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Abstract. The concept of electric vertical take-off and landing (E-VTOL) aerial vehicles is 

gaining more and more attention, thanks to their non-polluting operation and simple air traffic 

management. Indeed, around the world, there are currently more than 500 projects that concern 

the development and improvement of their performances. Development of sizing methods for 

rapid selection of the propulsion chain components remains an important task in this process. In 

this paper, an approach for sizing and selecting the propulsion chain components of an E-VTOL 

aerial vehicle is developed and validated. First, the optimal pair motor/propeller is selected using 

a global nonlinear optimization in order to maximize the specific efficiency of these components. 

Second, two energy storage technologies are considered and sized in order to assess their 

influence on the aerial vehicle flight time. Finally, based on this sizing process, the optimized 

propulsion chain gross take-off weight (GTOW) is evaluated, using regression methods based 

on propulsion chain supplier data. 

 

1. Introduction 

Traffic congestion is one of the main problems in big cities like Paris, London, New York, Copenhagen, 

and Delhi. The primary causes of it are high population, movement of people, and increase in private 

vehicles. In French metropolitan cities, such as Paris and Marseille, an average commuter loses every 

year over 80 hours in traffic resulting in an increase in stress and anxiety [1]. Such congestions also lead 

to 1.85 megatons per year of 𝐶𝑂2 emissions into the atmosphere. Besides having a detrimental impact 

on the health of the commuters and the environment, it also contributes to economic loss. Therefore, it 

is imperative to explore new modes of transportation to improve accessibility and mobility for 

passengers in urban areas and reduce traffic congestion.  

The concept of electric vertical take-off and landing aerial vehicles (E-VTOL) represents one of the 

potential solutions to remedy this problem. Indeed, several aircraft manufacturers such as Airbus, 

Boeing, Lhilium, and Volocopter, have actively embarked on the development of this drone taxi 

technology in recent years [2]-[5]. E-VTOL aircraft are split into four main categories: Lift + Cruise, 

Tilt Rotor, Duced Vector Thrust and Multicopter. The first three categories go into the Powered lift 

aircraft category, which are winged aircraft capable of VTOL and aerodynamic lift in forward flight. 

The last one belongs to the wingless aircraft category. Multirotor aircraft is with two or more lift/thrust 

units with limited to no capabilities for wing borne forward flight. Powered lift e-VTOLs are further 

decomposed into two main categories, depending on whether the concept uses a common powerplant 

(Tilt Rotor and Ducted Vector Thrust) or independent powerplants (Lift + Cruise) for lifting and forward 

flight [6]-[8].  

In this paper, we are interested in the urban air mobility (UAM) transport mode, in which the cruise 

phases are limited, so that the multirotor wingless configuration remains the best one for this transport 

market. One of the main steps in the E-VTOL design process, allowing to assess the adequacy of the 

proposed solutions, consists in sizing and choosing the components of the propulsion chain in order to 

meet the specifications. Therefore, sizing methodologies are needed to be developed for quick 

components choosing and constructing a new multicopter. Multirotor design methods have been 
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developed by Barshefsky [9], Dai [10] et Gur [11]. In [10] an analytical method to estimate the optimal 

parameters of the propulsion chain components is proposed, by describing the problem with 

mathematical expressions. Methodologies based on statistical data available from manufacturers for the 

preliminary design are reported in [11]. In this study, an approach for sizing and selecting the propulsion 

chain components is developed. This approach combines statistical methods based on data and analytical 

optimization techniques, which makes it possible to maintain an acceptable level of precision and avoid 

increasing the complexity of the calculation algorithm. In order to evaluate the effect of the energy 

storage element on the aerial vehicle range, two energy storage technologies are sized. The first is based 

on lithium polymer battery (LiPo) and the second is based on hydrogen fuel cell (PEMFC).  

This paper is organized as follows. Section 2 is devoted to the presentation of the propulsion chain sizing 

algorithm, including the optimization technique used to select the optimal pair motor/propeller and the 

rest of the propulsion chain components. Section 3 presents the modeling of the propulsion chain 

components, in order to formulate the optimization problem allowing to maximize the pair 

motor/propeller specific efficiency. In section 4, the optimisation problem formulation is presented. 

