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[摘要 ]  研究了线性化不可控非线性参数系统的鲁棒 H ] 干扰衰减问题, 推广了非线性系统模型. 利用加幂积

分器和参数隔离技巧, 设计了使系统全局镇定的动态反馈律. 数值例子说明了结论的正确性.
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  在非线性控制领域,鲁棒H ] 控制和自适应控制是两个有意义且具有挑战性的问题. 过去几年里,许

多研究者对这些问题已经做了探讨, 并获得了一些重要结论
[ 1-6]

. 已存在的结果大多是关于鲁棒 H ] 控制

或自适应控制,而两者结合的问题研究较少.

实际应用中经常会遇到需要克服环境干扰且满足系统自我镇定的控制问题,因此探讨这两个问题的

结合是非常必要的.文献 [ 7] 提供了一种关于自适应控制的方法,它的特点是自适应项具有一般化形式且

系统不可控.可是,此方法用于输出反馈形式不成立
[ 8]

. 一旦添加状态输出项, 系统的稳定性不能保证.利

用 [ 9]中的加幂积分器方法
[ 10, 11]

,形成了一种建立连续自适应实用输出跟踪控制器的方法,该控制器保证

了闭环系统的所有状态是全局稳定的.文献 [ 12]研究了非线性鲁棒H ] 自适应控制问题, 一个精确的光滑

鲁棒动态反馈律被设计,系统形式也得到推广.更有意义的是, 该文全面考虑了干扰问题与自适应问题的

结合.

本文进一步泛化不可控非线性参数系统形式, 这种非线性参数动态系统的研究不仅具有理论价值而

且具有重要的应用价值.在非线性项上确界给定的前提下, 结合参数隔离技巧, 运用递归设计方法建立了

一种光滑自适应控制器,系统达到全局渐近稳定.

1 问题形成

本文研究了如下一类高阶非线性系统:

)6)
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Ûx1 = d1 ( x, u, H, t) x
p 1
2 + <1 (x1, x2, H) + g1 ( x1, x2, H)X,

Ûx2 = d2 ( x, u, H, t) x
p 2
3 + <2 (x1, x2, x 3, H) + g2 ( x1, x2, x3, H) X,

 ,

Ûxn = dn (x, u, H, t) u
pn + <n (x1, ,, xn, u, H) + gn (x1, ,, xn, u, H) X,

y = x 1,

( 1)

其中 x I Rn
, u I R为系统状态和系统输入. pi, i = 1, 2, ,, n是正奇数, HI Rs

和 X I Rq
分别是未知

常向量和干扰信号.映射 d i: R
n @ R @ Rs @ R y R, <i: R

i+ 1 @ Rs y R, g i: R
i+ 1 @Rs y R1@ q

, i = 1,

2, ,, n假定为 C
1
函数且 <i ( 0, 0, ,, H) = 0.

具有内稳定性的鲁棒H ] 自适应几乎干扰解耦问题 (RAH ] - ADD) :

任给实数 C> 0, 存在一个如下时变光滑鲁棒自适应动态反馈律

Ĥ
#

= V(x, Ĥ, t),  u = u ( x, Ĥ, t), ( 2)

且 V (0, 0, t ) = 0, u( 0, 0, t) = 0使得闭环系统 ( 1) 和 (2)满足如下条件:

( 1) 当 X = 0,闭环系统 ( 1) 和 (2)在平衡点全局渐近稳定;

( 2) P X I L2m, m = 1, 2, ,,闭环系统 (1)和 ( 2)从初始状态 x ( 0) = 0出发的解的响应满足:

Q
t

0
| y ( s) |

2m p
1 ds [ C

2 Q
t

0
X

2m
ds,  P t \ 0.

令 Lp = z ( t) | Q
t

0
z ( s)

p

ds < ] ,  p \ 1 .为研究方便,给出如下假设.

假设 1 p 1 \ p2 \ , \ pn \ 1是正奇数.

假设 2 X [ D, D是一个实常数且 D\ 0.

