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3�23;:2�(� ��+3,#!��4.5 ! HG?ILMN556"

# !%F� [1,2] 7  !Æ0:1"61J,#"/#�> ,#=0"K%!45 "
O477E(�'�*)HLD� [18] 7 I9JPMK: !QN 5.LMO"2)L
MO 5.JÆ�$� ��NO"PQ-$2�(��/P"R2�(��/P>D:#
 !Q"ST !%?ILMN5 *)&*+, ��'�'��'�OURVQ3�4

*  !7"KPQ�'� [1] 8)9 R�*SGTS %"3�-�  !%� [1,2] 7
 ! RV"W�/!"I9U� [1] %4V *

2 ?@AB
23,,=0 +3,#!�� !{

żi = Azi + Bui + δi(t, z, u),
yi = Czi,

(1)

(T i = 1, 2, · · · , N XUYK: !"zi ∈ Rn, ui ∈ R, yi ∈ R -Z%[ iK: ! 5."�
/2V'2�"zi = [zi1 zi2 · · · zin]T, z = [zT

1 zT
2 · · · zT

N ]T, u = [u1 u2 · · · uN ]T,: δi(t, z, u) =
[δi1(t, z, u) δi2(t, z, u) · · · δin(t, z, u)]T %4.5,#""KWW δij(t, z, u):R×RnN ×RN → R,
i = 1, 2, · · · , N , j = 1, 2, · · · , n, %XX ":

A =

⎛⎜⎜⎜⎜⎜⎜⎝

0 1 0 · · · 0
0 0 1 · · · 0
...

...
. . . . . .

...

0 0 0
. . . 1

0 0 0 . . . 0

⎞⎟⎟⎟⎟⎟⎟⎠
n×n

,

B =

⎛⎜⎜⎜⎜⎜⎝
0
0
...
0
1

⎞⎟⎟⎟⎟⎟⎠
n×1

, C = [1 0 · · · 0]1×n.

5+\M ‖ · ‖ B)& 2- \M"> ‖x‖ =

√
n∑

i=1

x2
i , ‖A‖ =

√
ρ(ATA). Y I B n Z]YZ*

) ! (1) >,,[!*
CD 1 ^[_M γil(ε) ≥ 0, LP) ε > 0, #

n∑
j=1

εj−1|δij(t, z, u)| ≤
N∑

l=1

(
γil(ε)

n∑
j=1

εj−1|zlj |
)

(2)

1\" i = 1, 2, · · · , N , l = 1, 2, · · · , N .
E 1 � [1,2] -�  !%{

ẋ = Ax + Bu + δ(t, x, u),
y = Cx,
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J7 x = [x1 x2 · · · xn]T, δ(t, x, u) = [δ1(t, x, u) δ2(t, x, u) · · · δn(t, x, u)]T, K^[_M
γ(ε) ≥ 0, LP) ε > 0, #

n∑
i=1

εi−1|δi(t, x, u)| ≤ γ(ε)
n∑

i=1

εi−1|xi|.

F7_^"3�4*  !_?%`� [1,2] -�  !RVQ+ ! `=*
FG 1[19] (A, B) _�"^[ n Z)<`5Z P ' n a1ba K, LP

P (A − BK) + (A − BK)TP = −I (3)

1\*

bD� [18] 7 I9JP ! (1)  5.LMO,,
˙̂zi = Aẑi + Bui + K(ε)(yi − Cẑi), (4)

J7

K(ε) =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

k1

ε
k2

ε2

...

kn

εn

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
,

&M k1, k2, · · · , kn  ccLPa"0Ib sn + k1s
n−1 + · · · + kn−1s + kn = 0  c/#dd

?"0^[ n Z)<`5Z P , LP

A
T
P + P A = −I,

J7

A =

⎛⎜⎜⎜⎜⎜⎜⎝

−k1 1 0 · · · 0
−k2 0 1 · · · 0

...
...

. . . . . .
...

−kn−1 0 0
. . . 1

−kn 0 0 . . . 0

⎞⎟⎟⎟⎟⎟⎟⎠
n×n

.

E 2 ! k1, k2, · · · , kn  ccLPa"0Ib sn + k1s
n−1 + · · ·+ kn−1s + kn = 0  c/

#dd?")e* `M δ, a"0Ib δn(sn + k1s
n−1 + · · · + kn−1s + kn) = 0  cO/#

dd?"f δs = s, 0a"0Ib sn + k1δs
n−1 + · · · + kn−1δ

n−1s + knδn = 0  cO/#d
d?"F7_^"R δ e-dQ"gcc� 77Gh �ÆM k1, k2, · · · , kn, LMKM i
)ee-d*

Y
�i = ẑi − zi.
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0F (1), (4) 0_PffIb

�̇i = (A − K(ε)C)�i − δi(t, z, u).

