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Abstract

Considering the guidance and control problem of the near space interceptor (NSI) during the terminal course, this paper 

proposes a three-channel independent integrated guidance and control (IGC) scheme based on the backstepping sliding 

mode and finite time disturbance observer (FTDO). Initially, the three-channel independent IGC model is constructed based 

on the interceptor-target relative motion and nonlinear dynamic model of the interceptor, in which the channel coupling term 

and external disturbance are regarded as the total disturbances of the corresponding channel. Then, the FTDO is introduced 

to estimate the target acceleration and control system loop disturbances, and the feed-forward compensation term based 

on the estimated values is employed to effectively remove the effect of disturbances in finite time. Subsequently, the IGC 

algorithm based on the backstepping sliding mode is also given to obtain the virtual control moment. Furthermore, a robust 

least-squares weighted control allocation (RLSWCA) algorithm is employed to distribute the previous virtual control moment 

among the corresponding aerodynamic fins and reaction jets, which also takes into account the uncertainty in the control 

effectiveness matrix. Finally, simulation results show that the proposed IGC method can obtain the small miss distance and 

smooth interceptor trajectories. 
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1. Introduction

The guidance and control algorithm of the near space 

interceptor (NSI) is one of the most critical technologies to 

effectively deal with the threat of near space air-breathing 

hypersonic vehicles. The traditional design method is usually 

based on the assumption that the spectral separation between 

the guidance loop and control loop is satisfied, which may be 

invalid during the terminal interception phase [1]-[2]. Since 

this scheme cannot strictly guarantee the stability of the 

overall guidance and control system, the modifications of each 

subsystem are generally required to obtain overall system 

performance. By viewing the guidance and control loops as 

an integrated system and taking into account the coupling 

terms between these two subsystems, the integrated guidance 

and control (IGC) exploits the states of the interceptor and 

the interceptor-target motion to directly generate the actuator 

commands, which can efficiently reduce the cost of the 

required sensors and increase the guidance accuracy and 

system reliability [3]-[5].

The past few years have witnessed rapidly growing interest 

in the IGC design, and many approaches have been reported 

[6]-[13]. It is well known that sliding mode control is an effective 

technology to deal with system disturbance and parameter 

uncertainty. In [6] and [7], smooth second-order sliding mode 

(SSOSM) control is proposed to study the IGC design problem 

of the interceptor. The SSOSM-based guidance law is first 

developed to obtain the desired overload command, which can 
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be transformed into the desired value of pitch angular rate in 

the inner loop. Subsequently, the SOSM-based control law 

is constructed to track the desired pitch angular rate in finite 

time and obtain the IGC algorithm. In fact, the methods in [6] 

and [7] belong to the partial IGC design, which still cannot 

break away from the constraint of the traditional separation 

design. A novel IGC design method based on the robust 

higher-order sliding mode is also given in [8]. Based on the 

principle of zeroing the line-of-sight (LOS) angular rate, the 

IGC design problem can be transformed into the stabilization 

of a third-order integral chain system. Furthermore, a global 

finite-time stabilization control law is proposed for the above 

system based on geometric homogeneity theory, and the 

compensation term based on the super twisting algorithm is 

given to obtain the strong robustness against the uncertainties 

caused by target maneuvers and interceptor aerodynamic 

parameter perturbation.

Some nonlinear optimal control methods have also been 

applied to the IGC design. For example, the state-dependent 

Riccati equation (SDRE) technique is introduced to solve 

the Hamilton-Jacobi-Bellman (HJB) equation online in the 

nonlinear optimal control for the IGC design [9], but it is 

time consuming. Furthermore, the θ-D method is used to 

approximately solve the HJB equation, which did not require 

the online numerical computation [10]. Furthermore, the 

methods in [9] and [10] cannot ensure the robustness of the 

closed-loop system in the presence of system disturbances 

and parameter uncertainties. In [11], a novel IGC design 

approach based on the small-gain theorem and input-to-

state stability (ISS) theory is proposed for missiles steered 

by both canard and tail controls without the assumption 

that the angle between LOS and missile velocity is almost 

constant. Theoretical analysis shows that both the LOS 

angular rate and the tracking error of the attitude angle 

(rate) are practically stable with respect to target maneuvers 

and missile model uncertainties. However, most of the 

above design methods [6]-[13] have not considered the 

uncertainties and disturbances or dealt with the effect of 

system disturbances at the price of sacrificing the normal 

control performance.

On the other hand, disturbance observer-based control 

(DOBC) provides an active approach to deal with system 

disturbances and uncertainties (see e.g., [14]-[16] and the 

references therein for a survey of recent development), and 

has been successfully applied in many fields, such as missiles 

[17]-[18] and hypersonic vehicle [19]. In order to completely 

remove the effect of system disturbances in finite time, finite 

time disturbance observer (FTDO) has also drawn much 

attention in the past few years [20]. Due to the redundancy 

of the NSI actuators (aerodynamic fins and reaction jets), 

control allocation is an effective scheme to distribute the 

virtual control command among the individual actuators 

[21]. Therefore, a novel robust least-squares weighted control 

allocation (RLSWCA) algorithm is proposed to deal with the 

above control allocation problem while taking into account 

the uncertainties in the control effectiveness matrix and the 

uneven distribution problem of the NSI actuator inputs [22]-

[23].

Motivated by the above analysis, we will study the three-

channel independent IGC design problem for the NSI based 

on the backstepping sliding mode and FTDO. By viewing the 

channel coupling term and external disturbance as the total 

disturbances of the corresponding channel, a three-channel 

independent IGC model is given for the NSI. Then, the FTDO 

is introduced to estimate the target acceleration and control 

system loop disturbances, and the backstepping sliding mode 

control law based on the estimated value is given to obtain 

the virtual control moment, in which the first-order low-pass 

filters are introduced to compute the differentiations of the 

virtual control variables at each step of the backstepping 

control. Furthermore, the RLSWCA algorithm is employed to 

distribute the previously virtual control moment among the 

corresponding actuators. Finally, simulation results show 

the effectiveness of the proposed design method.

Briefly, the rest of this paper is organized as follows. 

