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Abstract.  To address the problems caused by the strong coupling of an airbreathing hypersonic vehicle’s airframe 
and propulsion to the integrated control system design, an integrated airframe-propulsion model is established, and 
the coupling characteristics between the aircraft and engine are analyzed. First, the airframe-propulsion integration 
model is established based on the typical nonlinear longitudinal dynamical model of an air-breathing hypersonic 
vehicle and the one-dimensional dual-mode scramjet model. Thrust, moment, angle of attack, altitude, and velocity 
are used as transfer variables between the aircraft model and the engine model. The one-dimensional scramjet model 
can accurately reflect the working state of the engine and provide data to support the coupling analysis. Second, 
owing to the static instability of the aircraft model, the linear quadratic regulator (LQR) controller of the aircraft is 
designed to ensure attitude stability and height tracking. Finally, the coupling relationship between the aircraft and the 
engine is revealed through simulation examples. The interaction between vehicle attitude and engine working 
condition is analyzed, and the influence of vehicle attitude on engine safety is considered. When the engine is in a 
critical working state, the attitude change of the aircraft will not affect the engine safety without considering coupling, 
whereas when coupling is considered, the attitude change of the aircraft may cause the engine unstart, which 
demonstrates the significance of considering coupling characteristics. 
 

Keywords:  airframe-propulsion integration model; linear quadratic regulator; airframe-propulsion 

coupling characteristics; interaction between vehicle attitude and engine working condition 

 
 

1. Introduction 
 

Airbreathing hypersonic vehicles have become one of the important development directions in 

the field of aerospace technology (Burcham et al. 1998, Smith et al. 1990). An airbreathing 

hypersonic vehicle typically has a tightly integrated airframe and propulsion system. In order to 

deal with the strong coupling characteristics of the airbreathing hypersonic vehicle, it is essential 

to carry out an integrated design. This is the premise and foundation upon which to establish a 

model that reflects the performance and safety characteristics of the engine (Andrew et al. 2006, 

Yao et al. 2010). 

At present, there are two typical integration models in the published literature. The first model 

was established by Chavez and Schmidt (1994) from the Aerospace Research Center of the 
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University of Arizona. The second model was established by Bolender and Doman (2005). The 

latter model is more accurate and complex than the former. These two models conceptually 

embody the strong coupling nature of the airbreathing hypersonic vehicle, but the engine models 

are all zero-dimensional. A zero-dimensional model is also called a lumped parameter method. It 

assumes that the parameters are homogenized throughout the engine. Zero-dimensional models are 

widely used to analyze the overall performance of engines (Mitani et al. 1997, Roux and 

Tiruveedula 2016). However, a scramjet has extremely strongly distributed parameter 

characteristics over the whole flow field. A zero-dimensional model does not represent the 

complicated working mechanism of a scramjet, and thus it cannot obtain the accurate working 

conditions of the engine and accurately analyze the coupling characteristics between the aircraft 

and the engine. If the control system uses a zero-dimensional model, it may obtain unreliable 

information, which would render the control system unable to complete the control task 

(McClinton 2006, Hank et al. 2007). 

A dual-mode one-dimensional model of a scramjet engine for control and real-time simulation 

was established by Ma (2019). Unlike the zero-dimensional model used by previous researchers, 

the one-dimensional model can reflect the physical processes inside the engine and the distributed 

parameter characteristics in the engine flow field (Cui 2014, Lee 2015), and can obtain the real 

engine performance parameters and safety margin, which can be used to accurately analyze the 

coupling characteristics between the aircraft and the engine. It can also be used for control system 

design (Parker et al. 2007, Bharani et al. 2010). Based on the one-dimensional model, the 

integrated modeling and coupling characteristics are analyzed in this study. Many control methods 

have been used to control hypersonic vehicles (Zuppardi 2015, Liu and Hua 2015, Xu 2015, Shen 

et al. 2018, Wang et al. 2019, Zhou et al 2019), LQR control was used in this study. LQR theory is 

an early and mature state space design method in modern control theory, which is easy to form the 

closed-loop optimal control by state linear feedback. Groves et al. (2005) discussed two linear 

quadratic optimal control methods, setpoint tracking control and regulator control, for the air-

breathing hypersonic vehicle. Considering the saturation characteristic of the control input, the 

anti-windup control for statically unstable system was proposed by LQR method (Groves et al. 

