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Abstract: Aiming at the formation flying problem multiple hypersonic gliding vehicles, a formation controller design 
method based on sliding mode control theory is proposed. Firstly, according to the vehicle motion model 
and the multi-body "leader-follower" motion model, the trajectory of the leader and the state equation of the 
follower are obtained. Based on the sliding mode control theory, a formation controller is designed to 
maintain the relative position between the follower and the leader in terms of altitude and speed. The 
extended state observer is designed to eliminate formation modeling errors and flight process errors. On this 
basis, the control variable is transformed from acceleration to attack angle and bank angle. According to the 
lateral relative position and heading angle direction, the sign change logic of the bank angle is designed to 
ensure that the lateral relative position can meet the formation distance requirements. Simulation results 
show that the proposed control method can achieve the desired multi-hypersonic vehicle formation flying.

1 INTRODUCTION 

Hypersonic glide vehicle has become the focus of 
research in many countries because of its high speed, 
high precision and long range (ZHAO, 2014). 
Facing the complex battlefield environment and 
diverse combat tasks, with the improvement of 
vehicle performance, multiple hypersonic vehicles 
can improve the communication and detection 
ability during glide by flying in formation, and is 
conducive to the realization of coordinated attack on 
the target during the terminal guidance period. 
Therefore, it is important to study the formation 
control method of multiple hypersonic glide vehicles 
(GUO, 2022; SHUI, 2020). 

Hypersonic glide vehicle has the characteristics 
of strong nonlinear model, severe flight environment, 
wide flight space and strict flight constraints. Its 
only control force is aerodynamic, so accurate 
formation control of hypersonic vehicles is very 
complicated and difficult to achieve (An, 2022). 
Therefore, when considering the formation space 
configuration, it is not necessary to keep an accurate 
space configuration of multiple aircraft, but only 
need to maintain the relative position in a certain 
space to form an "inaccurate formation", so as to 

ensure that the aircrafts can realize the 
communication, detection, middle and terminal 
guidance transition and other functions during the 
flight.  

The cooperative formation control of 
hypersonic glide vehicles can be based on three 
methods (WANG, 2019). The first is based on the 
cooperative trajectory planning of multiple aircraft, 
and obtains the trajectory of each aircraft by setting 
various constraints of the aircraft (CHU, 2017; YU, 
2020; GAO, 2022). The second is based on the 
formation controller, which is usually based on the 
"leader-follower" formation model. The formation 
controller is designed to keep the following aircraft 
(hereinafter referred to as "follower") in relative 
space position (ZHANG, 2021; ZHANG, 2021; WEI, 
2022). The third is based on the distributed 
consensus algorithm, and according to the 
communication topology, the consistency control 
law is designed to realize the formation flight of 
multiple aircraft (Wei, 2021; Zhao, 2017; LI, 2020). 
Among them, the first method can fully consider the 
flight capability of the aircraft, but it usually 
establishes the cooperative control law through the 
flight time, and the cooperative trajectory planning 
method through the formation space configuration 
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still needs further research. The second method is 
easier and more efficient to realize formation and 
maintenance, but the formation members are highly 
dependent on the information of the leading aircraft 
(hereinafter referred to as "leader"), which is easy to 
be interfered with. The third method can also 
quickly form and maintain formation, and is less 
affected by a single aircraft, but it puts forward 
higher requirements on the ability of aircraft to 
communicate and process information. In addition, 
due to the lack of thrust and the under-saturation and 
strong coupling characteristics of the gliding vehicle 
(WANG, 2018), the three-axis’s acceleration cannot 
be projected directly into the aerodynamic force, 
which makes it difficult to deal with the control 
variable obtained by the latter two methods above. 