Section 2 introduces the three-channel independent IGC 

model for the NSI. Section 3 presents the corresponding IGC 

design method and RLSWCA algorithm. Section 4 gives the 

simulation results for the NSI guidance and control system. 

Finally, a brief conclusion is drawn in Section 5.

2. IGC model description

The interceptor-target motion in the three-dimensional 

space can be seen in Fig. 1, and the kinematical equations 

are described as follows [24]:
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Fig. 1 Interceptor-target motion in three-dimensional space 

The interceptor-target motion in the three-dimensional space can be seen in Fig. 1, and the 

kinematical equations are described as follows [24]: 

2 2 2
4cos tr m rr rq rq q a a                                                          (1) 

2
42 sin cos t mrq rq rq q q a a                                                      (2) 

Fig. 1. ��Interceptor-target motion in three-dimensional space
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where is q  the dynamic pressure;  ,   and   are the angle of attack, sideslip angle and roll 
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Based on reference [20], we can determine that the error system (14) is stable in terms of finite 

time. Then, the following FTDOs are also introduced to estimate the disturbances 3pd  and 4pd  in 

the angle of the attack loop and pitch angular rate loop: 
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where 40 1y  ; 2ys , 3ys  and 4ys  are the error surfaces of the guidance loop, sideslip angle 
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where 40 1y  ; 2ys , 3ys  and 4ys  are the error surfaces of the guidance loop, sideslip angle 

(32)

where 0<λy4<1; sy2, sy3 and sy4 are the error surfaces of the 

guidance loop, sideslip angle loop and yaw angular rate loop 

in the yaw channel; ky2, ky3 and ky4 are the corresponding 

error surface gains; τy3 and τy4 are the filter time constants; 
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loop and yaw angular rate loop in the yaw channel; 2yk , 3yk  and 4yk  are the corresponding error 

surface gains; 3y  and 4y  are the filter time constants; *
3yx  and *

4yx  are the virtual control of 

the guidance loop and sideslip angle loop in the yaw channel; *
3yx  and *

4yx  are the corresponding 

filtered virtual control. 

3.3 Control design in the roll channel 

In this section, we firstly design the FTDOs to estimate the disturbances 3rd  and 4rd  in the roll 

angle loop and roll angular rate loop, and the estimated errors are defined as 31 31 3r r re z d   and 

41 41 4r r re z d  , respectively. 

For the system (11), we consider the similar backstepping sliding mode control law: 
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where 40 1r  , 3rs  and 4rs  are the error surfaces of the roll angle loop and roll angular rate 

loop, 3rk  and 4rk  are the corresponding error surface gains, 4r  is the filter time constant. 

3.4 Stability analysis  
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disturbances dr3 and dr4 in the roll angle loop and roll angular 

rate loop, and the estimated errors are defined as er31=zr31-dr3 

and er41=zr41-dr4, respectively.

For the system (11), we consider the similar backstepping 

sliding mode control law:
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corresponding error surface gains, τr4 is the filter time 

constant.
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Then, the dynamics of the filter errors satisfy:
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From equations (17)~(29) and (32)~(33), we can obtain: 
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qSC
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 . It is assumed that 21 2| |p pe N   and 21 2| |y ye N  .

For the system (9)~(11), consider the following Lyapunov function: 

p y rV V V V                                                                   (40) 

where 

2 2 2 2 2
2 3 4 3 40.5 0.5 0.5 0.5 0.5p p p p p pV s s s y y     ,

2 2 2 2 2
2 3 4 3 40.5 0.5 0.5 0.5 0.5y y y y y yV s s s y y     ,

(36)

From equations (17)~(29) and (32)~(33), we can obtain:

13 

Then, the dynamics of the filter errors satisfy: 

1 * 1 *
3 3 3 3 4 4 4 4

1 * 1 *
3 3 3 3 4 4 4 4

1 *
4 4 4 4

,

,
p p p p p p p p

y y y y y y y y

r r r r

y y x y y x

y y x y y x

y y x

 

 



      
      


  

   

   

 

 

 



                                        (36) 

From equations (17)~(29) and (32)~(33), we can obtain: 

4

2 23 2 2

* *
3 3 3 3 3 3

* *
4 4 4 4 4 4

2 3 3 2 2 21

3 4 4 3 3 31

4 4 4 5 4 4 41| | sgn( )p

p p p p d

p p p p p p

p p p p p p

p p p p p p

p p p p p p

p p p p p p p

x a s x

x s x s y x

x s x s y x
s s y k s e
s s y k s e

s k s k s s e

  


    
     
     
    

    

 


 

                                        (37) 

4

2 23 2 2

* *
3 3 3 3 3 3

* *
4 4 4 4 4 4

2 3 3 2 2 21

3 4 4 3 3 31

4 4 4 5 4 4 41| | sgn( )y

y y y y d

y y y y y y

y y y y y y

y y y y y y

y y y y y y

y y y y y y y

x a s x

x s x s y x

x s x s y x
s s y k s e
s s y k s e

s k s k s s e

  


    
     
     
    

    

 


 

                                         (38) 

4

* *
4 4 4 4 4 4

3 4 4 3 3 31

4 4 4 5 4 4 41| | sgn( )r

r r r r r r

r r r r r r

r r r r r r r

x s x s y x
s s y k s e
s k s k s s e

     


   
    


 

                                          (39) 

where 21 21p p
y

me e
qSC

 
 , 21 21y y

z

me e
qSC


 . It is assumed that 21 2| |p pe N   and 21 2| |y ye N  .