2006). Huo et al. (2006) described an adaptive linear quadratic (ALQ) altitude and velocity 

tracking control algorithm for the longitudinal model of a generic airbreathing hypersonic flight 

vehicle hypersonic flight vehicle. The mature LQR controller is used to stabilize the attitude of 

hypersonic vehicle in this paper. 

In this study, on the basis of the one-dimensional engine model and the nonlinear longitudinal 

dynamics model of a hypersonic vehicle, an airframe-propulsion integrated model is established. 

Furthermore, the attitude and height controllers of the aircraft are designed. Finally, through 

simulation examples, the coupling characteristics of the aircraft and engine are analyzed and the 

conclusions are drawn. 

 

 
2. Airframe-propulsion integrated model 
 

Fig. 1 shows the geometry of the airbreathing hypersonic vehicle adopted in this work. The 

scramjet is placed in the underbelly of the aircraft. The lower wall of the aircraft front serves as the 

compression surface of the engine inlet. The rear lower wall surface serves as the free expansion 

surface to obtain greater thrust. Such a geometric configuration is typical for airbreathing 

hypersonic vehicles. 
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Fig. 1 Geometric configuration of airbreathing hypersonic vehicles 
 

 

Fig. 2 Schematic diagram of engine configuration 
 

 

2.1 Nonlinear longitudinal dynamical model of an airbreathing hypersonic vehicle 
 

Mirmirani and Bolender (2007) of the U.S. Air Force laboratory proposed an analytical model 

of a hypersonic vehicle based on the oblique shock theory, Prandtl-Meyer expansion wave theory, 

and computational fluid dynamics. Furthermore, Parker fitted the expressions of forces and 

moments in the analytical model with polynomials, thereby obtaining a control-oriented model 

that can be expressed as follows 

𝑉̇ =
𝑇ℎ cos 𝛼 − 𝐷

𝑚
− 𝑔 sin(𝜃 − 𝛼) 𝛼̇ = −

1

𝑚𝑉
(𝐿 + 𝑇ℎ sin 𝛼) + 𝑞 +

𝑔

𝑉
cos(𝜃 − 𝛼) 

ℎ̇ = 𝑉 sin(𝜃 − 𝛼)  𝜃̇ = 𝑞 𝑞̇ =
𝑀

𝐼𝑦𝑦
 

(1) 

The longitudinal dynamics model of the aircraft has five system state variables 𝑥 =
[𝑉 𝛼 ℎ 𝜃 𝑞]𝑇. The control input 𝛿𝑒 does not appear explicitly in the equations of motion. 

Instead, it enters through the forces and moments 𝑇ℎ, 𝐷, 𝐿, 𝑀. The thrust is provided by the engine 

model. The longitudinal aerodynamic forces and moments are described by   

𝐿 = 𝑞̄𝑆𝐶𝐿(𝛼, 𝛿𝑒)  𝐷 = 𝑞̄𝑆𝐶𝐷(𝛼, 𝛿𝑒) 𝑀 = 𝑧𝑇𝑇ℎ + 𝑞̄𝑆𝑐̄𝐶𝑀(𝛼, 𝛿𝑒) (2) 

 

2.2 Dual-mode scramjet model 
 

A one-dimensional model of a scramjet engine for control and real-time simulation was 

established by Ma (2019) from the Harbin Institute of Technology. By calculating the internal flow 

field structure of the engine, the engine thrust and steady margin are obtained. The model can 

reflect the unsteady characteristics of the flow field and the characteristics of the parameter 

distributions. The engine geometry is shown in Fig. 2. 
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Fig. 3 Fuel equivalence ratio 𝜙 = 0.74; comparison of experimental and calculated stress distribution 

