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The stage separation is one of key issues for air-launch-to-orbit system. In this process, the elastic 
deformation of carrier causes periodic pulsation in interference aerodynamics and may lead to modal 
coupling and dynamics instability of spacecraft. The dynamic responses and stability of the two vehicles 
should be considered carefully. The CFD-based dynamic simulation method has high accuracy but 
requires large computation cost. In this study, a new reduced-order modeling method is developed, which 
is for unsteady aerodynamics of the air-launch-to-orbit system with considering the elastic deformations 
of carrier. Based on the physical mechanism of interference aerodynamics factors, the model input 
parameters are decoupled and the modeling difficulty is reduced. By coupling the unsteady aerodynamic 
model, structural dynamics equations and rigid body dynamic equations, the longitudinal dynamic 
responses of air-launch-to-orbit system during stage separation are simulated. Through comparison, those 
results have good agreement with traditional CFD-based method, and the simulation efficiency of new 
method is improved greatly. The new modeling method is applicable to the air-launch-to-orbit system 
and can provide guidance for similar engineering issues.

© 2021 Elsevier Masson SAS. All rights reserved.

1. Introduction

Air-launch-to-orbit is the system that has stores carried aloft and launched the store from the carrier aircraft to the orbit. Usually, 
the stores are launch vehicles, aerospace planes or other spacecraft. Compared to the traditional ground launch, the air launch has the 
characteristics of higher flexibility and lower cost [1,2].

The stage separation is one of the key issues for air-launch-to-orbit system [3]. In this period, the relative position and posture of 
carrier and the spacecraft show dynamic changes [4–6], and there will be strong aerodynamic interference between the two vehicles 
[7,8]. Normally, the carrier is a large transport aircraft such as WhiteKnight Two and Stratolaunch, which has a relatively smaller structure 
mass factor for larger load factor and longer voyage. Then, there will be elastic deformation during flight. At the moment of separation, 
there is a sudden change in the normal overload of carrier, which will act as an excitation to generate elastic vibrations in the wings, 
and then causes the periodic interference aerodynamics. When the interference aerodynamic modal frequency is close to that of the 
longitudinal short-period modal frequency of the spacecraft, it may lead to modal coupling and dynamics instability of the spacecraft. 
Therefore, the unsteady aeroelastic characteristics of carrier must be considered in the beginning of stage separation maneuver. To sum 
up, the separation process of air-launch-to-orbit system is a multidisciplinary dynamics problem that couples the unsteady aerodynamics, 
structural dynamics, and flight dynamics, the interference aerodynamics and dynamic characteristics of the vehicles needs to be carefully 
studied.

Wind tunnel test can measure the aerodynamic forces and dynamic responses of air-launch-to-orbit system during separation reliably 
[9,10]. However, it has high requirements for the installation and positioning accuracy of experimental equipment, and the experimental 
cost is higher. Since the 1970s, with the rapid development of computer technology, the CFD method has made considerable progress. In 
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the early 1990s, the development and verification of CFD-based multi-body separation simulation programs have attracted the attention 
of researchers. In 1991, the separation experiment of a wing-pylon-finned body was carried out by Air Force Wright Laboratory (AFWL) 
and Arnold Engineering Development Center (AEDC) [11]. This experiment provided a benchmark example for the multi-body separation 
simulation program to verify the reliability of the code. In 1992, the store separation process of wing-pylon-finned body was simulated 
with CFD-based method by AFWL. The simulation results agreed well with the experiment [12]. Subsequently, the simulation method was 
quickly extended to engineering problems, and applied to air launch platforms such as F/A-18 [13], F-15E [14,15], F-16 [16], B-52 [17], 
and so on.

After more than 30 years of development, it is mature for CFD-based method to solve the multi-body separation problems. However, 
few investigations take attention on the elastic deformation of the aircraft during separation process. In our previous research, by coupling 
Navier-Stokes equations, structure dynamic equations and rigid body equations, the stage separation problem with considering the elastic 
deformation of carrier was researched [7,8]. However, the computational cost of numerical method is very large and it is unacceptable 
for engineering problems. During the simulation, more than 99% of the calculated amount is generated from the mesh deformation and 
the solution of N-S equation. The CFD solver is called frequently due to the physical time step is based on the highest frequency of the 
structural mode. Therefore, a simple and efficient solution method for obtaining the dynamic response of the aircrafts is required and an 
accurate and efficient aerodynamic solver is needed.

It is suitable for reduced-order model (ROM) to replace the CFD solver for dynamic simulation. The calculation cost of ROM is reflected 
in the sample calculation. Once the model is established, a large number of simulations for different operating conditions can be carried 
out with few computational expense. In recent years, the reduced-order model has a wide range of applications, such as time domain 
dynamic analysis [18,19], aeroelastic global structural optimization [20], complex flow analysis [21], convergence acceleration of solver 
[22], aerodynamic shape optimization [23,24], nonlinear dynamic structure modeling [25], and so on.

