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Abstract 

Title:   A First-Principle Power and Energy Model for eVTOL Vehicles 

Author:  Max Skuhersky 

Advisor:  Markus Wilde, Ph.D. 

A number of well-established aircraft manufacturers, such as Airbus, Boeing, or Bell, along 

with new startups have begun developing flying prototypes of electric Vertical Takeoff and 

Landing vehicles (eVTOL). To certify this emerging type of air mobility vehicles for 

commercial use, the Federal Aviation Administration (FAA) is considering adjusting 

currently used certification procedures for small aircraft to include eVTOL vehicles. One of 

the hurdles to this approach is that eVTOL vehicles are neither able to glide like a small, 

fixed-wing aircraft, nor to autorotate, like a helicopter, if the batteries are depleted. 

Therefore, active energy management and energy awareness by the pilot is needed to safely 

operate an eVTOL vehicle. To do this, the cockpit must be equipped with an energy 

management display, informing the pilot about momentary power demand and about 

projected energy expenditures. To assess the operational capabilities and safety of eVTOL 

vehicles, the civil aviation authorities require simulation tools to evaluate the energy 

consumption of standard flight profiles. No published research addresses the need for 

energy-based trajectory simulation and for real-time power draw prediction. This thesis fills 

this capability gap by developing a way to simulate power and energy consumption for an 

eVTOL vehicle over variety of user specified two-dimensional flight profiles.  

 

Depending on the propulsion approach, four major eVTOL vehicle types are recognized by 

the model based on the currently developed prototypes: tilt propulsion, tilt wing, distributed 

propulsion, and fixed propulsion. The model accepts user input specifications for these 

vehicle types, along with information on the desired flight profile and environmental 
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disturbances. To allow for multiple flight profile iterations to be run in sequence, the model 

also accepts batch input for the range of flight profile variations to be simulated. Forces 

acting on the vehicle at each time step of tis flight are then computed, and power and energy 

related outputs are generated. 

 

The first-principle power and energy model developed within this thesis can serve as a first 

step towards an inflight power and energy management system for eVTOL vehicles, to 

satisfy the near future certification requirements associated with these vehicles. The model 

provides estimates on instantaneous battery power draw throughout the simulated flight 

profile along with energy requirements for the vertical, transition, and cruise flight phase. 

Although generating results within expected theoretical magnitudes, the model is yet to be 

validated experimentally.  
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1. Motivation and Objectives 

Chapter 1 of this document introduces main drivers behind the research described in this 

thesis, eVTOL related published journals and papers, and an outline of the model approach. 

The following chapter then focuses on relevant theory used within the model while Chapter 

3 goes into detail of the computational model itself. Chapter 4 and 5 then present sample 

simulation results and discussion, respectively. Chapter 6 concludes the work and suggests 

future areas of focus.  

1.1 Objectives 

The purpose of the study presented in this thesis is to develop a universal first-principle 

model capable of calculating power and energy requirements for variety of electric Vertical 

Takeoff and Landing Vehicles (eVTOL) vehicle designs operating in user-specified 

conditions. The goal is for the model to be capable of taking in specifications for vehicles, 

flight profiles, and environmental conditions and of producing time series for instantaneous 

power draw throughout the flight along with total energy distribution between individual 

flight phases. The three flight phases to be distinguished by the model are: vertical, transition, 

and cruise flight.  

The model shall handle vehicle characteristics input for the fundamental types of current and 

near future eVTOL designs such as: mass, aerodynamic properties, and propulsion approach 

type. Additionally, the model shall handle a variety of takeoff and landing flight profile 

specifications defined by acceleration limits, vertical and horizontal speeds, and transition 

conditions. The model shall also take into consideration possible environmental conditions 

such as rain, lateral gusts, or longitudinal winds. 

Having the above-mentioned input specifications set, the model shall simulate the desired 

flight path and forces acting on the vehicle during vertical takeoff and landing, cruise flight, 

and the transition flight phase between vertical and cruise flight. Based on these simulated 
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flight conditions, the model shall then output information on instantaneous power draw 

requirements at each point during the flight along with total battery energy requirements for 

the vertical, transition, and cruise flight phases. 

The user of the model shall be able to easily switch between various vehicle designs and 

flight profiles through a user interface or input file. To reduce the required interaction 

between the user and the model, the model shall also be able to run multiple flight profile 

variations in sequence. This is to be achieved through a batch input specifying the variation 

between desired flight profiles. The batch simulation option will allow the comparison of 

power and energy requirements through easy-to-read power and energy data output. 

1.2 Motivation  

The field of eVTOL underwent a significant growth in the past decade. Many experienced 

aircraft manufacturers along with new start-ups have come forward with unique vehicle 

designs to participate in this emerging trend. Although some designs are still only in a 

conceptual phase, flying prototypes exist. Some examples of functional eVTOL vehicle 

prototypes are: Vahana from A3 by Airbus (Figure 1a), Pav by Boeing (Figure 1b), Lilium 

Jet by Lilium (Figure 1c), and SureFly by Workhorse (Figure 1d).  

The primary challenges of vertical takeoff and landing lie in providing vertical thrust during 

takeoff and landing, efficient lift and thrust during forward flight, and transitioning between 

the vertical and forward flight domains. The above-mentioned prototypes were selected to 

represent the four most common design approaches for eVTOL vehicles. A tilt wing vehicle, 

represented by the Vahana (Figure 1a), is using lifting surfaces to provide lift during cruise 

flight, with propellers under the wings providing thrust. For vertical takeoff and landing, the 

wings and propellers are tilted up to 90°, with the tilt being gradually reduced during 

transition to forward flight. A distributed propulsion vehicle, as the Pav (Figure 1b), has 

separate propellers for vertical and horizontal thrust and is equipped with fixed lifting 

surfaces. The Lilium jet (Figure 1c) represents a tilt propulsion vehicle. In contrast to tilt 

wing vehicles, tilt propulsion vehicles change the thrust vector angle of the propulsion 
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system without affecting the pitch angle of the lifting surfaces. A fixed propulsion vehicle 

is represented by the SureFly (Figure 1d). This vehicle type has its propulsion system rigidly 

attached to the vehicles frame, requiring tilt of the whole vehicle to change the thrust angle 

to transition from vertical flight to forward flight.  

It can be argued that the recent progress in the field of passenger carrying, urban air mobility, 

eVTOL vehicles was first spearheaded in 2015 through series of NASA On-Demand 

Mobility (ODM) workshops. These workshops tackled the goals and technical challenges 

associated with eVTOL vehicles [1]. Following this effort in 2016, UBER released a call 

asking developers to manufacture VTOL vehicles while focusing on market analysis 

themselves. This call was part of a white paper called “Elevate,” where commercial 

feasibility of Urban Air Mobility (UAM) vehicles was assessed [2]. Figure 2 depicts an 

analysis done in this paper, comparing a commute between San Francisco and San Jose 

through VTOL and regular on-ground transportation. 

    
                      a) Vahana – Airbus [21]                   b) Pav – Boeing [22] 

    

                  c) Lilium Jet – Lilium [23]              d) SureFly – Workhorse [24] 

Figure 1: Functional eVTOL Prototypes 
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Figure 2: Estimated Passenger eVTOL Trip Analysis [2] 

Based on Figure 2, the preliminary commercial feasibility studies show optimistic near-

future predictions for the field of on-demand urban air mobility. In addition to this, all of the 

mentioned prototypes have been demonstrated in flight and are maturing in development and 

testing. However, before any of these vehicles see commercial flight they must be certified 

by the civil aviation authorities (CAA). The Federal Aviation Administration (FAA) in the 

United States and the European Aviation Safety Agency (EASA) in Europe are currently in 

the process of developing appropriate certification procedures. Instead of only focusing on 

creating new certification requirements, both agencies are currently looking into the option 

of adjusting present certifications for light aircraft, as mentioned in the Small Airplane Issues 

List (SAIL) Q2 FY 2019 Release [3, 4]. In particular, the FAA considers adjusting part 23 

of title 14 of the Code of Federal Regulations (14 CFR 23) with special conditions to allow 

for certification of eVTOL Urban Air Mobility vehicles (UAM).  

FAA, in discussion with UBER, have looked into other certification procedures to be 

adjusted for eVTOL vehicles. However, it has been determined that 14 CFR 23 currently 

covers most of applicable requirements, requiring the least percentage of the rules sections 

to be adjusted [5]. A comparison of rule section applicability towards the certification of 

eVTOL vehicle between 14 CFR 23 and 14 CFR 27 is depicted in Figure 3. 
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Figure 3: Certification Basis Comparison [5] 

One of the hurdles prohibiting the use of 14 CFR 23 for certification of eVTOL vehicles is 

proper display of thrust and energy management [3]. It must be ensured at all times that the 

vehicle has enough energy stored in its batteries to perform critical flight maneuvers and that 

this information is continuously communicated to a pilot or a control system. If the estimate 

of the required power to maintain a flight state or the required energy to safely complete a 

maneuver exceeds the available reserves, the pilot must be warned and provided with a 

suggested plan of actions. In addition, the CAA need tools to verify statements made by the 

aircraft manufacturers pertaining to achievable flight performance, range and safety margins, 

in order to assist them in the flight safety assessment and airworthiness certification process.   

Both for flight envelope assessment and the real-time computation of power and energy 

margins, simulation models calculating the power demands for active flight phases, flight 

conditions, and aircraft configurations are needed. With technical advice and support by 

subject matter experts at the FAA Small Aircraft Directorate, Florida Tech is currently 

looking into the development of a system for the prediction of flight power and energy 

requirements for eVTOL aircraft. The first step in the development of such a system is the 
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development of first principle estimation models for flight power and energy of the four 

fundamental types of eVTOL aircraft and for a representative reference flight profile. 

1.3 Literature Review 

Since the field of eVTOL vehicles is relatively new, most of related research has emerged 

only within the past ten years. The majority of the publications in this nascent field are 

focused on controls related issues associated with the complexity of VTOL flight profiles [6, 

7]. Only a small number of studies investigating the challenge of eVTOL vehicle design and 

the associated power and energy requirements could be found [5, 6, 7]. Some researchers 

have focused their work on the design optimization, trajectory optimization and performance 

modeling for VTOL. Brown and Harris [8] consider four VTOL capable aircraft 

configurations labeled as lift + cruise, compound helicopter, tilt wing and tilt rotor for a 

design optimization model. The model is used in a trade-off study across a range of 

operational scenarios to analyze optimal maximum takeoff weight, battery weight cost per 

trip per passenger, and noise levels. 

