem 
a přistáním na potřebný výkon a celkovou plochu vrtulí. Bylo zjištěno, že vrtulníky mají větší 
plochu rotoru (vrtule) a jejich potřebný výkon je menší oproti konfiguracím s otočnými rotory 
nebo křídlem. 

Třetí část této práce je věnována prvotnímu konfiguračnímu návrhu bezpilotního 
prostředku se svislým vzletem a přistáním pro transport nákladu, který by splňoval požadavky 
specifikované popsanou misí. Byla vybrána konfigurace letadla s tandemovým uspořádáním 
otáčivých křídel. Z analýz bylo stanoveno, že letadlo bude mít 8 vrtulí, každá o průměru 1,6 m. 
Dále byl stanoven potřebný výkon 410 kW. Pro tuto konfiguraci byl také zpracován prvotní 
návrh hybridní pohonné soustavy sestávající z turbovrtulového motoru, generátoru a osmi 
elektrických motorů. Následně byla provedena hmotnostní analýza této konfigurace. 
Z hmotnostní analýzy bylo zjištěno, že prvotně stanovená maximální vzletová hmotnost není 
dodržena a reálná maximální vzletová hmotnost bude vyšší. Vzhledem k tomu, že odhad 
potřebného výkonu byl založen na prvotně stanovené maximální vzletové hmotnosti, potřebný 
výkon byl stanoven znovu pro novou maximální vzletovou hmotnost pomocí analýz popsaných 



v druhé části bakalářské práce. Z výsledků analýz pro stanovení nového potřebného výkonu 
bylo zjištěno, že výkon 410 kW by měl být dostačující pro vybranou konfiguraci s novou vyšší 
maximální vzletovou hmotností. V této části práce je rovněž prezentován výkres hrubého 
konfiguračního návrhu bezpilotního prostředku s vybranou konfigurací. 
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1 INTRODUCTION 

Unmanned Aerial Vehicles (UAVs), often also called drones, are becoming part of people’s 
lives and are more and more discussed topic. Unmanned Aerial Vehicles are aircraft without 
pilot on board, piloted remotely or flying autonomously. There are many different ways how 
drones can look. They can be very small and weight only few grams. Drones can have a simple 
construction of few tubes with motors and propellers and other drones look more like an aircraft 
with wings or like a helicopter. In fact, some aircraft with pilot onboard now also have its 
unmanned version. [43] [90] 

According to Goldman Sachs research drone market will be worth 100 billion US 
dollars between 2016 and 2020, where 70 billion US dollars is military market, 17 billion 
represents consumers and 13 billion for fastest growing part - commercial or civil market. [1]  

Drones are very versatile and can be used in many various industries and applications 
including but not limited to personal entertainment, monitoring and inspections, surveillance, 
search and rescue, agriculture, cargo & passenger transportation and many others. [2] 

Vertical Take-off & Landing (VTOL) UAVs are capable to take-off and land vertically 
like a helicopter. The main advantages of VTOL aircraft are that a long runway is not required 
and often their ability to hover can be very useful for certain applications such as monitoring, 
filming and many others. 

Since the drone industry is very diverse, this thesis focuses on UAVs with take-off mass 
up to 2000 kg and their performance. 

Performance of aircraft differs according to its role - what is it used for. Large passenger 
transportation aircraft might need to be able to fly long distances and carry many people fast 
from one destination to another, hence the performance requirements might be focused on 
range, payload and speed. On the other hand, a drone whose role is to monitor a certain area, 
for example battlefield, requires it to be able to fly for a long time and fly at high altitude so it 
is invisible to enemies on the ground. The main performance requirements for such drone might 
be endurance and ceiling.  

For this thesis a cargo transportation use case was chosen. This thesis describes how 
a real-world problem could be solved using VTOL UAV, specifies what are performance 
requirements for the described use case, and what configuration might be a good fit to meet 
these requirements, and what hybrid system this concept drone might have. The rules for safe 
operation of unmanned aircraft in the European Union are also briefly described.  
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1.1 ABBREVIATION & TERMS 

Table 1.1 below includes a few abbreviation & terms which appear throughout the thesis: 

Table 1.1: Table of abbreviation [3][4][5][81] 

Abbreviated Unabbreviated Meaning 

VTOL Vertical Take-off & Landing Aircraft capable of vertical take-off and 
landing 

eVTOL Electric Vertical Take-off & 
Landing 

Aircraft capable of vertical take-off and 
landing with electric propulsion 

CTOL Conventional Take-off & 
Landing 

Aircraft which require some longer area for 
take-off and landing 

VLOS Visual Line Of Sight Remote pilot keeps visual contact with UAV 

BVLOS Behind Visual Line Of Sight Remote pilot does not keep visual contact 
with UAV 

 

1.2 WHY THIS TOPIC WAS CHOSEN 

The author of this thesis believes that UAVs will be part of people’s everyday lives in 
next 10 years because drones will allow people to have more time to do what they love not only 
by cutting down the commute time, but also by providing comfortable autonomous/unmanned 
form of transportation, so they can use the time they would normally spend driving to create 
new ideas for their business, have meetings with clients, or pay attention to children on the way 
to school. Additionally, the commercial uses of drones can help people to send and receive 
goods faster. 

The author also can see a strong potential in electric powered UAVs as an effective way 
to slow down climate changes and maintain clean air in the cities. 

Another good reason to focus on UAVs is the growing investment into drone industry as 
well as the expected growth in job opportunities. 

 

1.3 OBJECTIVES 

The main objectives of this thesis are to: 

1. evaluate the requirements for the flight performance for VTOL unmanned aerial 
vehicle for cargo or passenger transportation with a Maximum Take-off Weight 
(MTOW) up to 2000 kg 

2. divide the VTOL UAVs into categories in order to define the required flight 
performance and powerplant characteristics 

3. determine the necessary required power of the powerplant for the selected use case 
4. create an initial concept design based on the acquired information and literature study  
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2 UAV OPERATION IN EU 

In the European Union (EU) drones are regulated according to Regulation (EU) 2018/1139 of 
the European Parliament and of the Council of 4th July 2018. This regulation repealed 
Regulation (EC) No 216/2008 of the European Parliament and of the Council of 20th July 2016. 
The new regulation defines that the European Union has the right to set rules for all drones 
regardless their mass. However, until detailed rules for drones on EU level are created, the old 
Regulation No 216/2008 continue to apply which means that unmanned aircraft with operating 
mass up to 150 kg are regulated by each Member State. [77] 

Regulation (EU) 2018/1139 defines that drones should be operated in a way that is 
aligned with other EU laws concerning safety, privacy, data, security and environmental 
protection, protection against noise, and a usage of radio and electromagnetic spectrums. This 
regulation also specifies that operators who operate unmanned aircraft which can transfer 
during collision with human kinetic energy above 80 Joules have to be registered. [86] 

Specific rules for drones are still under development and a lot of effort is put towards 
harmonization of the rules on European level. The European Union Aviation Safety Agency 
(EASA) was entrusted with creating drafts of rules for unmanned aircraft. The drafted rules are 
based on a risk assessment which unmanned aircraft operation represents. The risk assessment 
does not only apply to drones only, but also applies to other aspects such as type of operation, 
where the operation takes place (e.g. population density), and what kind of drone is used for 
operation (e.g. operating mass, safety equipment). [78][79] 

The drafted rules are written in Draft of Implementing Act accompanied by draft of 
Delegated Act. These Acts were adopted by European Council on March 12th, 2019. 
If the European Parliament and Commission approves this draft, then a fully applicable 
regulation is expected by 2022. [78] 

The prepared draft divides operations of unmanned aircraft in EU into 3 main 
categories:  

1. Open [79][80][87] 

UAS operations in the open category represents minimal risk. Drone operation does not have 
to be approved by a competent authority. Operations conducted with drone with MTOW less 
than 25 kg can be considered as open. The remote pilot is responsible for the drone and has to 
make sure that the drone maintains a safe distance from people and does not fly over assemblies 
of people. The drone must be in a visual line of sight (VLOS) distance of the remote pilot. The 
open category is further divided into 3 sub-categories. 

Example of operations in open category: filming and photography, leisure activities, 
infrastructure inspections  

2. Specific [79] [87] 

UAS operations in this category represent higher risk. Remote pilots are allowed to operate 
drones behind the visual line of sight (BVLOS). The drone operator must obtain approval for 
operation from a competent authority and prepare a risk assessment of operation. In order to 
make the creation of the risk assessment easier, EASA will prepare standard operation forms. 