假设 3 存在 C
]
函数 Ki ( x1, ,, xi ) > 0, Si ( x1, ,, xi ) > 0和 Li ( x1, ,, xi+ 1, H) > 0,使得

Ki ( x1, ,, xi ) [ d i ( x, u, H, t) [ Li ( x1, ,, xi+ 1, H),

Si (x1, ,, xi ) [ di ( x, u, H, t) [ Li (x1, ,, xi+ 1, H).

假设 4 对 i = 1, 2, ,, n,存在 <i, j ( x1, ,, xi, H)使得

< i ( x1, ,, xi+ 1, H) = E
pi- 1

j = 0

x
j

i+ 1< i, j (x 1, ,, x i, H),

| <i, j ( x1, ,, xi, H) | [ ( | x 1 |
pi- j

+ , + | x i |
pi- j

) bi, j ( x1, ,, xi, H),

其中 bi, j ( x1,  ,, x i, H) \ 0, j = 0, 1, ,, pi - 1是连续函数.

2 鲁棒自适应控制器

在证明定理 1之前,首先介绍几个有用的引理.

引理 1 对任意正整数 m, n和任意实值函数 P( x, y ) > 0,

| x |
m

| y |
n [ m

m + n
P( x, y ) | x |

m + n
+

n

m + n
P

-
m
n ( x, y ) | y |

m + n
.

引理 2 对满足假设 2和 3的不确定非线性函数 d i (# )和 <i (# ),存在一个常数 ( \ 1和 C
]
函数

�Ci (x1, ,, xi+ 1 ) \ 0, Ci (x1, ,, xi ) \ 0, Bi (x 1, ,, x i ) \ 0使得

Li ( x1, ,, xi+ 1, H) [ �Ci (x 1, ,, x i+ 1 ) ( ,

| < i (x1, ,, xi+ 1, H) | [
Ki ( x1, ,, x i )

2
| xi+ 1 |

p i + ( | x 1 |
pi + , + | xi |

pi ) Ci ( x1, ,, x i ) ( ,

g i ( x1, ,, xi+ 1, H) [
Si ( x1, ,, xi )

2
| xi+ 1 |

pi + ( | x1 |
p i + , + | xi |

p i ) Bi ( x1, ,, x i ) ( .

此引理在文献 [ 7]中已经被详细证明过.

下面定理是本部分的主要结论.

定理 1 在满足假设 1, 3和 4的前提下,存在一个形如 (2)式的鲁棒自适应动态控制器使问题 RAH]

- ADD得到解决.
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证明  应用加幂积分器技巧,递归设计一个鲁棒自适应动态反馈律,使系统 ( 1)的 RAH] - ADD问

题得以解决.

第 1步  令 �( ( t ) = ( - ( ^( t ),其中 ( \ 1是未知常量, ( ^( t )是 ( 的估计值.选取 V1 ( x1, �( ) =
1

2
x
2
1

+
1

2
�(

2
, 可以得到:

ÛV1 + y
2mp

1 - BX
2m

[ d1 (# ) x1x
p
1
2 + x1

K1 (# )

2
| x2 |

p
1 + | x1 |

p
1 C1 (# ) ( +

S1 (# )

2
| x2 |

p
1X +

| x1 |
p
1B1 (# ) ( X - �( # ( ^

#

+ x
2mp

1
1 - BX

2m
[

d1 (# ) x1x
p 1
2 +

K1 (# )

2
x1 | x2 |

p 1 +
S1 (# ) D

2
x1 | x2 |

p1 + | x1 |
p 1+ 1

C1 (# ) 1 + (^
2

+ x
2m p 1
1 +

1 -
1

2m

1

2m B

1
2m - 1

( | x1 |
p
1
+ 1
B1 (# ) 1 + ( ^

2
)

2m
2m - 1 + [ | x1 |

p
1

+ 1
C1 (# ) + | x1 |

p
1
+ 1
B1 (# ) D- (^

#

]�( , ( 3)

