
Advances in Aerospace Science and Technology, 2022, 7, 85-95 
https://www.scirp.org/journal/aast 

ISSN Online: 2473-6724 
ISSN Print: 2473-6708 

 

DOI: 10.4236/aast.2022.71005  Mar. 30, 2022 85 Advances in Aerospace Science and Technology 
 

 
 
 

Flight Transient Estimation of VTOL  
Aircraft with Propellers 

Nickolay Zosimovych 

Robotics, Xi’an Jiaotong Liverpool University, Dushu Lake Higher Education Town, Suzhou Industrial Park, Suzhou, China 

 
 
 

Abstract 
Methodological issues associated with the determination of the vertical take-off 
and landing aerodynamic parameters equipped with two rotary propellers during 
take-off and hovering, descent and landing are studied in the proposed article. 
During the computer simulation process, kinematics parameters diagrams were 
made, aerodynamic coefficients and propellers thrust components at all stag-
es of aircraft take-off were estimated. That numerical data can be used in a pre-
liminary stage of aerodynamic design for the vertical take-off and landing air-
craft and electric drones at the determination of control and equalization el-
ements geometric and kinematic parameters. 
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1. Introduction 

Unmanned Aerial Vehicles “UAVs are to be known as isolated and reusable 
powered aerial vehicles” [1]. These vehicles are remotely controlled, semi-autono- 
mous, autonomous, or have a mixture of these capacities. So, the UAV is an ac-
ronym for Unmanned Aerial Vehicle, which is an aircraft with no pilot on board. 
Thus, UAVs can be remote controlled aircraft or can fly autonomously based on 
pre-programmed flight strategies or more complex dynamic automation sys-
tems. 

Ref. [2] described that the acronym UAV has been expanded in some cases to 
UAVs (Unmanned Aircraft Vehicle System). The FAA has adopted the acronym 
UAS (Unmanned Aircraft System) to reflect the fact that these complex systems 
include ground stations and other elements besides the actual air vehicles [1].  

The main goal in creating a new electric power vertical take-off and landing 
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(VTOL) heavy drone is to ensure stability and controllability during its vertical 
take-off and landing. We are interested in studying the process of the transient 
regime from the moment of hovering to reaching the speed at which the aerody-
namic lift becomes equal to the take-off mass VTOL drone like American Dynamics 
AD-150 [3]. The Drone which is studied is equipped by two electric motors with 
280 kW each, instead of one Pratt & Whitney Canada PW200 powerplant with 560 
kW. In this case, the decision problem of finding the aerodynamic forces and mo-
ments acting on the VTOL drone is relevant (Figure 1). 

2. Problem Statement 

Calculation allows us to estimate the aerodynamic characteristics and VTOL drone 
electric propulsion system on transient modes during start and vertical transition 
to horizontal flight. 

Calculation of aerodynamic characteristics of VTOL drone in horizontal flight 
performed using the “Electric Fighter” soft, developed by the method of Burago 
[4] and improved for contemporary applications. Characteristics transition take-off 
was found in MATLAB soft to the initial data obtained for horizontal flight, trac-
tion, and power characteristics VTOL drone electric propulsion system [5]. 

During take-off in transient mode without climb VTOL drone with a propel-
ler, the length of the horizontal segment is figured out by the formula given in 
Ref. [6]: 
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In (1) the transient speed is: 
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where 
0transV  the speed of stable horizontal flight when 0L m gΣ = ; 1

M K
µ = —  

required cruise thrust-to-weight ratio; K—aerodynamic quality of the VTOL air-
craft corresponding to the given flight speed; Ψ—the angle of inclination of the 
propeller thrust vectors; 2v —jet velocity behind the propeller; A—VTOL wing area; 
A′—propeller jet area. 