Section 5 presents the sizing approach validation, using a reduced scale multirotor aerial vehicle of 15 

kg. In section 6, conclusion is presented. 

 
Figure 1: Sizing methodology for the E-VTOL multirotor flowchart 

2. Sizing methodology 

The sizing methodology is based on the combination of analytical optimisation techniques and data-

based techniques. Figure 1 presents the flowchart of the sizing methodology.  

First, the sizing methodology receives as inputs the required flight time, a database of electric motors 

parameters, at this stage the optimal motor is not known, the hover altitude, the atmospheric conditions 

namely the temperature, and the air density; and the gross take-off weight (𝐺𝑇𝑂𝑊).  
Next, for each motor/propeller pair a global non-linear optimization, based on the simulated annealing 

algorithm (SAA), is performed. This optimization consists in maximizing the specific efficiency 

𝜂𝑀𝑃(𝑔/𝑤), given in equation (10), which is an index widely used by industrials like T-motor[12] and 

Mejzlik[13], in order to measure the efficiency between the motor and the propeller, with constraints on 

the propeller geometry, one on the diameter in order to avoid motor overheating, this constraint is given 

in equation (12); and the other on the pitch angle which is imposed by the geometry. 

Then, the obtained pair motor/propeller makes it possible to calculate the maximum thrust 𝑇𝑀𝑃𝑚𝑎𝑥 given 

in equation (14). Using the maximum thrust 𝑇𝑀𝑎𝑥 imposed by 𝐺𝑇𝑂𝑊, a filtering condition is 

established, in order to make an initial selection of the pairs propeller/motor.  

After that, the selection of the optimal motor/propeller torque is conditioned by the maximum specific 

efficiency obtained. The sizing of the energy sources is carried out in such a way that the flight time is 

maximum.  
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Finally, the last step of this sizing methodology consists in verifying whether the total take-off mass, 

using the mass statistical models of each propulsion chain component based on supplier data, obtained 

is respected.  

 
Figure 2: E-VTOL multirotor physical model 

 

 
Figure 3: BLDC motor electric model 

3. Propulsion chain modeling  

The physical model of the propulsion chain, of an E-VTOL multirotor aerial vehicle, with 𝑛 arms is 

presented in Figure 2. Each propulsion chain is composed of a propeller, a motor, an electronic speed 

controller (ESC) and an energy storage system. In this configuration (Figure 2), the energy storage 

system supplies the n propulsion chains. The modeling process will aim to establish a relationship 

between the propulsion chain components, especially between the propeller and the motor, wording the 

optimization problem. In this case, each component will be modeled in steady state. 

3.1. Propeller model 

The propeller model in static state is described by its thrust 𝑇[𝑁], and its torque 𝑀[𝑁𝑚] as given by 

equation (1) [14]: 

𝑇 = 𝐶𝑇 ∗ 𝜌 ∗ (
𝑁

60
)
2

∗ 𝐷𝑝
4                     𝑎𝑛𝑑                           𝑀 = 𝐶𝑀 ∗ 𝜌 ∗ (

𝑁

60
)
2

∗ 𝐷𝑝
5 

 

(1) 

where 𝜌[𝑘𝑔/𝑚3 ], 𝐶𝑇 , 𝐶𝑀,𝑁[𝑟𝑝𝑚], and 𝐷𝑝[𝑚] are respectively, the air density, the thrust coefficient, 

the torque coefficient, the propeller velocity, and the propeller diameter. The air density 𝜌 is determined 

by both the local temperature 𝑇𝑡[°𝐶] and the air pressure 𝑝, which is further determined by altitude 

ℎℎ𝑜𝑣𝑒𝑟[𝑚]. The thrust and the torque coefficients are [15]: 