In this study, a new CFD-based reduced-order modeling method for unsteady aerodynamics of air-launch-to-orbit system during stage 
separation are developed. In aerodynamic modeling, the elastic deformations of the carrier are considered. Based on the physical mecha-
nism of interference aerodynamics factors, the model input parameters are decoupled and the modeling difficulty is reduced. Employing 
the input and output data calculated by the CFD-based multidisciplinary simulation method, the parameters of aerodynamic model are 
identified. Through coupling the unsteady aerodynamic model, structural dynamics equations and rigid body dynamic equations, the lon-
gitudinal dynamic responses of air-launch-to-orbit system during stage separation are simulated. By comparing those results with that of 
CFD/CSD/RBD method, the practicability, accuracy and efficiency of the modeling method developed in this paper are verified.

2. Unsteady aerodynamic modeling method

2.1. The kinetic model of air-launch-to-orbit system during separation process

The longitudinal kinetic model of air-launch-to-orbit system during separation is established in this section. First of all, the physical 
assumptions involved in the model are explained as follows:

1. Assuming that the carrier is an elastomer, and the elastic deformations of carrier during flight are considered.
2. Assuming that the carrier remains straight line flight at constant altitude during separation.
3. Assuming that the spacecraft is a rigid body with no elastic deformation, and only longitudinal pitching and plunging dynamic motions 

are considered.
4. The interference aerodynamics of spacecraft caused by the carrier are considered in the kinetic model. The interference aerodynamics 

of the carrier caused by the spacecraft are ignored.

For the fourth assumption, the physics interpretation is as follows. Firstly, compared with the carrier, the size and weight of spacecraft 
is smaller. The interference aerodynamics caused by spacecraft is relatively smaller compared with aerodynamic load of carrier. Secondly, 
the relative distance between the two vehicles keeps increasing during stage separation, and the interference aerodynamics is reducing.

Dynamic equation of elastic aircraft can be expressed as:⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

m
dV

dt
= F r

dh

dt
= Mr

M ξ̈ + G ξ̇ + K ξ = F

(1)

where, F r and Mr represent resultant force and moment vector respectively; V means the velocity vector; h denotes moment of mo-
mentum; ξ is the generalized displacement, M is the generalized mass matrix; G is the generalized structural damping matrix; K is the 
generalized stiffness matrix; and F is the generalized force.

By assumption 1 and 2, dV /dt and dh/dt of carrier are zero during separation process. The dynamic equation can be expressed as:

M ξ̈ + G ξ̇ + K ξ = F (2)

By assumption 3, the dynamic equation of spacecraft can be expressed as:{
mz̈ = F z − mg cos θ

I yq̇ = M y
(3)

where, z̈ is normal acceleration; m means the mass of spacecraft; F z denotes normal force; q and θ are pitching angle velocity and 
pitching angle respectively; I y represents the principal moments of inertia along the y axis; M y refers to the pitching moment.
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Then, the longitudinal kinetic model of air-launch-to-orbit system during separation can be expressed as:⎧⎪⎨
⎪⎩

M ξ̈ + G ξ̇ + K ξ = F

mz̈ = F z − mg cos θ

I yq̇ = M y

(4)

2.2. The unsteady aerodynamic modeling method of the carrier

In general, when an aircraft (not included the flexible aircraft) is in the normal flight conditions, the elastic deformation of the aircraft 
satisfies the small deformation hypothesis. The linearized model can be used to describe the generalized aerodynamic force of carrier.

In this study, the autoregressive with exogenous input (ARX) model is employed. For the MIMO system (Multiple input multiple output 
system), the ARX model is given as follows [26]:

y(k) =
na∑

i=1

Ai y(k − i) +
nb−1∑
i=0

B i u(k − i) (5)

where, u and y are input and output vectors of the model; na and nb mean the delay order of the input and feedback of the model 
respectively; Ai and B i represent matrices of constant coefficients to be estimated. For carrier, the model input and output are its gener-
alized displacement and generalized aerodynamic force, respectively. The state space model of ARX in continuous form can be expressed 
as follows:{

ẋa(t) = Aaxa(t) + Baxb(t)

f a(t) = Caxa(t) + Daxb(t) + f a0
(6)

where, the state vector xa = [ f a(k − 1), ..., f a(k − na), ξ (k − 1), ..., ξ (k − nb + 1)]T , xb = [ξ(k)]T , and ξ is generalized displacement; f a is 
the modal aerodynamic coefficient matrix; f a0 is the static aerodynamic coefficient matrix; Aa , Ba , Ca and Da are matrices of constant 
coefficients to be estimated.

2.3. The aerodynamic modeling method of spacecraft

During separation, the aerodynamic forces of spacecraft are influenced by the following factors: 1. The aerodynamic configurations and 
flight attitude; 2. The relative distance between carrier and spacecraft; 3. The elastic deformation of the carrier. Thus, the aerodynamic 
models of spacecraft are expressed as:

F z(α, θ, θ̇ , ξ , ξ̇ , ξ̈ , c, t) = F z1(α, θ, θ̇ ) + F z2(ξ , c) + F z3(ξ , ξ̇ , ξ̈ , c, t)

M y(α, θ, θ̇ , ξ , ξ̇ , ξ̈ , c, t) = M y1(α, θ, θ̇ ) + M y2(ξ , c) + M y3(ξ , ξ̇ , ξ̈ , c, t)
(7)

where, F1 is the aerodynamic forces caused by the aerodynamic configurations and flight attitude and is the function of angle of attack 
α, pitching angle θ and pitching rate θ̇ . F2 is the interaction aerodynamic forces caused by elastic carrier and is functions of the relative 
distance c and the static elastic deformation ξ of the carrier. F3 is the interaction aerodynamics increment caused by the dynamic elastic 
deformation of carrier and is function of ξ , ξ̇ , ξ̈ , c and time t . ξ , ξ̇ and ξ̈ are the generalized displacement, generalized velocity and 
generalized accelerated velocity of the carrier, respectively.