 

 
Figure 1. American dynamics AD-150 VTOL drone [3]. 
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Time laps during which VTOL drone accelerates from 1V  to VTOL speed 

2 transV V=  was found from the next expression [4]: 
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3. Methodology 

During applied calculations, the condition VTOL drone to enter level flight was 
fulfilled at 20Ψ = þ  (where Ψ the angle of inclination of the thrust vector relative 
to the horizontal flight), when the sum of the projections on the Y-axis of the lift 
L and the propeller thrust LT  will be equal to the VTOL drone take-off wei- 
ght: 

0 .yL P L m gΣ = + =                         (4) 

The main idea of the local angles of attack of the wings through the true an-
gles of rotation of the VTOL drone thrust vector and the angle of attack could be 
reflects the essence of changes in aerodynamic forces and moments during tran-
sient modes throughout aircraft take-off and landing. 

Table 1 shows the results of approximate calculations for the kinematic and aer-
odynamic characteristics of electric VTOL drone. All that results could be used for 
kinematical simulations. 

4. Results and Discussion 

Kinematic parameters change ( ), f Vα Ψ = , and the given laws of coefficients 
of lift Lac , drag Dac  and longitudinal moment zm  variation at all stages of elec-
tric VTOL drone take-off, up to speed transV  are shown in Figures 2-6. 

At the take-off stage with the known laws of aerodynamic coefficients change 

( ), ,Da La zс с m f V= , the corresponding dependences ( ), ,a a zD L M f V= , were  
 
Table 1. Kinematic and aerodynamic electric VTOL drone coefficients at the take-off 
stage. 

V, m/sec 0α  0Ψ  Lac  Dac  zm  

0 0 90 0 0 0 

10 7.2 88 0.523 0.026 −0.048 

15 10 87 0.727 0.08 −0.066 

20 12.5 85 0.909 0.078 −0.083 

25 14 78 1.018 0.097 −0.093 

30 15 73 1.09 0.112 −0.1 

35 16 66 1.166 0.127 −0.106 

40 16 55 1.163 0.127 −0.106 

47 15 35 1.02 0.098 −0.057 

60 8.6 0 0.625 0.037 −0.057 

https://doi.org/10.4236/aast.2022.71005


N. Zosimovych 
 

 

DOI: 10.4236/aast.2022.71005 88 Advances in Aerospace Science and Technology 
 

 
Figure 2. The law of change in the angle of attack in terms of take-off speed.  

 

 
Figure 3. The law of variation of the angle Ψ of the rotary propeller thrust vector from the horizon 
electric VTOL drone in terms of speed.  
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Figure 4. The law of variation of the lift coefficient ( )Laс f V=  on take-off electric VTOL 

drone.  
 

 
Figure 5. The law of variation of the drag coefficient ( )Daс f V=  on take-off electric VTOL 

drone.  
 
calculated, and the components of the thrust vector of the tilt rotors electric power 
plant ( ), , ,a x yT T P f V= Ψ  VTOL drone. 

Figures 7-11 show the dependences of the vertical and horizontal components 
of the propeller thrust, lift, and drag of an electric VTOL drone in terms of speed 
during take-off.  
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Figure 6. The law of variation of the coefficient ( )zm f V=  on take-off electric VTOL 

drone.  
 

 
Figure 7. The variations of ( ),L aT L f V=  on take-off electric VTOL drone.  

 
Taking-off a VTOL drone is the most threatening in terms of flight safety. So, 

in case of failure of one of the engines in the vertical take-off mode or during the 
transient mode for a VTOL drone with heavily loaded rotary propellers (P ≥ 
1000 N/m2), the use of the propeller autorotation mode is excluded [6]. However,  
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Figure 8. The variations of ( ),X aT D f V=  on take-off electric VTOL drone.  

 

 
Figure 9. The variations of ( ),a aT L f V=  if only one electric motor failure during VTOL 

(2 × 165 kW) take-off. Here, a 40% increase in propeller thrust is considered in case of a 
single engine failure.  
 
it is known that when the electric power of the drone power plant drops by 50%, 
the thrust of the rotary propellers decreases by about 40%. This slows down the 
VTOL drone descent rate. To continue take-off in case of one engine failure, it is  
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Figure 10. The variations of ( ),x aT D f V=  on take-off VTOL (2 × 280 kW) with one en-

gine failure.  
 