Based on the above research, this paper takes 
the hypersonic glide vehicle as the research object 
and designs a sliding mode formation controller 
based on the "leader-follower" formation model to 
ensure that multiple vehicles maintain relative 
configuration within a certain range during flight. 
Firstly, according to the aircraft motion model and 
the "leader-follower" formation model, the leader 
trajectory is given and the follower state equation is 
obtained. Then, according to the sliding mode 
control theory, a formation controller with extended 
state observer (ESO) is designed to satisfy the 
formation requirements of multiple aircraft. 
Considering that attack angle and bank angle are the 
actual control variables, the calculation method of 
the attack angle and the sign change method of the 
bank angle are designed so that the horizontal 
direction of aircraft can meet the relative distance 
constraints. Simulation results show the 
effectiveness of the method.  

2 HYPERSONIC VEHICLE 
MODEL DESCRIPTION 

The motion model of the aircraft refers to the 
literature (Lu, 2014), and there is a three-degree-of-
freedom motion equation in the half-velocity 
coordinate system, as shown in fig.1. 

where, r is the distance between the vehicle and 
the center of the earth, λ and φ denote latitude and 
longitude respectively, v is the velocity of the 
vehicle, θ and ψ denote flight path angle and 
azimuth angle respectively, m is for mass, σ is the 
bank angle, g is the acceleration of gravity. D and L 
represent drag and lift, whose calculation formula is 
shown as fig. 2. 
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Figure 1: Relative motion relation of the leader and 
follower. 
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where, q is the dynamic pressure, S is the 
aerodynamic reference area, CL and CD represent lift 
coefficient and drag coefficient. 

Considering the dynamic pressure, heat flux 
density and overload constraints of the leader, there 
is 
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where, Q  is the heat flux density, n is the overload, 
the subscript max indicates the maximum value. 

The formation model is established according to 
the reference (Amer, 2020), as shown in fig.1. 
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Taking the leader trajectory coordinate system as the reference system, the relative motion equations for the 
leader and follower are give: 
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where, the subscript l indicates the states of the 
leader, the subscript f indicates the states of 
followers, x, y and z represent three-axis’s relative 
position of followers, ax, ay and az are three-axis’s 
acceleration. 

For the formation model shown in equation (4), 
since the relative position equation of the follower is 
established in the leader trajectory coordinate system, 
and the earth curvature is not taken into 
consideration, the reference inertial coordinate 
system of the leader and the followers is the ground 
coordinate system (NUE coordinate system) during 
the coordinate system transformation. However, 
when the curvature of the earth is considered, the 
ground coordinate system of the two will no longer 
coincide. At this time, the relative position obtained 
ccording to equation (3) will result in modeling 
errors caused by curvature. When two vehicles are 
10km apart, the error value is about 8m, when the 
they are 100km apart, the error value is about 0.8km.  
It can be seen that if the relative position of the 
leader and follower is less than 100km, the relative 
error is less than 1%, but as the distance increases, 
the absolute error also increases, and the error needs 
to be properly processed according to the 
requirements. 

In the simulation of most literatures (Brian, 2021; 
Wang, 2018; Wang, 2017), the absolute value of 
flight path angle is no more than 10°, so it can be 
simplified as follows: sinθ = θ, cosθ = 1. Meanwhile, 
considering the modeling and process errors dx, dy 
and dz, equation (3) can be simplified as equation (5) 

3 DESIGN OF SLIDING MODE 
FORMATION CONTROLLER 

According to reference (LI, 2021), keeping a specific 
space configuration during the flight of multiple 
hypersonic vehicles can improve the detection ability 
of the group. In this paper, the formation space 
configuration of multi-vehicle is "one-line". Due to 
the constraint of aircraft control ability, the distance 
between two aircraft in Z-axis direction should be 
given within a certain range. The minimum distance 
Rmin is given according to the safe distance between 
the two aircraft, and the maximum distance Rmax is 
given according to the communication ability. 