 𝐶𝑇 =
0.27𝜋3𝜆𝜁2𝐾0𝜀

𝜋𝐴 + 𝐾0
𝐵𝑝
𝛼𝑡𝜑𝑝            𝑎𝑛𝑑            𝐶𝑀 =

1

4𝐴
𝜋2𝜆𝜁2𝐵𝑝 (𝐶𝑓𝑑 +

𝜋𝐴𝐾0
2𝜀2

𝑒(𝜋𝐴 + 𝐾0)
2
𝜑𝑝
2)   

 

(2) 

where 𝐵𝑝 and 𝜑𝑝[𝑟𝑎𝑑] are respectively the propeller blade number and the pitch angle. They are defined 

using: 𝜑𝑝  =  arctan (
 𝐻𝑝

𝜋∙𝐷𝑝
)  . 𝐴, 𝜀, 𝜆, 𝜁, 𝑒, 𝐶𝑓𝑑 and 𝐾0 are the blade parameters, which are directly related 

to the propeller blade airfoil shape. The carbon fiber blade parameters values are 𝐴 =  5, 𝜀 =  0.85, 𝜆 =
 0.75, 𝜁 = 0.5, 𝑒 =  0.83, 𝐶𝑓𝑑 =  0.015, 𝛼𝑡 = 0.9 and 𝜌 =  1.2[𝑘𝑔/𝑚3 ]. The figure 4 gives the 

regression model of the propeller mass 𝑀𝑝𝑟𝑜𝑝[𝑔] based on data supplied. The input of this model is 

propeller diameter Dp. The regression model of the propeller mass is 𝑀𝑝𝑟𝑜𝑝 = 0.303 · 𝐷𝑝
4 − 9.729 ·

𝐷𝑝 + 105.786. 

3.2. Electric motor model 

In figure 3, 𝑈𝑚[𝑉] is the supply voltage, 𝐼𝑚[𝐴] is the current absorbed by the motor coils, 𝑅𝑚[Ω] is the 

motor equivalent resistance, 𝑇𝑒[𝑁 ∙ 𝑚] is the electromotive torque produced by the motor, and 𝑁[𝑟𝑝𝑚] 
is its shaft angular velocity. The equations describing the motor electric model [16] are: 

{

𝑈𝑚 = 𝑒𝑎 + 𝑅𝑚 ∙ 𝐼𝑚
𝑇𝑒 = 𝐾𝑇 ∙ 𝐼𝑚

𝐸𝑎 = 𝐾𝐸 ∙ 𝑁 ≈
𝑁

𝐾𝑣

 

 

 

(3) 

where 𝐾𝐸[𝑉 ∙ 𝑠/𝑟𝑎𝑑] is the motor back EMF constant, 𝐾𝑇 [𝑁 ∙ 𝑚/𝐴] is the motor torque constant, 𝑁 is 

the motor rpm, and 𝐾𝑣[𝑟𝑝𝑚/𝑉 ] is speed constant. The 𝐾𝑇 and 𝐾𝐸 are related to 𝐾𝑣 by: 𝐾𝐸 =
1

𝐾𝑣
=

𝜋 

30
∙
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𝐾𝑇 . The motor output torque and the propeller torque are related by: 𝑀 = 𝑇𝑒  − 𝑇0  =  𝐾𝑇 · (𝐼𝑚 − 𝐼𝑚0). 
Using these equations and the first one, 𝑈𝑚 and 𝐼𝑚 are given as follow: 

𝐼𝑚 =
𝜋

30𝐾𝑣
𝑀 + 𝐼𝑚0           𝑎𝑛𝑑           𝑈𝑚 = 𝐼𝑚𝑅𝑚 +

𝑁

𝐾𝑣
 

(4) 

The mass regression model of the electric motor is given by the figure 5. The motor data used in this 

model are collected form [12] and [17], with the input, the motor speed constant 𝐾𝑣. The regression 

model of the motor mass is given by: 𝑀𝑚𝑜𝑡 = 0.00048𝐾𝑣
2 − 1.461𝐾𝑣 + 840.617. 