5+

A(ε) = A − K(ε)C =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

−k1

ε
1 0 · · · 0

−k2

ε2
0 1 · · · 0

...
...

. . . . . .
...

−kn−1

εn−1
0 0

. . . 1

−kn

εn
0 0 . . . 0

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
n×n

.

Y � = [�T
1 �T

2 · · · �T
N ]T, ẑ = [ẑT

1 ẑT
2 · · · ẑT

N ]T, 0 ! (1) ;:2�(� HG?ILMN5
56%g!"�K-$2�(��/P

˙̂zi = Aẑi + Bui + K(ε)(yi − Cẑi),

ui = αi(ẑi, ε), αi(0, ε) = 0.

LPg. (
�
ẑ

)
= 0

%ST ! {
�̇i = A(ε)�i − δi(t, z, u),

˙̂zi = Aẑi + Bαi(ẑi, ε) + K(ε)(yi − Cẑi)
(5)

 ?ILMN5jh.*

3 HIJK
5+

E(ε) =

⎛⎜⎜⎜⎝
1 0 · · · 0
0 ε · · · 0
...

...
. . .

...
0 0 · · · εn−1

⎞⎟⎟⎟⎠
n×n

, P (ε) = (E(ε))TPE(ε), (6)

0F� [18] #

(A(ε))TP (ε) + P (ε)A(ε) = −1
ε
(E(ε))TE(ε). (7)

hY

E(ε) =

⎛⎜⎜⎜⎝
1

εn−1 0 · · · 0
0 1

εn−2 · · · 0
...

...
. . .

...
0 0 · · · 1

⎞⎟⎟⎟⎠
n×n

, (8)
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F7"ik#,l 8GR�*
LG 1 [! 1 1\"K ε

(
2

N∑
l=1

γil(ε) +
N∑

l=1

γli(ε)
) ≤ 1

4
√

n‖P‖ 1\" i = 1, 2, · · · , N , 0

 ! (1)  -$2�(��/PB

˙̂zi = Aẑi + Bui + K(ε)(yi − Cẑi),

ui = αi(ẑi, ε) = −1
ε
KE(ε)ẑi, (9)

J7 K B (3) 07 K.
M f zi = E(ε)ẑi, F (8) 0"N*Q

E(ε)A(E(ε))−1 =
1
ε
A, E(ε)B = B.

Y

K̂ =

⎛⎜⎜⎜⎝
k1

k2

...
kn

⎞⎟⎟⎟⎠ ,

0#

E(ε)K(ε) =
1
εn

K̂.

?j"F (5), (9) 0_P ⎧⎨⎩
�̇i = A(ε)�i − δi(t, z, u),

żi =
1
ε
(A − BK)zi − 1

εn
K̂C�i.

(10)

JP Lyapunov _M

V (�, z) =
n∑

i=1

(ε2−2n�T
i P (ε)�i + zT

i Pzi),

J7 z = [zT
1 zT

2 · · · zT
N ]T. Y ξi = E(ε)�i, 0F (3), (6), (7), (10) 0P

V̇ =
n∑

i=1

(
− ε1−2n ‖ ξi ‖2 +2ε2−2nξT

i PE(ε)(−δi(t, z, u)) − 1
ε
‖ zi ‖2 −2

1
εn

zT
i PK̂C�i

)
.

N*Q
E(ε)δi(t, z, u) = [δi1(t, z, u) εδi2(t, z, u) · · · εn−1δin(t, z, u)]T,

Y ‖ · ‖1 B n aba 1- \M"0F[! 1 'ba\M 6m� [20], #

‖ E(ε)δi(t, z, u) ‖ ≤ ‖ E(ε)δi(t, z, u) ‖1≤
N∑

l=1

γil(ε) ‖ E(ε)zl ‖1

≤ √
n

N∑
l=1

γil(ε) ‖ E(ε)zl ‖, (11)
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F E(ε), E(ε)  5+jn ξi = E(ε)�i, _P

E(ε)(E(ε))−1 = εn−1I, | C�i |≤‖ ξi ‖ (12)

?j"F (11), (12) 0P

V̇ ≤
N∑

i=1

(
− ε1−2n ‖ ξi ‖2 +2ε2−2n√n ‖ ξi ‖‖ P ‖

N∑
l=1

γil(ε) ‖ E(ε)zl ‖

− 1
ε
‖ zi ‖2 +2

1
εn

‖ K̂ ‖‖ P ‖‖ zi ‖‖ ξi ‖
)