Pradeep and Wei [9] present a numerical study approach to obtain the most energy efficient 

descent trajectory for a fixed propeller eVTOL vehicle. The study optimizes the vehicles 

trajectory based on a flight dynamics and performance model. The flight dynamics model 

assumes most of the vehicle surfaces to act as flat plates and uses drag coefficients of 1.0. 

The performance model calculates power induced by the propeller to air based on energy 

balance and momentum theory.  

Although not focusing purely on eVTOL vehicles, Donateo et al. [7] study the performance 

of propulsion hybridization for helicopter-like aircraft. The group developed a power and 

dynamics model to analyze the additional mass that would be required for the addition of 

electric batteries and motors to a gas-powered vehicle. The model is also used to analyze the 

total power required at each point through the simulated flight scenarios. Both flight 

scenarios included vertical takeoff and landing, with one assuming an engine failure. 
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Although literature research produced existing work developing well-defined models 

pertaining to VTOL vehicles, the areas of focus are limited to either a specific vehicle, flight 

profile scenario, or an output not within the scope of the problem statement of the present 

work, as defined in section 1.1. Some of the underlying assumptions, such as drag coefficient 

approximations, also seem to limit the utility of the published models. Therefore, a model 

simulating instantaneous power draw and total energy requirements while allowing for 

variability in vehicle, flight profile, and environmental conditions input is missing. This 

thesis aims to fill this gap and enable future eVTOL power and energy related research. 

1.4 Modeling Approach 

Prior to the model simulation, the user specifies desired vehicle, flight profile, and 

environmental condition inputs, along with time step and desired batch input configuration.  

The eVTOL vehicle type is to be specified as either tilt wing, distributed propulsion, tilt 

propeller, or fixed propeller; as described in section 1.2 and Figure 1. Choosing one of these 

types allows the user to specify additional details for the desired vehicle. In the example of 

a tilt wing vehicle type, such an additional detail covers which lift surfaces of the vehicle 

have tilt capability. Total vehicle mass, number of propellers and their propeller disc areas 

are entered next. In order to assure generality of the model across a broad spectrum of vehicle 

configurations, drive train details are specified in terms of propeller, motor, transfer, battery, 

and “other” efficiencies. It is assumed that the user or vehicle manufacturer can provide this 

information based on experimental data for the specific hardware used in the vehicle.  

To solve for aerodynamic forces acting on the vehicle throughout its flight, its dimensions 

and aerodynamic properties must be specified. The model accepts tabular input of lift and 

drag coefficients vs. the angle of attack (AoA) for up to four lifting surfaces and for the 

fuselage of the vehicle in the form of individual Excel files. Constant drag coefficients 

parallel and perpendicular to the cord line of the lifting surfaces must also be entered, to be 

used if the lift and drag curve data is missing or incomplete, or if the simulation has the 
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lifting surfaces operating outside of the specified angles of attack. The lift and drag values 

for a specific AoA are then obtained through flat plate approximations. 

Apart from lateral gust disturbances that will be defined in section 2.2, the model operates 

in X-horizontal and Z-vertical two-dimensional plane. Therefore, the vehicle flight profile 

must be defined as such. First, the flight maneuver type must be specified as either takeoff 

or landing. An example of a landing scenario, Figure 4, is used next to describe the expected 

definition of a flight profile.  

 

Figure 4: Landing Flight Profile 

Figure 4 depicts a landing flight profile in an urban environment with an obstacle dictating 

the conditions for the transition from cruise to vertical flight. The landing flight profile can 

be divided into three flight phases: cruise, transition, and vertical flight. The model expects 

separate flight profile inputs in horizontal and vertical direction. The initial horizontal cruise 

speed, vertical altitude, and horizontal distance from the landing area, 𝑣𝑐, ℎ𝑐, and 𝑑𝑙, are 

defined at point 1. The beginning of horizontal deceleration, 𝑎𝑑ℎ, is then depicted by point 

2. Point 3 symbolizes the horizontal distance from the landing area, 𝑑𝑡, at which it is safe for 

the vehicle to begin accelerating vertically towards the ground, 𝑎𝑑𝑣. At point 4, the vehicle 

reaches targeted vertical descent rate, 𝑣𝑑𝑟, and at point 5 the vehicle decelerates to targeted 
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horizontal position. Finally, the vehicle beings to decelerate vertically at point 6, 𝑎𝑑𝑣, and 

lands at the desired landing area depicted by point 7. 

In comparison to the landing scenario, the takeoff flight profile information expected by the 

model varies slightly. Specifically, the location of the initiation of the transition flight phase 

is now dependent on the vertical distance from the ground, ℎ𝑡, instead of on the horizontal 

distance from the target landing area as in the landing scenario. The remainder of takeoff 

flight profile specifications resemble the landing inputs closely. Description of the input files 

is further elaborated in section 3.1 

To complete the specification of the model inputs, the environmental conditions for 

longitudinal winds, lateral gusts, and rain intensity must be entered. The longitudinal winds 

are defined in the horizontal x-direction of the flight profile. These winds are assumed to be 

remain constant throughout single takeoff or landing maneuver but can be iterated through 

the batch input variability option. Lateral gusts are defined in the horizontal y-direction of 

the flight profile. Gust speed and initial and final gust x-position are expected by the input 

file. Both, longitudinal winds and lateral gusts will affect the aerodynamic forces acting on 

the vehicle throughout its flight. Rain is modeled to affect the vehicle by applying force in 

the negative z-direction and further affecting its propeller efficiencies. Shall rain be present, 

the model is expecting information on rain intensity in 
kg

s∙m2, rain fall speed, and additional 

percent propellers efficiency reduction. The approach of integrating these environmental 

conditions within the model is described in section 2.2. 

To simulate power and energy related requirements based on user specified input, the model 

first generates the flight trajectory, as depicted in the sample landing flight profile of Figure 

4. This provides the model with information on position, velocity, and acceleration at each 

time step of the simulation. Aerodynamic forces along with thrust and thrust angle are 

obtained through an iterative computation of the equations of motion of the vehicle. At this 

point, power imparted to the fluid required to achieve the thrust can be obtained using the 

propeller characteristics. To convert the propulsive power to battery power draw, propeller, 
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motor, and drive train efficiencies must be considered. Summations of the instantaneous 

battery power draw at each time step of the flight profile then represent the vehicle total 

energy requirements for the particular flight profile.  

The model outputs a set of six plots and two tables to allow the user to analyze the simulated 

flight profile. The six plots depict data on flight profile trajectory, vertical position and 

velocity, horizontal position and velocity, aerodynamic forces, required thrust and thrust 

vector angle, and instantaneous battery power draw. The output tables then focus on total 

flight phase dependent energy and flight time values.  

The theory behind the flight profile related calculations is described in Chapter 2, where 

relevant equations, free body diagrams, and control volumes used to derive the theoretical 

approach are outlined. The model coding structure and computational approach is then 

described in detail in Chapter 3. 
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2 Theory 

The following sections cover the theory used within the model to calculate the forces acting 

on a vehicle at each point of its flight. The first section outlines these forces along with the 

equations of motion governing the vehicle motion. Next, the derivation of the individual 

forces, such as aerodynamic forces, thrust, weight, are described. The last section of the 

theory then covers the actual power to be imparted to air  

 

2.1 Equations of Motion 

The forces acting on a vehicle throughout a specified flight profile can be derived directly 

from Newton’s second law of linear motion, Equation 1. Figure 5 depicts the vehicle free 

body diagram with all relevant forces defined. 

𝐹 = 𝑚 ∙ 𝑎 Equation 1 

As the vehicle acceleration is specified by the user throughout the flight profile and as the 

mass of the eVTOL vehicle is modeled to be constant, the total force acting on the vehicle 

at each point of the flight profile is known. However, the magnitude of the individual forces 

acting on the vehicle must be obtained. To simplify the calculation of these forces, the 

vehicle rigid body equations of motion are set in x, y, and z direction of Earth’s reference 

frame.  
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Figure 5: Vehicle Free Body Diagram 

As depicted by Figure 5, it is to be noted that the model operates mostly in two dimensions 

of Earth’s reference frame, x and z. This simplifies the free body diagram Figure 5, as the 

only force related to the y-direction is the aerodynamic force on the vehicle due to lateral 

wind gust disturbances, 𝐹𝑎𝑦. Based on the relevant forces acting on the vehicle of Figure 5, 

the user specified acceleration profile, and vehicle mass, the rigid-body equations of motion, 

Equation 2 through Equation 4, can be defined for the vehicle. Here, 𝑎𝑥, 𝑎𝑦, and 𝑎𝑧 are the 

flight profile related accelerations defined by the user. Vehicle mass is denoted by symbol 

m, weight by 𝑚 ∙ 𝑔, and force exerted on the vehicle from rain in the z-direction by 𝐹𝑟𝑧. 𝐹𝑎𝑥, 

𝐹𝑎𝑦, and 𝐹𝑎𝑧 are then the vehicle aerodynamic forces in x, y, and z direction, respectively. 

The thrust to achieve the user specified flight profile accelerations against all of the forces 

exerted on the vehicle is denoted by 𝑇. The thrust vector angles in the x-z and y-z planes are 

then described by Φ and Θ, respectively,  

𝑎𝑋 =
1

𝑚
(𝑐𝑜𝑠(Φ) ∙ 𝑇 − 𝐴𝐹𝑎𝑥) Equation 2 
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𝑎𝑌 =
1

𝑚
(𝑐𝑜𝑠(Θ) ∙ 𝑇 − 𝐴𝐹𝑎𝑦) Equation 3 

𝑎𝑍 =
1

𝑚
(𝑐𝑜𝑠(Φ) ∙ 𝑐𝑜𝑠(Θ) ∙ 𝑇 −  𝐴𝐹𝑎𝑧 − 𝐹𝑟𝑧 − 𝑚 ∙ 𝑔) Equation 4 

The force in the z-direction due to rain, 𝐹𝑟𝑧, is described by Equation 5. Here, the rain 

intensity in 
𝑘𝑔

𝑚2∙𝑠
, 𝐼𝑟, rain velocity in 

𝑚

𝑠
, 𝑣𝑟, and the vehicle reference area in the body x-y 

plane in 𝑚2, 𝐴𝑥𝑦, are to be specified by the user. The rain impact reference area is outlined 

in red in Figure 6, as for the distributed propulsion vehicle type represented by the PAV.  

𝐹rz = 𝐴𝑥𝑦 ∙ 𝐼𝑟 ∙ 𝑣𝑟 Equation 5 

 

Figure 6: Rain Impact Reference Area 

Unless otherwise specified by the user, the vehicle velocity and position at any time step can 

be calculated from the defined accelerations and other known conditions at the preceding 

time step throughout the simulation. The respective velocity V and position S equations are 
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defined by Equation 6 and Equation 7, where i represents the current time step and i-1 

represents the preceding time step. 