3.3. Electronic speed controller 

In the developed sizing methodology, the ESC electric model is not considered. However, the ESC 

maximum continuous current 𝐼𝑒𝑚𝑎𝑥 must be fixed, especially for the selection and the mass estimation 

steps [18]. The figure 6 gives the mass regression model of the ESC based on supplier data; collected 

from T-motor and KDEDirect. The regression model of the ESC mass is given by: 𝑀𝐸𝑆𝐶 =
0.016𝐼𝑒𝑚𝑎𝑥

2 − 0.638𝐼𝑒𝑚𝑎𝑥 + 42.414. 

3.4. Energy storage system 

In this part, two energy sources are considered, the first one is a lithium polymer (Li-Po) battery, the 

second one is a proton membrane exchange (PME) hydrogen fuel cell. 

3.4.1.  Battery modeling    Due to their high energy density and discharge rate, e-VTOLs use Li-Po 

batteries. Each Li-Po cell is defined with a nominal voltage of 3.7𝑉 , a capacity 𝐶𝑐𝑠[𝐴ℎ], and a power 

density of 𝜌𝑏 =  140[𝑊ℎ/𝑘𝑔] [18]. The nominal voltage and the total battery capacity of Li-Po battery 

are respectively 𝑈𝑏 = 3.7 ∙ 𝑛𝑐 and 𝐶𝑏 = 𝑛𝑝 ·  𝐶𝑐𝑠, where 𝑛𝑐 and 𝑛𝑝 <are respectively the number of 

cellules connected in series and in parallel. The battery output power 𝑃𝑏 can be estimated by 𝑃𝑏 = 𝑁𝑚 ·
𝑃𝑚 ∙ 𝜂𝑒 · 𝜂𝑏, where 𝑁𝑚, 𝜂𝑒, and 𝜂𝑏 are respectively the propulsion chain number, the conversion 

efficiency of ESC, and the battery efficiency. The flight time 𝑡𝑓𝑙𝑖𝑔ℎ𝑡[𝑚𝑖𝑛] of the e-VTOL(battery time 

discharging) is 𝑡𝑓𝑙𝑖𝑔ℎ𝑡 =
60·𝜌𝑏·𝑚𝑏

𝑃𝑏
, where 𝑚𝑏, and 𝑃𝑏 are respectively the battery mass (𝑘𝑔), and the 

battery power (𝑊). 

3.4.2. Hydrogen fuel cell modeling     PEM fuel cells offer a higher energy density than batteries, around 

500𝑊 ℎ/𝑘𝑔 [19], in a unit that is hydrocarbon free, mechanically simple, operates near ambient 

temperature, and produces no harmful emissions. In terms of fuel cell power density, there are several 

works estimating its improvement for a value of 800[𝑊/𝑘𝑔] [19]. A PEM stack consists of identical 

cells each with a voltage 𝐸𝑐𝑒𝑙𝑙[𝑉] [19]. The nominal voltage of a PEM stack and a cell area are given: 

𝑉𝑠𝑡𝑎𝑐𝑘 = 𝑁𝑐𝑒𝑙𝑙 · 𝐸𝑐𝑒𝑙𝑙 and 𝐴𝑐𝑒𝑙𝑙 =
𝑃𝐹𝐶

𝑝𝑐𝑒𝑙𝑙·𝑁𝑐𝑒𝑙𝑙
, where 𝑃𝐹𝐶, 𝑝𝑐𝑒𝑙𝑙, and 𝑁𝑐𝑒𝑙𝑙 are respectively the required 

electrical power, the power density of single cell, and the cell number. As well for the case of the battery, 

the fuel cell output power required for the flight mission 𝑃𝐹𝐶 and the corresponding hydrogen 

consumption 𝐻𝐶(𝑘𝑔/ℎ) can be estimated by: 

𝑃𝐹𝐶 = 𝑁𝑚 ∙
𝑃𝑚

𝜂𝑒 ∙ 𝜂𝐹𝐶
         𝑎𝑛𝑑         𝐻𝐶 =

𝑃𝐹𝐶
𝐿𝐻𝑉 ∙ 𝜂𝐹𝐶

 
(5) 

where 𝜼𝑭𝑪, and 𝑳𝑯𝑽 are respectively the fuel cell stack efficiency, and the low heating value of 

hydrogen (𝟑𝟑. 𝟑𝑾𝒉/𝒈). At the current technology level, the efficiency of the PEMFC is approximately 