Example of operations in specific category: BVLOS inspections of linear infrastructure 
(e.g. pipes), agriculture - crop spraying 
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3. Certified [87] 

Operations in this category represent the highest risk. An operation will be considered certified 
if drones are transporting people, dangerous goods, or the unmanned aircraft flies over 
assemblies of people. Both the operator and the drone require certification.  

The draft is mostly oriented on setting rules for the open and specific categories. EASA’s 
notice of proposed amendment which will focus on certified category rules including topics 
such as airworthiness, remote pilot licenses, aircraft operations, air traffic management and 
aerodromes, is under development and is expected to be presented in the fourth quarter of 2019. 
[78] 

According to the risk assessment approach, the UAV for cargo transportation use case 
would fall into the certified category.  
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3 USE CASE: UAV “TRANSPORTER” FOR CARGO 

TRANSPORTATION 

3.1 INTRODUCTION TO USE CASE FOR CARGO TRANPORTATION 

This use case was chosen due to its potential to solve real problem which many manufacturing 
companies might face. Manufacturing companies have often strict deadlines for delivering parts 
they produce for their customers. Usually these parts are used to make or assemble other 
products into finished goods and any late delivery to the customer can slow down the customers 
entire production and cause them huge profit loses. Therefore, companies protect themselves 
by issuing high penalties for late deliveries. Manufacturers try to avoid late shipping as much 
as they can but sometimes manufacturers are not able to produce all parts by the time 
conventional shipping is scheduled. 

Currently manufacturing companies solve the problem of delayed production by hiring 
drivers with smaller vans who are readily available by phone and are ready to hit the road 
whenever needed. These last-minute ground deliveries using smaller carriers are much more 
expensive than standard ground transportation costs. Even though ground transportation can be 
a relatively inexpensive solution, it can consume a lot of time. Additionally, unexpected road 
congestion can prolong the delivery time even more. Ground transportation can also be 
dangerous for drivers and other people on the road because driver who delivers the package is 
under time pressure and might exceed legal speed limits. 

The purpose of this thesis is to introduce an alternate method of delivering these crucial 
parts which could possibly be faster, cheaper, and more reliable than conventional delivery 
methods which rely on speed limitations of road vehicles as well and low congestion of the 
roads and highways these vehicles travel on. 

The alternate delivery method will rely upon the use of Unmanned Air Vehicles with 
Vertical Takeoff and Landing capabilities or also known as drones. 

 

3.2 STAKEHOLDERS AND THEIR INTERESTS 

Manned aircraft & Drone manufacturers  

One of the main stakeholders are UAV manufacturers who focus on developing and 
manufacturing new drones. Manned aircraft manufacturers can use their valuable experiences 
they gained designing and manufacturing manned aircraft to build drones. They will be eager 
to come up with the best performing drones. 

Component manufacturers 

Manufactures want to avoid high penalties and want to see their customers happy because the 
ordered shipment was delivered just in the right time – not too soon, not too late. 

Shipping companies 

Shipping companies and service providers might be interested to implement drones as a new 
fast way of delivering packages. Bigger drone could be used to transport packages from 
warehouse closer to the city, then smaller drone would deliver packages straight to customers 
door (last mile delivery) which could significantly cut down delivery times. 



 24 

Battery manufacturers 

Due to climate changes and dense operations of drones within cities a lot of pressure will be for 
making drones operation clean and quite therefore development in batteries will be necessary. 

 

Software developers & sensors manufacturers 

Drone will need to be deployed with sensors which could collect data about other traffic and 
potential obstacles (detect and avoid system), also with sensors which will monitor drone’s 
internal systems such as engines, piloting system, temperature of batteries and many others. 
Collected data will have to be processed and next actions will be defined using appropriate 
software running on onboard computers. 

Maintenance providers 

As any other sophisticated systems, drones and its equipment will need to be maintained by 
specialized maintenance providers.  

Remote pilots and remote pilot schools 

To successfully fulfill drone operation, there is a need of remote pilot who has required 
education of how to control drone.  

Drone operations service providers 

Money and resources necessary to purchase and operate drone with all of its needed equipment 
can be too expensive for small businesses. This fact creates opportunity for companies which 
sell drone delivery services and would be responsible for drone. 

Governments & education institutions 

Above mentioned stakeholders will create more job positions which becomes interest of local 
government and education institutions who will produce new professionals. 

 

3.3 MISSION 

The mission for this use case describes a practical example of an automotive parts supplier in 
Czechia who must deliver components to an automobile manufacturer in Germany.  In this use 
case the transportation service is a third-party drone cargo transportation service using drones 
piloted behind the visual line of sight.  

The three major parties involved, and their geographically separate locations are as follows: 

1. Automotive parts supplier located in Okříšky, Czechia 
2. Automobile manufacturer located in Munich, Germany 
3. Drone air cargo transportation service located in Třebíč, Czechia 

The trigger for initiating a last-minute delivery is whether or not production 
of the desired component, part, or raw material will be produced in time for currently 
cost-effective ground transportation to be used.  If not, a protocol for last-minute delivery is 
triggered and necessary delivery information is sent to a drone cargo transportation service 
provider so the order is processed, flight plans are created and filed to the necessary agencies 
and organizations, pickup and delivery times are scheduled and confirmed by the sender 
and receiver, and finally the transportation is invoiced to the shipper. 
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The mission has 7 steps which are described below listed from A to G. 

3.3.1 MISSION STEP A 

Mission step A looks like: 

Objective: confirm that shipping order is received. Pre-flight checks performed. 

Starting Location: Třebíč, Czechia (drone transportation service facility) 

Activity type: ground activity 

Destination: none 

Payload: 0 kg 

Mission step A is triggered when the automotive parts supplier has delayed production 
of a component which, due to a production delay, will arrive late at the automobile 
manufacturer if sent using standard ground transportation.  In order to avoid contractual 
penalties, the automotive parts supplier schedules air cargo transportation by drone with a local 
service provider.  The drone cargo transportation service receives the following required 
mission specification information: 

• payload type, mass, and dimensions 
• planned pickup time and location of the automotive parts supplier, the shipper. 
• planned drop-off time and location of the automobile manufacturer, the receiver. 

The drone cargo transportation service checks the availability of a suitable drone to meet 
the specified mission requirements. If a drone is available, the drone transportation service 
notifies the automotive parts supplier, the shipper, that the delivery order is received and able 
to be fulfilled. 

Figure 3.1: Mission step A - location 
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Next, the delivery order is processed by the drone cargo transportation service 
and a drone is assigned, fueled (if necessary), flight checks are performed by software and 
a certified human drone maintenance specialist, and flight plans are uploaded and 
communicated to the appropriate authorities, the shipper, and the receiver.  The drone is ready 
for take-off.  

 

3.3.2 MISSION STEP B (1st Flight Profile) 

Mission step B looks like: 

Objective: takeoff and fly from drone cargo transportation service facility. Land at 
automotive parts supplier facility. 

Starting Location: Třebíč, Czechia (drone transportation service facility) 

Activity type: in flight (profile 1 of 3) 

Destination: Okříšky, Czechia (the sender facility) 

Payload: 0 kg 

After all plans are filed and checks are performed, the drone is ready for take-off.  
The drone is launched at the precise time which ensures that it arrives exactly on time to pick up 
the shipment. 

 

 

 

Figure 3.2: Flight path between Třebíč, Czechia and Okříšky, Czech Republic 
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In order the complete this mission step, the drone must complete the following flight 
profile: 

Flight profile – Mission step B 

 

# 1-2 on the flight profile: Vertical take-off and vertical climbing 

The UAV “TRANSPORTER” vertically takes-off (point 1) and vertically climbs to 
500 ft above mean sea level (AMSL) (point 2). 

# 2-3 on the flight profile: Climb 

Once the UAV reaches 500 ft AMSL (point 2), it gradually transitions from vertical 
flight to forward flight. After the UAV is stabilized in forward flight, it starts 
climbing up to 3000 ft AMSL.  

# 3-4 on the flight profile: Cruise 

Once the UAV reaches 3000 ft AMSL, it stops climbing and maintains 3000 ft AMSL 
and flies at cruise speed 225 km/h. 

#4-5 on the flight profile: Descent 

The UAV descents from 3000 ft to 500 ft AMSL. After it reaches 500 ft AMSL, 
the UAV transitions from forward flight to vertical flight. 

#5-6 on the flight profile: Vertical descent and landing 

The UAV hovers above the landing area and vertically descents from 500 ft AMSL 
and lands. 