For the system (9)~(11), consider the following Lyapunov function: 

p y rV V V V                                                                   (40) 

where 

2 2 2 2 2
2 3 4 3 40.5 0.5 0.5 0.5 0.5p p p p p pV s s s y y     ,

2 2 2 2 2
2 3 4 3 40.5 0.5 0.5 0.5 0.5y y y y y yV s s s y y     ,

(37)

13 

Then, the dynamics of the filter errors satisfy: 

1 * 1 *
3 3 3 3 4 4 4 4

1 * 1 *
3 3 3 3 4 4 4 4

1 *
4 4 4 4

,

,
p p p p p p p p

y y y y y y y y

r r r r

y y x y y x

y y x y y x

y y x

 

 



      
      


  

   

   

 

 

 



                                        (36) 

From equations (17)~(29) and (32)~(33), we can obtain: 

4

2 23 2 2

* *
3 3 3 3 3 3

* *
4 4 4 4 4 4

2 3 3 2 2 21

3 4 4 3 3 31

4 4 4 5 4 4 41| | sgn( )p

p p p p d

p p p p p p

p p p p p p

p p p p p p

p p p p p p

p p p p p p p

x a s x

x s x s y x

x s x s y x
s s y k s e
s s y k s e

s k s k s s e

  


    
     
     
    

    

 


 

                                        (37) 

4

2 23 2 2

* *
3 3 3 3 3 3

* *
4 4 4 4 4 4

2 3 3 2 2 21

3 4 4 3 3 31

4 4 4 5 4 4 41| | sgn( )y

y y y y d

y y y y y y

y y y y y y

y y y y y y

y y y y y y

y y y y y y y

x a s x

x s x s y x

x s x s y x
s s y k s e
s s y k s e

s k s k s s e

  


    
     
     
    

    

 


 

                                         (38) 

4

* *
4 4 4 4 4 4

3 4 4 3 3 31

4 4 4 5 4 4 41| | sgn( )r

r r r r r r

r r r r r r

r r r r r r r

x s x s y x
s s y k s e
s k s k s s e

     


   
    


 

                                          (39) 

where 21 21p p
y

me e
qSC

 
 , 21 21y y

z

me e
qSC


 . It is assumed that 21 2| |p pe N   and 21 2| |y ye N  .

For the system (9)~(11), consider the following Lyapunov function: 

p y rV V V V                                                                   (40) 

where 

2 2 2 2 2
2 3 4 3 40.5 0.5 0.5 0.5 0.5p p p p p pV s s s y y     ,

2 2 2 2 2
2 3 4 3 40.5 0.5 0.5 0.5 0.5y y y y y yV s s s y y     ,

(38)

13 

Then, the dynamics of the filter errors satisfy: 

1 * 1 *
3 3 3 3 4 4 4 4

1 * 1 *
3 3 3 3 4 4 4 4

1 *
4 4 4 4

,

,
p p p p p p p p

y y y y y y y y

r r r r

y y x y y x

y y x y y x

y y x

 

 



      
      


  

   

   

 

 

 



                                        (36) 

From equations (17)~(29) and (32)~(33), we can obtain: 

4

2 23 2 2

* *
3 3 3 3 3 3

* *
4 4 4 4 4 4

2 3 3 2 2 21

3 4 4 3 3 31

4 4 4 5 4 4 41| | sgn( )p

p p p p d

p p p p p p

p p p p p p

p p p p p p

p p p p p p

p p p p p p p

x a s x

x s x s y x

x s x s y x
s s y k s e
s s y k s e

s k s k s s e

  


    
     
     
    

    

 


 

                                        (37) 

4

2 23 2 2

* *
3 3 3 3 3 3

* *
4 4 4 4 4 4

2 3 3 2 2 21

3 4 4 3 3 31

4 4 4 5 4 4 41| | sgn( )y

y y y y d

y y y y y y

y y y y y y

y y y y y y

y y y y y y

y y y y y y y

x a s x

x s x s y x

x s x s y x
s s y k s e
s s y k s e

s k s k s s e

  


    
     
     
    

    

 


 

                                         (38) 

4

* *
4 4 4 4 4 4

3 4 4 3 3 31

4 4 4 5 4 4 41| | sgn( )r

r r r r r r

r r r r r r

r r r r r r r

x s x s y x
s s y k s e
s k s k s s e

     


   
    


 

                                          (39) 

where 21 21p p
y

me e
qSC

 
 , 21 21y y

z

me e
qSC


 . It is assumed that 21 2| |p pe N   and 21 2| |y ye N  .

For the system (9)~(11), consider the following Lyapunov function: 

p y rV V V V                                                                   (40) 

where 

2 2 2 2 2
2 3 4 3 40.5 0.5 0.5 0.5 0.5p p p p p pV s s s y y     ,

2 2 2 2 2
2 3 4 3 40.5 0.5 0.5 0.5 0.5y y y y y yV s s s y y     ,

(39)

where 

13 

Then, the dynamics of the filter errors satisfy: 

1 * 1 *
3 3 3 3 4 4 4 4

1 * 1 *
3 3 3 3 4 4 4 4

1 *
4 4 4 4

,

,
p p p p p p p p

y y y y y y y y

r r r r

y y x y y x

y y x y y x

y y x

 

 



      
      


  

   

   

 

 

 



                                        (36) 

From equations (17)~(29) and (32)~(33), we can obtain: 

4

2 23 2 2

* *
3 3 3 3 3 3

* *
4 4 4 4 4 4

2 3 3 2 2 21

3 4 4 3 3 31

4 4 4 5 4 4 41| | sgn( )p

p p p p d

p p p p p p

p p p p p p

p p p p p p

p p p p p p

p p p p p p p

x a s x

x s x s y x

x s x s y x
s s y k s e
s s y k s e

s k s k s s e

  


    
     
     
    

    

 


 

                                        (37) 

4

2 23 2 2

* *
3 3 3 3 3 3

* *
4 4 4 4 4 4

2 3 3 2 2 21

3 4 4 3 3 31

4 4 4 5 4 4 41| | sgn( )y

y y y y d

y y y y y y

y y y y y y

y y y y y y

y y y y y y

y y y y y y y

x a s x

x s x s y x

x s x s y x
s s y k s e
s s y k s e

s k s k s s e

  


    
     
     
    

    

 


 

                                         (38) 

4

* *
4 4 4 4 4 4

3 4 4 3 3 31

4 4 4 5 4 4 41| | sgn( )r

r r r r r r

r r r r r r

r r r r r r r

x s x s y x
s s y k s e
s k s k s s e

     


   
    


 

                                          (39) 

where 21 21p p
y

me e
qSC

 
 , 21 21y y

z

me e
qSC


 . It is assumed that 21 2| |p pe N   and 21 2| |y ye N  .