取定下面的虚拟控制器:

x
*
2 = - x 1

2n + 2Ĉ1 (x 1, (
^
) + 2 1 -

1
2m

1
2m B

1
2m - 1

( | x 1 |
p1+ 1

B1 (# ) 1 + ( ^
2

)
2m

2m - 1

K1 (# ) + S1 (# ) D

1
p1

,

其中 Ĉ1 ( x1, (
^

) = C1 (# ) 1 + (^
2

+ x
2m p

1
- p

1
- 1

1 .因为 x1x
* p

1
2 [ 0,易根据假设 2和 3得出:

ÛV1 + y
2m p1 - BX

2m [ - nx
p1+1
1 + L1 (# ) + L1 (# )D+

K1 (# ) + S1 (# )D
2

| x1 | | x
p 1
2 - x

* p1
2 | +

( 7 1 ( x1 ) - ( ^
#

( t) ) (�( ( t) + G1 ), ( 4)

其中 7 1 (x1 ) = | x1 |
p1+ 1

C1 (# ) + | x1 |
p 1+ 1

B1 (# )D, G1 = 0.

递归步  假设在第 k步,存在一系列虚拟控制器: x
*

1 , ,, x
*

k+1,定义如下

N1 = x1 - x
*
1 , N2 = x2 - x

*
2 , ,, Nk+ 1 = xk+1 - x

*
k+ 1.

x
*
1 = 0, x

*
2 = - N1A1 ( x1, (^), ,, x

*
k+ 1 = - Nk Ak (x1, ,, xk, (^ ), i = 1, 2, ,, n.

且 A1 ( x1, (^ ) > 0, ,, Ak ( x1, ,, xk, (^ ) > 0光滑.所以, (1)的子系统 (x1, ,, xk ) 满足:

ÛVk ( N1, ,, Nk, �( ) + y
2mp

1 - kBX
2m [ - ( n - k + 1) ( N

p
1
+ 1

1 + , + N
p
1
+ 1

k ) +

Lk (# ) + Lk (# ) D+
Kk (# ) + Sk (# )D

2
| N

p1- pk+ 1
k | | x

pk
k+ 1 - x

* pk
k+ 1 | + (7 k (# ) - (^

#

) (�( + Gk (# ) ), ( 5)

其中

Vk ( N1, ,, Nk, �( ) = E
k

j = 1

N
p1- p j+ 2
j

p1 - p j + 2
+
�(

2

2
( 6)

是一个正定且正常的 Lyapunov函数, 0[ 7 k (# ) [ ( N
p
1
+ 1

1 + , + N
p
1
+ 1

k ) Rk ( N1, ,, Nk, ( ^),其中, Rk (# )为 C
]

函数且 Rk (# ) \ 0.

第 k + 1步  考虑 Lyapunov函数

Vk+ 1 ( N1, ,, Nk+ 1, �( ) = Vk ( N1, ,, Nk, �( ) +
N

p1- pk+ 1+ 2
k+ 1

p1 - pk+ 1 + 2
, ( 7)

则有:

ÛVk+ 1 (# ) + y
2mp 1 - ( k + 1) BX

2m [ - ( n - k + 1) (N
p1+ 1
1 + , + N

p 1+ 1
k ) +

Lk (# ) + Lk (# )D+
Kk (# ) + Sk (# ) D

2
| N

p1- pk+ 1
k | | x

p k
k+ 1 - x

* p k
k+ 1 | + ( 7 k (# ) - ( ^

#

) (�( + Gk (# ) ) +

dk+ 1 (# ) N
p1- pk+ 1+ 1
k+ 1 x

pk+ 1
k+ 2 + N

p1- pk+ 1+ 1
k+1 <k+ 1 (# ) - E

k

j= 1

5x
*
k+ 1

5xj

( d j (# ) x
p

j
j+ 1 + <j ) +

)8)
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N
p
1
- p

k+ 1
+ 1

k+ 1 gk+ 1 (# ) - E
k

j = 1

5x*k+ 1

5xj

# g j (# ) X- N
p
1
- p

k+ 1
+ 1

k+ 1

5x
*
k+ 1

5( ^
# (^

#

- BX
2m

. ( 8)

利用引理 2,可以证出:

N
p1- pk+ 1+ 1
k+ 1 <k+ 1 (# ) - E

k

j = 1

5x*k+ 1

5xj

(d j (# ) x
p

j
j+ 1 + <j ) [

Kk+1 (# )