 

3.3.3 MISSION STEP C 

Mission step C looks like: 

Objective: load and secure payload in the drone cargo bay 

Starting Location: Okříšky, Czechia (the shipper facility) 

Figure 3.3: Mission step B – flight profile 
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Activity type: ground activity 

Destination: none 

Payload: 200 kg 

When the UAV lands at the automotive parts supplier, the logistics team loads the 
payload into the drone’s rear loading cargo bay. 

After the payload is secured and the rear cargo bay doors are locked, flight checks 
are performed again by the software and by an on-site, certified drone maintenance specialist.  
The VTOL area is checked for the presence of people and debris, and then the drone is cleared 
for take-off and continues to the next mission step. 

 

3.3.4 MISSION STEP D (2nd flight profile) 

Mission step D looks like: 

Objective: takeoff and fly from automotive parts supplier. Land at the automobile 
manufacturer. 

Starting Location: Okříšky, Czechia (the shipper facility) 

Activity type: in flight (profile 2 of 3) 

Destination: Munich, Germany (the receiver facility) 

Payload: 200 kg 

 

 

Figure 3.4: Mission step C - location 
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The UAV “TRANSPORTER” is now loaded with the package from the automotive 
parts supplier and is ready to continue on its mission. The UAV takes off from the automotive 
parts supplier facility and must complete a second flight profile. 

Flight profile - Mission step D 

The second flight profile has the same shape as first profile in mission step B, however the 
UAV must climb to and cruise at a higher altitude. The distance traveled also increases from 
the previous flight profile. 

 

3.3.5 MISSION STEP E 

Mission step E looks like: 

Objective: unload payload from drone cargo bay 

Figure 3.5: Flight path between Okříšky, Czechia and Munich, Germany 

Figure 3.6: Flight profile - Mission step D 
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Starting Location: Munich, Germany (the receiver facility) 

Activity type: ground activity 

Destination: none 

Payload: 0 kg 

The UAV has landed at the automobile manufacturer facility. The logistics team open 
the cargo bay doors and unloads the package. Confirmation of a successful delivery is sent to 
the shipper and drone cargo transportation service.  The drone area is inspected for people and 
debris and then cleared for takeoff.  The drone continues to the next mission step. 

 

3.3.6 MISSION STEP F (3rd flight profile) 

Mission step F looks like: 

Objective: flight from automobile manufacturer to drone cargo service. 

Starting Location: Munich, Germany (the receiver facility) 

Activity type: in flight (profile 3 of 3) 

Destination: Třebíč, Czechia (drone transportation service facility) 

Payload: 0 kg 

The package was successfully delivered, and the UAV flies back to its origin destination 
in Třebíč, Czechia following path on Figure 3.8. 

Figure 3.7: Mission step E - location 
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Flight profile - Mission step F 

Flight profile in mission step F has the same shape as the previous two flight profiles. Only the 
distance traveled changed from step D as shown on Figure 2.9 below. 

 

3.3.7 MISSION STEP G 

Mission step G looks like: 

Objective: post-flight mission debriefs, post-flight checks, prepare for next mission 

Starting Location: Třebíč, Czechia (drone transportation service facility) 

Activity type: ground activity 

Figure 3.8: Flight path between Munich, Germany and Třebíč, Czechia 

Figure 3.9: Mission step F – flight profile 
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Destination: none 

Payload: 0 kg 

The UAV has returned and landed to its home base in Třebíč, Czechia. 

 

3.3.8 COMPARISON OF DRONE AND ONROAD MISSION 

The ground mission from Okříšky, Czechia to Munich, Germany and back would take around 
10 h 42 minutes and total distance would be 1090 km. 

The UAV “TRANSPORTER” traveled almost 700 km. With average speed 225 km/h 
the UAV would have to fly approximately 3 hours to travel 700 km. If the stops for loading and 
unloading drone would take in total 40 minutes, then UAV would finish the entire mission 
in 3 hour and 40 minutes. 

A point for future consideration could be to compare the cost associated with drone air 
transportation versus conventional ground transportation. 

 

  

Figure 3.10: Mission step G - Location 
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4 PERFORMANCE REQUIREMENTS FOR THE UAV BASED 

ON MISSION 

This chapter describes the performance requirements for UAV “TRANSPORTER” to 
successfully complete the mission as described above. 

 

Table 4.1: Requirements for the UAV "TRANSPORTER" 

Performance 
Requirement Value Note 

Payload 200 kg 
Main purpose of UAV “TRANSPORTER” are last 
minute unplanned deliveries, therefor payload 200 kg 
should be satisfying for most customers. 

Payload box 
dimensions 

1000 x 500 x 
800 mm No note 

Maximum 
Take-off 
Weight 
(MTOW) 

950 kg First desired estimation of maximum take-off weight 

Range 1000 km 

Flight path between Last Minute Drone Delivery 
(delivery service), Automotive Parts Manufacturer 
(supplier / automobile parts manufacturer), Car 
Manufacturer (customer / automobile assembly & 
distribution) and back to Last Minute Drone Delivery 
defined in mission is almost 681 km long. However, in 
real world it is possible that UAV cannot follow straight 
line between these facilities due to traffic or aerospace 
sectors from which UAVs might be banned, hence 
required range is 1000 km. 

Maximum 
speed 300 km/h 

Cruising speed of the UAV is set to 225 km/h. For 
preliminary design it is estimated that cruise speed is 75 
% of maximum speed. From cruise speed, maximum 
speed can be calculated as follows: 

𝑉𝑐 = 0.75 ∙ 𝑉𝑚𝑎𝑥 → 𝑉𝑚𝑎𝑥 =
𝑉𝑐

0.75
=

225
0.75

= 300 𝑘𝑚/ℎ 

where Vc [km/h] is cruise speed and Vmax [km/h] is 
maximum speed 

Take-off and 
Landing VTOL 

UAV is able to take-off and land vertically so packages 
can be delivered and picked up straight in customers 
facility. 

Power Will be 
estimated 

Amount of power needed for this UAV is estimated in 
next chapter from analysis of existing aircraft. 
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5 MEASUREMENTS, STATISTICS, and ANALYSES 

5.1 OVERVIEW OF EXISTING AIRCRAFT AND THEIR 

PERFORMANCE 

5.1.1 DATA SET OF AIRCRAFT, MEASUREMENTS AND STATISTICS USED IN 

ANALYSIS FOR THE USE CASE MISSION 

In order to determine the power required for the use case’s UAV “TRANSPORTER”, 
the expected performance requirements, described in chapter 4, necessary to complete 
the mission from the use case scenario were compared to actual performance of existing 
aircraft. 

The data set includes a total of 50 aircraft. 47 of them are UAVs and 3 of them are 
aircraft with human pilot onboard. Nineteen aircraft are capable of VTOL and 31 take-off and 
land conventionally (CTOL). The availability of performance metrics and statistics for VTOL 
UAVs with a maximum take-off weight greater than 1000 kg was limited. To compensate for 
this deficiency, three manned VTOL aircraft were included in the data set. 

The data collected about these aircraft are as follows maximum speed, range, maximum 
take-off mass and maximum power. 

Table 5.1: Data set of VTOL & CTOL aircraft 
[6][7][8][9][10][11][12][13][14][15][16][17][18][19][20][21][22][23][24][25][26][27][28][29][30][31] 
[32][33][34][35][36][37][38][39][40][41][42][43][44][45][46][47][48][49][50][51][52][53][54][55][56] 

[57][58][59]  

# Aircraft 
UAV 
 / 
manned 

CTOL 
/ 
VTOL 

Maximum 
speed 
[km/h] 

Range 
[km] 

MTOW 
[kg] 

Payload 
[kg] 

Maximum 
power [kW] 

1 BOREY-10 UAV CTOL 108 250 15 2 2.0 

2 SITARIA-E UAV CTOL 140 240 39 10 2.5 

3 ONE 150 UAV CTOL   1500 150 30   

4 Shadow 600 UAV CTOL 200 200 265 41 38.8 

5 Night Intruder 
300 UAV CTOL 180 120 300 45 37.3 

6 Sperwer UAV CTOL 240 400 350 50 48.5 

7 Searcher II UAV CTOL 230 200 426 100 54.4 

8 Hermes 450 UAV CTOL 176 200 450 150 38.8 

9 Shahpar UAV CTOL     480 50 74.6 

10 Falco UAV CTOL 216   490 70 48.5 

11 Yabhon-R UAV CTOL 240   570 120 74.6 

12 Bayraktar 
Tactical UAS UAV CTOL     630 55 74.6 

13 Yabhon - R2 UAV CTOL 250   650 270 84.5 
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# Aircraft 
UAV 
 / 
manned 