≤
N∑

i=1

(
− ε1−2n ‖ ξi ‖2 +2ε2−2n√n ‖ ξi ‖‖ P ‖

N∑
l=1

γil(ε)(‖ E(ε)ẑl ‖ + ‖ E(ε)�l ‖)

− 1
ε
‖ zi ‖2 +2

1
εn

‖ K̂ ‖‖ P ‖‖ zi ‖‖ ξi ‖
)

=
N∑

i=1

(
− ε1−2n ‖ ξi ‖2 +2ε2−2n√n ‖ ξi ‖‖ P ‖

N∑
l=1

γil(ε)(‖ E(ε)(E(ε))−1zl ‖ + ‖ ξl ‖)

− 1
ε
‖ zi ‖2 +2

1
εn

‖ K̂ ‖‖ P ‖‖ zi ‖‖ ξi ‖
)

=
N∑

l=1

(
− ε1−2n ‖ ξi ‖2 +2ε2−2n√n ‖ ξi ‖‖ P ‖

N∑
l=1

γil(ε)(εn−1 ‖ zl ‖ + ‖ ξl ‖)

− 1
ε
‖ zi ‖2 +2

1
εn

‖ K̂ ‖‖ P ‖‖ zi ‖‖ ξi ‖
)

=
N∑

i=1

(
− ε1−2n ‖ ξi ‖2 +

√
n ‖ P ‖

N∑
l=1

γil(ε)(2ε1−n ‖ ξi ‖‖ zl ‖ +2ε2−2n ‖ ξi ‖‖ ξl ‖)

− 1
ε
‖ zi ‖2 +2

1
εn

‖ K̂ ‖‖ P ‖‖ zi ‖‖ ξi ‖
)
.

F;3460P

V̇ ≤
N∑

i=1

(
− ε1−2n ‖ ξi ‖2 +

√
n ‖ P ‖

N∑
l=1

γil(ε)(ε2−2n ‖ ξi ‖2 + ‖ zl ‖2

+ε2−2n(‖ ξi ‖2 + ‖ ξl ‖2))

− 1
ε
‖ zi ‖2 +

‖ zi ‖2

2ε
+ 2ε1−2n ‖ K̂ ‖2‖ P ‖2‖ ξi ‖2

)
=

N∑
i=1

(
− ε1−2n ‖ ξi ‖2 +2ε2−2n

√
n ‖ P ‖

( N∑
l=1

γil(ε)
)
‖ ξi ‖2 +2ε1−2n ‖ K̂ ‖2‖ P ‖2‖ ξi ‖2

− 1
2ε

‖ zi ‖2
)

+
N∑

i=1

ε2−2n
√

n ‖ P ‖
N∑

l=1

γil(ε) ‖ ξl ‖2

+
N∑

i=1

√
n ‖ P ‖

N∑
l=1

γil(ε) ‖ zl ‖2
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=
N∑

i=1

(
− ε1−2n ‖ ξi ‖2 +2ε2−2n√n ‖ P ‖

( N∑
l=1

γil(ε)
)
‖ ξi ‖2 +2ε1−2n ‖ K̂ ‖2‖ P ‖2‖ ξi ‖2

− 1
2ε

‖ zi ‖2
)

+
N∑

i=1

ε2−2n
√

n ‖ P ‖
N∑

l=1

γli(ε) ‖ ξi ‖2

+
N∑

i=1

√
n ‖ P ‖

N∑
l=1

γli(ε) ‖ zi ‖2

=
N∑

i=1

(
− ε1−2n ‖ ξi ‖2 +2ε2−2n

√
n ‖ P ‖

( N∑
l=1

γil(ε)
)
‖ ξi ‖2 +2ε1−2n ‖ K̂ ‖2‖ P ‖2‖ ξi ‖2

+ ε2−2n
√

n ‖ P ‖
( N∑

l=1

γli(ε)
)
‖ ξi ‖2 − 1

2ε
‖ zi ‖2 +

√
n ‖ P ‖

( N∑
l=1

γli(ε)
)
‖ zi ‖2

)
,

FN 2, _cc k1, k2, · · · , kn, LP

‖ K̂ ‖2≤ 1
4 ‖ P ‖2

, (13)

?j

V̇ ≤
N∑

i=1

(
ε2−2n

(
− 1

2ε
+
√

n ‖ P ‖
(
2

N∑
l=1

γil(ε) +
N∑

l=1

γli(ε)
))

‖ ξi ‖2

+
(
− 1

2ε
+
√

n ‖ P ‖
( N∑

l=1

γli(ε)
))

‖ zi ‖2
)

=
N∑

i=1

(
ε1−2n

(
− 1

2
+ ε

√
n ‖ P ‖

(
2

N∑
l=1

γil(ε) +
N∑

l=1

γli(ε)
))

‖ ξi ‖2

+
1
ε

(
− 1

2
+ ε

√
n ‖ P ‖

( N∑
l=1

γli(ε)
))

‖ zi ‖2
)
.