𝟒𝟎–𝟓𝟎%. This value can be used for sizing if there is no information about the polarization curve of a 

single cell. Thus, the hydrogen fuel cell mass 𝒎𝑭𝑪 is given by [19]: 

𝑚𝐹𝐶 =
𝑁𝑐𝑒𝑙𝑙 ∙ 𝑘𝐴 ∙ 𝜌𝑐𝑒𝑙𝑙 ∙ 𝐴𝑐𝑒𝑙𝑙

1 − 𝜂𝑜𝑤
(1 + 𝑓𝐵𝑂𝑃) 

(6) 

Where 𝒌𝑨, 𝝆𝒄𝒆𝒍𝒍, 𝒇𝑩𝑶𝑷 and 𝜼𝒐𝒘 are respectively ratio of the cross-sectional area to the electrode area of 

a single cell, and it fixed at value of five, the area density of a single cell, and its value is fixed as 

𝟏. 𝟓𝟕𝒌𝒈/𝒎; ratio of the 𝑩𝑶𝑷 weight to the HFC weight, and its value is different depending on the 

HFC configuration, in this paper a value of 0.2 is considered; overhead fraction to account for gaskets, 

seals, connectors, and endplates; and it’s fixed at 0.3. The flight time in the case of a fuel cell is given 

by the following expression: 
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𝑡𝑓𝑙𝑖𝑔ℎ𝑡 =
60 ∙ 𝐿𝐻𝑉

𝑃𝐹𝐶
 

(7) 

A regression model that estimates the hydrogen tank mass 𝑴𝒕𝒂𝒏𝒌[𝒌𝒈], based on the amount of hydrogen 

𝒎𝑯𝟐[𝒈] required for the flight mission, is established as shown in figure 7. The data are based on tank 

of type 3 and 4 [21], and this model can be expressed as: 𝑴𝒕𝒂𝒏𝒌 = −𝟎. 𝟎𝟎𝟎𝟎𝟒𝟕𝒎𝑯𝟐
𝟐 + 𝟎. 𝟎𝟑𝟔𝟕𝒎𝑯𝟐 −

𝟎. 𝟏𝟏𝟐. 

 
Figure 4: Regression model of the 

propeller mass, 

 
Figure 5: Regression model of the motor 

mass, 

 
Figure 6: Regression model of the ESC 

mass, 

 
Figure 7: Regression model of the hydrogen 

tank mass. 

4. Optimization problem       

The optimization technique is based on simulated annealing algorithm (𝑆𝐴𝐴), which was introduced by 

inspiring the annealing procedure of the metal working. In general manner, SA algorithm adopts an 

iterative movement according to the variable temperature parameter which imitates the annealing 

transaction of the metals [21]. This algorithm is directly explored using global optimization toolbox of 

MATLAB. The efficiency of the pair motor/propeller 𝜂𝑀𝑃[𝑁/𝑤], which is also called specific 

efficiency, is used as an objective function in this case. This function is  𝜂𝑀𝑃 =
𝑡𝑓𝑙𝑖𝑔ℎ𝑡

𝑃𝑚𝑓𝑙𝑖𝑔ℎ𝑡
, where 

𝑡𝑓𝑙𝑖𝑔ℎ𝑡 and 𝑃𝑚𝑓𝑙𝑖𝑔ℎ𝑡 are the propeller thrust and the motor power during the flight operation. From the 

propeller model presented in equation (1), the propeller velocity and the propeller torque during flight 

are given by: 

𝑁𝑓𝑙𝑖𝑔ℎ𝑡 =
60

𝐷𝑝
2
√
𝑇𝑓𝑙𝑖𝑔ℎ𝑡

𝜌𝐶𝑇
          𝑎𝑛𝑑       𝑀𝑓𝑙𝑖𝑔ℎ𝑡 =

𝐶𝑀𝐷𝑝
𝐶𝑇

𝑇𝑓𝑙𝑖𝑔ℎ𝑡 

 

(8) 