CTOL 
/ 
VTOL 

Maximum 
speed 
[km/h] 

Range 
[km] 

MTOW 
[kg] 

Payload 
[kg] 

Maximum 
power [kW] 

14 Falco-EVO UAV CTOL     650 100 59.7 

15 Albatross 2.2 UAV CTOL   5400 850 280 73.5 

16 E-Hunter UAV CTOL 200 200 954 114   

17 Patroller UAV CTOL 240 200 1000 250 84.5 

18 Condor II UAV CTOL   1800 1000 200   

19 Bateleur UAV UAV CTOL 250 750 1000 200 84.5 

20 MQ-1B 
Predator UAV CTOL 217 1239 1020 204 85.8 

21 Wing Loong UAV CTOL 280 4000 1100 200 74.6 

22 Heron UAV CTOL 231 1000 1100 250 85.6 

23 Hermes 900 UAV CTOL 220   1100 300 84.5 

24 Predator XP UAV CTOL 222   1157 147 84.5 

25 Sky-Y UAV CTOL   93 1200 150 150.0 

26 Harfang UAV CTOL 203.72   1250 250 85.8 

27 United 40 UAV CTOL     1500 1000 84.5 

28 Anka-A UAV CTOL 217   1600 200 115.6 

29 Antares E2 UAV CTOL 250 5400 1650 200 90.0 

30 Dominator XP UAV CTOL 278 300 1910 373 201.3 

31 Fire Bird UAV CTOL     2268 562 261.0 

32 Tron UAV VTOL   105 13.5 2   

33 Kestrel UAV VTOL 130   14 2.5 4.8 

34 TRANSITION UAV VTOL     18 1.5   

35 UVM-1E UAV VTOL 55 10 21 1   

36 Agras MG-1S UAV VTOL 54   24.8 10 6.2 

37 UVH-EL UAV VTOL 120 150 25 5 5.0 

38 UVH-170E UAV VTOL 120 350 41 5 7.0 

39 Cantas E UAV VTOL 160 100 65 10 25.1 

40 RMAX UAV VTOL 72 150 95 10 15.7 

41 UVH-290E UAV VTOL 100 300 107 20 17.0 

42 Fazor R UAV VTOL   90 108.8 32 20.6 

43 TR-60 UAV VTOL 250 400 210 30 82.0 

44 Lilium Jet 
Eagle UAV VTOL   300 640 200   

45 Cabri G2 manned VTOL   185.2 700   134.2 
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# Aircraft 
UAV 
 / 
manned 

CTOL 
/ 
VTOL 

Maximum 
speed 
[km/h] 

Range 
[km] 

MTOW 
[kg] 

Payload 
[kg] 

Maximum 
power [kW] 

46 
Aurora 
Passenger Air 
Vehicle 

UAV VTOL     800 225   

47 Vahana UAV VTOL   100 815 200 360.0 

48 R-44 Cadet manned VTOL   550 998 220 156.6 

49 TR-100 UAV VTOL 500 400 995 90 83.5 

50 Enstrom 280 
FX manned VTOL 136.794 424 1179 422 167.0 

 

 

5.1.2 OVERVIEW OF SELECTED VTOL AIRCRAFT FROM THE DATA SET 

Here is an overview of few aircraft from data set in chapter 5.1.1. These aircraft were chosen 
due to their different configurations which allow to take-off and land vertically.  

 

VAHANA 

Vahana is a VTOL UAV under development by Airbus A3.  The company is based in Silicon 
Valley, California, USA. The Vahana has a tandem wing configuration and each wing is 
equipped with 4 electric motors and propellers. For vertical take-off and landing both wings are 
rotated to vertical position. The Vahana has electric propulsion. Its intended use is for short 
distance personal transportation within cities. [60] 

 

 
Figure 5.1: Vahana during hover [42] 
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Table 5.2: Performance of Vahana Beta [42] 

Takeoff 
weight 
[kg] 

Empty 
weight 
[kg] 

Payload 
[kg] 

Cruise 
speed 
[km/h] 

Range 
[km] 

Power 
[kW] 

VTOL 
configuration Status 

815 457 200 230 100 360 Tilt-wing Under 
development 

 

R-44 Cadet 

The R-44 Cadet is a human-piloted helicopter with a capacity of two people including the pilot. 
It is a conventional helicopter with one main rotor and a tail rotor powered by a Lycoming 
O-540 engine. The Cadet is manufactured by Robinson Helicopter Company. [45] 

Table 5.3: Performance of R-44 Cadet [45] 

Takeoff 
weight 
[kg] 

Empty 
weight 
[kg] 

Payload 
[kg] 

Cruise 
speed 
[km/h] 

Range 
[km] 

Power 
[kW] 

VTOL 
configuration Status 

998 652 220 198 550 156.6 Helicopter Can be 
purchased 

 

 

 

 

 

 

Figure 5.2: R-44 Cadet [73] 
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Lilium Jet 

Lilium Jet is an eVTOL aircraft designed for personal transportation. The final version of the 
Lilium Jet will be a canard configuration powered by 36 electric motors capable of carrying up 
to 5 passengers. The Lilium Jet has 12 flaps on its wings, each mounted with 3 electric ducted 
fan motors. For vertical take-off and landing, only the flaps are rotated. The Lilium Jet is still 
under development and the first flight of a full-scale prototype is expected in 2019. [61][62][63] 

Table 5.4: Performance of Lilium Jet "Eagle" [36][63][61] 

Takeoff 
weight 
[kg] 

Empty 
weight 
[kg] 

Payload 
[kg] 

Cruise 
speed 
[km/h] 

VTOL 
configuration Status 

640 440 200 300 
Tilt-able flaps with 
electric ducted fan 
motors 

Under 
development 

 

Cantas E 

Cantas E is made in Czechia by the company Excalibur International. It can fulfill many 
different purposes such as reconnaissance, surveillance, search and rescue, and cargo delivery. 
It is a canard tail sitter configuration which means that it takes off and lands vertically similar 
to a rocket. It has one combustion engine and two electric motors. [16][64] 

Figure 5.3: Lilium Jet [82] 
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Table 5.5: Performance of Cantas E [16][17][18][19] 

Takeoff 
weight 
[kg] 

Payload 
[kg] 

Maximum 
speed 
[km/h] 

Range 
[km] Power [kW] VTOL 

configuration Status 

65 10 160 100 

20 (2 electric 
motors) / 5.1 
(combustion 
engine) 

Tail sitter Can be 
purchased 

 

TR-100 

TR-100 was developed in South Korea. It has a tilt-rotor configuration. An engine and propeller 
are mounted on opposite ends of a single wing. For vertical take-off and landing, only the 
engines and propellers tilt vertically. [23] 

Figure 5.4: Cantas E [16] 

Figure 5.5: TR-100 [23] 



 40 

Table 5.6: Performance of TR-100 [23][24] 

Takeoff 
weight 
[kg] 

Payload 
[kg] 

Maximum 
speed 
[km/h] 

Range 
[km] 

Power 
[kW] 

VTOL 
“design” Status 

995 90 500 400 83.5 Tilt-rotor Developed 

 

Aurora Passenger Air Vehicle (PAV) 

The PAV is under development by Aurora Flight Sciences, a Boeing Company. It is another 
eVTOL air taxi capable of carrying 2 passengers. The PAV has 8 electric motors, each with a 
propeller, which are mounted on a special structure around the fuselage. These motors do not 
tilt and are used during VTOL. For cruising horizontally, the PAV has another electric motor 
with propeller. [41] 

Table 5.7: Performance of Aurora Passenger Air Vehicle (full-scale prototype) [41] 

Takeoff 
weight 
[kg] 

Payload 
[kg] 

Maximum 
speed 
[km/h] 

Range 
[km] VTOL “design” Status 

800 575 225 180 

Fixed-wing with 
8 propellers for 
VTOL & 1 
propeller for 
cruising 

Under 
development 

 

5.1.3 ANALYSIS OF REQUIRED PERFORMANCE METRICS FOR UAV 

"TRANSPORTER" USE CASE 

The aircraft metrics from the data set in chapter 5.1.1 were used to create charts which show 
the relationship between maximum take-off weight (MTOW) and other crucial performance 
parameters.  Specifically, charts were created for payload vs. MTOW, power vs. MTOW, range 
vs. MTOW, maximum speed vs. MTOW and maximum speed vs. power. 