2
| N

p1- pk+ 1+ 1
k+ 1 x

pk+ 1
k+ 2 | +

E
k

l= 1
N

p 1+ 1
l

6
+ N

p1+ 1
k+ 1 �Mk+ 1 (# ) (^

2
+ 1 +

E
k

l= 1
N

p 1+ 1
l

6( ( ^
2

+ 1) ( G
2
k + 1)

+ N
p 1+ 1
k+ 1 �Mk+ 1 (# ) �( , ( 9)

其中 �Mk+1 (N1, ,, Nk+ 1, ( ^)是一个光滑正值函数. 类似的,下面的不等式成立:

N
p
1
- p

k+ 1
+ 1

k+ 1 gk+ 1 (# ) - E
k

j = 1

5x
*
k+ 1

5xj

# g j (# ) X [

Sk+ 1 (# )

2
| N

p 1- p k+ 1+ 1
k+ 1 x

p k+ 1
k+ 2 | +

E
k

l= 1
N

p1+ 1
l

6D
+ N

p1+ 1
k+ 1 M̂k+ 1 (# ) (^

2
+ 1 X+

E
k

l= 1
N

p 1+ 1
l

6D( (^
2

+ 1) ( G
2

k + 1)

+ N
p
1

+ 1
k+ 1 M̂k+ 1 (# ) X�( , (10)

其中 M̂k+1 (N1, ,, Nk+ 1, ( ^)是一个光滑正值函数. 进而,易得:

N
p 1- pk + 1+ 1
k+ 1 gk+ 1 (# ) - E

k

j = 1

5x*k+ 1

5xj

# g j (# ) X - BX
2m [

Sk+ 1 (# ) D
2

| N
p 1- pk + 1+ 1
k+ 1 x

p k+ 1
k+ 2 |+

E
k

l= 1
N

p1+ 1
l

6
+

E
k

l= 1
N

p
1
+ 1

l

6D( (^
2

+ 1) ( G
2
k + 1)

+ N
p
1
+ 1

k+ 1 M̂k+ 1 (# ) X�( + 1 -
1
2m

1
2mB

1
2m- 1

[N
p1+ 1
k+1 M̂k+ 1 (# ) (^

2
+ 1]

2m
2m- 1. (11)

对一个光滑函数 Mk+ 1 ( N1, ,, Nk+ 1, (^) \ 0,有:

Lk (# ) + Lk (# ) D+
Kk (# ) + Sk (# )D

2
| N

p
1
- p

k
+ 1

k | | x
p

k
k+ 1 - x

* p
k

k+ 1 | [

( 1 + D)�Ck (# ) +
Kk (# ) + Sk (# ) D

2
| N

p 1- pk + 1
k | | x

p k
k+ 1 - x

* pk
k+ 1 | ( [

E
k

l= 1
N

p1+ 1
l

6
+ N

p1+ 1
k+1 Mk+1 (# ) (^

2
+ 1 +

E
k

l= 1
N

p 1+ 1
l

6D( (^
2

+ 1) (G
2

k + 1)

+ N
p
1
+ 1

k+1 Mk+1 (# ) �( . (12)

把 ( 9), ( 11)和 ( 12)代入 ( 8)可得:

ÛVk+ 1 (# ) + y
2m p 1 - ( k + 1) BX

2m [ - n - k +
1

2
(N

p1+ 1
1 + , + N

p 1+ 1
k ) + dk+ 1 (# )N

p1- pk+ 1+ 1
k+ 1 @

x
pk+ 1
k+ 2 +

Kk+ 1 (# ) + Sk+ 1 (# ) D
2

| N
p 1- p k+ 1+ 1
k+ 1 x

p k+ 1
k+ 2 | + N

p 1+ 1
k+ 1 [ �Mk+ 1 (# ) + Mk+ 1 (# ) ] (^

2
+ 1 +

E
k

l= 1
N

p
1
+ 1

l

2( (^
2

+ 1) (G
2
k + 1)