Using the motor model (4), the motor current and the motor voltage are: 

{
  
 

  
 

𝐼𝑚0 ≈ 0

𝐼𝑚𝑓𝑙𝑖𝑔ℎ𝑡 =
𝜋𝐶𝑀𝐷𝑝
30𝐶𝑇𝐾𝐸

𝑇𝑓𝑙𝑖𝑔ℎ𝑡

𝑈𝑚𝑓𝑙𝑖𝑔ℎ𝑡 =
𝜋𝐶𝑀𝐷𝑝
30𝐶𝑇𝐾𝐸

𝑇𝑓𝑙𝑖𝑔ℎ𝑡𝑅𝑚 +
60𝐾𝐸

𝐷𝑝
2
√
𝑇𝑓𝑙𝑖𝑔ℎ𝑡

𝜌𝐶𝑇

 

 

 

 

(9) 

Thus, the function objective expression is given by: 
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𝜂𝑀𝑃 =
1

(
𝜋𝐶𝑀𝐷𝑝
30𝐶𝑇𝐾𝐸

)
2

𝑇𝑓𝑙𝑖𝑔ℎ𝑡𝑅𝑚 +
2𝜋𝐶𝑀

𝐷𝑝√𝜌𝐶𝑇
3
√𝑇𝑓𝑙𝑖𝑔ℎ𝑡 (10) 

For a fixed thrust imposed by the 𝐺𝑇𝑂𝑊, the motor/propeller efficiency evolution in terms of propeller 

parameters is given in the figure 8. Through this figure, it’s noticeable that the motor/propeller efficiency 

presents a single attraction basin, which allows to rapidly locate the point maximising the function 

objective. In order to avoid the motor overheating during the flight, which could influence on the 

efficiency, the motor current and voltage must remain below their maximum values imposed by the 

motor design: 𝑈𝑚 ≤ 𝑈𝑚𝑀𝑎𝑥 and 𝐼𝑚 ≤ 𝐼𝑚𝑀𝑎𝑥, which leads to establish constraint on the propeller

velocity and torque: 

𝑁𝑚𝑎𝑥 =
(𝑈𝑚𝑀𝑎𝑥 − 𝑅𝑚 ∙ 𝐼𝑚𝑀𝑎𝑥)

𝐾𝐸
 𝑎𝑛𝑑  𝑀𝑚𝑎𝑥 =

30 ∙ (𝐼𝑚𝑀𝑎𝑥 − 𝐼𝑚0)𝐾𝐸
𝜋

(11) 

Figure 8: Motor/propeller efficiency in terms of propeller parameters. 

Thus, the propeller diameter must remain below of its maximum value 𝐷𝑝𝑀𝑎𝑥 imposed by the motor

overheating avoidance condition: 

𝐷𝑝 ≤ 𝐷𝑝𝑀𝑎𝑥 = √𝑀𝑚𝑎𝑥 ∙ (
60

𝑁𝑚𝑎𝑥
)
2

∙
1

𝐶𝑀𝜌

5
(12) 

The optimisation problem of the motor/propeller is given as follows: 

{

𝑚𝑎𝑥(𝜂𝑀𝑃) = 𝑚𝑖𝑛(−𝜂𝑀𝑃)
0 < 𝐷𝑝 ≤ 𝐷𝑝𝑀𝑎𝑥𝐸𝑙𝑒𝑐

0 < 𝜑𝑝 ≤ 𝜋

(13) 

5. Sizing approach validation

The validation of the proposed sizing approach is carried out using multirotor drone data (table 1) of

figure 9, with a 𝐺𝑇𝑂𝑊 of 15 𝑘𝑔. It is composed of 8 propulsion chains, with motor type 𝑈7 −
𝑉 2.0 420𝐾𝑉, and propeller type 𝑃18𝑥6.1. Each 4 propulsion chains are supplied by one 6𝑆1𝑃 LiPo

battery. A simulation of the propulsion chain sizing approach is carried out using MATLAB, and an

electric motors parameters data base of 45 examples.

Figure 9: Multirotor drone, 

Table 1. Multirotor drone specifications. 