For the system (9)~(11), consider the following Lyapunov function: 

p y rV V V V                                                                   (40) 

where 

2 2 2 2 2
2 3 4 3 40.5 0.5 0.5 0.5 0.5p p p p p pV s s s y y     ,

2 2 2 2 2
2 3 4 3 40.5 0.5 0.5 0.5 0.5y y y y y yV s s s y y     ,

, 

13 

Then, the dynamics of the filter errors satisfy: 

1 * 1 *
3 3 3 3 4 4 4 4

1 * 1 *
3 3 3 3 4 4 4 4

1 *
4 4 4 4

,

,
p p p p p p p p

y y y y y y y y

r r r r

y y x y y x

y y x y y x

y y x

 

 



      
      


  

   

   

 

 

 



                                        (36) 

From equations (17)~(29) and (32)~(33), we can obtain: 

4

2 23 2 2

* *
3 3 3 3 3 3

* *
4 4 4 4 4 4

2 3 3 2 2 21

3 4 4 3 3 31

4 4 4 5 4 4 41| | sgn( )p

p p p p d

p p p p p p

p p p p p p

p p p p p p

p p p p p p

p p p p p p p

x a s x

x s x s y x

x s x s y x
s s y k s e
s s y k s e

s k s k s s e

  


    
     
     
    

    

 


 

                                        (37) 

4

2 23 2 2

* *
3 3 3 3 3 3

* *
4 4 4 4 4 4

2 3 3 2 2 21

3 4 4 3 3 31

4 4 4 5 4 4 41| | sgn( )y

y y y y d

y y y y y y

y y y y y y

y y y y y y

y y y y y y

y y y y y y y

x a s x

x s x s y x

x s x s y x
s s y k s e
s s y k s e

s k s k s s e

  


    
     
     
    

    

 


 

                                         (38) 

4

* *
4 4 4 4 4 4

3 4 4 3 3 31

4 4 4 5 4 4 41| | sgn( )r

r r r r r r

r r r r r r

r r r r r r r

x s x s y x
s s y k s e
s k s k s s e

     


   
    


 

                                          (39) 

where 21 21p p
y

me e
qSC

 
 , 21 21y y

z

me e
qSC


 . It is assumed that 21 2| |p pe N   and 21 2| |y ye N  .

For the system (9)~(11), consider the following Lyapunov function: 

p y rV V V V                                                                   (40) 

where 

2 2 2 2 2
2 3 4 3 40.5 0.5 0.5 0.5 0.5p p p p p pV s s s y y     ,

2 2 2 2 2
2 3 4 3 40.5 0.5 0.5 0.5 0.5y y y y y yV s s s y y     ,

. It is assumed 

that 

13 

Then, the dynamics of the filter errors satisfy: 

1 * 1 *
3 3 3 3 4 4 4 4

1 * 1 *
3 3 3 3 4 4 4 4

1 *
4 4 4 4

,

,
p p p p p p p p

y y y y y y y y

r r r r

y y x y y x

y y x y y x

y y x

 

 



      
      


  

   

   

 

 

 



                                        (36) 

From equations (17)~(29) and (32)~(33), we can obtain: 

4

2 23 2 2

* *
3 3 3 3 3 3

* *
4 4 4 4 4 4

2 3 3 2 2 21

3 4 4 3 3 31

4 4 4 5 4 4 41| | sgn( )p

p p p p d

p p p p p p

p p p p p p

p p p p p p

p p p p p p

p p p p p p p

x a s x

x s x s y x

x s x s y x
s s y k s e
s s y k s e

s k s k s s e

  


    
     
     
    

    

 


 

                                        (37) 

4

2 23 2 2

* *
3 3 3 3 3 3

* *
4 4 4 4 4 4

2 3 3 2 2 21

3 4 4 3 3 31

4 4 4 5 4 4 41| | sgn( )y

y y y y d

y y y y y y

y y y y y y

y y y y y y

y y y y y y

y y y y y y y

x a s x

x s x s y x

x s x s y x
s s y k s e
s s y k s e

s k s k s s e

  


    
     
     
    

    

 


 

                                         (38) 

4

* *
4 4 4 4 4 4

3 4 4 3 3 31

4 4 4 5 4 4 41| | sgn( )r

r r r r r r

r r r r r r

r r r r r r r

x s x s y x
s s y k s e
s k s k s s e

     


   
    


 

                                          (39) 

where 21 21p p
y

me e
qSC

 
 , 21 21y y

z

me e
qSC


 . It is assumed that 21 2| |p pe N   and 21 2| |y ye N  .

For the system (9)~(11), consider the following Lyapunov function: 

p y rV V V V                                                                   (40) 

where 

2 2 2 2 2
2 3 4 3 40.5 0.5 0.5 0.5 0.5p p p p p pV s s s y y     ,

2 2 2 2 2
2 3 4 3 40.5 0.5 0.5 0.5 0.5y y y y y yV s s s y y     ,

 and 

13 

Then, the dynamics of the filter errors satisfy: 

1 * 1 *
3 3 3 3 4 4 4 4

1 * 1 *
3 3 3 3 4 4 4 4

1 *
4 4 4 4

,

,
p p p p p p p p

y y y y y y y y

r r r r

y y x y y x

y y x y y x

y y x

 

 



      
      


  

   

   

 

 

 



                                        (36) 

From equations (17)~(29) and (32)~(33), we can obtain: 

4

2 23 2 2

* *
3 3 3 3 3 3

* *
4 4 4 4 4 4

2 3 3 2 2 21

3 4 4 3 3 31

4 4 4 5 4 4 41| | sgn( )p

p p p p d

p p p p p p

p p p p p p

p p p p p p

p p p p p p

p p p p p p p

x a s x

x s x s y x

x s x s y x
s s y k s e
s s y k s e

s k s k s s e

  


    
     
     
    

    

 


 

                                        (37) 

4

2 23 2 2

* *
3 3 3 3 3 3

* *
4 4 4 4 4 4

2 3 3 2 2 21

3 4 4 3 3 31

4 4 4 5 4 4 41| | sgn( )y

y y y y d

y y y y y y

y y y y y y

y y y y y y

y y y y y y

y y y y y y y

x a s x

x s x s y x

x s x s y x
s s y k s e
s s y k s e

s k s k s s e

  


    
     
     
    

    

 


 

                                         (38) 

4

* *
4 4 4 4 4 4

3 4 4 3 3 31

4 4 4 5 4 4 41| | sgn( )r

r r r r r r

r r r r r r

r r r r r r r

x s x s y x
s s y k s e
s k s k s s e

     


   
    


 

                                          (39) 

where 21 21p p
y

me e
qSC

 
 , 21 21y y

z

me e
qSC


 . It is assumed that 21 2| |p pe N   and 21 2| |y ye N  .

