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Abstract. The article describes a method for simulating the flight of the aircraft along a 

predetermined path, establishing a functional connection between the parameters of the 

working process of gas turbine engine and the efficiency criteria of the aircraft. This 

connection is necessary for solving the optimization tasks of the conceptual design stage of the 

engine according to the systems approach. Engine thrust level, in turn, influences the operation 

of aircraft, thus making accurate simulation of the aircraft behavior during flight necessary for 

obtaining the correct solution. The described mathematical model of aircraft flight provides the 

functional connection between the airframe characteristics, working process of gas turbine 

engines (propulsion system), ambient and flight conditions and flight profile features. This 

model provides accurate results of flight simulation and the resulting aircraft efficiency criteria, 

required for optimization of working process and control function of a gas turbine engine. 

1. Introduction 

Economic and aircraft performance characteristics are usually used as optimization criteria during the 

selection of working process parameters of gas turbine engine. Mathematical models of these 

characteristics of various detail levels are described in [1, 2]. 

Following criteria are most widely used: payload mass, take-off mass of the aircraft, total weight of 

the propulsion system and required fuel, specific fuel consumption of aircraft, cost of aircraft 

operation per hour, cost of transportation, net profit per operation hour, reduced cost of transportation, 

flight range. All these criteria are influenced (directly or indirectly) by the fuel mass onboard. 

Most approaches to optimization of the working process parameters of gas turbine engine use the 

statistic correlation between the SFC at the rated conditions, SFC at off-design modes of operation and 

the fuel consumption for a given flight range [1]. The purpose of this paper is to provide a method of 

aircraft flight simulation, providing the interconnection between the propulsion system control 

program, working process parameters of engine and the aircraft efficiency criteria. 

2. Problem setting 

Flight conditions influence the working process parameters of gas turbine engine according to the 

general laws of joint operation of engine components. The value of thrust of the propulsion system to 

the external drag of the aircraft ratio determines the change in airspeed or flight trajectory. The 

external drag of an aircraft depends on its aerodynamic characteristics and control parameters and can 

be calculated for a given climb/descent program or for a specified flight trajectory. Control program of 
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propulsion system determines the aircraft movement parameters along the flight trajectory, flight time, 

amount of fuel required for the flight and, ultimately, the values of the criteria characterizing the 

efficiency of the aircraft operation during the given mission. Therefore, the aircraft flight model, 

taking the interconnection between the engine working process parameters and aircraft behavior into 

the account is required to provide the correct results of engine working process optimization. 

3. Aircraft flight modeling 

This aircraft flight model may be developed using the system of differential equations describing the 

dynamics of the aircraft during the flight. The initial data for this model include take-off mass of the 

aircraft, aerodynamic and geometric characteristics of the airframe; programs of climbing and 

descending; altitude of cruising; initial airspeed and coordinates of the aircraft, areas of the 

characteristic sections of gas turbine engine, performance maps of engine components, control 

program of engine. 

The results of flight simulation include the  aircraft parameters  variation along the flight trajectory, 

flight time, fuel consumption per flight, the values of the aircraft performance criteria. 

It is necessary to take into account the fact that the flight of aircraft is often a multi-stage process. 

For example, the scheme of the flight of a subsonic transport (or passenger) aircraft includes the 

following main stages (figure 1): takeoff; climb; cruising; descending; waiting for landing; pre-landing 

maneuvering; landing. 

Engine operation during the take-off and landing, waiting and pre-landing maneuvering is 

determined by safety requirements and operational requirements, usually these modes are extreme for 

engine. 

Engine operation during climbing and descending is also regulated, but the engine parameters are 

not constant and change along the altitude due to variation of ambient conditions. 

Engine mode of operation during the cruising changes in a wide range and is determined by the 

thrust value required for the horizontal flight at a given airspeed. 

As the aircraft flight is described in a variety of ways according to the flight stage, modeling of 

these stages is performed separately. The results of modeling are sequentially transferred  as the initial 

data to the next stages of flight. 

Climbing. Airspeed change along the altitude is usually considered initial data. The mode of engine 

operation is supposed to be constant (nominal mode). This flight stage ends as the aircraft reaches the 

given altitude of cruising. Flight trajectory is determined by the engine control function (thrust 

changes according to the ambient conditions). 

Cruising. Cruising begins as the aircraft reaches the corresponding altitude and finishes as it 

reaches the descending point. The engine mode of operation may either change in accordance to the 

aircraft weight, or be estimated to provide constant airspeed. Horizontal flight conditions provide the 

means for calculating the angle of attack at each point of cruising. The flight profile may include 

additional climbing and cruising stages as the weight of aircraft decreases. 

Descending. This stage of flight is identical to the climbing stage, except for the idle mode of 

engine operation. 

4. Mathematical model of flight 
Aircraft flight is described by three groups of equations: dynamic equations of aircraft motion, 

kinematic equations and weight change as a result of fuel consumption. 
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Figure 1. Typical flight profile of a transport aviation aircraft: 1 – takeoff; 2 – climb; 3, 3’ – cruising; 

4 – descending; 5 – waiting for landing; 6 – pre-landing maneuvering; 7 – landing. 

Dynamic equations of aircraft motion relative to the ground (neglecting the wind velocity) include 

[3, 4, 5]: 
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Coriolis and centrifugal force (associated with ground curvilinearity) for airspeeds less than 1000 

m/s are usually not taken into the account. 