𝑉𝑖 = 𝑉𝑖−1 + 𝑎𝑖−1 ∙ 𝑑𝑡 Equation 6 

𝑆𝑖 = 𝑆𝑖−1 + 𝑉𝑖−1 ∙ 𝑑𝑡 Equation 7 

The equations of motion defined in this section serve as a basis for the computational model. 

All unknown forces defined in this section are solved iteratively, to match the user specified 

acceleration profile. This computational approach is defined in detail in Chapter 3 of this 

thesis. Aerodynamic forces associated with Equation 2 through Equation 4 are discussed 

next.  

2.2 Vehicle Aerodynamic Properties 

Traditionally, lift and drag of any lift surface are defined as forces perpendicular and parallel 

to the direction of incoming free stream flow. This is depicted in Figure 7, where the angle 

of attack, 𝛼, is the angle between the lift surface chord line and the free stream flow.  

 

Figure 7: Lift and Drag Components 

It is important to realize that the free stream flow is not always parallel with the ground, 

meaning that the lift and drag forces are not defined with respect to x and z direction of the 

Earth reference frame. This is depicted by Figure 8, where a complete takeoff and landing 
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flight profile for a sample vehicle is outlined. Here the vehicle takeoffs from an initial 

position on the left vertically with an angle of attack of around -90°. As the vehicle transitions 

into cruise flight, the angle of attack approaches the zero angle. The angle of attack during 

landing maneuvers approaches 90°, the opposite extreme compared to the takeoff maneuver.  

 

Figure 8: Angle of Attack With Respect to Flight Profile Phase 

Lift and drag, 𝐿 and 𝐷, of a wing can be calculated using Equation 8 and Equation 9 [10]. 

Here, CL and CD are experimentally obtained force coefficients directly proportional to the 

ability to generate lift and drag by a specific wing. These coefficients are commonly defined 

against a range of angle of attack and a reference area 𝑆. The function of this reference area 

is to scale between various physical dimensions, possibly from an experimental environment 

like a wind tunnel where CL and CD can be determined, to an actual real-life aircraft scale. ρ 

and 𝑣0 are the free stream density and velocity, respectively.  

𝐿 =
1

2
∙ ρ ∙ 𝑣0

2 ∙ 𝑆 ∙ 𝐶𝐿 Equation 8 

𝐷 =
1

2
∙ ρ ∙ 𝑣0

2 ∙ 𝑆 ∙ 𝐶𝐷 Equation 9 
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Figure 9 shows examples of lift and drag coefficient values for a NACA 0012 airfoil [11]. 

Typically, lift and drag coefficients are only provided within an angle of attack range where 

the flow stays relatively attached to the airfoil surface. Once the angle of attack crosses a 

critical threshold an airfoil is said to stall. At this point, the flow over the airfoil is mostly 

detached, causing significant drop in lift generation and an increase in pressure drag. Since 

typical aircraft operate strictly below the stall, any angle of attack, boundaries, lift and drag 

coefficient data outside of this operational regime are irrelevant for fixed-wing aviation. 

 

Figure 9: Lift and Drag Coefficient Curves: NACA 0012 

This is, however, not the case for eVTOL vehicles as they are also capable of vertical flight. 

Due to this capability, their respective lift surfaces are commonly exposed to angles of attack 

outside if what is traditionally assumed for standard aircraft. Although these surfaces would 

not be able to generate lift, respective lift and drag coefficient values are still necessary to 

create a realistic eVTOL dynamics model. 
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Data on aerodynamic properties of airfoils beyond stall angles of attack is available in 

literature. Scandia National Laboratories performed wind tunnel experiments focusing on 

aerodynamic properties of symmetric airfoils (NACA 0009, 0012, etc.) in the range of 0-

180° angle of attack [12]. An example for a NACA 0012H airfoil is presented in Figure 10.  
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Figure 11: Functional eVTOL Prototypes 

 

Figure 10: Airfoil lift and drag coefficient curves for AoA range 0°-180° – NACA 0012H [12] 
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In order to develop a realistic dynamics model for eVTOL vehicles, more experimental data 

on aerodynamic properties of individual lift surfaces and whole vehicles must be acquired. 

Until then, it is possible to approximate the aerodynamic forces on a vehicle at angles of 

attack beyond stall through a flow across a flat plate approximation.  

The aerodynamic force acting on a flat plate inclined at a given angle of attack relative to 

free stream can be calculated from a drag coefficient experimentally determined for flow 

perpendicular to the flat plate. The drag coefficient of a flat plate perpendicular to air flow 

is stated within a range of 1-1.3 [13]. Equation 9 can be used to obtain aerodynamic forces 

on lift surfaces of an eVTOL vehicle at high angle of attack by using the perpendicular 

component of the free stream velocity along with a drag coefficient for a flat plate. Figure 

12 depicts this approach. Here, 𝑣𝑏𝑥  is the velocity component parallel to the lift surface 

chord line and 𝑣𝑏𝑧 is the velocity component perpendicular to the lift surface chord line.  

 

Figure 12: Flat Plate Force Approximation 

It is to be noted that this approach is based on several assumptions, making it suitable only 

for initial estimates of the aerodynamic forces acting on a vehicle. The drag coefficient of a 

flat plate perpendicular to air flow is based mostly on its pressure drag. At angles of attack 

not directly perpendicular to the plate this assumption would not hold true as friction drag 

would have to be considered as well. 
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For both approaches, based on the CL and CD vs AoA or flat plate approximations, the 

calculated aerodynamic forces exerted by the lifting surfaces must be converted to the Earth 

reference frame. Knowing the angle of attack for each of the lifting surfaces, this conversion 

can be achieved through Equation 10 and Equation 11 and based on Figure 12. Depending 

on which quadrant, with respect to the Earth reference frame, is the free stream velocity 

located in, the signs of Equation 10 and Equation 11 must be adjusted accordingly. This is 

done automatically within the model.  

𝐹𝑎𝑥 = −𝑠𝑖𝑛(α) ∙ 𝐹bx − 𝑐𝑜𝑠(α) ∙ 𝐹bz Equation 10 

𝐹az = −𝑐𝑜𝑠(α) ∙ 𝐹bx + 𝑠𝑖𝑛(α) ∙ 𝐹bz Equation 11 

In the model, longitudinal winds and lateral gusts also contribute to the resultant 

aerodynamic force. While longitudinal winds contribute to the x component of the free 

stream velocity 𝑣𝑙 , as described by Equation 12, lateral gusts are the only component 

contributing to an aerodynamic force in the y-direction. This is due to the two-dimensional 

nature of the vehicle simulated motion. The aerodynamic force in y-direction, caused by 

lateral gusts, is obtained using the flat plate approximation approach and can be calculated 

based on Equation 9. Here the lateral gust velocity defined by the user is the only wind 

component in the y-direction. 

V∞ = √(𝑣𝑥 + 𝑣𝑙)2 + 𝑣𝑧
2 Equation 12 

2.3 Power and Energy Calculations 

For the purpose of this study, it is of interest to calculate the power drawn from the battery 

at each point of the vehicle flight, along with the total energy required for each phase of the 

specified maneuver (being the cruise, transition, and vertical flight phase). The power 

calculations are developed from momentum theory, using the control volume depicted in 

Figure 13 [14].  
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Figure 13: Control Volume: Flow Through Propeller [14] 

This derivation approach makes is based on the following simplifying assumptions. First, 

instead of individual propeller blades, the propeller is simplified as a thin actuator disc. 

Second, pressure and axial velocity of the flow passing through this thin actuator disc are 

constant, i.e. the pressure and velocity values do not vary with respect to propeller’s radius. 

Third, the flow passing through the actuator disc is also considered incompressible, well 

defined against surrounding air, and inherits no rotation due to propeller spinning.  

The thrust generated by the actuator disc can then be calculated using Equation 13 [14]. 

𝑇 = �̇�(𝑉3 − 𝑉0) Equation 13 



 

22 
 

In this equation, V3 is the control volume exit velocity, V0 is the control volume inlet velocity, 

or free stream velocity, and �̇� is the mass flow rate over the actuator disc as expressed in 

Equation 14 [14]. Here, 𝜌 is the average air density through the disc, 𝐴𝑑 is the area of each 

disc, and 𝑛 is the number of propellers on the vehicle. 

�̇� = ρ ∙ 𝐴𝑑 ∙ 𝑛 ∙
(𝑉3 + 𝑉0)

2
 Equation 14 

Since thrust can be obtained from the equations of motion defined in Equation 2 through 

Equation 4, knowing all the forces acting on the vehicle, and the free stream velocity V0 can 

be calculated from the vehicle flight profile, the only unknowns in Equation 13 and Equation 

14 are the flow exit velocity V3 and mass flow rate �̇�. Solving for either of these variables 

using two equations produces easily solvable quadratic equation. 

The power imparted to the fluid, Pf, passing through the actuator disc is expressed by 

Equation 15 [14]. 

𝑃𝑓 = �̇� (
𝑉3

2

2
−

𝑉0
2

2
) Equation 15 

Equation 15 can be solved at each point of vehicle flight to provide the required power that 

is to be imparted to the air passing through the vehicle propellers to produce the desired 

thrust obtained from the equations of motion, Equation 2 through Equation 4. 

This power, however, does not represent the power that is to be provided by the battery. To 

obtain this value, propeller η𝑝, motor η𝑚, and other drive train power loss efficiencies must 

be considered. The drive train efficiencies considered by the model are the transfer efficiency 

from battery to the motor, η𝑡, battery discharge efficiency η𝑏, and any other inefficiency of 

the drive train, η𝑜.It is assumed that the user is able to provide these efficiencies either based 

on experimental testing or manufacturer data sheets. Equation 16 is then the resultant 

equation for instantaneous power draw from the battery at each time step of the vehicle flight, 

𝑃𝑟𝑒𝑞. 
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𝑃𝑟𝑒𝑞 =
𝑃𝑓

η𝑝 ∙ η𝑚 ∙ η𝑡 ∙ η𝑏 ∙ η𝑜
 Equation 16 

Using efficiency values for the propeller 𝜂𝑝, motor 𝜂𝑚, and drive train 𝜂𝑡 , 𝜂𝑏 , 𝜂𝑜 to calculate 

battery power draw gives the model the ability to simulate any vehicle without the need for 

simulating complex propeller flows and other drive train phenomena. However, it is to be 

noted that this approach puts many input requirements on the user. Additionally, it is also 

assumed that the provided efficiency values remain constant through vehicle flight. This 

assumption limits the accuracy of the model as some of these efficiencies might be dependent 

on other variables, such as flow and environmental conditions for the propeller efficiency.  