Figure 5.6: Aurora Passenger Air Vehicle [41] 
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Dependence of PAYLOAD on MTOW – VTOL & CTOL aircraft 

The payload vs. MTOW chart (Figure 5.7 above) was plotted from the data set in chapter 5.1.1 
using a subset of 49 aircraft for which information about payload and MTOW was found. The 
trendline which best fits the data with the highest coefficient of determination (R2) describes 
the relationship between payload and MTOW as a power function. For the UAV 
“TRANSPORTER” with a MTOW = 950 kg (x axis), a payload of approximately 190 kg 
(the red “x” / intersection in the chart) can be interpolated using this trendline.  This intersection 
is very close to the desired use case payload of 200 kg (the black cross / intersection in the 
chart). 

 

Dependence of RANGE on MTOW – VTOL & CTOL aircraft 

Figure 5.7: Dependence of payload on MTOW – all aircraft (VTOL & CTOL) 

Figure 5.8: Dependence of range on MTOW - all aircraft (CTOL & VTOL) 



 42 

The chart Range vs. MTOW (Figure 5.8 on previous page) was created from the data set in 
chapter 5.1.1 using a subset of 34 aircraft for which information about range and MTOW were 
found. This chart shows that range differs widely for each aircraft and no reasonable trendline 
can be found. It is interesting to notice that the black cross / intersection which represents the 
UAV “TRANSPORTER” with a MTOW = 950 kg (x axis) and a range = 1000 km (y axis) has 
higher range than any other VTOL aircraft from the data set. 

 

Dependence of MAXIMUM SPEED on MTOW – VTOL & CTOL aircraft 

Data about maximum speed and MTOW were collected from the data set in chapter 5.1.1 using 
a subset of 33 aircraft and used in the maximum speed vs. MTOW chart. The “power function” 
trendline best describes the relationship between the maximum speed and MTOW having the 
highest coefficient of determination (R2). For a MTOW = 950 kg (x axis), a maximum speed 
of 233 km/h (red “x” / intersection) can be interpolated using this trendline. The black cross / 
intersection, which represents the UAV “TRANSPORTER” with a MTOW = 950 kg (x axis) 
and a maximum speed = 300 km/h (y axis) as defined for the use case, is out of the trend of the 
other aircraft in the chart. 

 

 

 

 

 

 

 

 

 

Figure 5.9: Dependence of maximum speed on MTOW – all aircraft (VTOL & CTOL) 
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Dependence of MAXIMUM SPEED on POWER – VTOL & CTOL aircraft 

The UAV “TRANSPORTER” is expected to fly the fastest while cruising horizontally. 
The power required for the aircraft is dependent on thrust and speed. During cruise flight, thrust 
equals drag of an aircraft and drag increases with square of speed. Therefore, power increases 
with cube of speed. [83] The maximum speed vs. power chart (Figure 5.10 below) was created 
to estimate the power required for the UAV “TRANSPORTER”. 

The maximum speed vs. power chart was created from data set in chapter 5.1.1 using a 
subset of 33 aircraft for which information about maximum speed and power was found. The 
trendline which best fits the data with highest coefficient of determination (R2) can be described 
again as a power function. For the UAV “TRANSPORTER” with a maximum speed of 300 
km/h (x axis), a power of 253.1 kW (black cross / intersection) was interpolated using this 
trendline. 

 

 

 

 

 

 

 

Figure 5.10: Dependence of maximum speed on power – VTOL & CTOL aircraft 



 44 

Dependence of POWER on MTOW – VTOL & CTOL aircraft 

Data about power and MTOW for 42 aircraft were used to create this chart. The relationship 
between power and MTOW for these aircraft is described by a power function. For desired 
MTOW = 950 kg (x axis), a power of almost 99 kW (black cross / intersection) was interpolated 
using this trendline.  

This chart shows that most of the VTOL aircraft are above trendline which indicates 
that VTOL aircraft require more power than CTOL aircraft with similar maximum take-off 
weight. To confirm this assumption a chart power vs. MTOW consisting of only VTOL aircraft 
was created and is described next. 

 

Figure 5.11: Dependence of power on MTOW – VTOL & CTOL aircraft 
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Dependence of POWER on MTOW – VTOL aircraft 

  

Figure 5.12: Dependence of power on MTOW – VTOL aircraft 

The power vs. MTOW – VTOL aircraft chart (Figure 5.12 above) was created from a data set 
in chapter 5.1.1 using a subset of 14 VTOL aircraft for which information about power and 
MTOW was found. The trendline which best fits the data with the highest coefficient of 
determination (R2) describes the relationship as a power function. For the UAV 
“TRANSPORTER” use case with a MTOW = 950 kg (x axis), a power of 167 kW (the black 
cross / intersection in the chart) was interpolated using this trendline. 

The data point labeled “VAHANA” in this chart is outside of trendline. Vahana has 
a tandem tilt-wing wing configuration with 8 electric motors and 8 propellers mounted on the 
wings. [42] Vahana’s outstanding position indicates that there is some relationship between 
power and total propeller area. This relationship is discussed in chapter 5.2. 

 

5.1.4 SUMMARY OF RESULTS OF ANALYSIS OF REQUIRED PERFORMANCE 

METRICS FOR UAV “TRANSPORTER” USE CASE 

Flight performance characteristics results 

The payload vs. MTOW chart (Figure 5.7) shows that the UAV “TRANSPORTER” payload 
of 200 kg is very close to the trendline. Interpolated payload from trendline is 189.9 kg. 

No reasonable trendline was found for the range vs. MTOW chart (Figure 5.8). It is 
interesting that UAV “TRANSPORTER’s” desired range of 1000 km is higher than 
the range of any other VTOL aircraft from data set in chapter 5.1.1. On the other hand, some 
CTOL aircraft from data set in chapter 5.1.1 achieve an even higher range with a similar 
maximum take-off weight. 
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The maximum speed vs. MTOW chart (Figure 5.9) shows that the UAV 
“TRANSPORTER” specified desired maximum speed of 300 km/h is higher than the maximum 
speed of most of the aircraft from data set in chapter 5.1.1. Interpolated maximum speed for 
MTOW of 950 kg is 233.1 km/h. 

Table 5.8: Comparison of desired and interpolated flight performance characteristics 

 

 

 

 

 

Power required results 

Using the power vs. MTOW – VTOL & CTOL aircraft chart (Figure 5.11), the interpolated 
power required at the desired MTOW of 950 kg is 98.7 kW for the UAV "TRANSPORTER". 

At a MTOW of 950 kg, the interpolated power required from the power vs. MTOW 
chart (Figure 5.12) for only VTOL aircraft is 167 kW. 

The power required was also estimated by interpolation using the trendline for the UAV 
“TRANSPORTER’s” MTOW of 950 kg in the maximum speed vs. power chart (Figure 5.10). 
The interpolated power was 253.1 kW. 

Table 5.9: Results of power required interpolated from charts 

 

  

Flight performance Desired Interpolated 

Payload 200 kg 189.9 kg 

Range 1000 km N/A 

Maximum speed 300 km/h 233.1 km/h 

Power required for the UAV “TRANSPORTER” Interpolated 

MTOW 950 kg from the power vs. MTOW - VTOL & CTOL chart 
(Figure 5.11) 

98.7 kW 

MTOW 950 kg from the power vs. MTOW - VTOL aircraft chart 
(Figure 5.12) 

167 kW 

maximum speed 300 km/h from the maximum speed vs. power - VTOL 
& CTOL aircraft chart (Figure 5.10) 

253.1 kW 
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5.2 MODELS FOR ESTIMATION OF THE RELATIONSHIP BETWEEN 

POWER REQUIRED AND TOTAL PROPELLER AREA 

ANALYSES OF POWER REQUIRED FROM MOMENTUM THEORY 

A relationship between power and disk area (area cover by a propeller during one rotation) is 
described by momentum theory as: 

𝑃 = 𝑇√
𝑇

2𝐴𝜌
 

Equation 5.1[65] 

where P … power [W] 

 A … disk area [m2] 

 T … thrust [N] 

  … air density [kgm-3] 

Equation 5.1 is valid only if certain assumptions are followed. Some of the assumptions1 are: 
[65] 

• aircraft hovers: it has no forward and vertical speed 
• air is incompressible 
• air flow through rotor disk is one-dimensional and even 

It is important to point out that power received from equation 5.1 is ideal power for hover. 