3.1 Sliding Mode Controller Design 

According to equation (5), the state equation of 
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aircraft can be written as equation (6). Since the 
distance in the z direction is controlled by the bank 
angle symbol, it only needs to design the sliding 
mode surface that controls the state in the x and y 
directions. 
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According to the design principle of sliding mode 
control (Li, 2005), the function of sliding mode and 
the approach law are taken 
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where, X1d and X2d are the expected values of X1 and 
X2. For X2d. Using the backstepping method, X2d can 
be expressed as 
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In order to track and keep the relative position of 
the follower, according to equation (7), there is 
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The control law is obtained by taking equation (6) 
into equation (8), show as in equation (10) 

( )
( )

1 1 21

2

d

d

c X AX BX F D
U G

X sgn s ksε
−
 − − − − +
 =
 + + 




      (10) 

The design of the sliding mode surface and the 
reaching law above can ensure 0ss ≤ , that is, 
Lyapunov function 2 2V s /=  is positive definite 
and its derivative is negative definite. The system 

can stabilize on the sliding mode surface after 
reaching it, that is, the error tends to zero. 

3.2 Extended State Observer Design 

According to reference (Li, 2005), an extended state 
observer is designed to estimate the bounded 
composite disturbance D. 

First define the expanded state X1e, assuming 
D υ= , considering the first formula in equation (6), 
the state equation can be written as 

 

1 1 2 1

1

e

e

X AX BX F X

X υ
 = + + +


=




                 (11) 

The ESO is used to estimate X1 and X1e, and the 
calculation formula is 
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where, E1 is the observation error of X1, Z11 and Z12 
are the observation values of X1 and X1e respectively. 
β11>0 and β12>0 are the observed gain of ESO, α > 
0andδ >0 are the parameters to be designed. 

The function fal(E1, α, δ) is defined as 
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(13) 
By designing a reasonable value of β11,β12 and α1, 

it can be ensured that ESO can observe and 
dynamically compensate X1 and X1e well. 

Substituting D with the observed variable Z12, 
equation (10) can be rewritten as 
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Since the error is less than 1% of the expected 
distance, the error is bounded and does not affect in 
the stability of the controller. 

3.3 Control Instruction Assignment 
Design 

The control instruction obtained Section 3.1 is 
acceleration, U = [ax, ay]T. However, the actual 
control variables of the aircraft are the attack angle 
and the bank angle, so, it is also necessary to obtain 
the relationship between acceleration and angle. 

According to equation (1), (2) and (5), there is
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where, (CD、CL) = f (α，Ma). It can be seen that the 
control variables ax has a direct mapping relationship 
with the attack angle, which can be obtained by 
aerodynamic inverse interpolation. However, the 
attack angle and the bank angle are coupled items, so 
they cannot be solved directly by ay. It is necessary 
to use the angle of attack and ay to solve the value of 
the bank angle. 

For the sign of the course angle, the classical 
method adopts the course angle corridor to 
determine the sign (Ma, 2017). First set the course 
angle error threshold. When the course angle error 
exceeds the preset error threshold, change the bank 
angle sign to make the course angle return to the 
corridor; when the course angle error does not 
exceed the error corridor, keep the course angle sign 
unchanged. 

In this paper, based on the idea of the error 
threshold, the sign change logic of the bank angle is 
designed to ensure the follower can maintain the 
relative position in the z-axis direction. At the same 
time, the error threshold is designed according to the 
relative position error in the z-axis direction and 
cruse angle. Take R1 and R2 to satisfy Rmin< R1< R2< 
Rmax. There is 
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where, dψ  represents the error threshold. This is to 
ensure that when the aerodynamic force meets the 

control requirements, the aircraft will stay away 
when it is close and close when it is far away, so that 
the relative position can be kept within the expected 
distance range. In the relatively centered distance 
range, try to keep the speed direction consistent with 
the leader. 