 

 

Fig. 4 Aerodynamic layout of inlet 

 
Table 1 Total pressure recovery coefficient and Mach at the inlet of the isolator vary with the angle of attack 

Mach 
Mach at different angles of attack 

Total pressure recovery coefficient at different 

angles of attack 

-2° 0° 2° 4° 6° 8° -2° 0° 2° 4° 6° 8° 

4 1.85 1.76 1.66 1.56 1.45 — 0.693 0.692 0.691 0.683 0.664 — 

5 2.35 2.25 2.15 2.05 1.92 1.79 0.594 0.59 0.579 0.561 0.532 0.493 

6 2.71 2.61 2.51 2.41 2.26 2.11 0.519 0.504 0.478 0.439 0.401 0.358 

7 2.88 2.78 2.66 2.54 2.39 2.24 0.442 0.388 0.337 0.291 0.254 0.228 

 

 

Fig. 5 Aircraft/engine integration model 
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The engine simulation results are presented in the Fig. 3, which shows the pressure distribution 

along the path. The inlet condition of isolation is Mach 2, the total temperature is 1480 K, and the 

static pressure is 0.059 MPa. The proportion of the first stage fuel is 0.65, and that of the second 

stage fuel is 0.35. 

In this study, an inlet module is added to the engine model to ensure the integrity of the engine 

model. The inlet geometry is shown in Fig. 4. Through computational fluid dynamics (CFD) 

calculations, we obtained the total pressure recovery coefficient and Ma at the inlet of the isolator 

under different Mach numbers and angles of attack, as is shown in Table 1. The total pressure 

recovery coefficient of the inlet represents the ratio of the total air pressure at the outlet of the inlet 

to the total air pressure at the undisturbed section. Finally, the input and output of the engine model 

are shown in Fig. 5. 

 

2.3 Integrated model of aircraft and engine 
 

The integrated model of the aircraft and engine is shown in Fig. 5. The key aspects of the 

integrated model are the transfer variables between the aircraft and the engine. The engine 

provides thrust and moment for the aircraft, and the aircraft provides intake conditions for the 

engine. Therefore, the transfer variables between the aircraft and the engine are thrust, moment, 

angle of attack, altitude, and Ma.  

 

 

3. Analysis of airframe-propulsion coupling characteristics 
 

Time domain simulations are required to analyze the coupling characteristics of the 

aircraft/engine integrated model, and the hypersonic aircraft itself is a statically unstable system, 

such that the controller of the aircraft must be introduced in the coupling characteristic analysis to 

ensure the stable flight of the aircraft. Therefore, this chapter first presents the design of the 

aircraft controller, followed by an analysis of the integrated coupling characteristics. 

 

3.1 Aircraft controller design 
 

 The nonlinear state equation of a hypersonic vehicle is denoted as follows: 

𝑋̇𝑣 = [𝑓𝑉(𝑋𝑣 , 𝑈𝑣), 𝑓𝛼(𝑋𝑣, 𝑈𝑣), 𝑓ℎ(𝑋𝑣 , 𝑈𝑣), 𝑓𝜃(𝑋𝑣 , 𝑈𝑣), 𝑓𝑞(𝑋𝑣, 𝑈𝑣)]𝑇 (3) 

In a general integrated model, the engine thrust is further expressed as a function of the fuel 

equivalent ratio in an analytical form. This modeling method is suitable for aircraft control under 

normal engine operation. Considering that the integrated coupling characteristic analysis should be 

carried out and the characteristics of the engine should be fully considered, the engine 

characteristics were not included in the aircraft controller design process, and the thrust was taken 

as the transfer variable between the aircraft and the engine. The control variable of the aircraft 

model is set as 𝑢𝑣1 = 𝛿𝑒 . 