 

5.2.1 MODEL 1: RELATIONSHIP BETWEEN MAXIMUM POWER AND 

CHANGING NUMBER OF PROPELLERS AND THEIR DIAMETER 

Model 1 is based on equation 5.1 in the previous section. The goal is to see how maximum 
power changes when rotor diameter and number of propellers change. 

During hover thrust T equals weight [65]: 

𝑇 = 𝑊 = 𝑚 ∙ 𝑔  

Equation 5.2 

where m … MTOW [kg] 

g … gravitational constant [ms-2] 

W … weight [N] 

 

 

                                                 
1 Equation 5.1 has many other assumptions which an interested reader can discover in an online resource [65]. 
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Therefore, equation 5.1 can be written as: 

𝑃 = 𝑚 ∙ 𝑔√
𝑚 ∙ 𝑔
2𝐴𝜌  

Equation 5.3 

where P … power [W] 

 m … maximum take-off weight [kg] 

 g … gravitational constant [ms-2] 

  … air density [kgm-3] 

 A … disk area [m2] 

For preliminary configuration design of UAV “TRANSPORTER” it was assumed that 
the total disk area can be calculated as a sum of areas of each propeller. 

Using this assumption, equation 5.3 can be written as: 

𝑃 = 𝑚 ∙ 𝑔√
𝑚 ∙ 𝑔

2 ∙ 𝜋 ∙ 𝑑2

4 ∙ 𝑘 ∙ 𝜌
 

Equation 5.4 

where P … power [W] 

 m … maximum take-off weight [kg] 

 g … gravitational constant [ms-2] 

  … air density2 [kgm-3] 

 d … diameter of propeller [m] 

 k … number of propellers [-] 

The Model 1: relationship between maximum power and changing number of propellers 
and their diameter was created based on the data from the Robinson R-44 Cadet which is 
a two-seat helicopter with a mass 998 kg and one rotor with diameter 10.06 m (more details 
in chapter 5.1.2). [45] Ideal power for the R-44 was calculated according to the equation 5.4. 

In order to make the best use of the ideal hover power and derive a maximum power 
for the UAV “TRANSPORTER”, a relationship between these metrics, the Ratio R, was used 
by using the ratio of maximum power and ideal hover power for an existing aircraft, the R-44 
Cadet helicopter. 

Ratio R is calculated as 𝑅 = 𝑀𝐴𝑋𝐼𝑀𝑈𝑀 𝑃𝑂𝑊𝐸𝑅 𝐺𝐼𝑉𝐸𝑁 𝐵𝑌 𝑀𝐴𝑁𝑈𝐹𝐴𝐶𝑇𝑈𝑅𝐸𝑅 𝐹𝑂𝑅 𝑅−44 𝐶𝐴𝐷𝐸𝑇
𝐼𝐷𝐸𝐴𝐿 𝑃𝑂𝑊𝐸𝑅 𝐹𝑂𝑅 𝐻𝑂𝑉𝐸𝑅 𝐹𝑂𝑅 𝑅−44 𝐶𝐴𝐷𝐸𝑇

. 

                                                 
2 The air density value of 1.225 kg/m3 was used for calculation of the ideal hover power in model 1.  This value is 
defined by the International Standard Atmosphere at mean sea level conditions. [84] 
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Ratio R calculated for R-44 Cadet was assumed to be the same for other aircraft and 
used in the estimation of power required for the UAV “TRANSPORTER”. 

The results of maximum power for changing propeller diameter and 
number of propellers for the Robinson R-44 Cadet are shown in the following table 5.11. 

  

The table 5.11 shows that the larger the propeller diameter and number of propellers, 
the lower maximum power that is required.  

Table 5.10: Model 1: Ratio – maximum power/hover power for R44 Cadet 

Table 5.11: Model 1 – Change of maximum power in dependence of changing number of propellers and their 
diameter for R44 Cadet 
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In order to see how exact the model 1 is in predicting the maximum power for other 
aircraft, the maximum power was calculated, using model 1, for four existing VTOL aircraft 
and then compared with the actual maximum power given by manufacturer (see Table 5.12). 

 

Table 5.12 shows that the calculated maximum power differs from the actual maximum 
power given by the manufacturers and in most cases calculates a maximum power larger than 
the reported power of the aircraft. That indicates that the ratio R is different for each aircraft. 
However, model 1 can be used for a rough estimation of power required for UAV 
“TRANSPORTER”. 

 

5.2.2 MODEL 2: DISK LOADING 

The goal of Model 2: Disk loading is to find out what is the total disk area required for the 
UAV “TRANSPORTER” with a MTOW 950 kg. 

Disk loading is a ratio between a maximum takeoff weight and a disk area. A disk is 
defined as a propeller. Model 2: Disk loading is based on the following figure 5.13. This figure 
shows a chart of disk loading dependency on maximum take-off weight of VTOL aircraft. 
The major aircraft configuration used for creating this chart is helicopter. 

 
Figure 5.13: Disk loading vs. MTOW chart [66] 

Table 5.12: Testing of model 1 [88][89][53][40] 
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According to the disk loading vs. MTOW chart (Figure 5.13), disk loading increases with 
increasing maximum take-off weight. It can be observed that tilt-rotor aircraft (indicated as 
“squares” in Figure 5.13) are above the trendline and their disk loading measurements are 
higher than any other type of VTOL aircraft in the chart. 

 A function which describes the trendline in the disk loading vs. MTOW chart (Figure 5.13) is: 

𝑊
𝐴 = 0.15𝑊0.4  

Equation 5.5 [66] 

where W … maximum take-off weight [lb] 

  A … disk area [ft2] 

Disk area can be calculated using the trendline function (equation 5.5) as: 

𝐴 = 𝑊0.6

0.15
   

Equation 5.6 

The disk area calculated from equation 5.6 is considered as the total disk area. It is 
assumed that the total disk area can be calculated as a sum of the area of each propeller. 

The following Table 5.13 shows the total disk area calculated for Robinson R-44 
helicopter using model 2: disk loading. Table 5.13 also shows how the diameter of propellers 
change with changing number of propellers. 

 

 

 

 

Table 5.13: Calculation of total disk for MTOW 998 kg using model 2  
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5.2.3 DEPENDENCE OF POWER AND TOTAL PROPELLER AREA ON 

CONFIGURATION DESIGN 

 
Figure 5.14: Chart hover lift efficiency vs. disk loading for different VTOL configurations [67] 

It was observed in the power vs. MTOW – VTOL aircraft chart (Figure 5.12) that the 
aircraft Vahana has much more power than any other aircraft. The Vahana has a tilt-wing 
configuration.  

Figure 5.14 above, which contains a chart of hover lift efficiency vs. disk loading for 
different VTOL configurations, confirms these observations. Hover lift efficiency is the ratio 
between gross weight and power of an aircraft. According to this chart, a tilt-wing configuration 
has higher disk loading, therefore the total disk area is smaller. It also has a smaller hover lift 
efficiency, and therefore the power required is greater.  

A final observation was that the disk loading vs. MTOW chart (Figure 5.13), on which 
model 2 was based, shows that aircraft with a tilt-rotor configuration have a higher disk loading 
than aircraft with any other configuration shown in the chart. The hover lift efficiency vs. disk 
loading (Figure 5.14) confirms that aircraft with a tilt-rotor configuration have a higher disk 
loading than a helicopter configuration. 
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6 CONFIGURATION DESIGN OF VTOL UAV 

“TRANSPORTER” FOR THE CARGO TRANSPORTATION 

USE CASE 

6.1 AIRCRAFT CONFIGURATION CONSIDERATIONS FOR THE 

UAV “TRANSPORTER”  

Many different configuration types of VTOL aircraft exist such as: 
• tilt-rotor 
• tilt-duct 
• tilt-wing 
• fixed propellers/ducts used for VTOL and other propeller(s)/duct(s) used for cruising 
• tail sitter 
• convectional helicopter concept 
• combinations of the mentioned types 

This thesis considered the most relevant configuration types useful for completing 
the UAV “TRANSPORTER” use case mission. Based on the use case mission requirements, 
three configurations of VTOL aircraft were considered as follows: 

1st of 3: Tilt-rotor configuration 

Tilt-rotor configuration was considered first. An aircraft with this configuration has a single 
wing. At the ends of the single wing, two engines with rotors are mounted. 

According to use case mission the UAV “TRANSPORTER” takes off and lands directly 
at or near the customer’s facility. In order to make it easy for the customer, the area required 
for vertical take-off and landing of the UAV should be as small as possible. If the UAV 
“TRANSPORTER” were to have a tilt-rotor configuration, then, according to the observations 
made in the previous chapter 5, the propellers required would have a large diameter and would 
require a larger take-off and landing area. 