For a small propeller powered aircraft of a scale of Classic Luscombe 8E, the experimentally 

acquired propeller efficiencies are around 80% [15]. The experimental study also suggests 

that the propeller efficiency increases with air speed, starting at 78.1 % at 60 mph to 81.3% 

at 100 mph. Propeller efficiency is commonly displayed against the advance ratio J, 

displayed in Equation 17. Here, V0 is the free stream velocity, n is the rotations per second 

of the propeller, and D is the propeller diameter.  

𝐽 =
𝑉0

𝑛 ∙ 𝐷
 Equation 17 

Figure 14 depicts propeller efficiency against advanced ratio for various blade angles for a 

5868-R6, Clark-Y section, three blade propeller [14]. The provided data suggest that at low 

free stream velocities, propeller efficiency can drop below 50 % and less. 
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Figure 14: Propeller Efficiency vs Advance Ratio [14] 

Modern electric motors for light aircraft have efficiencies reported up to 95%, as for the case 

of a Siemens SPD260 installed on an Extra 300LE experimental electric aircraft [16]. 

Depending on wire type and inverters used on the vehicle, transfer power losses will wary. 

Standard DC-DC inverters have efficiencies in the range of 97%, while wire power losses 

are negligible for the distances within an aircraft [17]. Battery discharge efficiencies can be 

estimated in the range of 97% as well [18]. It is assumed the user of the model would be able 

to provide specific efficiency values to the model, based on either flight or ground tests or 

based on information from the manufacturers of specific hardware components.  

Finally, the energy to be stored by the vehicle batteries for the complete maneuver or its 

specific flight phases, such as takeoff, cruise flight, and transition flight, can be obtained by 

Equation 18.  

𝐸𝑟𝑒𝑞 = ∑ 𝑃𝑟𝑒𝑞(𝑡)

𝑡=𝑛

𝑡=0

 Equation 18 
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Knowing the vehicle instantons battery power draw, Preq, its summation over flight profile 

time intervals will result in energy requirements of the eVTOL vehicle. 
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3 Numerical Model 

The numerical model to acquire power and energy estimates for an eVTOL vehicle by 

combining the theory outlined in Chapter 2 is outlined in this section. Specifically, details of 

the input file format, model computational approach, and output information will be 

described. The complete outline of the numerical model is depicted in Figure 15. 

 

Figure 15: Model Outline 

As suggested in the outline, the main iteration loop of the model is the most computationally 

intensive compared to other sections of the model. Based on user defined time step, number 

of batch input iterations, and the type of eVTOL vehicle to be modeled, the time to complete 

the simulation run can vary significantly.  In case of some of the model iterations not 
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converging, the model has set limits at which it terminates and informs the user of the error. 

This is addressed in more detail in the following sections. 

3.1 Input File 

Vehicle and flight profile specifications are entered into the model through a separate Excel 

file. In total, seven Excel sheets are part of this main Excel file, however, only three must be 

specified by the user per simulation, based on the desired vehicle type and flight profile. The 

whole Excel file is formatted such that corresponding Excel cells are tied to initiation of 

respective variables in the MatLAB model. Therefore, it is important for the user not to 

change the position of the Excel cells, unless appropriate pointers within the MatLAB model 

are changed as well. 

The first sheet of the Excel file serves as “Main Menu,” where the user specifies the vehicle 

and flight profile type, along with additional model details such as air density, model time 

step, and batch input specifications. The Main Menu sheet is depicted in Figure 16. The sheet 

has cell flags corresponding to the four vehicle types, two flight profile maneuver types, and 

a batch input option. To select a specific type, the user is expected to enter “1“ for desired 

cell flags, and “0“ for all other flags. In the case of Figure 16, a tilt propeller vehicle is to be 

modeled for a range of takeoff flight profile conditions, with two iterations in addition to the 

initial takeoff flight profile condition. 

 

Figure 16: Main Menu Specification Sheet 
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The batch input option allows the user to run multiple flight profile variations in sequence 

without having to manually enter new flight profile conditions after each model run. For 

example, the user can specify minimum and maximum cruise altitude along with the desired 

number of iterations to be run in between these two limits. The model then runs the specified 

number of iterations and outputs power and energy data for all simulated flight profiles.  

Air density and computational time step must also be specified in the Main Menu. However, 

it is to be noted that changing the model time step below 0.1 s greatly increases the 

computational time, while increasing the model time step above 0.5 s will decrease the 

accuracy of the simulation. 

Following the example of sample Main Menu input selection as depicted in Figure 16, the 

user would navigate to the “Tilt Propeller” vehicle type sheet next. This vehicle 

specifications sheet is depicted in Figure 17. Here, the user is expected to enter vehicle 

parameters related to mass, propellers, drive train, and aerodynamic properties.  
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Figure 17: Vehicle Specification Sheet 
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As described in section 2.2, the dimensions and aerodynamic properties of all lift surfaces 

must be entered. In case of available experimental lift surface data on CL and CD vs AoA, 

exact names of Excel files containing this data must be entered in the last section of this 

Excel sheet, “Aerodynamic Properties (cd vs cl vs AoA)”. The format of these additional 

Excel files specifying the lift surfaces must be of three columns. Values of angle of attack 

must be in column A, lift coefficient values in column B, and drag coefficient data in column 

C. A sample of such formatting is shown in Figure 18. 

 

Figure 18: Cl, Cd vs AoA Format 

The remaining vehicle type specification sheets for tilt wing, distributed propulsion, and 

fixed propeller follow similar formatting, with few exceptions. Compared to a tilt propeller, 

a tilt wing vehicle sheet has additional tilt wing flag cells for its lift surfaces. When set to 

“1,” the model will assume that these lift surfaces tilt with respect to the desired thrust angle. 

The cruise angle of attack for tilt lift surfaces is also specified against the thrust vector angle, 

rather than the horizontal x-y plane. The only difference of the distributed propulsion type 

input compared to the tilt propeller is the need to specify vertical and horizontal propellers 

separately. As a fixed propeller vehicle type tilts its whole body to adjust the thrust vector, 

its lift surface angles of attack are specified with respect to the thrust vector angle, similarly 

to a tilt wing vehicle. 

Last, desired flight profile conditions must be provided. As mentioned at the beginning of 

this section, the user has the option to enter lower and upper limits for most of the variables 

of the desired flight profile. The model then takes these variable range limits and iterates 

between them at constant increments based on the number of iterations desired. Apart from 
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the flight profile specifications, the user can also enter environmental disturbances to be 

simulated by the model in this sheet. Namely, values for longitudinal wind, lateral gusts, and 

rain disturbances can be entered. The takeoff flight profile specification sheet is depicted in 

Figure 19.  

The longitudinal winds are assumed to remain constant throughout the whole flight 

maneuver. However, a batch input range can be specified such that individual flight profile 

simulation iterations have different values for the longitudinal wind. Similarly to the 

longitudinal wind, the speed must also be entered for a lateral gust. In addition to wind speed, 

lateral gusts also have the possibility to be bounded by initial and final position with respect 

to the x-direction. This option allows for a simulation of a flight in an urban environment 

with tall buildings, where winds can be focused in narrow passages created by these 

buildings to interact with the flying vehicle.  

The landing flight maneuver specification sheet has the same formatting for environmental 

disturbances, though few differences are present in the flight profile inputs. In particular, the 

transition position from cruise flight to vertical landing flight is dependent on the x-distance 

from the target landing area, as depicted in Figure 4, of section 7. 
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Figure 19: Takeoff Flight Profile Specification Sheet 
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Once all the desired vehicle and flight profile variables are entered within the input Excel 

file, the file, along with the CL, CD vs AoA data files, is to be saved in the same directory as 

the MatLAB model file. Upon starting the model, the data from all Excel files will be read 

to initialize variables within the model. Depending on the size of the lift surface CL, CD vs 

AoA Excel files, this process can take up to a few minutes. After successful variable 

initialization, the model will begin the simulation, as described in the next section. 

3.2 Flight Profile Related Calculations 

This section of the numerical model description is focused on the main flight profile related 

computational loop of the model, depicted by Figure 15 of chapter 3.  

3.2.1 Batch Input Iteration Loop 

The first loop iteration of the model addresses the change in all variables specified by the 

batch input entries. To do such, the model re-initializes the desired flight profile variables 

by a constant increment in each iteration. As a result, the flight profile along with the 

environmental conditions can be varied slightly without the need of manual input after each 

simulation run. An example of the batch input ability is displayed in Figure 20, where a 

landing flight profile is varied with respect to its initial position from target landing area 

along with vertical and horizontal velocities and accelerations. In case of the batch input 

ability not being used, the loop would be only run once, simulating a single flight profile. 
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Figure 20: Flight Profile - Batch Input 

3.2.2 Flight Profile Simulation Loop 

For each iteration of the flight profile variables are initialized in the model. A while loop 

structure is responsible for simulating the specified maneuver, along with the computation 

of all forces acting on the vehicle and required power and energy at each of its steps. The 

termination conditions of this while loop is dependent on the completion of the flight profile 

simulation with respect to vehicle position. For a takeoff maneuver, this loop terminates after 

the vehicle reaches the user specified horizontal distance from the takeoff area. In the case 

of a landing maneuver, the while loop terminates after descending to the ground level, at 

altitude of zero meters.  

The loop marches forward in user specified time steps. At each time step the following 

variables are solved for: 

 Vertical and horizontal position 𝑠𝑥 , 𝑠𝑦, velocity 𝑣𝑥, 𝑣𝑦, and acceleration 𝑎𝑥 , 𝑎𝑧 

 Aerodynamic forces 𝐹𝑎𝑥, 𝐹𝑎𝑦, and 𝐹𝑎𝑧 

 Thrust 𝑇, thrust vector angles 𝛷 and 𝛩 

 Propeller exit velocity 𝑣3, propeller mass flow rate �̇� 
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 Power imparted to fluid 𝑃𝑓, Instantons battery power draw 𝑃𝑟𝑒𝑞 

 Energy required 𝐸𝑟𝑒𝑞  

Vehicle position and velocity are solved for using Equation 6 and Equation 7. Although 

acceleration and deceleration magnitudes are specified by the user, the duration for which 

the vehicle either accelerates or decelerates is controlled by the model. In general, the vehicle 

is set to accelerate until the specified cruise or vertical flight speed is reached. The condition 

for deceleration is dependent on current position, target position, and deceleration. The 

model considers the specified deceleration rate and calculates the distance the vehicle needs 

to slow down to either vertical or horizontal zero position. This is done using Equation 19, 

where Ds is the distance required to slow down, Vad is the average velocity through 

deceleration, Vv is the current vehicle speed in either x or z direction, and ad is the desired 

deceleration rate. 