The model trim point is shown in Table 2. Near the balance point, the linearized equation is 

described as follows: 

𝑋̇𝑣 = 𝐴𝑣𝑋𝑣 + 𝐵𝑣𝑢𝑣1 (4) 

In order to realize the aircraft height tracking function, the integral of aircraft height tracking  
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Table 2 Trim point for aircraft model 

State Value Units 

𝑀𝑎 4.8 — 

𝛼 0.2 deg 

ℎ 2100. m 

𝜃 0.2 deg 

𝑞 0 deg/s 

 

 

error is selected as a new state variable, which is denoted as 

𝑤̇ = ℎ𝑟 − ℎ = ℎ𝑟 − 𝐶𝑣𝑋𝑣, 𝐶𝑣 = [0 0 1 0 0] (5) 

In this work, it is assumed that the rigid body dynamic system of the aircraft can be fully state 

feedback (Colgren et al.1999, Baumann et al. 2010). 

The trim point is 𝑋𝑣,0 = [𝑉0 𝛼0 ℎ0 𝜃0 𝑞0]′, 𝑢𝑣1,0 = 𝛿𝑒,0. The new state variable of the 

aircraft is the deviation between the aircraft state and the trim point. The new control variable of 

the aircraft is the deviation between the control variable of the aircraft and the trim point. The state 

equation of the linearized system is expressed in an incremental form as follows: 

{
𝑋̄𝑣 = 𝑋𝑣 − 𝑋𝑣,0

𝑢̄𝑣1 = 𝑢𝑣1 − 𝑢𝑣1,0
 (6) 

After variable substitution, the aircraft stability and height tracking control problem is 

transformed into a typical linear quadratic optimal state controller design problem. The form of the 

augmented system is shown as follows: 

 

(7) 

The above control objectives are expressed as quadratic performance indicators 

𝐽(𝑋̄𝑣,𝑎𝑢𝑔, 𝑢̄𝑣1) =
1

2
∫ [𝑋̄′

𝑣,𝑎𝑢𝑔(𝑡)𝑄𝑋̄𝑣,𝑎𝑢𝑔(𝑡) + 𝑢̄′
𝑣1(𝑡)𝑅𝑢̄𝑣1(𝑡)]

∞

0

𝑑𝑡 (8) 

where 𝑄 = 𝑄𝑇 ≥ 0，𝑅 = 𝑅𝑇 ≥ 0 

The optimization problem expressed in formula (8) is an extremal problem with an equation-

constrained functional, and the dynamic equations of the augmented system are equation-

constrained, as follows: 

𝑓(𝑋̄𝑣,𝑎𝑢𝑔, 𝑢̄𝑣1, 𝑡) − 𝑋̇̄𝑣,𝑎𝑢𝑔 = 0 (9) 

Lagrange multipliers are introduced to construct a generalized functional: 
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𝐽𝑎 = ∫ 𝐿(𝑋̄𝑣,𝑎𝑢𝑔 , 𝑢̄𝑣1, 𝑡)
∞

0

+ 𝜆′(𝑡) [𝑓(𝑋̄𝑣,𝑎𝑢𝑔, 𝑢̄𝑣1, 𝑡) − 𝑋̇̄𝑣,𝑎𝑢𝑔] 𝑑𝑡 

 = ∫ [𝐻(𝑋̄𝑣,𝑎𝑢𝑔, 𝑢̄𝑣1, 𝑡) − 𝜆(𝑡)𝑋̇̄𝑣,𝑎𝑢𝑔]
∞

0
𝑑𝑡 

(10) 

The Hamiltonian is defined as: 

𝐻 = 𝐿 + 𝜆′(𝑡)𝑓(𝑋̄𝑣,𝑎𝑢𝑔, 𝑢̄𝑣1, 𝑡) = 𝐿 + 𝜆′(𝑡)[𝐴𝑣,𝑎𝑢𝑔𝑋̄𝑣,𝑎𝑢𝑔 + 𝑏𝑣,𝑎𝑢𝑔𝑢̄𝑣1] (11) 