Another requirement for the UAV “TRANSPORTER” is to be able to land 
conventionally in case its propulsion system stops working. Therefore, a large propeller 
diameter would not be practical during conventional landing because the propellers would hit 
the ground before the landing gear. 

A tilt-rotor configuration was not chosen for the UAV “TRANSPORTER” design. 

2nd of 3: Combination of helicopter and tilt-rotor configuration  

Another considered configuration was a combination of a helicopter and a tilt-rotor 
configuration. Aircraft with this configuration have one main propeller (rotor) with a large 
diameter (like a helicopter) and two smaller propellers attached to the ends of a single wing. 
During vertical take-off and landing the two smaller propellers are rotated vertically. 

The use of a main propeller with large diameter primarily for VTOL, allows for a 
decrease in the diameter of the 2 tilt-able propellers at the ends of the wing. Therefore, the 
problem with conventional landing as described in the tilt-rotor configuration no longer applies. 
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Another advantage of using a main propeller with large diameter is that the power 
required would be lower due to an increase in total disk area. 

A disadvantage of this configuration is that during cruise flight, the main rotor would 
not be in use because lift is created by the wing. Therefore, the main rotor represents extra 
weight during cruise flight and creates extra drag.  

The combination of helicopter and tilt-rotor configuration was not selected as a means 
of completing the use case mission. 

3rd of 3: Tandem tilt-wing configuration  

Aircraft with tandem tilt-wing configuration have two wings which can be tilted. Both wings 
are deployed with motors and propellers. 

Advantages of this configuration: 

• conventional landing can be performed - by tilting whole wing, the wing can be 
equipped with multiple propellers with a diameter that has a length which will 
not hit the ground before landing gear in case conventional landing is required 

• if the propulsion system stops working, thanks to the wings which create lift, 
the UAV would be able to glide to a safe area and land conventionally 

• the ability to load and unload payload box from the back of the aircraft and 
therefore minimize risk of hitting a propeller during cargo manipulation 

Disadvantages of this configuration: 
• more power is required when compared to helicopter or tilt-rotor configuration 
• tilting mechanism of wings – if the tilting mechanism doesn’t work properly 

accidents can occur 

In spite of the disadvantages, a tandem tilt-wing configuration was chosen for 
the UAV “TRANSPORTER”. 
 

6.2 TANDEM TILT-WING UAV “TRANSPORTER” PRELIMINARY 

CONFIGURATION DESIGN 

Number of propellers and its diameter 

Total disk area calculated using model 2: disk loading described in chapter 5.2.2. 

According to the model 2: disk loading shown in Table 6.1 on the next page, for 
the UAV “TRANSPORTER” with a maximum take-off weight of 950 kg, the total area of 
propellers is 60.89 m2. The Table 6.1 also shows that if 8 propellers were used, each of them 
would have a diameter of 3.11 m. It is important to keep in mind that model 2 is based on 
statistical disk loading of other VTOL aircraft, mostly helicopters, and therefore the result 
should be taken as a rough estimation when considering a tilt-wing configuration. 
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Table 6.1: Model 2: disk loading for UAV “TRANSPORTER” 

 
Other tilt wing aircraft, for example the Vahana, which is described in chapter 5.1.2, 

has 8 propellers each with a diameter3 of 1.6 m. Therefore 8 propellers with a 1.65 m diameter 
were chosen for UAV “TRANSPORTER”. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
3 Diameter of Vahana’s propellers was measured from a photo available online in [42] 
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Estimation of power required for the UAV “TRANSPORTER” 

Using the model 1: relationship between maximum power and changing number of propellers 
and their diameter, a maximum power = 313.45 kW was calculated for a MTOW of 950 kg 
using 8 propellers each with a diameter 1.65 m. 

 

Maximum power = 167 kW was interpolated for the UAV “TRANSPORTER’s” 
MTOW 950 kg from the power vs. MTOW chart for VTOL aircraft (Figure 5.12). Vahana, the 
tilt-wings configuration UAV, has a maximum power of 360 kW. [42] 

Table 6.3: Power required using from different analyses [42] 

Power required for the UAV 
“TRANSPORTER” estimated 

from 

Power required [kW] 

Model 1: relationship between 
maximum power and changing 
number of propellers and their 
diameter (Table 6.2) 

313.45 

The power vs. MTOW – VTOL 
aircraft chart (Figure 5.12) 

167 

Vahana (Table 5.2) 360 

 

Table 6.2: Estimation of power required for the UAV “Transporter” using model 1 
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Table 6.3 is a summary of the Maximum power in kW for Model 1: relationship between 
maximum power and changing number of propellers and their diameter (Table 6.2), the power 
vs. MTOW – VTOL aircraft chart (Figure 5.12), and reported by the manufacturer for the 
Vahana (Table 5. 2).  Model 1 is deficient because it was determined that the Ratio R was 
inconsistent in its ability to predict maximum power. 

The second row of Table 6.3 has an interpolated power of 167 kW based on 
the power vs. MTOW - VTOL aircraft chart (Figure 5.12).  The aircraft in this data set are 
mostly helicopters.  The UAV “TRANSPORTER” is configured differently as a tandem tilt-
wing.  Using Figure 5.14 it is observed that the tilt-wing has a higher disk loading than a 
helicopter configuration and therefore a higher maximum power is required for tilt wing 
configuration at any given MTOW. 

The third row of Table 6.3 is an actual aircraft, the Vahana, which has a maximum 
power of 360 kW with a MTOW of 815 kg. [42]  

Considering the three data points and that the desired MTOW of the UAV 
“TRANSPORTER” is 950 kg which is 135 kg heavier than the real-world Vahana, an engine 
with a Maximum power starting at 400 kW was chosen as a criteria in the search for a suitable 
engine in the market. 

 

Hybrid propulsion system for UAV “TRANSPORTER” 

The UAV “TRANSPORTER” is equipped with a hybrid propulsion system. Eight electric 
motors are power by electricity generated from the main turboprop engine. The main engine 
is powered by fuel. A small battery is a part of the propulsion system and its function is to 
provide power for onboard computers and other systems when the main engine is switched off. 
It is also used to turn on the main engine. The battery charges while the main engine is running. 

 

Figure 6.1: Hybrid propulsion system of UAV "TRANSPORTER" 
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6.3 MASS ANALYSIS 

The purpose of the mass analysis is to determine if the MTOW of 950 kg for the UAV 
“Transporter” considering its use case mission profile of 200 kg payload is feasible. When 
possible aircraft components currently available in the market were used. 

6.3.1 MAIN COMPONENTS OF THE UAV “TRANSPORTER” 

GE H75 Turboprop engine 

The GE H75 Turboprop engine was chosen as the main engine because it can deliver 410 kW 
of power and has an acceptable mass of 177 kg for the UAV “TRANSPORTER”. [68] 

Table 6.4: GE H75 Turboprop engine [68] 

Maximum power Type of fuel Mass Dimensions 

410 - 559 kW 
Jet A / Jet A1 177 kg 1670 x 560 x 580 mm 

550 – 750 hp 

 

Fuel 

The amount of fuel needed for use case cargo transportation mission was estimated from the 
fuel consumption of the Turbine Venom aircraft which is also powered by the GE H75 
Turboprop engine. With 1514.16 liters of fuel the Turbine Venom has a range 2037.2 km. [69] 
By dividing these two numbers, a fuel consumption of 0.74 l/km is calculated.  

UAV “TRANSPORTER” needs to carry enough fuel to travel 1000 km. Using the 
consumption 0.74 l/km of Turbine Venom aircraft, UAV “TRANSPORTER” would need 
740 liters of fuel for a range of 1000 km.  

The relative density of the JET A1 fuel is between 0.775 - 0.840 kg/l. [70] For relative 
density 0.8075 kg/l, 740 l of the JET A1 fuel has a mass 597.55 kg. Assuming that the 
consumption of the UAV “TRANSPORTER” can be optimized, 500 kg of fuel is estimated for 
range 1000 km. 

 

Electric motors 

Electric motor Electro 60 was chosen. The UAV “TRANSPORTER” will be equipped with 8 
of these motors. This motor is used to power the aircraft Alpha Electro manufactured 
by Pipistrel in Slovenia. [71] 

Table 6.5: Electric motor Electro 60 [71][72] 

Maximum power Mass 

60 kW 20 kg 
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Electric generator 

The purpose of an electric generator is to create electricity from the mechanical energy created 
by the main engine. The generated electricity is then used to power the eight (8) electric motors 
and charge the battery.  