Component Parameters 

Propeller 

Motor 

ESC 

Battery 

Fuselage 

Load 

𝐷𝑝 = 18𝑖𝑛; 𝐻𝑝 = 6; 𝜑𝑝 = 1.336 𝑟𝑎𝑑

𝐾𝑉 = 420; 𝑈𝑚 = 22.2𝑉; 𝐼𝑚 = 35𝐴; 𝑅𝑚 = 0.071Ω 

𝐼𝐸𝑆𝐶𝑀𝑎𝑥𝑚 = 35𝐴
𝑈𝑏 = 22.2𝑉; 𝐶𝑏 = 12𝐴ℎ;  𝐶 − 𝑟𝑎𝑡𝑒 30𝐶

𝑀𝐹 = 5𝑘𝑔
𝑀𝐿 = 3𝑘𝑔
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5.1. Pair motor/propeller optimization 

The filtering condition is based on the computing of the relative error 𝜀𝑟, given by: 𝜀𝑟 = |
𝑇𝑀𝑃𝑚𝑎𝑥−𝑇𝑀𝑎𝑥

𝑇𝑀𝑎𝑥
|, 

between the maximum thrust 𝑇𝑀𝑃𝑚𝑎𝑥[𝑁] generated by the optimised pair motor/propeller and the thrust 

imposed by the 𝐺𝑇𝑂𝑊, 𝑇𝑚𝑎𝑥[𝑁]. The maximum thrust generated by the optimised pair motor/propeller 

is given by: 

𝑇𝑀𝑃𝑚𝑎𝑥 = √𝑀𝑚𝑎𝑥
4 ∙

𝐶𝑇
5

𝐶𝑀
4 ∙ (

𝑁𝑚𝑎𝑥
60

)
25

 

 

(14) 

The thrust imposed by the drone 𝐺𝑇𝑂𝑊 is deduced from the acceleration 𝑎𝑐 required during the flight: 

𝑇𝑀𝑎𝑥 =
𝐺𝑇𝑂𝑊∙(𝑔+𝑎𝑐)

𝑁𝑝
, where 𝑔 and 𝑁𝑝 are receptively the gravity acceleration and propulsion chain 

number. An error reference value 𝜀𝑟𝑒𝑓 =  5% is fixed as threshold value in order to make the filtering 

process. The motor/propeller combinations which are able to generate the thrust imposed by the 

specifications are given by table 2. It is remarkable that the two combinations in terms of the specific 

efficiency 𝜂𝑀𝑃 remain equivalent, which makes the choice between them very similar. The combination 

1 is used in the considered drone for the validation.  

 

  Table 2: Sizing process methodology outcome, 

Combination number  Motor specification  Propeller parameters  Thrust efficiency 

1 

2  
𝑈7 − 𝑉2.0 𝐾𝑉420 

𝑈7 − 𝑉2.0 𝐾𝑉490 
𝑃18𝑥6.0 
𝑃20𝑥6.7 

0.0528 (𝑁/𝑊) 

0.0528 (𝑁/𝑊) 
 

 

      Table 3: Mass evaluation of the propulsion chain components. 

Component   Propeller   Motor   ESC Battery Fuel cell stack Hydrogen tank Hydrogen 

Mass(𝑘𝑔) 0.0395 0.3071 0.0482 6.58 4.1825 2.3204 0.077 
 

5.2. Energy storage sizing and flight time comparison 

The sizing of the storage energy system is based on the maximisation of the flight time by keeping the 

𝐺𝑇𝑂𝑊 as minimal as possible. After the optimal motor/propeller pair has been selected by the 

optimization algorithm, the sizing of the ESC part will be conditioned by the maximum current imposed 

by the motor. The fuselage dimensioning part is not considered in this paper, it is assumed that it is 

ready. The drone mass is estimated as: 𝑚𝑐𝑜𝑝𝑡𝑒𝑟 = 𝑚𝑠𝑡𝑜𝑟𝑎𝑔𝑒𝐸𝑛𝑒𝑟𝑔𝑦 + 𝑚𝑜𝑡ℎ𝑒𝑟𝑠. 