According to the minimum principle of a continuous system, aiming at the following problem: 

𝐸𝑥𝑡𝑟𝑒𝑚𝑖𝑧𝑒
𝑢̄𝑣1(𝑡)

𝐽 = ∫ 𝐿(𝑋̄𝑣,𝑎𝑢𝑔, 𝑢̄𝑣1, 𝑡)𝑑𝑡
∞

0

 

 
𝑠. 𝑡. 𝑓(𝑋̄𝑣,𝑎𝑢𝑔, 𝑢̄𝑣1, 𝑡) − 𝑋̇̄𝑣,𝑎𝑢𝑔 = 0

𝑋̄𝑣,𝑎𝑢𝑔(0) = 𝑋̄𝑣,𝑎𝑢𝑔,0

 

(12) 

The necessary conditions to realize the optimal control are as follows: 

1) The optimal state and the optimal co-state satisfy the canonical equation 

𝑋̇̄𝑣,𝑎𝑢𝑔 =
𝜕𝐻

𝜕𝜆
 𝜆̇ = −

𝜕𝐻

𝜕𝑋̄𝑣,𝑎𝑢𝑔

 (13) 

2) The optimal control satisfies the governing equation 

𝜕𝐻

𝜕𝑢̄𝑣1
= 0 (14) 

Expand the regular equation and the governing equation in turn 

𝑋̇̄𝑣,𝑎𝑢𝑔 =
𝜕𝐻

𝜕𝜆
= 𝐴𝑣,𝑎𝑢𝑔𝑋̄𝑣,𝑎𝑢𝑔 + 𝑏𝑣,𝑎𝑢𝑔𝑢̄𝑣1 

𝜆̇ = −
𝜕𝐻

𝜕𝑋̄𝑣,𝑎𝑢𝑔

= −[𝑄𝑋̄𝑣,𝑎𝑢𝑔 + 𝐴𝑣,𝑎𝑢𝑔
′ 𝜆] 

𝜕𝐻

𝜕𝛼𝐹2
= 𝑅𝑢̄𝑣1 + 𝑏𝑣,𝑎𝑢𝑔

′ 𝜆 = 0 

(15) 

The optimal solution of the control quantity can be obtained as follows: 

𝑢̄𝑣1 = −𝑅−1𝑏𝑣,𝑎𝑢𝑔
′ 𝜆 (16) 

Suppose 𝜆(𝑡) has the following form: 

𝜆(𝑡) = 𝑃(𝑡)𝑋̄𝑣,𝑎𝑢𝑔(𝑡) (17) 

There exist 

𝜆̇(𝑡) = 𝑃̇(𝑡)𝑋̄𝑣,𝑎𝑢𝑔(𝑡) + 𝑃(𝑡)𝑋̇̄𝑣,𝑎𝑢𝑔(𝑡) (18) 

When we substitute Eqs. (17) and (18) into formula (15), we obtain two different forms of 

differential equations for Lagrange multipliers 𝜆(𝑡) 
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Fig. 6 Aircraft stabilization/tracking controller structure 

 

 

𝜆̇ = −(𝑄 + 𝐴𝑣,𝑎𝑢𝑔
′ 𝑃)𝑋̄𝑣,𝑎𝑢𝑔 

𝜆̇ = (𝑃̇ + 𝑃𝐴𝑣,𝑎𝑢𝑔 − 𝑃𝑏𝑣,𝑎𝑢𝑔𝑅−1𝑏𝑣,𝑎𝑢𝑔
′ 𝑃)𝑋̄𝑣,𝑎𝑢𝑔 

(19) 

The differential Riccati equation of P is reduced to the algebraic Riccati equation 

𝑄 + 𝑃𝐴𝑣,𝑎𝑢𝑔 + 𝐴𝑣,𝑎𝑢𝑔
′ 𝑃 − 𝑃𝑏𝑣,𝑎𝑢𝑔𝑅−1𝑏𝑣,𝑎𝑢𝑔

′ 𝑃 = 0 (20) 

𝑃 = 𝑃′ is the only solution to the algebraic Riccati equation. 