 𝐷𝑠 = 𝑉𝑎𝑑 ∙ (
𝑉𝑣

𝑎𝑑
) Equation 19 

Once the vehicle crosses this distance threshold, the specified deceleration rate is triggered 

by the model. While this approach ensures smooth velocity change to simulate the specified 

flight profile, the change in vehicle accelerations is assumed to be instant. It is to be noted 

that these sudden spikes in acceleration are not realistic as a real eVTOL vehicle is limited 

to a certain rate at which it can change its thrust vector angle.  

Knowing vehicle x and z velocities, along with user specified wind disturbances, the free 

stream wind speed and angles of attack on the lift surfaces can be obtained at each time step. 

This allows for calculation of aerodynamic forces acting on the vehicle through Equation 8 

and Equation 9, and the approach described in section 2.2. To do such, the model first checks 

whether the user supplied additional CL, CD vs AoA data for the vehicle lift surfaces. If that 

is the case, the model checks, at each time step, whether the angle of attack for each lift 

surface is within the range specified by these files. If yes, the provided lift and drag 

coefficients are used to calculate lift and drag with respect to the free stream direction. For 

angles of attack outside of specified range, the flat plate approximation approach, as 
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described in section 2.2, is used to calculate the drag of each lift surface perpendicular to its 

flat surfaces. In both cases, resultant forces have to be converted to the Earth’s reference 

frame, as described by Equation 10 and Equation 11. 

In case of tilt wing or fixed propulsion vehicle type, the angle of attack of some of lift 

surfaces, depending on user specification, also depend on the vehicle instantons thrust vector 

angle. Since this angle is not calculated until the equations of motion are solved, the thrust 

vector angle from the preceding time step is used instead. Although this approximation 

works well for most of the flight profiles, the thrust angle varies significantly with respect to 

its preceding time iteration during certain maneuvers. Specifically, whenever the vehicle 

experiences major change in its desired acceleration, resulting in change of required thrust 

vector angle, this approximation breaks and the aerodynamic forces based on the angles of 

the preceding time step vary noticeably. To avoid this, the model checks for the difference 

between the thrust vector angle from previous time step and the actual thrust vector angle 

solved for within the equations of motion. Shall this difference be larger than half a degree 

for two consecutive time steps, the model goes back on time step and re-calculates the 

aerodynamic forces using the newly obtained thrust vector angle. This approach is repeated 

until the difference between the two angles is lesser than half a degree. 

With all of the external forces acting on the vehicle accounted for, the equations of motion, 

Equation 2 through Equation 4, can be solved for thrust magnitude and thrust vector angles 

in x-z and y-z plane. The model solves this set of non-linear equations by first rearranging 

the equations of motion in the form of Equation 20 through Equation 22, and then 

incrementally increasing thrust magnitude from an initial guess by a 0.1 N until the right side 

of Equation 22 matches the desired vertical acceleration within specified error of 0.01 
𝑚

𝑠2.  

Φ = 𝑎𝑠𝑖𝑛 (
𝑎𝑋 ∙ 𝑚 − 𝐹𝑋

𝑇
) Equation 20 

Θ = 𝑎𝑠𝑖𝑛 (
𝑎𝑌∙𝑚−𝐹𝑌

𝑇
)  Equation 21 
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𝑎𝑍 =
1

𝑚
(𝑐𝑜𝑠(Φ) ∙ 𝑐𝑜𝑠(Θ) ∙ 𝑇 − 𝐴𝐹𝑍 − 𝐹𝑟 − 𝑚 ∙ 𝑔) Equation 22 

It is to be noted that some user inputs can cause a flight profile to require negative thrust, or 

thrust vector aimed towards the ground. Since this maneuver is not realistic, the user is 

warned of this condition and the model terminates that particular flight profile iteration. Also, 

it is at this point that the model checks for the difference between the thrust vector angle of 

current and previous iteration and repeats the aerodynamic force calculations if necessary. 

Next, the model calculates the mass flow rate through all propellers along with respective 

exit velocities, as described by Equation 13 and Equation 14. The inlet flow velocities, V0, 

are calculated as perpendicular components of the free stream flow with respect to propeller 

disc areas. Although the set of Equation 13 and Equation 14 can be solved quadratically, the 

same computational approach as for the equations of motion is used. Here, the equations are 

rearranged to a form displayed in Equation 23 and Equation 24, and the exit velocity is 

iterated by 5 ∙ 10−5 𝑚

𝑠
 from an initial guess until the difference in mass flow rate is lesser 

than 0.1 
𝑘𝑔

𝑠
. 

�̇� =
𝑇

(𝑉3−𝑉0)
  Equation 23 

�̇� = ρ ∙ 𝐴𝑑 ∙
(𝑉3 + 𝑉0)

2
 Equation 24 

At this point, Equation 15 can be used to calculate the instantaneous power imparted to the 

fluid and Equation 16 to calculate the instantaneous power draw from the battery. Knowing 

the instantaneous power to be provided by the battery at each time iteration of the flight, the 

obtained values can be summed, as described by Equation 18, to obtain to energy 

requirements with respect to vertical, transition, and cruise flight along with the total energy 

required for the whole maneuver.  
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The model differentiates between individual flight phases based on the vehicles x and z 

velocities. Shall the vehicle z-velocity component be zero, the model assumes the vehicle is 

in cruise flight. Similarly, if the vehicle x-velocity component is zero, the model assumes 

the vehicle is in vertical flight. For all other cases, the model assumes that the vehicle is 

transitioning from either vertical or cruise flight to the other. 

3.3 Output 

Once the model is compiled, a set of six plots and two tables is generated to conclude the 

simulation with flight maneuvers related data. Example of resultant plots for a landing tilt 

propeller vehicle is displayed in Figure 21. Here the first three plots in the upper row focus 

on the vehicle flight profiles and the plots in the bottom row convey information on forces 

and power. Specifically, the first plot shows vehicle scaled X and Z position coordinates, 

while second and third plot depicts vehicle position and velocity with respect to time for 

vertical and horizontal direction, respectively. Vertical and horizontal aerodynamic forces 

acting on the vehicle are displayed individually in plot four, bottom left. Next desired thrust 

and thrust vector angle are depicted in plot five. Required battery draw with respect to time 

is then displayed in the last plot, plot number 6. 

The example plots of Figure 21 represent five batch input iterations for five flight profiles. 

To differentiate between individual flight profiles, a color gradient is implemented between 

the resultant plot curves. Respective plot legends can then be used to distinguish data curves 

corresponding to initial and final flight profile iterations.  
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Figure 21: Model Output - Plots 
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While the last plot of Figure 21 adresses the simulated  instananeous battery power draw 

requirements, the tabulated data produced by the model focus on the vehicle energy 

requirements. This data, depicted in Figure 22, are generated by the MatLAB model into the 

user’s command window. Information regarding vertical, transition, cruise and total energy 

requirements and flight times are presented within this table. Specifically, energy and time 

requirements along with their respective percentages compared to the complete flight profile 

are displayed. Similarly to the plots in Figure 21, data on five desired flight path iteration is 

available. 

 

Figure 22: Model Output - Table 

Combined, the data within the plots and table should provide the user with sufficient 

information to understand the trends of power and energy requirements for any eVTOL 

vehicle type for a set of desired flight profiles. Particularly, the user can analyze each flight 

profile phase for aerodynamic forces acting on the vehicle, required thrust and thrust vector 

angle to achieve desired flight path, and corresponding power and energy to be supplied. 

Further analysis of model generated simulations is described in the next section of this 

document. This section focuses on comparison of the four eVTOL vehicle types over desired 

set of flight paths along with possible addition of environmental disturbances.  
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4 Simulation Results 

To demonstrate the use of the developed eVTOL model, this section shows results for 

various test scenarios. The focus of the provided sample results is to analyze the differences 

between individual vehicle types against similar range of flight path conditions. This section 

also elaborates on the impact of environmental conditions on specified flight profile. The 

order of the provided results follows the test matrix described in Table 1. 

Table 1: Sample Results Test Matrix 

Order Vehicle Flight Maneuver Environmental Disturbance 

1 Fixed Propeller 
Landing 

None 
2 Distributed Propulsion 

3 Tilt Wing 

Takeff 

4 

Tilt Propeller 
5 Longitudinal Winds (LW) 

6 LW + Lateral Gusts (LG) 

7 LW + LG + Rain 

 

 

Since vehicles with distributed propulsion or tilt propellers are assumed to have their lift 

surfaces at constant angle with respect to the Earth reference frame, their aerodynamic forces 

tend to be similar. In contrast, the angle of attack of lift surfaces for fixed propeller and tilt 

wing vehicles are related to their respective thrust vector angles. For this reason, two vehicles 

from each group are paired for both landing and takeoff, to cover the basic trends of these 

vehicles. In addition to the four test cases focused on different vehicle types, the last three 

test cases look into the addition of longitudinal winds, lateral gusts, and rain. 

The parameters for all vehicle types and flight profiles are kept similar across all tests cases, 

such that comparison of the provided results is possible. In general, the vehicle mass is 

assumed to be 2,000kg. The tilt propeller, tilt wing, and fixed propeller vehicles are also 

assumed to have six propellers, each 2𝑚2 in area. The distributed propulsion vehicle type 

has one additional, 3𝑚2 in area, propeller in horizontal direction, in addition to the six, 2𝑚2, 
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propellers in the vertical direction. The efficiency of all propellers, motors, transfer, batteries, 

and other are described in Table 2. 

Table 2: Drive Trian Efficiency Values 

Item 𝜂𝑝 𝜂𝑚 𝜂𝑡 𝜂𝑏 𝜂𝑜 

Percentage 

efficiency 
80 % 95 % 97% 95 % 100 % 

All of the vehicle types are expected to be composed of a main body and two pairs of lift 

surfaces. The specific vehicle dimensions and flat plate approximation related drag 

coefficients are displayed in Table 3. Additionally, lift and drag coefficient data with respect 

to angle of attack range between -18.00° and 19.25° were provided for the main body of the 

vehicle. This data was based on an NACA 2412 airfoil. Both lift surfaces were approximated 

through the flat plate approximation. It is to be noted that optimally experimental wing data 

would be provided, as airfoil data does not include induced drag and other phenomena. The 

lift surfaces are also assumed to be angled at 3° with respect to the X-Y plane for tilt propeller 

and distributed propulsion vehicle type. Tilt wing vehicle is assumed to have its lift surfaces 

angled at 3° with respect to its thrust vector angle, while a fixed propeller vehicle at -87° 

with respect to its thrust vector angle.   