For the left side of Equation (7), the influence factors of the model are complex and coupled with each other. It is difficult to build an 
aerodynamic model that containing so many input parameters. For the right side, after decoupling, the physical significances of the models 
are clear and the modeling difficulty are reduced. Besides, the nonlinear relationships of the strong coupling parameters are considered as 
well. In this study, the fuzzy logic modeling method is employed to build the aerodynamic models such as F1 and F2, and the linearized 
method is used to build the aerodynamic models F3.

(1) Models of F1

The fuzzy logic modeling method is employed to build the models of F1. The output of fuzzy logic model is expressed as [27]:

�
y j=

∑n
i=1 OP[Ai

1(x1 j), . . . , Ai
r(xrj), . . . , Ai

k(xkj)] f i(x1 j, x2 j, . . . xkj)∑n
i=1 OP[Ai

1(x1 j), . . . , Ai
r(xrj), . . . , Ai

k(xkj)]
(8)

where, x j = [
x1 j, x2 j, . . . xkj

]T is the input of the model; k is the number of input parameters; n is the number of inner function; 
f i(x1 j, x2 j, . . . xkj) is the ith inner function; Ai

r(xrj) is the ith subordinate function of xrj; OP is the subordinate functions weighted opera-
tion. The models of F1 can be expressed as:

F z1(α, θ, θ̇ ) =
∑n

i=1 OP1[Ai
1(α), Ai

2(θ), Ai
3(θ̇)] f i

1(α, θ, θ̇ )∑n
i=1 OP1[Ai

1(α), Ai
2(θ), Ai

3(θ̇ )] · qS

M y1(α, θ, θ̇ ) =
∑n

i=1 OP2[Ai
1(α), Ai

2(θ), Ai
3(θ̇)] f i

2(α, θ, θ̇ )∑n
i=1 OP2[Ai

1(α), Ai
2(θ), Ai

3(θ̇)] · qlS

(9)

where, q denotes dynamic pressure of the free stream; l and S are the reference length and area of the aircraft, respectively.
3
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(2) Models of F2

For the given carrier and spacecraft, the static deformation of the carrier ξ is a monotonic function of the relative distance between 
carrier and spacecraft c. That is:

ξ = f (c) (10)

And then:

F2(ξ, c) = F2( f (c), c) = F2(c) (11)

With fuzzy logic modeling method, the models of F2 can be expressed as:

F z2(c) =
∑n

i=1 Ai(c) f i
1(c)∑n

i=1 Ai(c)
· qS

M y2(c) =
∑n

i=1 Ai(c) f i
2(c)∑n

i=1 Ai(c)
· qlS

(12)

(3) Models of F3(ξ , ̇ξ , ̈ξ , c, t)
F3(ξ , ̇ξ , ̈ξ , c, t) is the interaction aerodynamics caused by the dynamic elastic deformation of the carrier, and can be considered as 

zero-mean-value of interference aerodynamic force. The model is expressed as Equation (13). There is a ratio relationship K between the 
zero-mean-value of aerodynamic coefficients responses of carrier and spacecraft, K is a function of relative distance c and is unrelated to 
physical time. Therefore, the input parameter c can be decoupled from the function F z,3(ξ , ̇ξ , ̈ξ , c, t).

F z,3(k) = Kfz(c) ·
[

na∑
i=1

A′
i F z,3(k − i) +

nb−1∑
i=0

B ′
iξ(k − i)

]
· qS (13)

ARX model can be employed to construct the mappings of F z,3(ξ , ̇ξ , ̈ξ , t). As the second derivative of generalized displacement is 
considered, the delay order of input is nb = 3. The feedback of the model is ignored and na = 0. Equation (13) is simplified as:

F z,3(k) = Kfz(c) · [B ′
0ξ(k) + B ′

1ξ(k − 1) + B ′
2ξ(k − 2)

] · qS (14)

The continuous form of Equation (14) is:

F z,3(ξ , ξ̇ , ξ̈ , c, t) = Kfz(c) · [B10ξ(t) + B11ξ̇(t) + B12ξ̈(t)
] · qS (15)

The interference aerodynamic pitching moment model of the spacecraft caused by the dynamic elastic deformation of the carrier is 
expressed as:

M y,3(ξ , ξ̇ , ξ̈ , c, t) = Kmy(c) · (B20ξ(t) + B21ξ̇(t) + B22ξ̈(t)
) · qlS (16)

(4) Models of spacecraft
Bring Equation (9), (12), (15), (16) into Equation (7), the aerodynamic models of spacecraft can be expressed as:

F z(α, θ,q, ξ , ξ̇ , ξ̈ , c, t) =
∑n

i=1 OP1[Ai
1(α), Ai

2(θ), Ai
3(θ̇ )] f i

1(α, θ, θ̇ )∑n
i=1 OP1[Ai

1(α), Ai
2(θ), Ai

3(θ̇)] · qS + Kfz(c) · [ B10 B11 B12
] [

ξ ξ̇ ξ̈
]T · qS

+
∑n

i=1 Ai(c) f i
1(c)∑n

i=1 Ai(c)
· qS

M y(α, θ,q, ξ , ξ̇ , ξ̈ , c, t) =
∑n

i=1 OP2[Ai
1(α), Ai

2(θ), Ai
3(θ̇ )] f i

2(α, θ, θ̇ )∑n
i=1 OP2[Ai

1(α), Ai
2(θ), Ai

3(θ̇)] · qlS + Kmy(c) · [ B20 B21 B22
] [

ξ ξ̇ ξ̈
]T · qlS

+
∑n

i=1 Ai(c) f i
2(c)∑n

i=1 Ai(c)
· qlS

(17)

2.4. The kinetic equation group

In Equation (4), the structure dynamic equation of carrier is [26]:

M ξ̈ + G ξ̇ + K ξ = F a(ξ , ξ̇ , t) = q · f a(ξ , ξ̇ , t) (18)

where, q is dynamic pressure of the free stream. The state-space form of the equation (18) is expressed as:[
ξ̇

ξ

]
=

[
0 I

−M−1 K −M−1G

][
ξ

ξ̇

]
+ q

[
0

M−1

]
f a(ξ , ξ̇ , t) (19)
4
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Let’s:

xs =
[

ξ

ξ̇

]
, As =

[
0 I

−M−1 K −M−1G

]
, Bs =

[
0

M−1

]

The structure dynamic equation of the carrier in continuous form is:

ẋs(t) = Asxs(t) + qBs f a(t) (20)

Due to the equation:

xb(t) = [
1 0

]
xs(t) = C sxs(t) (21)

By considering the equations (6), (20) and (21), we get Equations (22):{
ẋs(t) = (As + qBs DaC s) xs(t) + qBsCaxa(t) + qBs f a0

ẋa(t) = Aaxa(t) + BaC sxs(t)
(22)

By considering the equations (3) and (17), the rigid body dynamic equation of spacecraft is:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

mz̈ =
∑n

i=1 OP1[Ai
1(α), Ai

2(θ), Ai
3(θ̇ )] f i

1(α, θ, θ̇ )∑n
i=1 OP1[Ai

1(α), Ai
2(θ), Ai

3(θ̇)] · qS + Kfz(c) ·
[

B10 B11 B12

] [
ξ ξ̇ ξ̈

]T · qS

+
∑n

i=1 Ai(c) f i
1(c)∑n

i=1 Ai(c)
· qS − mg cos θ

I y θ̈ =
∑n

i=1 OP2[Ai
1(α), Ai

2(θ), Ai
3(θ̇ )] f i

2(α, θ, θ̇ )∑n
i=1 OP2[Ai

1(α), Ai
2(θ), Ai

3(θ̇ )] · qlS + Kmy(c) ·
[

B20 B21 B22

][
ξ ξ̇ ξ̈

]T · qlS +
∑n

i=1 Ai(c) f i
2(c)∑n

i=1 Ai(c)
· qlS

(23)

Let’s:

P 1 = As + qBs DaC s, P 2 = qBsCa, P 3 = qBs

The first equation in simultaneous equations (22) is expressed as:[
ξ̇

ξ̈

]
= P 1

[
ξ

ξ̇

]
+ P 2xa(t) + P 3 f a0 =

[
P 11 P 12
P 13 P 14

][
ξ

ξ̇

]
+

[
P 21
P 22

]
xa(t) +

[
P 31
P 32

]
f a0 (24)

And then:

ξ̈ = P 13ξ + P 14ξ̇ + P 22xa(t) + P 32 f a0 (25)

By considering the equations (22), (23) and (25), we get simultaneous equations (26), which are the governing equation of the store 
separation problem considering the elastic deformation of the carrier.⎧⎪⎪⎪⎨

⎪⎪⎪⎩

ẋs(t) = (As + qBs DaC s) xs(t) + qBsCaxa(t) + qBs f a0

ẋa(t) = Aaxa(t) + BaC sxs(t)

mz̈ = F z1(α, θ, θ̇ ) + Kfz(c) · [(B10 + B12 P 13) ξ + (B11 + B12 P 14) ξ̇ + B12 P 22xa(t) + B12 P 32 f a0
] + F z0(c) − mg cos θ

I y θ̈ = M y1(α, θ, θ̇ ) + K my(c) · [(B20 + B22 P 13) ξ + (B21 + B22 P 14) ξ̇ + B22 P 22xa(t) + B22 P 32 f a0
] + M y0(c)

(26)

where:

F z1(α, θ, θ̇ ) =
∑n

i=1 OP1[Ai
1(α), Ai

2(θ), Ai
3(θ̇)] f i

1(α, θ, θ̇ )∑n
i=1 OP1[Ai

1(α), Ai
2(θ), Ai

3(θ̇ )] · qS, F z2(c) =
∑n

i=1 Ai(c) f i
1(c)∑n

i=1 Ai(c)
· qS

M y1(α, θ, θ̇ ) =
∑n

i=1 OP2[Ai
1(α), Ai

2(θ), Ai
3(θ̇)] f i

2(α, θ, θ̇ )∑n
i=1 OP2[Ai

1(α), Ai
2(θ), Ai

3(θ̇)] · qlS, M y2(c) =
∑n

i=1 Ai(c) f i
2(c)∑n

i=1 Ai(c)
· qlS

3. Aircraft model and calculation status

In this study, the carrier aircraft is simplified to an elastic wing (AGARD445.6) [28]. The modal method is employed to build the 
structural model. As the vibration characteristics of the AGARD445.6 wing mainly depend on the first four modes of vibration, the first 
four order modes are considered. The hybrid unstructured grid is used for spatial discretization. The grids near the wall are prism cells 
and the others are tetrahedral cells. The surface cell number is 35 thousands and the volume cell number is 1.1 millions. Fig. 1 shows the 
surface grids of initial state.