4 SIMULATION 

The Common Aero Vehicle (CAV) is selected as the 
simulation object, its aerodynamic model is (CHEN, 
2014) 
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The US 1976 atmospheric model is selected as the 
atmospheric environment, the characteristic area of 
the aircraft is S = 0.48378m2, and the mass of the 
aircraft is m = 907kg. The maximum attack angle is 
25°, and the maximum bank angle is ±90°. 

The leader adopts a balanced gliding trajectory, 
with 0θ = , satisfying  

 

( ) 2 1 0cosL cos v
r r

θσ  + − = 
 

         (18) 

The bank angle of the leader is always 0°, and the 
gliding reaches a height of 30km. The heat flow, 
dynamic pressure and overload constraints during 
flight are: Qmax = 2000Kw/m2, qmax = 500kPa, nmax = 
15. Rmin=5km, R1=8km, R2=13km, Rmax=15km. The 
initial states of the leader, follower 1 and follower 2 
are shown in Table 1. 

 

Table 1: The initial state of the leader and followers. 

 h/km (λ、φ)/° v/m·s-1 θ/° ψ/° 

Leader 60 （0、0） 5000 0 0 

follower1 65 （0.13、0.01） 5000 0 0.1 

follower2 63 （-0.12、-0.01） 5000 0 0.1 
The simulation results are as follows. 
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Figure 2: Trajectory of leader and followers.                                Figure 3: Longitudinal and lateral trajectory. 

               
Figure 4: Curves of attack angle and bank angle.        Figure 5: Curves of speed, flight path angle and course angle. 

   
Figure 6: Followers position of x,y and z.                                         Figure 7: H-V flight corridor.         

It can be seen from Figure 2-Figure 7 that the 
two followers can maintain the spatial configuration: 
the initial errors in the x-axis direction are 1km and -
1km respectively, and with the adjustment during the 
flight, the errors tend to 0 but are not stable at 0. This 
is because the limitation of aircraft control capability 
and the coupling of control variables. During the 

flight, the error in the x direction of follower1 does 
not exceed 2km, and that of follower2 does not 
exceed 1km. Similarly, the initial altitudes of the two 
followers are 63km and 65km, respectively, and the 
altitude error (y-direction error) also approaches 0 
during the flight, and the steady-state error is not 
maintained at 0, but the error does not exceed 1.5km. 
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Figure 8: Comparison of trajectories.                                      Figure 9: Comparison of position.

In the z direction, the two followers approach 
the leader after 100s and stabilize at about 8km. In 
addition, the H-V curves of the leading aircraft are 
all within the corridor constraints, satisfying the 
flight process constraints. 

Add 1% error to the relative position, and add 
ESO to the controller at the same time. The observer 
constants are respectively selected as α = 0.15，δ = 
0.15，β1 = 25，β2 = 50. Taking follower1 as the 
research object, the trajectory simulation comparison 
results are obtained. 

It can be seen from Figure 8 and Figure 9 that 
after increasing the position error and the observer, 
the trajectory of follower1 will change. The 
trajectories have little difference in the x and y 
directions, but as the flight time increases, the 
relative position in the z direction gradually develops. 
This is because the z-direction is expected to have a 
relatively farther distance, and the error will be 
larger under the same error ratio. Since the z-
direction distance is only controlled by the sign of 
the bank angle, the accuracy cannot be guaranteed 
and thus the deviation will occur. However, the 
distance between the follower and the leader is still 
within expectations, and the formation configuration 
can be considered to meet formation requirements. 

5 CONCLUSION 

1) The sliding mode formation controller designed in 
this paper can realize the relative position tracking of 
the leader aircraft by multiple hypersonic glide 
vehicles in the "leader-follower" mode; 

2) Adding ESO to the controller can reduce the 
modeling error and make the calculation of the 
follower’s trajectory more accurate; 

3) The transformation method of control variables 
in this paper can realize the mapping of aircraft 
control variables from acceleration to attack angle 
and bank angle, so as to keep the relative position of 
the aircraft within the expected distance and realize 
formation flight. 
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