For the system (9)~(11), consider the following Lyapunov function: 

p y rV V V V                                                                   (40) 

where 

2 2 2 2 2
2 3 4 3 40.5 0.5 0.5 0.5 0.5p p p p p pV s s s y y     ,

2 2 2 2 2
2 3 4 3 40.5 0.5 0.5 0.5 0.5y y y y y yV s s s y y     ,

.

For the system (9)~(11), consider the following Lyapunov 

function:

13 

Then, the dynamics of the filter errors satisfy: 

1 * 1 *
3 3 3 3 4 4 4 4

1 * 1 *
3 3 3 3 4 4 4 4

1 *
4 4 4 4

,

,
p p p p p p p p

y y y y y y y y

r r r r

y y x y y x

y y x y y x

y y x

 

 



      
      


  

   

   

 

 

 



                                        (36) 

From equations (17)~(29) and (32)~(33), we can obtain: 

4

2 23 2 2

* *
3 3 3 3 3 3

* *
4 4 4 4 4 4

2 3 3 2 2 21

3 4 4 3 3 31

4 4 4 5 4 4 41| | sgn( )p

p p p p d

p p p p p p

p p p p p p

p p p p p p

p p p p p p

p p p p p p p

x a s x

x s x s y x

x s x s y x
s s y k s e
s s y k s e

s k s k s s e

  


    
     
     
    

    

 


 

                                        (37) 

4

2 23 2 2

* *
3 3 3 3 3 3

* *
4 4 4 4 4 4

2 3 3 2 2 21

3 4 4 3 3 31

4 4 4 5 4 4 41| | sgn( )y

y y y y d

y y y y y y

y y y y y y

y y y y y y

y y y y y y

y y y y y y y

x a s x

x s x s y x

x s x s y x
s s y k s e
s s y k s e

s k s k s s e

  


    
     
     
    

    

 


 

                                         (38) 

4

* *
4 4 4 4 4 4

3 4 4 3 3 31

4 4 4 5 4 4 41| | sgn( )r

r r r r r r

r r r r r r

r r r r r r r

x s x s y x
s s y k s e
s k s k s s e

     


   
    


 

                                          (39) 

where 21 21p p
y

me e
qSC

 
 , 21 21y y

z

me e
qSC


 . It is assumed that 21 2| |p pe N   and 21 2| |y ye N  .

For the system (9)~(11), consider the following Lyapunov function: 

p y rV V V V                                                                   (40) 

where 

2 2 2 2 2
2 3 4 3 40.5 0.5 0.5 0.5 0.5p p p p p pV s s s y y     ,

2 2 2 2 2
2 3 4 3 40.5 0.5 0.5 0.5 0.5y y y y y yV s s s y y     ,

(40)

where

13 

Then, the dynamics of the filter errors satisfy: 

1 * 1 *
3 3 3 3 4 4 4 4

1 * 1 *
3 3 3 3 4 4 4 4

1 *
4 4 4 4

,

,
p p p p p p p p

y y y y y y y y

r r r r

y y x y y x

y y x y y x

y y x

 

 



      
      


  

   

   

 

 

 



                                        (36) 

From equations (17)~(29) and (32)~(33), we can obtain: 

4

2 23 2 2

* *
3 3 3 3 3 3

* *
4 4 4 4 4 4

2 3 3 2 2 21

3 4 4 3 3 31

4 4 4 5 4 4 41| | sgn( )p

p p p p d

p p p p p p

p p p p p p

p p p p p p

p p p p p p

p p p p p p p

x a s x

x s x s y x

x s x s y x
s s y k s e
s s y k s e

s k s k s s e

  


    
     
     
    

    

 


 

                                        (37) 

4

2 23 2 2

* *
3 3 3 3 3 3

* *
4 4 4 4 4 4

2 3 3 2 2 21

3 4 4 3 3 31

4 4 4 5 4 4 41| | sgn( )y

y y y y d

y y y y y y

y y y y y y

y y y y y y

y y y y y y

y y y y y y y

x a s x

x s x s y x

x s x s y x
s s y k s e
s s y k s e

s k s k s s e

  


    
     
     
    

    

 


 

                                         (38) 

4

* *
4 4 4 4 4 4

3 4 4 3 3 31

4 4 4 5 4 4 41| | sgn( )r

r r r r r r

r r r r r r

r r r r r r r

x s x s y x
s s y k s e
s k s k s s e

     


   
    


 

                                          (39) 

where 21 21p p
y

me e
qSC

 
 , 21 21y y

z

me e
qSC


 . It is assumed that 21 2| |p pe N   and 21 2| |y ye N  .

For the system (9)~(11), consider the following Lyapunov function: 
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where 
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3 4 40.5 0.5 0.5r r r rV s s y   .

The coefficients and variables for the system (9) and their derivatives are all bounded. By some 

simple calculations, we have:  
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where 3p  and 4p  are both nonnegative continuous functions. For some given positive constants 

p  and *
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are compact. Obviously, 1 2p pB B  is also compact. Therefore, 3p  and 4p  have maximum 

values on the set 1 2p pB B , which satisfy the following conditions: 

*
3 3| |p px M , *

4 4| |p px M                                                        (45) 

Based on the same method, we can also obtain: 

*
3 3| |y yx M , *

4 4| |y yx M , *
4 4| |r rx M                                              (46) 

where 3pM , 4pM , 3yM , 4yM  and 4rM  are positive constants. 
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The coefficients and variables for the system (9) and their 

derivatives are all bounded. By some simple calculations, we 

have: 
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The coefficients and variables for the system (9) and their derivatives are all bounded. By some 

simple calculations, we have:  
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are compact. Obviously, 1 2p pB B  is also compact. Therefore, 3p  and 4p  have maximum 

values on the set 1 2p pB B , which satisfy the following conditions: 
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where Mp3, Mp4, My3, My4 and Mr4 are positive constants.