The spacecraft is simplified to a rigid delta wing aircraft with a vertical tail. As shown in Fig. 2, the fuselage of spacecraft is revolution 
body with a length of 800 mm and a diameter of 60 mm. The wingspan is 364 mm and the sweep angle is 70◦ . The distance between 
5
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Fig. 1. Surface grid of AGARD445.6 wing.

Fig. 2. The three view drawing of the spacecraft.

Fig. 3. Surface grid of the spacecraft.

the mass center and nose is 300 mm. The mass of the spacecraft is 4.124 kg, the principal moments of inertia along the x, y and z axis 
are 0.009 kg/m2, 0.122 kg/m2 and 0.126 kg/m2 respectively. The products of inertia Ixz is −0.002 kg/m2. Fig. 3 shows the surface grids of 
spacecraft. The surface cell number is 30 thousands and the volume cell number is 0.61 millions.

The simulation settings are as follows: the separation altitude is 15 km, the incoming flow Mach number is 0.7 and the attack angle is 
2 deg. The Reynolds number based on the mean aerodynamic chord of the carrier is 1.58e6.

The GFSI (generalized fluid-structure interaction) solver developed by our research group is used in this study, which is a multidis-
ciplinary coupled solver containing CFD (computational fluid dynamics), CSD (computational structure dynamics) and RBD (rigid body 
dynamics) modules [29–31]. On the one hand, the input-output data of training and verifying samples for ROM are calculated with GFSI. 
On the other hand, with GFSI solver, the CFD/CSD/RBD coupling simulations are carried out, and the results are used to verify the pre-
dictions of ROM/CSD/RBD coupling simulation method. The GFSI solver has been got sufficient verification, and with higher calculation 
accuracy [29–36].
6
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Fig. 4. Generalized aerodynamic forces of the carrier (Comparison between model results and the training samples).

For the CFD setting, the S-A turbulence model is employed to enclose the N-S equations, and the dual-time stepping method is used. 
The Gauss-Seidel method is utilized for pseudo time marching and AUSM+ scheme is used for spatial discretization. Besides, the nested 
grid and grid deformation methods are employed during the unsteady multidisciplinary coupled simulation.

4. Identification and verification of aerodynamic model

4.1. Generalized aerodynamic model of carrier

For the elastic carrier, the generalized displacements and generalized aerodynamic forces responses are the inputs and outputs of the 
aerodynamic models. During the modeling, the inputs of the training samples are designed with the “3211” signal. By solving the unsteady 
Navier-Stokes equation with the GFSI code, the outputs of the training samples are calculated. The delay order of the input and feedback 
of the model are all four, and the least square method is employed to identify model parameters. As a consequence, the model results and 
the training samples are compared in Fig. 4. As we can see, the model results are in good agreement with the training samples.

The free vibration responses of the carrier are calculated by CFD/CSD method. The dynamic responses are taken as the verifying 
samples to test the generalized aerodynamic model. As shown in Fig. 5, the model results agree fairly well with the verifying samples. 
The generalized aerodynamic model of the carrier has high precision.
7
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Fig. 5. Generalized aerodynamic forces of the carrier (Comparison between model results and the verifying samples).

Table 1
Aerodynamic coefficient models.

Model α θ θ̇ Fuzzy unit number Correlation coefficient

Normal force 1 2 1 3 0.9994496
Pitching moment 1 2 1 3 0.9991180

4.2. Aerodynamic model F1 of spacecraft

During separation, the Mach number and flight altitude are nearly invariable. The inputs parameters of the model include angle of 
attack α, pitching angle θ and pitching rate θ̇ . The inputs of the training samples are designed with sweep signal as shown in Fig. 6. It 
is important to note that the frequency range of the training signals should include the short period mode frequency of spacecraft. The 
outputs of training samples are calculated by unsteady CFD method.

The aerodynamic models of the spacecraft are built with fuzzy logic method. By identification, the model structure and correlation 
coefficients are shown in Table 1. The correlation coefficients of the models are all above 0.999. The comparisons between aerodynamic 
models and the training samples are shown in Fig. 7. As we can see, the aerodynamic models results agree well with the training samples.
8
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Fig. 6. Training sample of the aerodynamic model of spacecraft.

Fig. 7. Comparison between aerodynamic model based on sweep signal and the training samples.

The verifying samples are dynamic responses of pitching/plunging two degrees of freedom free flight of spacecraft, which are simulated 
by CFD/RBD coupling method. The comparisons between the aerodynamic model results and verifying samples are shown in Fig. 8. As we 
can see, the model output has high precision.

