
2021-01-26;ḷ 2021-06-13.

ᵲ . E-mail: nau_181004@163.com. 

 

ԓᵤ ᶽ ┼

₩₩ 1À, 1, ּד 1, ₩ᴼ 1, ∏ 2
 

(1 ´ , қ  264001; 2 ́ Ԋ Ԉ , ֤ 100850) 

  Е ᶽ ┼ Ї ԋ҅ ᵤ (Low-Pass Nonsingular 

Terminal Sliding Mode Control Algorithm, LNTSMC) ԓ ᶽ Ⱶ. ᾨ ԓHÐ

┼ ԋῪ ┼ Ї ԋ ᶽ Ж Ї ԓ

ԋ҅ ⅎ ЇᶕῚ ᵤ ┼ ᾭԋ ┼ Ї ҅

ԋ҅ ┼ ┼Ҳ ‟Ї ῇԋ Ὺ

Ж Ї Lyapunov ԋ Ҳ Ї ₴ԋᴕ . ᴕ

Ї Ҳ Ί ᶽ Ї ғ Ї ԋ ᴮ .  

ῗ Е Ж ᶽ Ж ┼Ж ┼Ж ЖHŸ ┼ 

Ҳ ⅎ ЕTP273        ЕA 

DOI:

 

Anti Crosswind Carrier Landing Control Technology Based 

on Low Pass Nonsingular Terminal Sliding Mode Guidance 

CUI Kai-kai1
ѹ
, HAN Wei1, ZHANG Yong1, ZHANG Kai-lun1, LIU Jie2 

(1 School of Basic Sciences for Aviation, Naval Aviation University, Yantai, 264001, China; 2 War Research Institute, 

Academy of Military Sciences, Beijing, 100850, China.) 

Abstract Aiming at the problem of anti crosswind landing control of carrier based aircraft, a low-pass nonsingular 

terminal sliding mode control algorithm (LNTSMC) is designed to improve the anti crosswind guidance ability of carrier 

based aircraft. Firstly, based on H-infinity mixed sensitivity control, the inner loop attitude robust control system is 

designed, and the lateral carrier landing guidance equation is derived. Then, an integral nonsingular terminal sliding 

mode surface is designed based on the homogeneous theory, which can meet the design requirements of low-pass sliding 

mode controller and avoid the control singularity phenomenon. A power exponential reaching law with boundary layer is 

proposed to suppress the chattering in sliding mode control, and a non-homogeneous disturbance observer is introduced 

to improve the robust stability inside the boundary layer. Finally, the finite time stability of the algorithm is proved by 

Lyapunov theorem, and the simulation analysis is given. The simulation results show that the guidance algorithm 

designed in this paper has good anti crosswind performance, and the superiority of the algorithm is verified by 

comparing with the existing algorithms. 
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 (33) 

(33)ң № , V

(1 )/2

1

1

[2 (0)]

(1 )

k

r

k

V
t

k

g

g

-

=
-

ῤ ⌠ [0, 20.5e]ῤ̆Ӟ

( )s t 1rt ῤ ⌠

( )s t e= ҉. ҹ ̆ (33) Ҭ

1rt <
2rt . 

1rt Ó 2rt ̆↕ [
2rt , 

1rt ]

ῤ
2ru u= ̆ (33)Ҭ l=0̆ ҉ ᶭ

. 

῀ ̆Ӟ ( )s t e¢ ̆ 

1 2

1 2

1 2

( sgn( ) )

( ) ( )

k

k

V s s k s s k s g g

k s k s g g s

g

g

h
l

e

h
l

e

+

= - - - + +

=- - + + +

  (34) 

̆ ԍ ( )g t ̆ └ (27)

Ḡ ( )s t ⌠ ̆ ֽ Ḡ ῒ

1rt ῤ ⌠ [ ],e e- ῤ.  

t> 1 2max{ , }r rt t ̆ (24)ȁ(26) (30)  ̔

31 2

*

1 1 1 2 2 2 3 3 3

1 2 1 2

1 2

( ) ( ) ( ) ( ) ( ) ( )

+ sgn( ) sgn( ) sgn( )

sgn( )

sgn( ) ( )

k

k

rs t y t K u t g t g t y t

c e e c e e c e e

s k s s k s g g z z

k s s k s

gg g

g

g

l l l

h
l l

e

h

e

=- + + + -

+ +

=- - - + + - -

=- - +

 

(35) 

[15] ̆ (35)ң ӗ
2k

e
h

e
+

̆ 

2

2

2

( )(1 )