From equation (37), we have:
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p p p p p pk s s e k s      
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4 5 4 4 5(0.5 1.5 ) 0.5 0.5p p p p pk k s N k                                       (49) 

1 *
3 3 3 3 3 3( )p p p p p py y y y x    1 2 2 * 2

3 3 3 30.5( | | )p p p py y x    

1 2 2 2
3 3 3 30.5( )p p p py y M                                                 (50) 
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4 4 4 40.5( | | )p p p py y x    
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4 4 4 40.5( )p p p py y M                                                 (51) 

Based on the same method, from equations (38) and (39), we can obtain: 
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By taking the time derivative of ( )V t  along the system (9)~(11), we have: 
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By taking the time derivative of V(t) along the system 

(9)~(11), we have:
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where   is a positive real number, then we have: 
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Based on the comparison principle, from equation (56) we can obtain: 
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If the parameter   is selected large enough, the parameter /C   can be made arbitrarily small. 

Therefore, the error surfaces and filter errors are all uniformly ultimately bounded, and we can obtain 

the small miss distance. 

3.5 Robust least-squares weighted control allocation 

In this section, we proposed a novel RLSWCA algorithm to distribute the virtual control command 

among the individual actuators (aerodynamic fins and reaction jets), while also taking into account the 

uncertainty in the control effectiveness matrix. 

The elements of the uncertain terms cB  are all usually small bounded. Therefore, we assume 

that the uncertainty in the control effectiveness matrix satisfies the following constraint: 

If the design parameters satisfy the following conditions:
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If the parameter   is selected large enough, the parameter /C   can be made arbitrarily small. 

Therefore, the error surfaces and filter errors are all uniformly ultimately bounded, and we can obtain 

the small miss distance. 

3.5 Robust least-squares weighted control allocation 

In this section, we proposed a novel RLSWCA algorithm to distribute the virtual control command 

among the individual actuators (aerodynamic fins and reaction jets), while also taking into account the 

uncertainty in the control effectiveness matrix. 

The elements of the uncertain terms cB  are all usually small bounded. Therefore, we assume 

that the uncertainty in the control effectiveness matrix satisfies the following constraint: 

(55)

where κ is a positive real number, then we have:

16 

2 2 2 1 2
2 2 3 3 4 5 4 3 3(1.5 ) (2 ) (1 1.5 ) (1 )y y y y y y y y yk s k s k k s y        

1 2 2 2 2 2 2
4 4 2 3 4 3 4 5(1 ) 0.5 0.5 0.5 0.5 0.5 0.5y y y y y y y yy N N N M M k        

2 2 1 2 2 2 2
3 3 4 5 4 4 4 3 4 4 5(1.5 ) (1 1.5 ) (1 ) 0.5 0.5 0.5 0.5r r r r r r r r r r rk s k k s y N N M k            

(54) 

If the design parameters satisfy the following conditions: 

2 3 4 5

1 1
3 4 2

3 4 5

1 1
3 4 3

1
4 4 5

1.5 0.5 , 2 0.5 , 1.5 1 0.5

1 0.5 , 1 0.5 , 1.5 0.5

2 0.5 , 1.5 1 0.5

1 0.5 , 1 0.5 , 1.5 0.5

1 0.5 , 1.5 1 0.5

p p p p

p p y

y y y

y y r

r r r

k k k k

k
k k k

k

k k

 

 



       


     
     


     
     

  

    

 

    

  

                             (55) 

where   is a positive real number, then we have: 

V V C                                                                    (56) 

where 2 2 2 2 2 2 2
2 3 4 3 4 5 2 30.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5p p p p p p y yC N N N M M k N N        

2 2 2 2 2 2
4 3 4 5 3 4 4 50.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5y y y y r r r rN M M k N N M k        .

Based on the comparison principle, from equation (56) we can obtain: 

[ (0) ]( )
tV C e CV t

 





                                                     (57) 

If the parameter   is selected large enough, the parameter /C   can be made arbitrarily small. 

Therefore, the error surfaces and filter errors are all uniformly ultimately bounded, and we can obtain 

the small miss distance. 

3.5 Robust least-squares weighted control allocation 

In this section, we proposed a novel RLSWCA algorithm to distribute the virtual control command 

among the individual actuators (aerodynamic fins and reaction jets), while also taking into account the 

uncertainty in the control effectiveness matrix. 
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If the parameter   is selected large enough, the parameter /C   can be made arbitrarily small. 

Therefore, the error surfaces and filter errors are all uniformly ultimately bounded, and we can obtain 

the small miss distance. 

3.5 Robust least-squares weighted control allocation 

In this section, we proposed a novel RLSWCA algorithm to distribute the virtual control command 

among the individual actuators (aerodynamic fins and reaction jets), while also taking into account the 

uncertainty in the control effectiveness matrix. 

The elements of the uncertain terms cB  are all usually small bounded. Therefore, we assume 

that the uncertainty in the control effectiveness matrix satisfies the following constraint: 

Based on the comparison principle, from equation (56) 
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If the parameter   is selected large enough, the parameter /C   can be made arbitrarily small. 

Therefore, the error surfaces and filter errors are all uniformly ultimately bounded, and we can obtain 

the small miss distance. 

3.5 Robust least-squares weighted control allocation 

In this section, we proposed a novel RLSWCA algorithm to distribute the virtual control command 

among the individual actuators (aerodynamic fins and reaction jets), while also taking into account the 

uncertainty in the control effectiveness matrix. 

The elements of the uncertain terms cB  are all usually small bounded. Therefore, we assume 

that the uncertainty in the control effectiveness matrix satisfies the following constraint: 

(57)

If the parameter κ is selected large enough, the parameter 

C/κ can be made arbitrarily small. Therefore, the error 

surfaces and filter errors are all uniformly ultimately 

bounded, and we can obtain the small miss distance.