In order to verify the accuracies of the aerodynamic models further, the ROM based pitching/plunging two degrees of freedom simula-
tion is performed. The Runge-Kutta method is employed in the simulations. Primarily, the time step convergence of the ROM/RBD system 
is studied, and the time steps of 0.01 s, 0.001 s and 0.0001 s are considered. The simulation results are shown in Fig. 9, the time step has 
little influence on the normal displacement and pitching angle responses of spacecraft. And when the time steps are 0.001 s and 0.0001 s, 
the simulation results are almost the same. Therefore, the time step of 0.001 s is employed.

The ROM/RBD simulation results are shown in Fig. 10, which basically agree well with that of the CFD/RBD results. The pitch angle 
response has a slight error after 0.6 s. The accuracy of aerodynamic models satisfies the simulation requirements.

4.3. Interference aerodynamic model F3 of spacecraft

For model F3, the variable c can be decoupled with generalized displacement of carrier [7]. When the real distance between the carrier 
aircraft and the central axis of the spacecraft is 0.25 m, defined the relative distance c is 0, and the scale factor is 1. Thus:

K (0) = 1 (27)

Then the aerodynamic models F3 can be expressed as:

F z3(ξ , ξ̇ , ξ̈ , c, t) = Kfz(c) · F z3(ξ , ξ̇ , ξ̈ , t) = Kfz(c) · F z3(ξ , ξ̇ , ξ̈ ,0, t)

M (ξ , ξ̇ , ξ̈ , c, t) = K (c) · M (ξ , ξ̇ , ξ̈ , t) = K (c) · M (ξ , ξ̇ , ξ̈ ,0, t)
(28)
y3 my y3 my y3
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Fig. 8. Comparison between aerodynamic model based on sweep signal and the verifying samples.

Fig. 9. Time step convergence study.

It is observed that the aerodynamic model can be divided into two parts. One part is the aerodynamic models when the relative 
distance is 0. The other is the scale factor model.

The training samples are solved by CFD/CSD simulation method. The calculation steps are as follows. Firstly, fixing spacecraft at a 
relative distance c = 0 under the carrier wing. Secondly, a concentrated load is applied on the elastic carrier. The magnitude of the load 
equals to the gravity of spacecraft. Thirdly, calculating the static deformation of carrier under the aerodynamic load and concentrated 
load. Fourthly, the concentrated load disappears instantaneously, which simulates the uploading of spacecraft during separates. Finally, 
calculating the dynamic responses of carrier and the unsteady aerodynamic forces of spacecraft.

Through calculation, the generalized displacement responses of carrier are shown in Fig. 11, the aerodynamic force coefficient responses 
of spacecraft are shown in Fig. 12. It is obvious that the static deformation of the carrier has been converged at about 0.016 s, and 
spacecraft separate from carrier at about 0.0175 s. As shown in Fig. 12, under the interference of the elastic wing, the normal force 
and pitching moment coefficient responses of spacecraft change periodically, and convergence trend and frequency are same with the 
generalized displacement responses of the carrier.

In Fig. 12(b), under the influence of the static deformation of carrier, the pitching moment coefficient of spacecraft is Cmy,1 +Cmy,2(0) =
−0.00168722, which is the mean value of the pitching moment coefficient. Consider Cmy,1 = −0.00320463, the mean value of the inter-
ference pitching moment coefficient Cmy,2(0) = 0.00151741. The generalized displacement responses of carrier at the first 0.1 s are used 
as the inputs of training sample, and the corresponding zero-averaged pitching moment coefficient responses of spacecraft are outputs. 
The aerodynamic model Cmy,3 are identified by least squares method. The normal force coefficient model Cfz,3 is established in the same 
way. The comparisons between CFD and model results are shown in Fig. 13. As we can see, the model results agree well with CFD.
10
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Fig. 10. The ROM/RBD simulation results based on sweep signal.

Table 2
The scale factor K.

c 0C 0.3C 0.5C 1.0C 2.0C

Cfz.3 (t=0.016 s) −0.00257 −0.00147 −0.00112 −0.00066 −0.00033
Kfz 1 0.572363 0.434645 0.257598 0.129297

Cmy.3 (t=0.016 s) 0.000598 0.000302 0.000215 0.000114 5.23E-05
Kmy 1 0.504534 0.359125 0.190031 0.087486

Table 3
Relative errors.

t/s 0.3C_Cfz 0.3C_Cmy 0.5C_Cfz 0.5C_Cmy

0.1 3.52% 1.50% 5.38% 1.54%
0.2 2.84% 0.99% 6.11% 0.63%
0.3 4.03% 0.44% 10.74% 4.74%
0.4 4.73% 1.62% 10.53% 2.60%

For the scale factor model, the training samples are solved through CFD/CSD method. The calculation steps are as follows. Firstly, 
fixing spacecraft at different positions from the carrier. The relative distances of c = 0, 0.3C, 0.5C, 1.0C and 2.0C are considered. Secondly, 
calculating the aerodynamic responses of spacecraft during dynamic elastic deformation of carrier. Finally, calculating the zero-averaged 
aerodynamic responses. During the simulation, the physical time step is 0.000546181 s, which is the 1/20 of the highest-order modal 
frequency of carrier. The physical simulation time is 0.02 s.