+ N
p1+ 1
k+ 1 (�Mk+ 1 (# ) + M̂k+ 1 (# )D+ Mk+ 1 (# ) ) �( - N

p1- pk+ 1+ 1
k+ 1

5x*k+ 1

5( ^
( ^
#

+

1 -
1
2m

1
2mB

1
2m- 1

[ N
p 1+ 1
k+ 1 M̂k+ 1 (# ) ( ^

2
+ 1]

2m
2m- 1 + (7 k (# ) - (^

#

) (�( + Gk (# ) ). (13)

令

7 k+ 1 (N1, ,, Nk+1, (
^
) = 7 (# ) +

E
k

l= 1
N

p1+ 1
l

2( (^
2

+ 1) ( G
2
k + 1)

+ N
p1+ 1
k+ 1 (�Mk+ 1 (# ) + M̂k+ 1 (# )D+ Mk+ 1 (# ) ),

Gk+ 1 ( N1, ,, Nk+ 1, (
^
) = Gk (# ) + N

p
1

- p
k+ 1

+ 1

k+ 1

5x
*
k+ 1

5( ^
, (14)

)9)
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则,式 ( 13)变为:

ÛVk+ 1 (# ) + y
2m p 1 - ( k + 1) BX

2m [ - n - k +
1
2

(N
p1+ 1
1 + , + N

p 1+ 1
k ) + dk+ 1 (# )N

p1- pk+ 1+ 1
k+ 1 @

x
pk+ 1
k+ 2 +

Kk+ 1 (# ) + Sk+ 1 (# ) D
2

| N
p 1- p k+ 1+ 1
k+ 1 x

p k+ 1
k+ 2 | + N

p 1+ 1
k+ 1 [ �Mk+ 1 (# ) + Mk+ 1 (# ) ] (^

2
+ 1 +

(7 k+ 1 (# ) - (^
#

) (�( + Gk+ 1 (# ) ) -
E

k

l= 1
N

p 1+ 1
l

2( ( ^
2

+ 1) (G
2
k + 1)

+ N
p 1+ 1
k+ 1 ( �Mk+1 (# ) + M̂k+1 (# ) D+ Mk+ 1 (# ) ) Gk (# ) -

N
p1- pk+ 1+ 1
k+ 1

5x*k+ 1

5(^
# 7 k+ 1 + 1 -

1

2m

1

2m B

1
2m - 1

[ N
p 1+ 1
k+ 1 M̂k+ 1 (# ) ( ^

2
+ 1]

2m
2m- 1. (15)

根据引理 2,不难证出:

|
E

k

l= 1
N

p1+ 1
l

2( ( ^
2

+ 1) ( G
2
k + 1)

+ N
p 1+ 1
k+ 1 (�Mk+ 1 (# ) + M̂k+ 1 (# ) D+ Mk+ 1 (# ) ) Gk (# ) + N

p1- pk+ 1+ 1
k+ 1

5x*k+ 1

5( ^
# 7 k+ 1 | [

E
k

l= 1
N

p1+ 1
l

2
+ N

p 1+ 1
k+ 1 ( �Mk+ 1 (# ) + M̂k+ 1 (# ) D+ Mk+ 1 (# ) ) G

2
k + 1 + N

p1+ 1
k+1 E

k+ 1

j= 1
�B( k+ 1) , j (# ), (16)

其中 �Bk+ 1, j ( N1, ,, Nk+ 1, (^) \ 0, 1 [ j [ k, �Bk+ 1, k+ 1 (N1, ,, Nk+ 1, (^ ) \ N
p
1
- p

k + 1
+ 1

k+ 1 @ | 5x*k+ 1 /5( ^ | Ak+ 1 (# )都是光

滑函数. (16)代入 ( 15),得出:

ÛVk+ 1 (N1, ,, Nk+1, �( ) + y
2mp 1 - ( k + 1) BX

2m [ - ( n - k ) (N
p1+ 1
1 + , + N

p 1+ 1
k ) +

dk+ 1 (# ) N
p 1- p k+ 1+ 1
k+ 1 x

p k+ 1
k+ 2 +

Kk+ 1 + Sk+ 1D

2
| N

p 1- p k+ 1+ 1
k+ 1 x

pk+ 1
k+ 2 | +

N
p1+ 1
k+ 1 Ĉk+ 1 (# ) + 1 -

1

2m

1

2m B

1
2m- 1

[N
p1+ 1
k+ 1 M̂k+ 1 (# ) (^

2
+ 1]