Table 3: Vehicle Parameters 

Vehicle Dimensions 

 Lift area [m2] Width / span [m] Height / thickness [m] 

Vehicle Body 5 2 2.5 

Lift Surface 1 10 10 0.1 

Lift Surface 2 2 2 0.1 

Aerodynamic Properties 

 CD X-direction CD Y-direction CD Z-direction 

Vehicle Body 0.35 0.5 0.4 

Lift Surface 1 0.1 0 0.9 

Lift Surface 2 0.1 0 0.9 
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For comparison purposes, the landing and takeoff flight maneuvers share similarities in 

definition as well. The acceleration profiles, vertical and cruise speed, along with total 

distances to be covered by the vehicle are either the same or mirrored appropriately. The 

specific landing and takeoff parameters are defined in Table 4.  

Table 4: Flight Profile Parameters 

Landing 

Vertical Direction 

 acceleration [g] 
Descent 

rate [
𝑚

𝑠
] 

deceleration [g] 
Cruise altitude 

[m] 

Batch input (low) 0.1 10 0.2 300 

Batch input (high) 0.2 15 0.4 500 

Horizontal Direction 

 deceleration [g] 
Cruise 

speed [
𝑚

𝑠
] 

Initial distance 

from landing 

area [m] 

Transition 

position from 

landing area [m] 

Batch input (low) 0.2 30 700 300 

Batch input (high) 0.3 40 1000 500 

Takeoff 

Vertical Direction 

 acceleration [g] 
Climb rate 

[
𝑚

𝑠
] 

deceleration [g] 
Cruise altitude 

[m] 

Transition 

altitude [m] 

Batch input (low) 0.2 10 0.1 300 50 

Batch input (high) 0.4 15 0.2 500 100 

Horizontal Direction 

 acceleration [g] 
Cruise 

speed [
𝑚

𝑠
] 

Final position 

[m] 

Batch input (low) 0.2 30 700 

Batch input (high) 0.3 40 1000 
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Since the takeoff and landing maneuvers are shared among all of the respective test 

scenarios, the first three results plots provided by the model repeat. For this reason, these 

plots, along with the table containing time data for individual flight phases, will be only 

shown once for each. The respective positions and velocities for the landing maneuver are 

depicted in Figure 23. 

 

Figure 23: Landing Flight Profile 

As seen in Figure 23, the transition phase into the vertical descent does not start until around 

400m from the target landing area. This results in a vertical descent phase over 35s, during 

which all of the vehicle lift is provided by its propellers. This is better seen in  

Table 5, where specific times the vehicle spent at each of its flight phases are described.  
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Table 5: Time per Flight Phase - Landing 

Iteration Vertical Transition Cruise Total  

1 19.8s, 39.3% 17.2s, 34.1% 13.4s, 26.6% 50.4s 

2 19.8s, 39.1% 17.6s, 34.8% 13.2s, 26.1% 50.6s 

3 19.4s, 38.3% 18.2s, 36.0% 13.0s, 25.7% 50.6s 

4 18.6s, 37.2% 18.6s, 37.2% 12.8s, 25.6% 50.0s 

5 19.0s, 37.7% 18.8s, 37.3% 12.6s, 25.0% 50.4s 

Similarly, based on the takeoff flight profile data provided in Table 4, the positions and 

velocities for this maneuver are plotted in Figure 24. Compared to the landing flight profile, 

the vehicle spends significantly more time in the transition phase. Since an eVTOL vehicle 

does not start generating aerodynamic lift until moving forward, this is expected to lower the 

energy requirements of the takeoff maneuver.  

 

 

Figure 24: Takeoff Flight Profile 

The times and time percentages the vehicle spends at vertical, transition, and cruise flight, 

along with the total takeoff maneuver time, are shown in Table 6. It is possible to see that 
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during the simulated takeoff maneuver, the vehicle indeed only spends couple of seconds 

in its cruise flight phase. 

Table 6: Time per Flight Phase – Takeoff 

Iteration Vertical Transition Cruise Total  

1 8.0s, 20.5% 29.4s, 75.4% 1.6s, 4.1% 39.0s 

2 8.2s, 20.7% 29.6s, 74.7% 1.8s, 4.5% 39.6s 

3 8.4s, 21.4% 29.2s, 73.4% 2.2s, 5.5% 39.8s 

4 8.6s, 21.4% 28.8s, 71.6% 2.8s, 7.0% 40.2s 

5 8.8s, 21.6% 29.0s, 71.1% 3.0s, 7.4% 40.8s 

 

Based on the flight profile and vehicle specifications defined above, the following sub-

sections describe additional results provided by the model. These results focus on simulated 

power and energy related data. In particular, the respective test scenarios are compared 

against each other to emphasize key differences. 

4.1.1 Fixed Propeller Vehicle Type – Landing 

Analyzing the plots of Figure 25 against the landing flight profile depicted in Figure 23, it 

can be seen that the fixed propeller vehicle remains in its cruising phase until approximately 

12s into the simulation across all flight profile batch iterations. At this point, the vehicle 

begins to descend. Due to the significant in the angle of attack during descent, the lift but 

also the drag produced by its lift surfaces increases dramatically. This results in an overall 

drop in battery power draw as the increase in lift dominates. Around 17s into the simulation, 

the vehicle begins to decelerate horizontally as well, and at 20s it decelerates vertically to its 

targeted descent speed. As the velocity over lift surfaces decrease, overall power 

requirements at this point increase. The vehicle then horizontally decelerates to its targeted 

X position at approximately 30 s of simulated flight time, after which it is in purely in vertical 

flight. All of the lift is now provided by its propellers. Finally, the power draw increases 

again towards the end of the maneuver when its descent velocity is reduced to ensure gentle 

landing.  
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It can also be observed that the thrust vector angle is around 90° throughout the whole 

landing maneuver, suggesting that most of the lift force is actually provided by the 

propellers. This can be confirmed by looking at the generated vertical aerodynamic forces 

approaching the upper limit of 4,000N, compared to the approximately 20,000N of weight 

corresponding to a 2,000 kg vehicle. This results in the fact that the required battery power 

draw is in general lower for the upper-end iterations of the flight profile batch input, since 

higher velocities over the lift surfaces increase lift generation. 

 

Figure 25: Forces and Power vs Time - FP, Landing 

 

Table 5 and Table 6, it can be observed that the transition flight phase only requires around 

28% of the total maneuver energy even though the time spent in this flight phase accounts 
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for 35% of total simulated flight time. This trend can be assigned to the increase in lift due 

to increase in the angle of attack of the vehicle lift surfaces. While the energy required vs 

time spent percentages are about the same for the vertical flight phase, required energy 

percentage actually increases for the cruise flight phase by approximately 5.5%. This aligns 

with the data depicted in Figure 25. 

Table 7: Energy per Flight Phase - FP, Landing 

Iteration Vertical Transition Cruise Total  

1 3.47 kWh, 40.4% 2.49 kWh, 29.0% 2.62 kWh, 30.5% 8.57 kWh 

2 3.39 kWh, 40.6% 2.39 kWh, 28.7% 2.57 kWh, 30.8% 8.35 kWh 

3 3.26 kWh, 40.3% 2.31 kWh, 28.6% 2.52 kWh, 31.1% 8.09 kWh 

4 2.96 kWh, 38.8% 2.20 kWh, 28.8% 2.47 kWh, 32.4% 7.63 kWh 

5 2.96 kWh, 39.8% 2.07 kWh, 27.8% 2.42 kWh, 32.4% 7.45 kWh 

 
The provided simulation data suggests that for this particular fixed propeller vehicle type 

during landing, the transition phase requires the least amount of energy with respect to its 

total flight time. It can also be observed that the lift generated by the vehicle lift surfaces is 

only supports one fifth of the vehicles total weight at most. 

4.1.2 Distributed Propulsion Vehicle Type – Landing 

Compared to a fixed propeller vehicle type, a distributed propulsion vehicle type has constant 

wing angle with respect to the Earth’s reference frame. This corresponds to less fluctuation 

in the plotted data, as seen in Figure 26. The relatively smoother plot curves now allow for 

an observation of the specific point at which the model switches between lift computation 

approaches. In particular, the model uses the lift and drag coefficient vs angle of attack data 

to compute lift generation until approximately 19s into the simulation, at which point the 

angle of attacks goes beyond 19.25°, specified in the airfoil data, and switches to the flat 

plate approximation approach. At the point beyond 19.25° of angle of attack, the vertical 

aerodynamic force is generated purely by the drag on the wing, rather than lift generated by 

a streamlined flow around it. Similarly to the fixed propeller vehicle type, most of the lift is 

again provided by the propeller. 
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Figure 26: Forces and Power vs Time - DP, Landing 

 

Table 8, the transition flight phase again requires the least amount of energy compared to the 

times spent in each phase. Altogether, the energy requirements for a distributed propulsion 

vehicle seem follow the trend of the fixed propeller vehicle type consistently.  

Table 8: Energy per Flight Phase - DP, Landing 

Iteration Vertical Transition Cruise Total  

1 3.46 kWh, 39.6% 2.68 kWh, 30.6% 2.60 kWh, 29.8% 8.74 kWh 

2 3.38 kWh, 39.6% 2.61 kWh, 30.6% 2.55 kWh, 29.8% 8.54 kWh 

3 3.25 kWh, 39.1% 2.56 kWh, 30.9% 2.50 kWh, 30.0% 8.31 kWh 

4 2.95 kWh, 37.5% 2.48 kWh, 31.5% 2.44 kWh, 31.0% 7.87 kWh 

5 2.95 kWh, 38.2% 2.38 kWh, 30.9% 2.38 kWh, 30.9% 7.72 kWh 
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However, compared to the values of Table 7, the total energy requirements for distributed 

propulsion vehicle also seem to be higher. This might be due to the fact that this vehicle type 

is equipped with an additional propeller for horizontal propulsion only, causing an increase 

in required instantaneous battery power draw.  

 
4.1.3 Tilt Wing Vehicle Type – Takeoff 

Moving away from the landing maneuver, the remained of the test scenarios will be 

simulated for a takeoff flight path. First, a tilt wing vehicle with the angle of its lift surfaces 

depending on its thrust vector is modeled. Analyzing Figure 24 and Figure 27, it can be seen 

that the vehicle is in purely vertical flight until around nine seconds into the simulation. 