Flight without aircraft roll and sideslip is described by: 
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With the above mentioned assumptions, the equations system (1) takes the following form: 
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Following equations describe the kinematics of motion and aircraft weight change as a result of 

fuel consumption: 
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As the flight stages are usually described with their corresponding distances, use of flight range L 

as a phase variable is reasonable (figure 1). Thus, the differential equations system of the aircraft flight 

may be described as follows: 
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The resulting system of differential equations include the airframe parameters (external drag 
aX  , 

lifting force aY  , angle of attack alpha) and propulsion system parameters (effective thrust ef.psP  , fuel 

consumption fuel.psС  ). These parameters depend on the control functions of aircraft and engine and may 

be calculated using the individual sub-models, having their own hierarchy (figure 2). 

 

 

Figure 2. Structure of the mathematical model of aircraft flight. 

The mathematical model of gas turbine engine is described in detail in [4] and the mathematical 

model of criteria. 

5. Mathematical model of aircraft 
The mathematical model of the aircraft provides the values of lifting force aY  and external drag aX  as 

a function of geometrical parameters, aerodynamic characteristics and flight conditions [6, 7, 8]: 
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Aerodynamic characteristics of the airframe are usually described by the following functional 

relations [5]: a)  ,ya fc f М , b)  ,xa ya fc f c М : (figure 3). 

 
Figure 3. Aerodynamic characteristics of airframe. 

6. Conclusions 

The described above mathematical model of aircraft flight provides the functional connection between 

the airframe characteristics, working process of gas turbine engines (propulsion system), ambient and 

flight conditions and flight profile features. This model provides accurate results of flight simulation 

and the resulting aircraft efficiency criteria, required for optimization of working process and control 

function of a gas turbine engine [9, 10]. 

7. Nomenclature 

SFC – specific fuel consumption; 

AМ  – mass of aircraft; 

fV  – airspeed; 

ef.psР  – overall effective thrust of propulsion unit; 

  – attack angle; 

  – sliding angle; 

a  – rolling angle; 

th  – angle between the thrust vector and aircraft axis; 

aX  – drag force; 

aY  – lifting force; 

aZ  – side force; 

xac  – lift coefficient; 

yac  – drag coefficient; 

g  – free fall acceleration; 

  – угол наклона траектории; 

z  – угловая скорость вращения земли; 

  – угол пути; 
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earthR  – radius of Earth; 

H  – flight altitude; 

fuel.psG  – fuel consumption rate; 

L  – flight range; 

t  – flight time; 

k  – adiabatic index of ambient air; 

Hp  – ambient pressure; 

fМ  – ambient Mach number; 

wS  – wing area. 

Acknowledgments 

This work was supported by the Ministry of education and science of the Russian Federation in the 

framework of the implementation of the program of increasing the competitiveness of Samara 

University among the world's leading scientific and educational centers for 2013-2020 years. 

References 

[1] Maslov V G, Kuzmichev V S, Kovartsev A N, Grigoriev V A 1996 Theory and methods of the

 initial design stages of gas turbine engines (Samara: Samara State Aerospace University

 Publishing House) p 147 

[2] Grigoryev V A, Zhdanovsky A V, Kuzmichev V S 2009 Selection of the parameters and

 thermogasdynamic calculations of gas turbine engines (Samara: Samara State Aerospace

 University Publishing House) p 202 

[3] Bochkarev A F 1985 Aircraft aeromechanics: Flight dynamics (Moscow: Mashinostroenie

 publishing house) p 360 

[4] Kulagin V V 2003 Theory, calculations and design of aircraft engines and power plants.

 Fundamentals of gas turbine engine theory. Working process and thermogasdynamic 

analysis. (Book 1). Joint operation of engine components and its characteristics (Book 2) 

(Moscow: Mashinostroenie publishing house) p 616 

[5] Zhukov O M, Kuz'michev V S, Kovartsev A N Exhaust system configuration evaluation based

 on engine transport effectiveness in the flight vehicle system 1985 Soviet Aeronautics 

(English translation of Izvestiya VUZ, Aviatsionnaya Tekhnika) 28(1) 105-109 

[6] Bekhtir V P, Rzhevsky V M, Tsipenko V G 1997 Practical aerodynamics of Tu-154M aircraft

 (Moscow: Air Transport publishing house) p 288 

[7] Zhang H, Zhang J, Yang G-H, Luo Y 2015 Leader-based optimal coordination control for the

 consensus problem of multiagent differential games via fuzzy adaptive dynamic 

programming IEEE Transactions on Fuzzy Systems 23(1) 152-163 

 [8] Chipperfield A J, Bica B, Fleming P J 2002 Fuzzy scheduling control of a gas turbine aero-

engine: A multiobjective approach IEEE Transactions on Industrial Electronics 49(3) 536-

548 

[9] Kuz'michev V S, Ostapyuk Y A, Krupenich I N, Filinov E.P., Tkachenko A Yu Optimization of 

working process parameters of small-scale turbojet for unmanned aircraft. 2017 International 

Conference on Mechanical, System and Control Engineering, ICMSC 2017 26 June 2017, 

7959456, Pages 125-129. 

[10]  Kuz'michev V S, Krupenich I N, Filinov E.P., Tkachenko A Yu, Novikova Yu D The issues of 

selecting the working process parameters of gas turbine engine with an element of initial data 

uncertainty. 53rd AIAA/SAE/ASEE Joint Propulsion Conference, 2017; Atlanta; Georgia; 10 

July 2017 - 12 July 2017; 195549. 