1

( )

sgn( )

k

k

k
k t

k

d e s
k e dt

e s s

h
he g
e

gh

e

+
+ -

+

=-       (36) 

(0) 0s ¸ ̆ (36)ң № ̆ 

2

2

1( / ) 1

2

1(1 )( / )
11

2

sgn( (0)) [ (0)
/

( ) ] ,
/

0,

k

k

k

k t

k t

c

c

k
s e s

k

k e
s t t t

k

t t

gh e

g h e
g

h e

h e

-- +

- +
-

ë
+î +

î
îî
= - <ì

+î
î ²
î
îí

 (37) 

ῒҬ̆ 

1

2

2 1

( / ) (0)
ln 1

( )(1 )

k

c

k

k s
t

k k

g
h ee

e h g

-å õ+
æ ö= +
æ ö+ -
ç ÷

 (38) 

̆ ∆ ┴ (0)s e> ̆

ᶏ

1 2 3max{ , }r r rT t t t= +ῤ ⌠ ̆ῒҬ 

1

2
3

2 1

( / )
ln 1

( )(1 )

k

r

k

k
t

k k

gh e ee

e h g

-å õ+
= +æ ö

+ - ç ÷
  (39) 

⌠ 0ӊ ̆ ( ) ( ) 0s t s t= =̆

Ӟ  

31 2

3 1 1 1 2 2 2 3 3 3sgn( ) sgn( ) sgn( )e c e e c e e c e e
gg g

=- - -  

(40) 

1 ̆
3 2 1( ), ( ), ( )e t e t e t ҹ

. ҉̆ ᵞ

ҹ .  

. Ǵ 

4  

4.1 ᴕ ᴌ  

ץ F/A-18 ҹᶛ ≠̆ ῒꜚⱬ

ᵌ ₱ [25] Simulinkꜚⱬ ̆ ѿ

≠ MATLAB Ҭ ῤ trim ₱

̆ V=68m/s̆

a=8.3°̆ q=5.3°̆ 0p q rb f y= = = = = =

̆ ⌠  ̔
*V =72.81m/s̆

*a=8.55°̆

*q=5.44°̆ * * * * * * * * =0rp q r ab f y d d= = = = = = =. 

ѿ ̆ Ҋ ꜚ

ҹ̔ 

  0.1387 0.1486 0.9889 0.1342

  4.9695 1.3921 0.5654 0

 0.4952 0.0189 0.0925 0

   0 1.0000 0.0952 0

è ø
é ù
é ù=
é ù
é ù
ê

-

-

ú

- -

-
A (41) 



 

 

0.0049 0.0248

5.3177 0.8398

0.1146 0.4737

0 0

è ø
é ù
é ù=
é ù
é ù
ê ú

-

-
B  ̕ 

0.0019

0.0683

0.0068

     0

è ø
é ù
é ù=
é ù-
é ù
ê ú

E (42) 

ῤ └ Ҭ̆ 2.2

Ҭ ₮ ῏ԍ ₱ ↕

ᴏ ̆ Ҋ ₱ ̔ 

1 11 12 13 14

2 21 22

1 31 32 33 34

( ) diag[ ( ), ( ), ( ), ( )]

diag[ , ]

( ) diag[ ( ), ( ), ( ), ( )]

W s w s w s w s w s

W w w

W s w s w s w s w s

=ë
î
=ì

î =í

  (43) 

ῒҬ̔ 

11 12

607.6(0.0215 1) 0.0015(0.0215 1)
( ) , ( )

92.81 1 92.81 1

s s
w s w s

s s

+ +
=

+ +

13 12 14 11 21 22( ) ( ), ( ) ( ), 0.0062w s w s w s w s w w= = = =
-4

31 32 33 34

3.82 10 (1755.4 1)
( ) ( ) ( ) ( )

17.24 1

s
w s w s w s w s

s

³ +
= = = =

+

(44) 

₱ ̆ ԍMatlab

└ ΐ ץ K(s) .  

ᵞ └ ҹ l̔=5̆

h=1.6̆
1k =0.28̆

2k =1.8̆
kg=0.7̆

1c =1.18̆
2c =2.27̆

3c =1.8̆
0g=0.7. 

ҹ̔
0V=2̆

1V=1.5̆

2V=1.1̆
0m=8̆

1m=6̆
2m=3. ᴏ ҬẊ

1( )g t = 0.1cos(2 ) 0.05sin( )t t+ .  

4. 2 Ὺ ┼ ┼  

 
4 Ὺ ┼  

1s ┴ ῀ ᵝ Ḥ ̆

ⱴ ̆ Ҭ

HÐῤ └ Ḥ ̆

ῒ ҍPID └ 4 .  