3.5 Robust least-squares weighted control allocation

In this section, we proposed a novel RLSWCA algorithm 

to distribute the virtual control command among the 

individual actuators (aerodynamic fins and reaction jets), 

while also taking into account the uncertainty in the control 

effectiveness matrix.

The elements of the uncertain terms △Bc are all usually 

small bounded. Therefore, we assume that the uncertainty 

in the control effectiveness matrix satisfies the following 

constraint:
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where sT  is the sampling time. 

The following transformation is introduced to avoid the uneven distribution problem: 

1
u
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where 0u W  is the transformation matrix. 

For the control allocation problem (8) and (58)~(60), we can obtain the optimal input u  based on 

the robust least-squares method in [22] and [23]: 
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where η is known constant. Generally, the individual 

actuators constraints are given as follows:
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where Ts is the sampling time.

The following transformation is introduced to avoid the 

uneven distribution problem:
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where Wu>0 is the transformation matrix.

For the control allocation problem (8) and (58)~(60), we 

can obtain the optimal input 
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squares method in [22] and [23]:
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20 20y  , 30 40 2y y   , 1 1.5yi  , 2 1.1yi  , 0.5yiq  , 8yip  , {2, 3, 4}i ;

0 2ri  , 1 1.5ri  , 2 1.1ri  , 0.5riq  , 8rip  ， {3, 4}i ;

2 2 3 100p y rL L L   , 3 3 10p yL L  , 4 4 4 50p y rL L L   .

The parameters of the proposed three-channel independent IGC algorithm (17)~(29) and (32)-(33) 

are selected as follows: 

2 2 2.5p yk k  , 3 3 3 10p y rk k k   , 4 4 4 40p y rk k k   ,

5 5 5 5p y rk k k   , 3 3 0.1p y   , 4 4 4 0.025p y r     ,

4 4 4 0.6p y r     , 2 2 3 0p d y d r dx x x   .

The proposed three-channel independent IGC algorithm incorporating  the RLSWCA method 

(denoted by IGC+FTDO+RLSWCA) is firstly applied to the NSI guidance and control system. 

Furthermore, we also studied the proportional navigation guidance (PNG) law and sliding mode 

guidance (SMG) law combined with the traditional backstepping sliding mode control law and 

RLSWCA method (denoted by PNG+BSM+RLSWCA and SMG+BSM+RLSWCA, respectively) for 

the simulation comparison. This was in line with traditional guidance and control separation design. 

The PNG law and SMG law are given as follows: 

4m pa N rq    , 4m pa N rq                                                    (69) 

4 sgn( )m sa N rq q      , 4 sgn( )m sa N rq q                                  (70) 

where 3.2pN  , 4.5sN   and 200 .

In this paper, we select the following six interception conditions to illustrate the effectiveness of the 

above three guidance and control schemes: 

Case 1 and Case 4: No maneuvering target, 20 sm/t ta a   ;

Case 2 and Case 5: Step maneuvering target, 24 sm0 /t ta a   ;

Case 3 and Case 6: Sinusoidal maneuvering target, 240sin( ) m s/t ta a t   .

.

In this paper, we select the following six interception 

conditions to illustrate the effectiveness of the above three 

guidance and control schemes:

Case 1 and Case 4: No maneuvering target, atε=atβ=0m/s2;

Case 2 and Case 5: Step maneuvering target, atε=atβ=40m/s2;

Case 3 and Case 6: Sinusoidal maneuvering target, 

atε=atβ=40sin(t)m/s2.

The initial conditions for Cases 1~3 are give as follows: 

The initial positions of the interceptor are xm0=ym0=zm0=0m; 

the velocities of the interceptor and target are Vm0=1500m/s 

and Vt0=1700m/s, respectively; the initial flight-path angle 

and heading angle of the interceptor and target are θm0=26o, 

ψvm0=-5o, θt0=-10o and ψvt0=120o; the initial relative distance is 

r0=1.8×104; the azimuth angle and elevation angle are qε0=20o 

and qβ0=-36o, respectively. The initial conditions for Cases 

4~6 are also give as follows: The initial positions of the target 

are xt0=15204.5m, tt0=6840.4m and zt0=11046.7m; the other 

conditions are the same as Cases 1~3.

In the simulation process, we select the external 

disturbance of the control system loop as dr=dβ=dα=0.2sin(t) 

and dωx
=dωy

=dωz
=sin(t), respectively.

Figure 3 shows the response curves of the LOS angular rate 

for Case 1 based on the above three guidance and control 

schemes, and we can see that the proposed three-channel 

independent IGC algorithm can make the LOS angular rate 

converge to the steady state value more quickly; i.e., the 

small miss distance can be obtained. Fig. 4 and Fig. 6 show 

the curves of the interceptor attitude and control inputs. 

The actual and estimated value responses of the target 

acceleration are shown in Fig. 5, and we can observe that 

the proposed FTDO can provide a satisfactory estimation of 

performance. The simulation curves for Case 2 and Case 3 

are shown in Figs. 7~14, the simulation curves for Case 4~6 

and the analysis processes are similar, which are omitted 

here for brevity.

Define the control energy function as follows: 

20 

The initial conditions for Cases 1~3 are give as follows: The initial positions of the interceptor are 

0 0 0 0mm m mx y z   ; the velocities of the interceptor and target are 0 1500m/smV   and 

0 1700m/stV  , respectively; the initial flight-path angle and heading angle of the interceptor and 

target are 0 26m   , 0 5vm    , 0 10t     and 0 120vt   ; the initial relative distance is 

4
0 1.8 10 mr  ; the azimuth angle and elevation angle are 0 20q  

  and 0 36q   
 ,

respectively. The initial conditions for Cases 4~6 are also give as follows: The initial positions of the 

target are 0 152 m04.5tx  , 0 68 m40.4ty   and 0 110 m46.7tz  ; the other conditions are the 

same as Cases 1~3. 

In the simulation process, we select the external disturbance of the control system loop as d   

0.2sin( )d d t    and sin( )
x y z

d d d t     , respectively. 