The complete structure of the aircraft controller can be obtained as follows: 

𝑢𝑣1 = 𝑢𝑣1,0 − 𝐾𝑣𝑋̄𝑣,𝑎𝑢𝑔 

= 𝑢𝑣1,0 − [𝐾𝑣𝑣 𝐾𝑣ℎ][(𝑋𝑣 − 𝑋𝑣,0) 𝑤]
′
 

= 𝑢𝑣1,0 − 𝐾𝑣𝑣(𝑋𝑣 − 𝑋𝑣,0) − 𝐾𝑣ℎ ∫(𝑧𝑣𝑟 − 𝐶𝑣𝑋𝑣)𝑑𝑡 

(21) 

The controller structure is often referred to as a linear quadratic proportional integral filter 

structure (Huo et al. 2006, Kuipers et al. 2007, Stengel 2015). 𝐾𝑣𝑣 is used to control attitude 

stability, which ensures that the pitching rate of the aircraft is controlled near zero. 𝐾𝑣ℎ is used to 

control altitude tracking, which realizes the flight of the aircraft along the trajectory of the 

specified altitude. The aircraft control loop is shown in Fig. 6. 

A simulation is carried out to verify the control effect of the aircraft controller. The flight starts 

at Ma = 5, h = 22.03 km. The control objective is to first climb under constant pressure for 20 s, 

and then cruise at constant altitude for 10 s. The simulation results show the changes in altitude, 

velocity, and flight attitude. The altitude tracking has a delay of approximately 2 s. The angle of 

attack and flight path angle change only when the aircraft state changes. The attitude of the aircraft 

remained stable for the rest of the time, indicating that the attitude control effect of the aircraft was 

good. 

 

3.2 Analysis of airframe-propulsion coupling characteristics 
 

In this study, a case of ignoring the coupling between the aircraft and the engine was set up for 

a comparative analysis with the normal case. The interaction between the working condition of the 

engine and the attitude of the vehicle is analyzed. In the simulation ignoring the coupling, the 

attitude of the aircraft has no effect on the working condition of the engine; that is, the intake flow 

of the engine is not affected by the flight angle of attack, but only by the altitude and Mach 

number. Moreover, the attitude of the aircraft is not affected by the working condition of the  
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Vehicle
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(a) Altitude (b) Ma 

  
(c) Angle of attack (d) Fight path angle 

Fig. 7 Simulation results of aircraft control effect 

 

 
Fig. 8 Integration model that ignores coupling 

 

 

engine; that is, the thrust moment of the aircraft is constant and does not change with the engine 

thrust. The integration model that ignores coupling is shown in Fig. 8. 
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(a) Fuel equivalent ratio (b) Thrust 

  
(c) Moment (d) 𝛿𝑒 

  

(e) Drag (f) Angle of attack, flight path angle, and angle of 

pitch 

Fig. 9 Parameters of aircraft and engine under changing engine working conditions 
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(g) Air mass flow 

Fig. 9 Continued 

 

 

3.2.1 Influence of engine working conditions on vehicle attitude 
Our research focuses on the modeling and coupling characteristics analysis for an airframe-

propulsion-integrated hypersonic vehicle in specified operating condition. The engine model 

adopted in coupling system is a scramjet with regenerative cooling function, which has two-stage 

fuel equivalent ratio adjustment to deal with inlet unstart and combustor overtemperature problem 