During this phase, negative vertical and negligible horizontal aerodynamic forces are 

generated by its lift surfaces. After nine seconds, the vehicle begins to accelerate forward 

and starting to generate lift. At approximately 35 seconds into the simulation, the vehicle 

enters cruise flight and finishes the simulation in roughly 40 seconds.  

Since the lift surfaces are tied to the thrust vector for a tilt wing vehicle, it can be seen that 

horizontal aerodynamic forces are significantly higher compared to the previous landing 

cases. This is because of the fact that most of the lifting force is to be provided by the 

propellers, vectoring the thrust upwards and hence the wings, resulting in higher angle of 

attack for the vehicle lift surfaces as it accelerates horizontally. For this reason, the thrust 

vector angle is not at 90° for most of the maneuver, but rather approaching 80° to compensate 

for the increased requirement of forward thrust due to increase in drag.  

It can also be seen that as the vehicle accelerates forward between 10 – 20s, the thrust vector 

angle tilts forwards, increasing the propeller inlet speed. This results in even higher 

requirement in the propeller exit flow speed to supply the thrust needed for desired 

acceleration, hence increasing the total power draw requirements in this phase. As the vehicle 

accelerates towards its cruising flight, the thrust vector angle tilts back towards 90° with 

respect to Earth’s reference frame, which along with more lift generated by the wings results 

in drop in required power draw.  
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Figure 27: Forces and Power vs Time - TW, Takeoff 

Comparing the percentage energy values of Table 9 to the percentage flight time values of 

Table 6, it can be seen the transition flight is not the most efficient phase of the takeoff 

maneuver, as it was for the landing maneuver. This is expected as the resultant values of 

vertical aerodynamic forces is negative in transition during takeoff. Instead, the cruising 

phase of the takeoff maneuver is the only one with lesser percentage of total energy 

requirements compared to percentage of total flight time. 
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Table 9: Energy per Flight Phase - TW, Takeoff 

Iteration Vertical Transition Cruise Total  

1 2.41 kWh, 21.7% 8.36, 75.2% 0.35 kWh, 3.2% 11.11 kWh 

2 2.59 kWh, 21.8% 8.86, 74.8% 0.40 kWh, 3.4% 11.86 kWh 

3 2.81 kWh, 22.4% 9.23, 73.6% 0.51 kWh, 4.0% 12.55 kWh 

4 3.04 kWh, 22.8% 9.64, 72.3% 0.66 kWh, 5.0% 13.34 kWh 

5 3.25 kWh, 23.2% 10.02, 71.6% 0.73 kWh, 5.2% 13.99 kWh 

 
Even though the vehicle spent only around nine seconds in purely vertical flight during the 

takeoff maneuver, compared to 18 seconds for the landing maneuver, the total energy 

requirements are 3 – 5kWh higher. In addition, the takeoff maneuver is also ten seconds 

shorter at 40s, compared to an average of 50s for the landing flight profile. This can be 

accounted to the magnitude and direction of the vertical aerodynamic forces, which are 

significantly lower compared to a landing maneuver.  

4.1.4 Tilt Propeller Vehicle Type – Takeoff 

A tilt propeller vehicle, similar to the distributed propulsion vehicle type, has its lift surfaces 

aligned with the Earth’s reference frame at constant angle of attack of 3°. This causes its lift 

surface to not generate lift until in almost purely horizontal flight. This can be seen in Figure 

28, where positive vertical aerodynamic forces are not generated until approximately 33s 

into the flight simulation. However, it is interesting to see that due to this minor lift surface 

tilt, there is actually a positive horizontal aerodynamic force acting on the vehicle at the 

initial stages of the takeoff.  
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Figure 28: Forces and Power vs Time - TP, Takeoff 

Since the lift surfaces of a tilt propeller vehicle are better aligned with forward motion 

compared to a tilt wing vehicle type, the overall energy requirements tend to be lower for 

the tilt propeller vehicle. This can be observed comparing Table 9 to Table 10. 

 

Table 10: Energy per Flight Phase - TP, Takeoff 

Iteration Vertical Transition Cruise Total  

1 2.46 kWh, 22.4% 8.18 kWh, 74.7% 0.31 kWh, 2.9% 10.95 kWh 

2 2.66 kWh, 22.8% 8.66 kWh, 74.2% 0.35 kWh, 3.0% 11.67 kWh 

3 2.92 kWh, 23.5% 9.05 kWh, 73.0% 0.43 kWh, 3.4% 12.39 kWh 

4 3.18 kWh, 24.0% 9.50 kWh, 71.9% 0.54 kWh, 4.1% 13.21 kWh 

5 3.43 kWh, 24.7% 9.86 kWh, 71.1% 0.58 kWh, 4.2% 13.86 kWh 
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Apart from the slightly lower energy requirements of the tilt propeller vehicle, due to lesser 

drag generated by its lift surfaces in forward motion, the energy requirements for the two 

vehicle are relatively similar. However, this is again most likely due to the fact that most of 

the lifting force is provided by the vehicle propulsion system. Shall the vehicle lift surfaces 

play bigger role in lift generation, the resultant values could vary significantly.  

4.1.5 Tilt Propeller Vehicle Type – Takeoff – Longitudinal Winds (LW) 

Following on simulation of a takeoff maneuver for tilt propeller vehicle type, additional 

environmental disturbances are to be added to the flight conditions. For this particular test 

scenario, the addition of longitudinal winds is considered. The parameters of these winds is 

displayed in Table 11. 

Table 11: Longitudinal Wind Specifications 

 Wind speed in horizontal direction 

Batch input (low) -10 

Batch input (high) 10 

 

The most noticeable change between Figure 29 and Figure 28, is the location at which the 

model switched from a flat plate approximation for lift generation computation to a the use 

provided lift coefficient versus angle of attack data. This is due to the fact that the addition 

of longitudinal winds affect the angles of attack for all lift surface. For the case of no 

longitudinal winds, this change occurred around the 30s mark. In comparison, the initial 

flight profile batch input iterations have this transition point shifted even later, while for the 

later iterations when the longitudinal wind acts against the vehicle this point moved to around 

21s of simulation time. In general, the change in angles of attack due to longitudinal winds 

also affect the vertical and horizontal aerodynamic forces, depending on the direction of the 

wind.  
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Figure 29: Forces and Power vs Time - TP, Takeoff and LW 

Based on Table 12 and Table 10, it can also be observed that depending on the direction of 

the longitudinal wind, it either adds or subtracts from the total energy requirements. In the 

case of longitudinal wind in the direction of desired horizontal flight path the total maneuver 

energy decreased compared to a no wind scenario. This is reversed for winds in the direction 

against the vehicle flight profile, due to the increase in horizontal vertical aerodynamic 

forces.  

Table 12: Energy per Flight Phase - TP, Takeoff and LW 

Iteration Vertical Transition Cruise Total  

1 2.46 kWh, 23.0% 7.94 kWh, 74.1% 0.32 kWh, 3.0% 10.72 kWh 

2 2.66 kWh, 23.1% 8.50 kWh, 73.8% 0.35 kWh, 3.1% 11.51 kWh 

3 2.92 kWh, 23.5% 9.05 kWh, 73.0% 0.43 kWh, 3.4% 12.39 kWh 

4 3.17 kWh, 23.9% 9.57 kWh, 72.1% 0.54 kWh, 4.0% 13.28 kWh 

5 3.41 kWh, 24.0% 10.27 kWh, 72.1% 0.57 kWh, 4.0% 14.25 kWh 
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4.1.6 Tilt Propeller Vehicle Type – Takeoff – LW, Lateral Gust (LG) 

In the scenario of a landing area located at the ground floor of an urban, metropolitan-like, 

area with tall buildings, lateral gusts are to be considered. For this particular scenario, the 

lateral gust specified in Table 13 are added to the test scenario of 4.1.5 with longitudinal 

winds.  

Table 13: Lateral Gust Specifications 

 Gust speed [
𝑚

𝑠
] Gust initial X position [m] Gust final X position [m] 

Gust disturbance 1 20 0 100 

Gust disturbance 2 30 300 400 

Gust disturbance 3 40 600 700 

Gust disturbance 4 50 900 100 

 
Since the variation in plotted data is minimal compared to Figure 29, only tabulated data is 

displayed for the simulation of the added lateral gusts. The results are displayed in Table 14. 

As expected, lateral gusts increase the total energy requirements due to the need of adjusting 

the thrust vector in the Y-Z plane to compensate for the resultant lateral drag. 

Table 14: Energy per Flight Phase - TP, Takeoff, LW - LG 

Iteration Vertical Transition Cruise Total  

1 2.46 kWh, 23.0% 7.95 kWh, 74.1% 0.32 kWh, 3.0% 10.73 kWh 

2 2.66 kWh, 23.1% 8.51 kWh, 73.8% 0.35 kWh, 3.1% 11.52 kWh 

3 2.92 kWh, 23.5% 9.06 kWh, 73.0% 0.43 kWh, 3.4% 12.40 kWh 

4 3.17 kWh, 23.9% 9.58 kWh, 72.1% 0.54 kWh, 4.1% 13.29 kWh 

5 3.42 kWh, 23.9% 10.28 kWh, 72.0% 0.58 kWh, 4.1% 14.27 kWh 

 

 

 

Table 15 contains rain parameters that are simulated in this test scenario in addition to the 

longitudinal winds and lateral gust in the previous case.  Similarly to the previous test case, 

the resultant plots are indistinguishable from Figure 29, and hence are not included.  
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Table 15: Rain Specifications 

 Intensity [kg/s.m^2] Speed [m/s] 
Additional propeller 

efficiency reduction [%] 

Batch input (low) 0.2 7 1 

Batch input (high) 0.5 8 1.5 

 

The model considers rain to affect the vehicle in two areas: vertical force due to momentum 

exchange between the rain droplets and the vehicles surface, and additional propeller 

efficiency reduction. Since there is no way for any of these affecting the vehicle energy 

consumption positively, the total energy requirement increase with the addition of rain. 