The zero-mean values of the interference aerodynamic coefficients of spacecraft are shown in Fig. 14. And the scale factor K is cal-
culated in Table 2. With the relative distances and scale factors as the input and output of training samples, the scald factor models 
are established by polynomial curve fitting. The models are expressed as Equation (29). The comparisons between the model results and 
training samples are shown in Fig. 15. It can be seen that the models have high precision.

Kfz(c) = 1
/[

−0.0473 (c/C)3 + 0.6275 (c/C)2 + 2.3013 (c/C) + 1.0003
]

Kmy(c) = 1
/[

−0.28 (c/C)3 + 1.7941 (c/C)2 + 2.7467 (c/C) + 1.0008
] (29)

The interference aerodynamic models F3 are all established above. In order to validate the models further, the research steps are 
as follows. Firstly, calculating the interference aerodynamics of spacecraft and dynamic responses of the carrier with different relative 
distances by CFD/CSD method. Secondly, employing the generalized displacement responses of the carrier and relative distance as input 
parameters, and calculating the interference aerodynamics of the spacecraft with aerodynamic models. The comparisons between model 
and CFD/CSD results with different relative distances are shown in Fig. 16 and Fig. 17. As we can see, when the relative distance is 0.3C 
and 0.5C, the output of the models agrees well with the CFD/CSD results. The relative errors are shown in Table 3. When the relative 
distance is 0.3C, the maximum relative error of Cfz and Cmy are less than 5% and 2% respectively. And when the relative distance is 0.5C, 
the maximum relative error of Cfz and Cmy are less than 11% and 5% respectively.
11
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Fig. 11. The generalized displacement responses of the carrier.

Table 4
The mean values of the interference aerodynamics coefficients under different rela-
tive distances.

c 0C 0.3C 0.5C 1.0C 2.0C

Cfz,2 −0.002408 −0.001972 −0.001704 −0.001347 −0.000616
Cmy,2 0.001517 0.001490 0.001426 0.001288 0.000916

4.4. Interference aerodynamic model F2 of spacecraft

Through the above simulation, the mean values of the interference aerodynamics coefficients of spacecraft under different relative 
distances are extracted and shown in Table 4, which are the training samples of model F2. The fuzzy logic method is employed. Through 
identification, the model structure and correlation coefficients are shown in Table 5, and the correlation coefficients of the models are all 
above 0.99. The comparisons between aerodynamic models and CFD/CSD results are shown in Fig. 18. As we can see, the models outputs 
fit the CFD/CSD results well.
12
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Fig. 12. The aerodynamic forces responses of the spacecraft.

Fig. 13. Comparison between aerodynamic model results and CFD.

Table 5
The model structure of the C f ,2.

Model c/C Fuzzy unit number Correlation coefficient

Cfz,2 2 2 0.9915309
Cmy,2 2 2 0.9907893

5. Dynamics simulation and analysis

5.1. Baseline case

In order to verify the accuracy and applicability of the aerodynamic model established in this paper, the dynamic responses of air-
launch-to-orbit system during separation process are simulated with CFD/CSD/RBD coupling method and ROM/CSD/RBD coupling method, 
respectively. The simulation settings are as follows: Mach number is 0.7, angle of attack is 2 deg, the physical simulation time is 0.5 s. 
For the CFD-based simulation, the time step is 0.001 s and the surface pressure contours of the aircraft at different time are shown in 
Fig. 19. For the ROM-based coupling method, the governing equation is shown in Equations (26), and the physical time step is 0.0001 s. 
With different simulation methods, the dynamic responses of spacecraft are shown in Fig. 20 to Fig. 22.
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Fig. 14. The zero-mean value of the interference aerodynamic coefficients of the spacecraft.

Fig. 15. Comparison between model results and training samples.

Fig. 20 shows the response curve of interference aerodynamic scale factor K . As we can see, K decrease as the simulation progresses, 
and the interference aerodynamic increment of spacecraft decrease. At 0.5 s, the scale factor of normal force and pitching moment are 
0.0569 and 0.1438, respectively. The spacecraft is almost out of the aerodynamic interference zone of the carrier.

In Fig. 21, after separation, the relative distance between the two vehicles gradually increases, and the pitch angle of spacecraft exhibits 
slowly convergence and highly oscillatory. The frequency of the pitch angle curve is about 4.45 Hz, which is much lower than the first 
order mode of carrier. There is no modal coupling between the two vehicles. By comparison, the trends of normal displacement and pitch 
angle responses of spacecraft with ROM-based method and CFD-based method are the same. As shown in Fig. 23, through Fourier analysis, 
the frequency of the pitch angle responses with two different simulation methods are identical. However, at about 0.46 s, the peak value 
of the pitch angle results of ROM-based method is bigger than that of CFD-based method. The half-life period difference of pitch angle 
responses between the two methods is about 0.14 s. At this time, as the spacecraft is about to leave the aerodynamic interference zone of 
the carrier, the error does not have an essential effect on dynamic stability of spacecraft.