2m
2m - 1 +

( 7 k+ 1 (# ) - (^
#

) (�( + Gk+ 1 (# ) ), (17)

其中

Ĉk+ 1 (N1, ,, Nk+ 1, (
^

) = (�Mk+ 1 (# ) + M̂k+ 1 (# )D+

Mk+ 1 (# ) ) ( G
2

k (# ) + 1 + ( ^
2

+ 1) + E
k+ 1

j = 1
�B( k+ 1), j (# ) \ 0

是光滑函数.令

x
*

k+ 2 = - Nk+ 1
2( n - k ) + 2Ĉk+ 1 (# ) + 2M̂k+ 1 (# ) ( ^

2
+ 1 1 -

1
2m

1
2mB

1

2m -1

(N
p1+ 1

k+ 1 M̂k+1 (# ) (^
2

+ 1)
1

2m- 1

Kk+1 (# ) + Sk+ 1 (# )D

1
p k+ 1

=

- Nk+ 1Ak+ 1 ( x1, ,, xk+ 1, (^ ),

且利用假设 3, 有:

ÛVk+ 1 (N1, ,, Nk+1, �( ) + y
2mp

1 - ( k + 1) BX
2m [ - ( n - k ) (N

p
1
+ 1

1 + , + N
p
1
+ 1

k+ 1 ) +

Lk+ 1 (# ) + Lk+ 1 (# ) D+
Kk+ 1 (# ) + Sk+ 1 (# ) D

2
| N

p 1- p k+ 1+ 1
k+ 1 | | x

pk + 1
k+ 2 - x

* pk+ 1
k+ 2 | +

( 7 k+ 1 (# ) - (^
#

) (�( + Gk+ 1 (# ) ). (18)

至此, 递归步证明完成.

第 n步  重复利用上面的步骤, 可得到一个正定且正常的 Lyapunov函数

Vn (N1, ,, Nn, �( ) = Vn- 1 ( N1, ,, Nn- 1, �( ) +
N

p 1- pn+ 2
n

p1 - pn + 2
(19)

和一个动态反馈律 u
*

= x
*
n+ 1 ( N1, ,, Nn, �( ) = - NnAn (# ),使得:

ÛVn (N1, ,, Nn, �( ) + y
2mp 1 - nBX

2m [ - (N
p1+ 1
1 + , + N

p1+ 1
n ) +

)10)
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Ln (# ) + Ln (# )D+
Kn (# ) + Sn (# )D

2
| N

p 1- p n+ 1
n | | x

pn
n+ 1 - x

* pn
n+ 1 | + (7 n (# ) - (^

#

) (�( + Gn (# ) ), (20)

所以, 鲁棒自适应控制器为:

( ^
#

= 7 n ( N1, ,, Nn, ( ,̂ t ), u = u
*

(N1, ,, Nn, (^ ).

令 nB = C
2
,可得:

ÛVn ( N1, ,, Nn, �( ) + y
2m p

1 - C
2
X

2m [ - (N
p
1
+ 1

1 + , + N
p
1
+ 1

n ). (21)

显然, 系统 ( 1) 全局渐近稳定.由于 Vn (# ) 正定,可从式 ( 21) 得到:

Q
t

0
| y ( s) |

2m p1 ds [ C
2 Q

t

0
X

2m
ds. (22)

定理 1的证明完成.