The mass of the electric generator was estimated from a mass of electric motors. Electric 
motors basically work conversely as a generator. The electric motor REB-90, made by 
a company MGM-compro, has a power output of 80 kW and a mass 22 kg. [85] Electric engine 
Electro 60 from Pipistrel has a power 60 kW and a mass 20 kg. [72]  These two motors indicate 
that when a power of the electric motor increases, a mass of the motor increases less. To get 
power 400 kW, 5 electric motors REB-90 with a power 80 kW each would have a total mass 
110 kg. Therefor the mass of the electric generator which could have an output around 410 kW 
was estimated to be 80 kg. 

 

Propellers 

A three-blade propeller with a diameter 1650 mm by company AERO was chosen. The mass 
of one propeller is 4.2 kg. [74] 

 

Batteries 

According to Figure 6.2 below, Li-ion batteries have a specific energy density up to 210 Wh/kg.  

 

If the UAV “TRANSPORTER” would be equipped with batteries for one hour long 
flight using 400 kW of power, then the needed capacity of batteries would be 400 kWh. 

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑎𝑡𝑡𝑒𝑟𝑖𝑒𝑠 = 𝑃𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 ∙ 𝑡𝑖𝑚𝑒 = 400 𝑘𝑊 ∙ 1 ℎ𝑜𝑢𝑟 = 400 𝑘𝑊ℎ = 400000 𝑊ℎ 

Batteries with the energy density 200 Wh/kg would have a mass 2000 kg. 

Figure 6.2: Specific energy density and Volumetric energy 
density of batteries [75] 
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𝑀𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑎𝑡𝑡𝑒𝑟𝑖𝑒𝑠 =
𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑎𝑡𝑡𝑒𝑟𝑖𝑒𝑠 
𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑎𝑡𝑡𝑒𝑟𝑖𝑒𝑠 =

400000 𝑊ℎ
200 𝑊ℎ/𝑘𝑔 = 2000 𝑘𝑔 

The mass of the batteries 2000 kg is too big for UAV “TRANSPORTER”. Therefore, it 
is equipped only with a small battery which will be used to provide energy for onboard 
computers and systems when main engine is not running and provide an energy to start the main 
engine. Mass of this battery was estimated to be 10 kg. 

 

Aircraft structure 

By aircraft structure is meant a fuselage, wings and its parts (for example flaps and ailerons), 
a landing gear and a rudder. A mass of the UAV “TRANSPORTER” structure is estimated 
as 250 kg. 

 

Onboard computers, systems, sensors, and avionics 

The mass of onboard computers, systems, sensors and avionics was estimated to be 20 kg. 

 

Safety system 

Ballistic rescue system from company Galaxy GRS was chosen for the UAV 
“TRANSPORTER”. The mass of a safety systems for aircraft with MTOW between 990 kg 
and 1640 kg is around 30 kg. [76] 

 

6.3.2 THE MASS ANALYSIS TABLE FOR UAV “TRANSPORTER” 

Table 6.6: Mass analysis of the UAV “TRANSPORTER” 

 

Table 6.6 shows the mass analyses of the UAV “TRANSPORTER”. After summing the 
mass of the main components for the UAV “TRANSPORTER”, the total take-off weight 
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is 1460.6 kg (510 kg over the previously desired MTOW of 950 kg). Considering the new 
desired MTOW, a new power required must be estimated. 

 
Iteration #2 for the new desired MTOW of 1460.6 kg using the power vs. MTOW - 
VTOL aircraft 2 chart 

Considering the new desired MTOW of 1460.6 kg and using the trendline function from 
Figure 6.3 above, a new desired power required of 245.9 kW was extrapolated. 

The selected GE H75 turboprop engine, with a power output of 410 kW (red triangle in 
Figure 6.3), provides 66.7 % more power than the extrapolated power which is acceptable as 
an initial selection for a power source for the concept design of UAV “TRANSPORTER”. 

 

Iteration #2 for the new desired MTOW of 1460.6 kg using Model 1: Relationship Between 
Maximum Power And Changing Number Of Propellers And Their Diameter 

 

According to model 1 (Table 6.7 above) for an aircraft with a MTOW of 1460.6 kg and 8 
propellers each with diameter 1.65 m, a maximum power of 597.56 kW was calculated.  This 
calculated power is greater than the power that the selected GE H75 Turboprop engine can 
deliver. 

Table 6.7: Estimation of maximum power for MTOW 1460.6 kg with 8 propellers each with diameter 
1.6 m using model 1 

Figure 6.3: Power vs. MTOW - VTOL aircraft 2 
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The Table 6.7 also shows the ideal hover power is 265 kW. Keeping in mind that model 
1 was previously concluded to be inaccurate as a predicting tool, the power 410 kW for the 
UAV “TRANSPORT” with MTOW 1460.6 kg is expected to be sufficient as a power source 
for the initial concept design. 

 

6.4 UAV “TRANSPORTER” CONFIGURATION CONCEPT DRAWING 

The thesis objectives and the mission performance requirements defined in the cargo 
transportation use case for UAV “TRANSPORTER” provided a vision for a concept aircraft.  

The results of all previous analyses which include trendline analyses, a mass analysis, 
comparisons of performance metrics for commercially available and conceptual VTOL 
and non-VTOL aircraft and their configurations and components (e.g. power plants) provided 
data and opened up possibilities of how it might be possible to turn the vision into reality.   

In the case of this thesis, considering its objectives and constraints, as well as the results 
of the analyses performed, a concept VTOL UAV would have a mass of 1460.6 kg and require 
a power plant which produces 410 kW of power. It was determined that a tandem tilt-wing 
configuration would be the best option to complete the specified mission in the cargo 
transportation use case. 

The side profile view (Figure 6.4) highlights height difference of the tandem wings and 
their forward and rear positions. Also highlighted in the profile view are the electric generator, 
main engine (GE H75 turboprop), and the rear-loading payload box. 

 

Figure 6.4: UAV "TRANSPORTER" - side view 
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The front profile view (Figure 6.5) introduces the eight electric motors each 
with a propeller, as well as, shows the height difference of the tandem tilt-wing configuration. 

  

Figure 6.5: UAV "TRANSPORTER" - front view 
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The top profile view (Figure 6.6) mainly displays the near-identical wing length of 
the tandem wing configuration, again illustrates the eight electric motors each with a propeller, 
as well as, the rear-loading payload box. 

 

  

Figure 6.6: UAV "TRANSPORTER" - top view 
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7 Conclusion 

This thesis is written as a use case for a UAV with a cargo transportation mission. A real-world 
cargo transportation problem is described in the second chapter and also key stakeholders 
and their interests in this solution are described. Included in the second chapter is a visualization 
how the problem could be solved by drone. According to this vision, the mission for a drone 
was created and key performance requirements to satisfy the mission were defined.  

In order to estimate the power required and examine performance requirements 
for the UAV cargo transportation use case, data from 50 both unmanned and manned aircraft 
were collected and processed into charts. The charts show that the initial performance 
requirements to satisfy the cargo transportation use case were quite ambitious and above 
the trends for other aircraft.  The charts also show examined VTOL aircraft require bigger 
power than CTOL aircraft. VTOL aircraft with tilt-wing configuration was in the charts way 
outside of trend and had maximum power larger than any other VTOL aircraft. Due to this 
discovery, the models which would examine relationship between power required and total 
propeller area were created. It was discovered that the smaller the total area of propellers, 
the higher power is required. 

Another part of thesis is focused on preliminary configuration design of VTOL UAV 
for a cargo transportation use case. Three configurations were considered, and tandem tilt-wing 
configuration was chosen.  The concept UAV has 2 tilt wings with 4 propellers on each wing. 
A hybrid propulsion system chosen for the UAV which consists of one main turboprop engine, 
an electric generator and 8 electric motors each with a single propeller. The primary source 
of power is fuel. Batteries were not used because they are heavy. A mass analysis of this 
configuration and propulsion system determined that the concept UAV maximum take-off 
weight is higher than desired MTOW. To achieve more accurate estimations of power required 
for tilt-wing configuration, a more sophisticated model should be developed, and more tilt-wing 
aircraft should be analyzed. 

A brief overview of legislation of drones in European Union is included in the second 
chapter. Currently the EU is responsible for all drones.  New rules for drones are still 
under development. The draft rules divide drones in the EU into 3 main categories: open, 
specific and certified according to the level risk to public safety they represent. The concept 
UAV for the cargo transportation use case is expected to fall into certified category. 
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