(Ma et al. 2019). However, the coupling characteristics discussed in this paper occur at the 

specified cruising condition. According to the matching of aircraft model and engine model, this 

condition is not close to any engine safety boundary such as inlet unstart, combustor 

overtemperature, etc. Thus, the second-stage fuel equivalent ratio does not need to be adjusted 

with a value of 0 (Ma et al. 2019). In further research, we will consider the acceleration of the 

integrated system, where the second-stage fuel equivalent ratio will play an important role in 

safety regulation. The first-stage fuel equivalent ratio is set according to the flight conditions and 

coupling system matching. Therefore, the operating point is selected as Ma = 6, h = 24 km, the 

fuel equivalent ratio of the first stage is 0.33, the fuel equivalent ratio of the second stage is 0, and 

the aircraft was cruising at the same altitude. At t = 15 s, the fuel equivalent ratio of the first stage 

increased by 0.25, and at t = 25 s, the fuel equivalent ratio of the first stage decreased by 0.25. The 

fuel equivalent ratio of the second stage remained unchanged. The simulation lasted for 30 s and 

the conditions of the aircraft and engine change as shown in Fig. 9. 

As can be seen from Fig. 9(b), when the fuel equivalent ratio increases and decreases, the 

engine thrust significantly increases and decreases, respectively. The moment of the vehicle also 

changes markedly when coupling is considered. This is because the change in thrust leads to a 

change in thrust moment, and the aircraft’s moment balance is broken. However, without 

considering the coupling, the moment remains unchanged, as shown in Fig. 9(c). 

The change in moment leads to an instability of the attitude of the aircraft. The aircraft 

controller adjusts the aerodynamic moment by adjusting the elevator angular deflection to 

maintain the resultant moment near 0. As shown in Fig. 9(d), 𝛿𝑒 changes significantly at 15 and 

25 s. The drag changes are shown in Fig. 9(e). Under the influence of coupling, the angle of attack  
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(a) 𝛥𝛿𝑒 (b) 𝛿𝑒 

  
(c) Drag (d) Moment 

  

(e) Angle of attack, flight path angle, and angle of 

pitch 

(f) Air mass flow 

Fig. 10 Parameters of the aircraft and the engine under changing vehicle attitude 
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(g) Thrust 

Fig. 10 Continued 

 

  
(a) 𝛥𝛿𝑒 (b)Safety margin 

Fig. 11 Influence of vehicle attitude on engine safety 
 

 

and angle of pitch change slightly, whereas without considering coupling, the angle of attack and 

angle of pitch do not change. This also indicates that the coupling characteristics cause the 

working conditions of the engine to affect the attitude of the aircraft. It can be seen from Fig. 9(g) 

that the air flow of the engine without coupling is greater than that with coupling, because the 

coupling makes the aircraft’s angle of attack decrease, which leads to a decrease in air flow, as can 

be seen from Fig. 9(f).  

In summary, when the working conditions of the engine are changed, the original moment 

balance of the aircraft is broken. Under the action of the aircraft controller, the aircraft works 

stably at the new equilibrium point. 

 

3.2.2 Influence of vehicle attitude on engine working condition 
When analyzing the coupling characteristics, the operating point is selected as Ma = 5, h = 22 
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km, the fuel equivalent ratio of the first stage is 0.33, and the fuel equivalent ratio of the second 

stage is 0. The aircraft cruises at the same altitude. From t = 15 s to t = 25 s, 𝛿𝑒  is disturbed and 

rises 0.2°. The simulation lasted for 30 s, and the conditions of the aircraft and engine change as 

shown in Fig. 10. 

It can be seen from Fig. 10(b) that 𝛿𝑒 quickly returns to the normal state after being disturbed. 

Fig. 10(d) shows that the moment balance of the aircraft is broken in a short time when 𝛿𝑒 

changes. The resultant moment is then stabilized near 0 by adjusting 𝛿𝑒. It can be seen from Fig. 

10(e) that the angles of attack and pitch also fluctuate during attitude adjustment. Under the 

coupling effect, the attitude of the aircraft changes, resulting in a change in the engine inlet flow, 

and in turn causing a fluctuation in the engine thrust. However, as the attitude of the aircraft 

stabilizes, the thrust fluctuation gradually decreases and finally stabilizes. Changes in the air flow 

and thrust can be seen in Fig. 10(f) and 10(g). 