Figure 3 shows the response curves of the LOS angular rate for Case 1 based on the above three 

guidance and control schemes, and we can see that the proposed three-channel independent IGC 

algorithm can make the LOS angular rate converge to the steady state value more quickly; i.e., the 

small miss distance can be obtained. Fig. 4 and Fig. 6 show the curves of the interceptor attitude and 

control inputs. The actual and estimated value responses of the target acceleration are shown in Fig. 5, 

and we can observe that the proposed FTDO can provide a satisfactory estimation of performance. 

The simulation curves for Case 2 and Case 3 are shown in Figs. 7~14, the simulation curves for Case 

4~6 and the analysis processes are similar, which are omitted here for brevity. 

Define the control energy function as follows: 2

0
0.5 || ||

t

u cJ dt  B u . Table 1 shows the miss 

distances, interception time and control energy of the three guidance and control schemes for Cases 

1~6. The proposed IGC algorithm required more control energy to obtain the small miss distance. 

Compared with PNG+BSM+RLSWCA and SMG+BSM+RLSWCA, it can be observed from Table 1 

that the miss distance and interception time for the proposed IGC algorithm are minimal, since this 

method considers the effects of the target maneuver and external distance in the control system loop, 

and the couplings between the guidance loop and control loop. 

. Table 1 shows the miss distances, 

interception time and control energy of the three guidance 

and control schemes for Cases 1~6. The proposed IGC 

Table 1. Simulation results of the three guidance and control schemes
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Table 1. Simulation results of the three guidance and control schemes 

Case Design method Miss distance Interception time Control energy 

1
PNG+BSM+RLSWCA
SMG+BSM+RLSWCA
IGC+FTDO+RLSWCA

0.4139 m 
0.2652 m 
0.1282 m 

6.318 s 
6.318 s 
6.318 s 

1.361×106

2.268×106

2.513×107

2
PNG+BSM+RLSWCA
SMG+BSM+RLSWCA
IGC+FTDO+RLSWCA

1.2580 m 
1.0120 m 
0.1928 m 

6.321 s 
6.319 s 
6.318 s 

3.216×107

2.582×107

4.069×107

3
PNG+BSM+RLSWCA
SMG+BSM+RLSWCA
IGC+FTDO+RLSWCA

1.2360 m 
1.1970 m 
0.2110 m 

6.320 s 
6.318 s 
6.318 s 

2.848×107

1.347×107

3.755×107

4
PNG+BSM+RLSWCA
SMG+BSM+RLSWCA
IGC+FTDO+RLSWCA

0.4640 m 
0.2948 m 
0.1344 m 

7.020 s 
7.020 s 
7.020 s 

1.195×106

1.902×106

2.468×107

5
PNG+BSM+RLSWCA
SMG+BSM+RLSWCA
IGC+FTDO+RLSWCA

1.1140 m 
0.9619 m 
0.1968 m 

7.023 s 
7.022 s 
7.020 s 

3.496×107

2.283×107

4.375×107

 PNG+BSM+RLSWCA 0.9931 m 7.022 s 1.180×107

6 SMG+BSM+RLSWCA
IGC+FTDO+RLSWCA

1.3220 m 
0.1481 m 

7.021 s 
7.020 s 

1.260×107

4.235×107

Remark 1. In general, the knowledge and experience of experts (including control engineers and 

operators) are employed to determine the design parameters. For the design parameters of the pitch 

channel, the FTDO parameters are often selected as 20 20p  , 30 40 2p p   , 1 1.5pi  ,

2 1.1pi  , 0.5piq   and 8pip  , {2, 3, 4}i ; the filter time constants are often selected as 

3 [0.01,0.2]p   and 4 [0.01,0.2]p  , and then the controller parameters are often selected as 

2 [2,5]pk  , 3 31/p pk   , 4 41/p pk   , 5 [1,10]pk   and 4 (0,1)p  . The design parameters of 

the yaw channel and roll channel are similar. 

5. Conclusion

In this paper, a novel three-channel independent IGC design method is proposed for the NSI, based 

on the backstepping sliding mode and FTDO, which also take into account the couplings of the 

guidance and control system and those between the different channels of interceptor. In the proposed 

method, the FTDO is firstly constructed to estimate the target acceleration and the disturbance of the 

control system loop, and the IGC algorithm based on the backstepping sliding mode is given to obtain 

the desired control moment. Moreover, the stability analysis based on the Lyapunov theory shows that 

(278~294)14-087.indd   286 2015-07-03   오전 5:06:35
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algorithm required more control energy to obtain the small 

miss distance. Compared with PNG+BSM+RLSWCA and 

SMG+BSM+RLSWCA, it can be observed from Table 1 that 

the miss distance and interception time for the proposed 

IGC algorithm are minimal, since this method considers 

the effects of the target maneuver and external distance 

in the control system loop, and the couplings between the 

guidance loop and control loop.

Remark 1. In general, the knowledge and experience 

of experts (including control engineers and operators) 

are employed to determine the design parameters. For 

the design parameters of the pitch channel, the FTDO 

parameters are often selected as λp20=20, λp30=λp40=2, λpi1=1.5, 

λpi2=1.1, qpi=0.5 and ppi=8, i∈{2, 3, 4}; the filter time constants 

are often selected as τp3∈{0.01, 0.2} and τp4∈{0.01, 0.2}, and 

then the controller parameters are often selected as kp2∈{2, 

5}, kp3=1/τp3, kp4=1/τp4, kp5∈{1, 10} and λp4∈(0, 1). The design 

parameters of the yaw channel and roll channel are similar.
 

5. Conclusion

In this paper, a novel three-channel independent IGC 

design method is proposed for the NSI, based on the 

backstepping sliding mode and FTDO, which also take into 

account the couplings of the guidance and control system 

and those between the different channels of interceptor. 

In the proposed method, the FTDO is firstly constructed to 

estimate the target acceleration and the disturbance of the 

control system loop, and the IGC algorithm based on the 

backstepping sliding mode is given to obtain the desired 

control moment. Moreover, the stability analysis based on 

the Lyapunov theory shows that the proposed IGC scheme 

can make the LOS angular rate to converge into a small 

neighborhood of zero. Finally, simulation results also 

illustrate the effectiveness of the proposed IGC algorithm.
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