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1. Introduction
Hypersonic flight vehicle has some characters, 

such as strong nonlinearity, fast time-varying and 
strong coupling, etc. Because the hypersonic flight 
vehicle has a skyscraping flight speed and the en-
gine is sensitive to airflow angles, we have to real-
ize real-time control. In order to realize the con-
trol of the aircraft, dynamic inversion, backstep-

ping and some other nonlinear methods are widely 
used. Through the analyses of hypersonic motion 
models and some appropriate simplification, it is 
appropriate to use the design method of backstep-
ping. As a result, this paper takes the model with 
special structure as the nominal system, and uses 
backstepping to design the nominal control law for 
the nominal system[1-3].
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2. Problem Description
According to the kinematics equation of attitude 

angle and the kinetics equation of angular rate, ab-
stract the input time-delay effect caused by signal 
transmission and actuator dynamic as the situation 
of pure input containing time-delay, and describe the 
airflow angle attitude control problem of hypersonic 
flight vehicle as the control problem of input with 
time-delay for block strict feedback nonlinear sys-
tems[4-5]. The block triangle strict feedback nonlin-
ear system has a specific form, i.e. three-dimensional 
state block and two-layer rough integral chain. The 
mathematical description is as follows:
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Where nonlinear function vector sf , ff  and con-
trol gain matrices sg  and fg gδ  are known; delay 
model ( )D t  is also known. For further research and 
combining practical situation, we can have following 
hypotheses.

3. Relevant theory bases
3.1. Design procedures of backstepping
To facilitate the theoretical description and re-

search, the object system is extended to a more gen-
eral n-layer subsystem form, of which every subsys-
tem has a m-dimensional status. The system function 
is described as follows:
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where the dimension of status block vector m
i R∈x  

is consistent with the number of input channels. The 
status vector T T T T

1 2[ , , , ]i ix x=x x   is composed by i  

status blocks before and T T T T
1 2[ , , , ]nx x=x x  express-

es the overall statuses of the system. mR∈u  is the 
control input. ( )i if x  and ( )nf x  are both the known 
fully smooth nonlinear function. ( )i ig x  is the gain 
matrix of controlled quantity 1ix −  in the subsystem 
under the ix  status. ng  is the gain matrix of actual 
controlled quantity u  and mR∈y is the system input. 
For purpose of achieving the design of backstepping 
for this system, further hypotheses for the system are 
needed[6-7]:

For the system shown in(2), backstepping method 
can be used to design the controller. The steps are as 
follows:

Step 1: Define the output tracking error 
1 1 d= −e x y . According to the system function, the 

dynamic condition of tracking error 1e  can be de-
noted as:

1 1 1 1 1 2( ) ( ) de f x g x x y= + −   	 (3)

Consider 2x  as the controlled quantity of this er-
ror subsystem, namely virtual controlled quantity. To 
make the tracking error tend to zero, as 1 1( )f x  and 

dy  are known and 1 1( )g x  is reversible, then take the 
virtual instruction (ideal virtual control law) 2dx  as 

1
2 1 1 1 1 1( ( ) )d dx g c e f x y−= − − +   	 (4)

Where 2dx  is the design parameter. It can be seen 
that after the actual status block 2x  tending to the vir-
tual instruction, the tracking error will also tend to 
zero. In order to study the actual control effect of the 
system, the following Lyapunov function 1V  can be 
constructed in allusion to the first subsystem in (2).

2
1 1|| || / 2V = e  	 (5)

Define the virtual instruction tracking error 
2 2 2d= −e x x  and take the derivative:
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It can be seen from the above form that the second 
item T

1 1 2e g e  cannot be handled in this step, the dy-
namic condition of virtual instruction tracking error 

2e  needs to be introduced to counteract T
1 1 2e g e , and 

make sure that the tracking error is asymptotically 
stable. The rest can be done in the same manner to 
step i [8].