 
Figure 11. The variation of ( )xP f V∆ =  during VTOL drone take-off.  

 
necessary to have that power of an electric propulsion system, which supplies the 
VTOL drone to accelerate to the required horizontal speed (Figure 9, Figure 10).  

As can be seen from the above dependences, the use of the proposed laws of 
change in kinematic parameters and laws of change in aerodynamic coefficients 
and thrust characteristics of an electric VTOL drone during take-off allows ver-

https://doi.org/10.4236/aast.2022.71005


N. Zosimovych 
 

 

DOI: 10.4236/aast.2022.71005 93 Advances in Aerospace Science and Technology 
 

tical take-off and the achievement of horizontal speed corresponding to the speed 
of the transient process transV . At this speed, there is an excess of thrust xT∆  which 
is necessary for further VTOL drone acceleration, up to the maximum flight speed 
(Figure 10). 

Reducing the target load (consumed mass) at the end of the flight reduces the 
required lifting thrust-to-weight ratio during VTOL drone landing. Calculations 
show that the available lifting thrust-to-weight ratio at the end of the mission is 
increased for electric propeller VTOL by 14% ... 15% on average [4]. Thus, even with 
an available thrust decrease significant because of the failure of one of the engines 
at the end of the mission, the possibility of a VTOL drone safe vertical landing is 
still. 

Figure 11 shows the dependence of the excess propeller thrust in the transient 
mode during VTOL drone take-off. 

The length of the horizontal section of VTOL drone acceleration and the time 
needed for the transient mode are determined by the following method. 

Knowing the excess thrust increment with increasing speed from 1V  to 2V , 
the average acceleration can be written as: 
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where averagej  is VTOL drone average acceleration in fractions of gravity g [2]. 
Further, having determined the transient mode speed according to formula (2), 

we obtain the horizontal section length on which the transient take-off mode is 
performed: 

2

294 m.
2

trans
trans

average

V
L

j
= =  

Time during which VTOL drone accelerates from speed 1V  to 2 transV V=   
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= ≈ . The transient mode during VTOL drone landing is cal-  

culated in the same way as during take-off, with the only difference that the land-
ing weight of the aircraft is less than the take-off weight by the value of the target 
load (consumed weight) and the average acceleration averagej  has the opposite 
sign.  

Using the proposed laws of kinematic parameters changing and the laws of 
change in aerodynamic coefficients and VTOL drone thrust characteristics dur-
ing take-off allows vertical take-off and achievement of horizontal speed transV . 
At this speed, there is an excess of thrust xP , required for further VTOL drone 
acceleration, up to the maximum flight speed. Considering the true angle of ro-
tation of the propeller thrust vector true αΨ = Ψ −  slightly increases the length of 
the horizontal section and the time of the transient mode [7]. 

5. Conclusions 

The idea of the local angles of attack of the wings through the true angles of ro-
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tation of the VTOL drone thrust vector and the angle of attack only approximately 
reflects the essence of changes in aerodynamic forces and moments during tran-
sient modes throughout aircraft take-off and landing. Therefore, the refinement 
of local angles of attack on VTOL drone elements and special definitions of aero-
dynamic power and moment characteristics in vertical take-off and acceleration 
of VTOL drone up to the speed at which condition (4) is realized. The correctness 
of the solution to this problem can be confirmed during flight experiments. 

Despite the evaluative nature, the results obtained in the calculations can be 
used at the preliminary stage of VTOL drone aerodynamic design while deciding 
the geometric and kinematic parameters of aerodynamic controls and stabiliza-
tion. In addition, they must evaluate VTOL drone performance at an early stage 
of design. 
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