To summarize, when the attitude of the aircraft changes, the inlet flow of the engine will 

change, which will lead to a change in the thrust. As the attitude of the aircraft is stabilizes, the 

engine will gradually restore stability. 

 

3.2.3 Effects of coupling characteristics on engine safety 
The previous simulations were performed at lower fuel equivalent ratios. The engine has a 

higher safety margin when the fuel equivalent ratio is low. The coupling characteristics have no 

significant impact on engine safety. Now, consider the engine operating in a lower-margin state; 

that is, the engine has a higher fuel equivalent. The operating point is selected as Ma = 5, h = 

22km, the fuel equivalent ratio of the first stage is 0.56, and the fuel equivalent ratio of the second 

stage is 0. The aircraft cruises at the same altitude. From t = 15 s to t = 25 s, 𝛿𝑒  is disturbed and 

rises 0.25°. The simulation lasted for 30 s, and the conditions of the aircraft and engine change as 

shown in Fig. 11. 

As shown in Fig. 11, the engine safety margin continues to increase when coupling is taken into 

account. This is because the aircraft is accelerating at a high fuel equivalent ratio. The higher the 

incoming flow velocity, the greater the combustor backpressure that the isolation section can 

withstand, the less easily the shock wave string can be pushed out, and the greater the engine 

margin, such that the engine margin continues to rise. However, in the case of coupling, engine 

unstart already occurs at t = 15 s. As can be seen from Fig. 11(b), the engine safety margin is 0. 

Therefore, in the design of an airbreathing hypersonic vehicle, the influence of coupling should be 

fully considered. 

 

 

4. Conclusions 
 

It is a very complicated task to build an integrated model of a hypersonic aircraft/scramjet. On 

the basis of the traditional flight mechanics modeling theory, we must establish a scramjet model 

that can accurately reflect the engine characteristics and the strong coupling model oriented to the 

airframe-propulsion integration. The conclusions are summarized as follows: 

• In this paper, an airframe-propulsion integration model is established based on the one-

dimensional engine model. The integration model fully embodies the coupling relationship 

between the aircraft and the engine. Through a simulation example, the validity of the modeling is 

verified. The integrated model exhibits both accuracy and rapidity, and is suitable for the research 

of hypersonic aircraft integration. Its rationality and feasibility render it of great value for 
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engineering applications. 

• The coupling relationship between the engine working conditions and the aircraft attitude is 

revealed. When the working conditions of the engine change, the moment balance of the aircraft is 

broken. The aircraft controller adjusts the aerodynamic moment by adjusting the elevator angular 

deflection to maintain the resultant moment near 0. When the vehicle attitude changes, it leads to a 

change in the engine intake flow, which in turn causes a change in thrust. However, owing to the 

existence of the aircraft controller, with the stability of the aircraft attitude, the working thrust of 

the engine gradually returns to stability.  

• When the engine is working in the critical state, if the coupling characteristics are not 

considered, the engine’s working state may be misjudged. The engine unstarting condition is 

disastrous, and should be avoided as much as possible. In the design of an airbreathing hypersonic 

vehicle, the influence of coupling should be fully considered. 
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Nomenclature 
 
Av System matrix 

Av,avg Augmented system matrix 

Bv,avg Augmented input matrix 

CD(α, δe) Drag coefficient 

CL(α, δe) Lift coefficient 

CM(α, δe) Moment coefficient 

𝑐̅ Mean aerodynamic 

D Drag 

g Acceleration due to gravity 

H Hamilton function 

H Altitude 

hr Altitude reference trajectory 

Iyy Moment of inertia 

q Pitch rate 

𝑞̅ Dynaic presssure 
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S Reference area 

Th Tripm poitn 

𝑢̅𝑣,1 İncremental control input 

V velocity 

W Altitude tracking error 

Xv State of aircraft model 

Xv,0 Trim condition 

Xv,aug İncremental state of aircraft model 

xB Body axis corrdinate frame x direction 

ZT Body axis coordinate frame z direction 

ZT Thrust to moment coupling coefficient 
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