Step i (2 1)i n≤ ≤ − : Based on (2) and referring to 
(3), there is 

1( ) ( )i i i i i i id+= + −e f x g x x x   	 (7)

Like the first step mentioned before, the expected 
virtual control ( 1)i d+x  in step i  can be taken as 

1 T
( 1) 1 1( ( ) )i d i i i i i id i ic−
+ − −= − − + −x g e f x x g e  	 (8)

Where 0ic > . The fourth item in the above formu-
la is to counteract T

1 1i i i− −e g e in step i-1, and the other 
items are to counteract the relevant nonlinear items 
and the known quantities, that generate the expected 
dynamic status. Similar to the first step described ear-
lier, take the Lyapunov function iV  after the ith  step 
as follows:
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1 || || /2i i iV V −= + e  	 (9) Define virtual instruction tracking error 
1 1 ( 1)i i i d+ + += −e x x  By taking derivate, we can get
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It can be seen from the above form that the 
second item T

1i i i+e g e  cannot be handled in this 
step, and the dynamic status of virtual instruc-
tion tracking error 1ie +  needs to be introduced 
further, which is expected to counteract T

1i i i+e g e , 
and make sure the tracking error is asymptotically 
stable. The rest can be done in the same manner 
to step n.

Step n: Define virtual instruction tracking error
n n nd= −e x x

( ) ( ) ( ) ( )n n n n n nd n n nd= + − = + −e f x g x u x f x g x u x   	 (11)

Also for counteracting the remaining item 
T

1 1n n n− −e g e  in 1nV −  last step and eliminating other 
known items, thus generate stable linear dynamic. 
The control quantity u  can be designed as 

1 T
1 1( ( ) )n n n n n nd n nc−
− −= − − + −u g e f x x g e  	 (12)

Where 0nc > . In order to analyze all the dynamic 
stability in the system, Lyapunov function can be 
taken as
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Take the derivative:
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As u can be directly equal to the design value, 
which is unlike the virtual instruction causing the 
instruction tracking error. It can be seen from (14), 
besides the origins { ie =0,n=1,2,…n}, the derivative 
of its Lyapunov function is negative. As a result, the 
error system is asymptotically stable, i.e., the original 
system output gradually tracks a given output[9].

3.2. Time-delay compensator
Time-delay systems have many process modes 

and the Lyapunov mode is commonly used. For non-
linear systems, especially input time-delay nonlin-
ear systems, the available results are hard to acquire. 
Here a recently developed time-delay compensation 
control is introduced. This method has better univer-
sality. As it is a compensation control, it is appropri-
ate for the case of actuation with time-delay for the 
hypersonic flight vehicle under study[10].

Considering a common nonlinear system with 
time-delay in the input, its time-delay is time-varying 
and the time-domain model of time-delay is known. 
The system can be described as follows:

( ) ( ( ), ( ( )))x t f x t u t D t= −  	 (15)

where nx R∈ , mu R∈ and t R+∈ , f is first-order 
derivable and continuous through origin.

If the controller of an asymptotically stabilized 
nominal system ( , )x f x u=  without time-delay can 
be taken as ( ) ( , )u t k t x= , then the time-delay com-
pensation controller used to control system (15) has 
the following forms:

1( ) ( ( ), ( ))u t k t P tφ−=  	 (16)

where ( )P t  has the following form:
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Firstly, convert them to a system described by par-
tial differential equations, i.e. take time and time-de-
lay as the independent variables of the system. Then, 
a reversible transformation of the original system can 
be acquired, and it can be proved that this transfor-
mation can make the corresponding properties of the 
system unchanged. Through the stability demonstra-
tion of the target system after conversion, the system 
stability theorem can be achieved[11].
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The reason that choose such a transmission rate 
function is to seek infinite-dimension actuator status, 
so as to meet (0, ) ( ( ))U t u tφ= and (1, ) ( )U t u t= .

Theorem 1: If the control system meets the 
above conditions, there is a LΚ  generic function 
α  to make
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According to lemma, it is obtained that
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4. Controller design and the stability analysis
In order to handle the hypersonic flight vehicle 

inner signal transformation and the time-delay prob-
lems caused by actuation surface response by using 
time-delay compensation, it needs to design control-
ler according to the nominal situation of airflow angle 
attitude system (namely no time-delay). Firstly, the 
attitude controller is designed by standard backst-
eping method to get the relevant time-delay compen-
sation controller. Then, aiming at the calculate infla-
tion problem of the method and the emerging problem 
of unknown system accurate derivation, use dynamic 
surface to design controller, and the relevant time-
delay compensation controller can be acquired[12].