3 数值例子

在本部分,给出了一个简单可行的具有光滑反馈控制器的非线性系统:

Ûx1 = x
2
1 1 + x

2
3
2 ( 2 + sin

2
H1 ) x2 + x1 ( 1 + x

2
2 )

1
3 H

x 1
1 + x1 (1 + x

2
2 )

1
3 H

x 1
1 X, H1 \ 0,

Ûx2 = x
2
1 1+ x

2
3
2

(2 + sin
2
H1 ) u + ln( 1 + ( H2x2 )

2
) + ln( 1 + (H2x 2 )

2
) X, H2 I R,

y = x 1, (23)

易证明下面的不等式成立:

| < 1 (x, H) | [ | x1 | | H
x
1

1 |+
2
3

| x2 | +
2
3

| x
3
1H

3x
1

1 | [ 2
3

| x2 | + | x 1 | 1 +
1

3
x
2
1 e

x21
2 e

9ln2H1
2 ,

g1 ( x, H) [ 2

3
| x2 | + | x1 | 1 +

1

3
x
2
1 e

x21
2 e

9ln2H1
2 ,

K1 ( x1, x2 ) = S1 ( x1, x2 ) = 2x
2
1 1 + x

2
3
2

[ d1 (x1, x2, H1 ) = d2 ( x1, x2, H1 ) [

L1 (x1, x 2 ) = L2 ( x1, x2 ) = 3x
2
1 1 + x

2
3
2 . (24)

利用中值定理,有 | <2 (x, H) | [ | H2 | | x2 |, g2 ( x, H) [ | H2 | | x2 |.

选取 �( = ( - ( ,̂ ( = | H2 | + e
9ln2H1

2 , V1 ( x1, �( ) =
1

2
x
2
1 +

1

2
�(

2
.进而,

ÛV1 + x
2
1 - X

2 [ - 2x
2
1 + L1 ( x1, x2 ) + L1 (x1, x2 )D+

K1 ( x1, x2 ) + S1 (x 1, x2 )D
2

| x 1 | | x
p
1

2 - x
* p

1
2 | +

(7 1 ( x1 ) - (^
#

) (�( + G1 ), (25)

7 1 ( x1 ) = | x1 |
2

1 +
1
3

x
2
1 e

x21
2 ( 1 + D),

x
*
2 = - x 1

1 + 1 +
1
3

x
2
1 e

x21
2 1 + (^

2
1 +

1

4
x
2
1B1 (# ) 1 + ( ^

2

K1 (x1, x 2 ) + S1 ( x1, x2 ) D

= - x1A1 ( x1 ),

考虑 Lyapunov函数 V2 ( x1, x2, �( ) = V1 (x1, �( ) +
1
2
N
2
2.

根据本文的方法,设计如下光滑自适应控制器:

(^
#

= x
2
1 1 +

1
3

x
2
1 e

x21
2 +

x
2
1

2 + 2(^
2

+ ( x
p 1
2 - x

* p1
2 )

2
Q2 (# ),

u = - ( x2 - x
*
2 )

34
9

+ Q1 (# ) + Q2 (# ) 1 + (^
2

+ Q3 (# ) + Q4 (# )

K2 ( x1, x2 ) + S2 (x 1, x 2 )D
,

其中

B1 (# ) = 1 +
1

3
x
2
1 e

x21
2 ,

)11)
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Q1 (# ) =
5
3

|
5x

*
2

5x1

| +
5
3

5x
*
2

5x1

B1 (# )
2

,

Q2 (# ) = (D+ 1) 1 +
1 + (^

2

2
B1 (# ) + |

5x*2
5x1

| 1 +
1

3
x
2
1 e

x21
2

2

,

Q3 (# ) = x
2
1 1 +

1

3
x

2
1 e

x21
2 +

x
2
1

2 + 2(^
2

2

( 3 + x
2
1 )

2
e

x21
2 + Q2 (# ) 1 + x

2
1 1 + ( x2 - x

*
2 )

2
(3 + x

2
1 ) e

x21
2 ,

Q4 (# ) = D
2
Q
2
2 (# ) ( 1 + (^

2
)
2

( x2 - x
*
2 )

2
,

满足: ÛV2 + y
2

- 2X
2 [ - (N

2
1 + N

2
2 ) [ 0.

显然,系统 ( 23)全局渐近稳定.

4 结论

本文利用 Backstepp ing方法, 研究了一类非线性不确定参数系统的鲁棒H ] 自适应控制问题.通过巧

妙设计动态反馈律,解决了鲁棒 H ] 干扰衰减问题.
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