Table 16: Energy per Flight Phase - TP, Takeoff, LW - LG - Rain 

Iteration Vertical Transition Cruise Total  

1 2.50 kWh, 22.9% 8.06 kWh, 74.1% 0.33 kWh, 3.0% 10.88 kWh 

2 2.71 kWh, 23.1% 8.65 kWh, 73.8% 0.36 kWh, 3.1% 11.71 kWh 

3 2.97 kWh, 23.5% 9.23 kWh, 73.0% 0.43 kWh, 3.4% 12.63 kWh 

4 3.24 kWh, 23.9% 9.78 kWh, 72.1% 0.55 kWh, 4.1% 13.56 kWh 

5 3.49 kWh, 23.9% 10.51 kWh, 72.0% 0.59 kWh, 4.1% 14.60 kWh 

 
Overall, the power and energy requirements in the above mentioned test scenarios did not 

change dramatically across the four vehicle types. This is due to the fact that most of the lift 

force in each of the scenarios is provided the vehicle propulsion system, resulting in a thrust 

vector angle of 90°, +/- 10°.  In the case of more of the lift being provided by the lift surfaces, 

changes in the thrust vector and therefore all of the aerodynamic forces would be more 

significant.  

It was also observed that the specified takeoff maneuvers require noticeable more energy 

compared to the analyzed landing flight profiles. Most of this difference occurs during the 

vertical and transition flight phase, where the vertical aerodynamic forces of a descending 

vehicle aids in lift generation, compared to a takeoff maneuver where this aerodynamic force 

is negative. 
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5 Discussion 

The following section discusses the short-comings and assumption of the developed eVTOL 

power and energy model. First, model assumptions and approach are described in section 

5.1. The flat plate approximation used to calculate aerodynamic forces outside of provided 

data is analyzed in section 5.2. Section 0 then compares energy per kilometer for a Cherokee 

Six 300 obtained based on flight test data and model simulation. 

5.1 Model Approximations 

Since the model only utilizes a simplified controller to determine the position at which a 

vehicle is to being deceleration, as described in section 3.2, the changes in the thrust vector 

angle appear as instant. This model behavior is depicted in Figure 30. Realistically, the 

model would control the rate at which a thrust angle can be changed by changing desired 

vehicle accelerations gradually, instead of from one time step to the next. It is assumed that 

implementing such controller would increase the model overall power and energy 

estimations as the vehicle would spend more time adjusting to the desired flight profile 

conditions. 
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Figure 30: Instant Thrust Vector Angle Change 

Next, most of the input variables specified by the user are assumed to be constant throughout 

the entire flight profile. However, this assumption is not realistic for variables such as drive 

train efficiencies and air density.  

As depicted by Figure 14 of section 2.3, the propeller efficiency varies greatly with respect 

to its advanced ratio. At lower flight speeds, propeller efficiencies tend to be significantly 

lower. Since the takeoff and landing maneuvers are of major interest for eVTOL power and 

energy estimations, it is assumed that including the propeller efficiency dependence on the 

advanced ratio, or at least the vehicle flight speed, would greatly increase the accuracy of 

the model. Depending on motor rotations per minute (RPM) and its temperature, its 

efficiencies vary as well. Transfer and battery discharge efficiencies are then mostly 

dependent on their operating temperature. It is assumed that implementing proper power 

train efficiency dependencies based on instantaneous operational conditions would increase 

the overall power and energy requirements, as tendencies to input best possible efficiencies 

would be avoided. 
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5.2 Flat Plate Approximation 

Section 2.2 describes the approach of a flat plate approximation for estimation of 

aerodynamic forces beyond specified angles of attack. Optimally, lift and drag coefficients 

would be defined by the user for angles of attack within 0-360° for all lifting surfaces. 

However, since this data is not commonly available, the flat plate approximation is to be 

used. Figure 31 and Figure 32 compare the experimentally acquired lift and drag coefficient 

values to the flat plate lift and drag approximation approach. The values of Figure 32 were 

obtained by using the actual life and drag coefficient data for angles of attack within the stall 

region and then the flat plate approximation for the angles of attack outside of the airfoil stall 

region. 

 

 

  

Figure 31: Experimental airfoil lift and drag  

coefficient curves for AoA range range 0°-180° - NACA 0012H 
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It is to be emphasized that the while Figure 31 displays lift and drag coefficients against 

AoA, Figure 32. depicts actual lift and drag values against AoA. For this reason, the two 

figures cannot be compared with respect to their y-axis magnitudes, but rather their trends. 

It is possible to see that the flat plate approximation approach used outside of the airfoil stall 

region significantly under-estimates the total lift and drag produced by the airfoil. Providing 

the model with aerodynamic data across the whole range of angles of attack would therefore 

significantly improve the model accuracy.  

5.3 Experimental vs. Simulated Results 

To compare the code against experimentally acquired values, an average power consumption 

in kWh per a kilometer of flight was calculated for the Cherokee Six 300 airplane. The 

dimensions of this airplane are displayed in Table 17 [19].  

 

Table 17: Cherokee Six 300 Dimensions 

Gross Weight Wingspan Wing Area Length  Height 

1,540kg 10m 16.2𝑚2 8.44 2.5 

 
First, the fuel consumption and flight speed at a percent rated power of 75% was obtained 

from Figure 33, covering the cruise performance of the Cherokee Six 300. The altitude was 

selected at 2000ft, which corresponds to approximately 600m. Based on the cruise 

Figure 32: Simulated airfoil lift and drag  

curves for AoA range range 0°-180° - NACA 0012H 
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performance figures, the fuel consumption and flight speed at the specified operational 

conditions is 60.6 
𝑙

ℎ
 and 266 

𝑘𝑚

ℎ
, respectively, converted to metric units.  

 

 

Figure 33: Cherokee Six 300 Cruise Performance Charts 

For an aviation grade gasoline with a lower heating value of 43.147 
𝑀𝐽

𝑘𝑔
, and a density of 

0.809
𝑘𝑔

𝑙
 [20], the energy required by a Cherokee Six 300 to cruise one kilometer can be 

calculated Equation 25, where 𝐸𝑘𝑚  is the required energy in 
𝑘𝑊ℎ

𝑘𝑚
, 𝑓𝑐  is the fuel 

consumption, 𝑣𝑐 is the cruise speed, 𝜌𝑔is the fuel density in 
𝑘𝑔

𝑙
, and 𝑈 is the energy density 

of the aviation grade gasoline. 

 𝐸𝑘𝑚 =
𝑓𝑐

𝑣𝑐
∙ 𝜌𝑔 ∙ 𝑈 ∙

1

3600
 Equation 25 

Table 18 compares the resultant value obtained by Equation 25, to a value simulated by the 

model. The value obtained by the model is based on weight and dimensions similar to those 
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described by Table 17. Since Cherokee Six 300 has a combustion engine, the motor 

efficiency was set to 35%, while transfer, battery, and other efficiencies were set to 100%.  

Table 18: Experimental vs Simulated Energy per km 

Experimental Energy per km Simulated Energy per km 

2.2
𝑘𝑊ℎ

𝑘𝑚
 1.0

𝑘𝑊ℎ

𝑘𝑚
 

 
Based on Table 18, it can be seen that the energy per km values based on flight test data is 

significantly higher compared to the value simulated by the model. It is assumed that the 

biggest portion of the error comes from the aerodynamic data used in the model. While the 

Cherokee Six 300 uses NACA652-415 [19] airfoil-based wings, the model uses aerodynamic 

properties of a NACA2412 airfoil at 6 ∙ 106 Reynolds number to calculate lift and drag of 

the lift surfaces. Since the model uses airfoil data instead of experimentally acquired wing 

data, it is assumed that the drag coefficients used in the model are lower while the lift 

coefficients are higher, compared to an actual aircraft. Also, the body aerodynamic properties 

were loosely based on the NACA2412 airfoil, as more related aerodynamic body properties 

for a small aircraft were not found. In order to obtain better comparison of experimental vs 

simulated data, the model is to be provided with more accurate data of aerodynamic 

properties.  
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6 Conclusion and Future Work 

6.1 Conclusion 

A first-principle power and energy model for eVTOL vehicles was developed within the 

scope of this thesis. The model was developed as a first step towards an in-flight thrust and 

energy management system for vehicles capable of vertical takeoff and landing. This 

research is a response to the emerging field of on-demand urban air mobility vehicles. 

Specifically, the currently discussed certification procedure requirements that will allow 

eVTOL vehicles to be flown on commercial, passenger carrying, missions. 

To estimate the vehicle power and energy requirements, the model first accepts user input 

for propulsion-based vehicle type such as tilt propulsion, tilt wing, distributed propulsion, 

and fixed propulsion. Next, vertical and horizontal flight profile is defined, with the 

possibility of simulating multiple flight profiles in sequence. Longitudinal winds, lateral 

gusts, and rain can also be specified shall any of these environmental disturbances be present 

during the simulation. The mode then outputs set of plots and tables to the user, 

communicating power and energy related information for each of the simulated flight 

profiles. 

To achieve generality across any eVTOL vehicle design, the model requires the user to enter 

number of vehicle specifying parameters. Some of these parameters, such as drive train 

efficiencies or lift surface aerodynamic properties in the angle of attack range of 0-360°, 

require data obtained experimentally. The accuracy of the model is therefore greatly 

dependent on the quality of this experimentally acquired parameters. Since aerodynamic 

properties of lift surfaces for angles of attack beyond stall are not publicly available, it is 

assumed that emerging field of eVTOL vehicles will initiate a new wave of research in this 

direction. 
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The model was used to simulate a cruise flight of Cherokee Six 300 over one kilometer. The 

resultant energy requirements provided by the model were approximately half of the energy 

values calculated using flight test data. It is assumed that this discrepancy is due to the use 

of improper aerodynamic properties within the model, such as using lift and drag coefficients 

of an airfoil rather than a wing and not knowing the specific aerodynamic properties of the 

Cherokee Six 300 fuselage. To further assess the accuracy of the developed model, it must 

be validated against data obtained through flight test experimentation.  

6.2 Future Work 

To confirm the approach used within the model to estimate the power and energy 

requirements, it is essential that the model results are validated against experimentally 

acquired data. This can be done on a small scale through the use of drones, or flight test data 

of one of the industry developed flying prototypes, once published. The model could also be 

validated by further simulations of well analyzed aircraft, such as the Cherokee Six 300. 

Another candidate for such validation through simulation is the Robinson R44 helicopter. 

Parameters such as power train efficiencies and air density, that are currently assumed 

constant within the model, shall be updated to be variable dependent instead. Additionally, 

an acceleration controller shall be integrated within the model to avoid instantaneous spikes 

in acceleration, thrust, and thrust vector angles. Both changes are assumed to improve on the 

accuracy and realism of the model.  

To further increase the model capability, flight path specifications in the y-direction shall be 

fully integrated within the simulation, to make the model fully three dimensional. By also 

introducing flight path specification inputs resembling pilot’s input, the model could be 

gradually transformed towards a fully operational, in-flight, thrust and energy management 

system for eVTOL vehicles. 
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