By using the above backsteping methods, we can 
switch the attitude tracking problems to the stabiliza-
tion problems of the error system.

1) According to the attitude angle loop, design 
virtual control law. Define 1x Ω� , 1 sf f� , 1 sg g� , 

1 sc c= and 1 s de e = Ω −Ω� . Design attitude angle 
loop control law as 

1( )d s s s s dg c e fω −= − − + Ω  	 (22)
2) According to the angular rate loop, design an-

gular rate loop control law. Define 2x ω� , 2 ff f� ,

2 ,f fg g g δ� , 2fc c� and 2 f de e ω ω= −� . Design an-
gular rate loop control law as 

1
2 ( )T

c f f f s s dg c e f g eδ ω−= − − − +   	 (23)

where dω  is the output of the nonlinear differen-
tial tracker, in which dω  is the input.

Theorem2: According to the attitude motion sys-
tem equation (1) of hypersonic flight vehicles, when 
( ) 0D t = , and in the case of using backstepping to 

design tracking controller,  the system is ISS for the 
additional inputs 1d  and 2d .

Prove: Through the backstepping transformation, 
attitude tracking control system is converted to the 
following error system.

1 1 2 1

2 1 2
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s s d d s

f f f d

e f g e g e d
e f g g t e dδ

ω
δ ω

 = + −Ω + +
 = + − +




	

 (24)

As for the above subsystem 
1 1 2 1( )s s d d se f g e g e dω= + −Ω + + , take 2e , 1d  as in-

puts and 1e  as output, and its open loop CLF is:
2

1 1V e=  	 (25)

1 1 1 1 2 12 2 ( ( ) )T T
s s d d sV e e e f g e g e dω= = + −Ω + +  	 (26)
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Take 1( )s d d sg e f vω = Ω − +
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1 2
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then:

1 1 2
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ξ ξ

ω
ξ ξ

− +
= Ω − − +  	 (29)

In actual applications, it is necessary to find out 
the analytical expression. However, in simulink sim-
ulations, it is acquired directly through the differen-
tial of dω .In order to avoid this differential opera-
tion, the instruction filter is used. ( )fP e and ( )sP e are 
respectively the corresponding state components of 
error state components fe and se  after compensation.

5. Simulated experiment
In order to verify the designed control law and 

analyze the influences of control performance and de-
sign parameters. Simulink is adopted and the corre-
sponding simulation results are given under different 
simulation conditions.

It assumes that some parameters of the aircraft 
are constants, such as mass, moment of inertia, etc. 
M=136080tKg. The initial flight speed is V0=2200m/s. 
The thrust is a constant, namely T=400KN. The ini-
tial value of the flight height is H0=27km. The ini-
tial value of the attack angle is 0 1.0α °= . The initial 
value of the sideslip angle is 0 1.0β °= . 0 0.5µ °= de-
notes the initial value of the roll angle around speed. 

0 0 0 0p q r= = = rad/s is the initial value of the compo-
nent of the body angular rate, and the simulation time 
is 10s. Input time-delay function is ( ) ( )

1
2 1 2

tD t
t

+
=

+
. 

The expected attack angle instruction is that the 
6-degree constant outputs through a first-order link, 
and 6

2s
α =

+
; sideslip angle instructions are 0β =  , 

1µ = −  .
(1)When there is no time-delay compensation, the 

tracking results and control signals are as follows: 
(2) For the same control gain, when using time-

delay compensation, the tracking results and control 
signals are as follows:

Figure 2. Controlled quantity without compensation (the 
deflection angle of the rudder surface)

Figure 1. Tracking results without compensation

Fig 4. Controlled quantity without compensation (the de-
flection angle of the rudder surface)

Fig 3. Tracking results with time-delay compensation
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6. Conclusion
For the hypersonic flight vehicle existing distur-

bances, the paper has considered the flight control 
problem, and designed a time-delay compensation 
controller. Firstly, for the hypersonic flight vehicle, it 
realizes the tracking control of airflow attitude angle 
for hypersonic flight vehicles with the input time-de-
lay. The designed methods are applied to the hyper-
sonic flight vehicle, that realize the tracking control, 
and achieve the good control performance and effec-
tiveness.
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