Fig. 22 show the comparison of the generalized displacement of carrier between ROM/CSD/RBD results and CFD/CSD/RBD results. For 
the first two order modes, the frequency, amplitude and mean value of curves that are predicted by ROM-based method agree well with 
that of CFD-based method. For the third and fourth order modes, the frequency and amplitude results of the two method are almost the 
same, the mean values are different. As the absolute values of generalized displacement of the two modes are relatively small, and the 
error of mean value is in the order of 10−6, which is acceptable. To sum up, the aerodynamic modeling method developed in this paper 
has a certain precision and can predict the dynamic response trends of the system accurately.
14



Fig. 16. Comparison between models and CFD/CSD results when the relative distance is 0.3C.

Fig. 17. Comparison between models and CFD/CSD results when the relative distance is 0.5C.

5.2. Error analysis of baseline case

As mentioned above, for the simulation results of dynamic response of spacecraft, there are errors between ROM/CSD/RBD and 
CFD/CSD/RBD methods. In this section, the reason of those errors is analyzed.

In dynamic modeling process, based on the fourth physical assumption of this paper, the interference aerodynamics of the carrier 
caused by the spacecraft is ignored. This is the main reason for the dynamic response error between different calculation methods. The 
verification is as follows.

Taking the results of generalized displacement curves of carrier with CFD/CSD/RBD calculation method as input parameters, the separa-
tion process of spacecraft is simulated with ROM/CSD/RBD method. The difference between the simulation in this section and section 5.1
is that the generalized displacement responses of carrier include the influence of spacecraft on it. The simulation results are shown in 
Fig. 24 and agree well with CFD/CSD/RBD results. This shows that when considering the impact of spacecraft on the carrier, the error will 
be eliminated to the greatest extent.

In the process of aerodynamic modeling, if the impact of spacecraft on the carrier is considered, the accuracy of the solution can 
be improved. However, the input parameters dimensions of the carrier aerodynamic model will be greatly increased, and the number of 
training samples and calculated amount will increase exponentially.

Therefore, in order to balance calculation accuracy and modeling efficiency, it is necessary to grasp the main contradictions and appro-
priately ignore the secondary contradictions.
L. Yang, Z. Ye, W. Li et al. Aerospace Science and Technology 117 (2021) 106915
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Fig. 18. Comparison between models C f ,2 and CFD/CSD results.

Fig. 19. The surface pressure contours of the aircrafts at different times. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this 
article.)

Fig. 20. Response curve of interference aerodynamic scale factor K .
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Fig. 21. Comparison of the dynamic response of spacecraft between ROM/CSD/RBD results and CFD/CSD/RBD results.

Table 6
The CUP time of the training samples.

Training sample CPU time

Aerodynamic model of carrier 64 h
Aerodynamic model of spacecraft 96 h
Interference aerodynamic model of spacecraft 36 h
Total time 196 h

Table 7
The CUP time of dynamic simulation.

Physical simulation time 0.5 s 1.0 s 2.0 s

ROM/CSD/RBD method 196 h 196 h 196 h
CFD/CSD/RBD method 960 h 1920 h 3840 h

5.3. Other validation cases

In order to verify the simulation method in this paper further, more validation cases are carried out. On the basis of the baseline 
case, additional case 1 increases the initial installation angle of spacecraft from 0 degrees to 5 degrees (0.08727 rad) and additional case 2 
reduces the dynamic pressure to one-half. The simulation results are shown in Fig. 25 and Fig. 26. By comparison, the normal displacement 
and pitch angle responses of spacecraft with ROM-based method agree well with CFD-based results.

5.4. Computational cost analysis

The CPU times of the training samples of ROM are shown in Table 6. For carrier, the aerodynamic modeling requires about 64 hours 
of CPU time. And for the spacecraft, the total CPU time is about 132 hours. Once the model is established, it is applicable to all working 
conditions included in the sample domain, and the simulation cost can be ignored. Thus, for the ROM-based simulation method, the total 
CPU time is about 196 hours. However, for the CFD-based method, the calculated amount is proportional to the physical simulation time, 
and it is about 1920 h/s (as shown in Table 7). Thus, when the total physical simulation time is n second, the CPU time of CFD-based 
method is 9.8n times that of ROM-based method. And when the physical simulation time is above 1.02 s, the CPU time of ROM-based 
method can reduce by one order of magnitude comparing with CFD-based method.

6. Conclusion

In this study, a new reduced-order modeling method is developed, which is for unsteady aerodynamics of the air-launch-to-orbit 
system with considering the elastic deformations of carrier. Based on the physical mechanism of interference aerodynamics factors, the 
model input parameters are decoupled and the modeling difficulty is reduced. By coupling the unsteady aerodynamic model, structural 
dynamics equations and rigid body dynamic equations, the longitudinal dynamic responses of air-launch-to-orbit system during stage 
separation are simulated. According to the results, some conclusions are obtained as follows:

1. The new reduced-order modeling method is suitable for the unsteady aerodynamics of air-launch-to-orbit system during stage sepa-
ration, and it has a certain precision and can predict the dynamic response trends of the system accurately.
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Fig. 22. Comparison of the dynamic response of carrier between ROM/CSD/RBD results and CFD/CSD/RBD results.

2. The total CPU time of ROM-based simulation method is reduced a lot compared with CFD-based method. When the physical time of 
time-domain simulation is greater than 1.02 s, the calculation amount can reduce by more than an order of magnitude. This method 
has high efficiency and can be applied to similar engineering problems.
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