• Battery sizing: from the discharging time of battery, the drone flight time is related to the 

motor/propeller efficiency by: 

𝑡𝑓𝑙𝑖𝑔ℎ𝑡 =
𝜂𝑒 ∙ 𝜂𝑏 ∙ 𝜌𝑏 ∙ 𝑚𝑏𝑎𝑡 

( 𝑚𝑏𝑎𝑡 + 𝑚𝑜𝑡ℎ𝑒𝑟𝑠) ∙ 𝑔
∙ 𝜂𝑀𝑃 

(15) 

 

• HFC sizing: from the discharging time in the HFC case, the drone flight time is related to the 

motor/propeller efficiency by: 

𝑡𝑓𝑙𝑖𝑔ℎ𝑡 =
𝜂𝑒 ∙ 𝜂𝐹𝐶 ∙ 𝐿𝐻𝑉 ∙ 𝑚𝐻2

( 𝑚𝑆𝑇𝐴𝐶𝐾 + 𝑚𝑜𝑡ℎ𝑒𝑟𝑠) ∙ 𝑔
∙ 𝜂𝑀𝑃 

(16) 

 

where 𝑚𝑆𝑇𝐴𝐶𝐾 is the stack fuel cell mass, which is given by: 𝑚𝑆𝑇𝐴𝐶𝐾 = 𝑚𝐹𝐶 +𝑚𝐻2 + 𝑚𝑡𝑎𝑛𝑘. 

A simulation is carried out based on validation drone data given in table 1. By fixing other parameters 

and varying the battery mass or the hydrogen mass; the evolutions of flight time in term of the battery 

mass or the hydrogen mass are given in figure 10(a-b). It’s observable, for both cases, that the flight 

time increases at first, and then decreases as the battery mass or the hydrogen mass increases from 0 to 

∞. The decreasing of the flight time is caused by the decreasing of the thrust efficiency when the drone 

weight is too heavy. Usually, the flight time maximum is not reached, because the energy storage system 

mass is limited by the 𝐺𝑇𝑂𝑊. Thus, the optimum weight of the battery must be sought in the permitted 

region given in figure 10(a-b). The optimised parameters of the hydrogen fuel cell are: 𝑁𝑐𝑒𝑙𝑙  =  32, 

𝐴𝑐𝑒𝑙𝑙 =  0.0486 𝑚
2 and 𝑉𝐹𝐶  =  22.2𝑉 . Once the battery mass is calculated, the battery capacity is 
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given by: 𝐶𝑏 =
𝑚𝑏𝑎𝑡·𝜌𝑏

𝑈𝑏
. Based on the regression model of each component, a mass estimation of the 

propulsion chain is given in table 3. The fuselage mass and load mass are given in table 1. The optimised 

gross take-of weight is given by 𝐺𝑇𝑂𝑊 = 14, 9747𝑘𝑔. 

It is remarkable that the hydrogen fuel cell allowed to have an autonomy of 30 min, in comparison with 

the battery which allowed only 14 min of autonomy, that is to say half compared to the hydrogen cell 

(Figure 11). Indeed, the hydrogen fuel cell remains the best solution for long-flight missions at low 

altitudes 

 
Figure 10: Flight time evolution,  

Figure 11: Flight time 

comparison. 

6. Conclusion 

In this paper a sizing methodology is presented and developed for propulsion chains used in e-VTOLs. 

This methodology is based on analytical design, used to select the optimal motor/propeller pair, and 

statistical technics in order to estimate the 𝐺𝑇𝑂𝑊. Its main advantages reside in its high accuracy, very 

fast computing time and simple to implement. The comparison between two energy sources, namely a 

LiPo battery and a PEM hydrogen fuel cell, has shown the interest of hydrogen fuel cells for this type 

of aeronautical application. However, some perspectives are suggested, especially the extension of the 

validation step to real scale examples, and the consideration of a hybrid energy storage structure with 

battery and fuel cell or supercapacitor and fuel cell in order to improve the reliability and to maximise 

the range for a flight mission. 
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