׆ 4 №ץ ₮̆ҍᴰ PID └

̆ Ҭ ῤ └ ץ

└ ῒ̆ 4s ̆ PID 3s. ғ

Ҋ̆ └ └

¤0.005rad ̆ҍ PID └ ѿ . 

̆ ῤ └ ץ

ῤ ҍ PID └ └ .  

 
5 Ὺ ┼  

ѿ ҹ̆ԅ ₱ ̆

└ № ̆ ₱ ȁ

₱ ץ ₱ ῃ ῤ

ṿ̆ 5 ׆ . 5 Ҭ ̆ (19)

̆ ṿ ̆ P
¤

=0.9678̆

(18). ԍ҉ץ ᴏ № ̆ Ҭ

ῤ └ ΐ └ .  

4. 3 ᴕ ⅎ  

∆ ᵝ №≢ҹ 12 mȁ6 mȁ

-4 m̆ 8~10 sῤ ῀ ҹ 6 m/s( ⱬ ҹ

4 ) . ҹԅ ̆

ᾢẊ ῤ └ └ ̆Ӟ

( ) ( )rt tf f= ̆ ῤ └ ԍ֟ Ḥ

2( )g t . ᶷ

└̆

└ 6ȁ 7 .  

 
6 Ғ √ ᴌҐ  

 
7 ᶽ ┼  



 

 

׆ 6Ҭ №ץ ₮̆ Ҍ ∆ ᴆ

Ҋ̆ 5 s └ ̆∆

ץ ̆ └ ῀ . 7 №ץ ₮̆

ᶷ ץ └ ±0.12 mץῤ̆

ғᶷ ᵝ Ҍ ̆

ΐ ᶷ

ⱬ.  

∆ץ ҹ-4 m ’ҹᶛ ᵬ ѿ

№ . 8 Ҭ ₮ԅᵞ └

ru ̆ 8 ῀ ῤ

└ ῀
ru Ҭ Ḥ ⌠ԅ

ѿ └ᵬ .  

 
8 ᵤ ┼  

 
9 g ᵆ  

9Ҭ ₮ԅ ᵀ ᵀ ̆

g(t)ΐ ᵀ

̆ғ ԍ 4s.  

4. 4 ᴕ  

4.3 ᴏ Ҭ ῤ └

ᵬԅ Ẋ . ѿ ̆ҹԅ

ῤ └ └ ̆ ῤ

└ ᵣᴏ . ҹ̆ԅ LNTSMC

ԍ ᴨ̆ל Ҭң

ᵬҹ └ . ῒ№

≢ҹ̔ 

(a)Super-twisting ₮ └ [26]̕ 

(b)ԋ └ (NTSMC)[27] . 

2̔ ῤ ᵣᴏ Ҭ̆ ԍ

ῤ └ ̆ Ẓ ̆

1 2z zl + ṿ ғ ̆ ѿ ᴪᴰ ⌠

ru ̆ ᶏ ῤ └

Ḥ ̆ ᵣ └ ̆ ᵣ

ᴏ ̆ Ḥ
1( )g t ᵀ ễ̆

Ӟ פ PҬ
0 0 * 2+ ( )z v K g tf= + . 

 
10 Ғ Ґ  

∆ ᵝ ҹ-9 m̆ 8-10 sῤ ῀

ҹ 6 m/s ̆ ₮

LNTSMCҍ Ҭ ң №≢ └̆

ᵝ ᵝ ’ 10 11 . 

10Ҭ №ץ ₮̔ ₮ LNTSMC

ԍ ң ̕NTSMC

.  

 
11 Ғ Ґ ᶽ ┼  

׆̆ 11 Ҭ №ץ ₮̔ ԍ

Super-twisting ץ NTSMC L̆NTSMC

ΐ └ ̆ ⌠ᶷ ӊ ̆

LNTSMC ᶏץ ᶷ ᵝ

└ ¤0.9mץῤ̆ ѿẒ ԍ ᶷ Ẓ

¤1.52m. ᴆҊ̆super-twisting

ץ NTSMC └ №≢ҹ¤1.4m

¤1.6m̆ ҹ LNTSMC 1.5Ṑ.  

҈ └ ⌠ └ ῀ ’

12 13 ׆ . 12 13Ҭ №ץ ₮̆

super-twisting NTSMC └

ҩ Ҭ̆◐ ҉ Ẓ

ῤ҉ҊẒ ̆ Ҭ ₮