F7"R

ε
(
2

N∑
l=1

γil(ε) +
N∑

l=1

γli(ε)
)
≤ 1

4
√

n ‖ P ‖ (14)

Q"#

V̇ ≤
N∑

i=1

(
− ε1−2n

4
‖ ξi ‖2 − 1

4ε
‖ zi ‖2

)
.

hFNO 6m�" ! (5) %?ILMN5 "ki*
E 3 /l �/!"Hb,,gmF (13) 0c5 k1, k2, · · · , kn, 1j)77 (14) 0 

ε, F (4) 0JPLMO"OjF (9) 0JP�/O*
E 4 � [1] %- !Ib'ffIbÆ0o(JP Lyapunov _M":3�%FLMO

Ib'ffIbÆ0o(JP Lyapunov _M"?j"3� k)I9'� [1] %_?4V
 *
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E 5 89:� [1,2] 7�� ��'�'��'�"+ !7)9 -Z%��'�g
) i = 1, 2, · · · , N , j = 1, 2, · · · , n, ^[&M ci ≥ 0, LP

| δij(t, z, u) |≤ ci

N∑
l=1

j∑
k=1

| zlk | . (15)

��'�g) i = 1, 2, · · · , N , j = 1, 2, · · · , n − 2, ^[&M ci ≥ 0, LP

| δij(t, z, u) |≤ ci

N∑
l=1

n∑
k=j+2

| zlk |, (16)

: δi(n−1)(t, z, u) = δin(t, z, u) = 0. pnkS"R (15) 01\Q"c

γil(ε) = max{c1, c2, · · · , cN}(1 + ε + ε2 + · · · + εn−1), (17)

i = 1, 2, · · · , N , l = 1, 2, · · · , N , 0 (2) 01\*�Æ"R (16) 01\Q"c

γil(ε) = max{c1, c2, · · · , cN}(ε−2 + ε−3 + · · · + ε−(n−1)), (18)

i = 1, 2, · · · , N , l = 1, 2, · · · , N , 0 (2) 01\*
F7"R��'�77"> (17) 01\Q" (14) 0lB

ε(3 max{c1, c2, · · · , cN}(1 + ε + ε2 + · · · + εn−1)) ≤ 1
4
√

n ‖ P ‖ , (19)

F7_^"R

0 < ε < ε∗ = min
{

1,
1

12 max{c1, c2, · · · , cN}n√n ‖ P ‖
}

Q" (19) 01\"> (14) 01\"?j !%?ILMN5 *
V<"R��'�77"> (18) 01\Q" (14) 0lB

ε(3 max{c1, c2, · · · , cN}(ε−2 + ε−3 + · · · + ε−(n−1)))) ≤ 1
4
√

n ‖ P ‖ , (20)

F7_^"R

ε > ε∗ = 12 max{c1, c2, · · · , cN}√n ‖ P ‖
Q" (20) 01\"> (14) 01\"?j !%?ILMN5 *

4 J K
3�bD� [1,2] 7  !"JÆ���� +3,#!�� !"223�# !;

:2�(� HG?ILMN556*)HJÆ: ! 5.LMO*2)LMO5.>�
$� ��NO ((8) 0BJNOqZ), PQ-$2�(��/P"2-)&*+, ��
'�'��'�RVQ3�4* + !7"PQU� [1] 89 R�g^[`M ε∗ ' ε∗,
R 0 < ε < ε∗ Q"77��'�  !%HG?ILMN5 mR ε > ε∗ Q"77��'�
  !%HG?ILMN5 "OoPQ�no Rp*
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ROBUST GLOBAL EXPONENTIAL STABILIZATION

OF A CLASS OF LARGE-SCALE INTERCONNECTED

NONLINEAR SYSTEMS VIA OUTPUT FEEDBACK

FU Qin

(School of Power Engineering, Nanjing University of Science and Technology, Nanjing 210094;

College of Mathematics and Physics, University of Science and Technology of Suzhou, Suzhou 215009)

YANG Chengwu

(School of Power Engineering, Nanjing University of Science and Technology, Nanjing 210094)

Abstract The problem of robust global exponential stabilization for a class of new large-
scale interconnected nonlinear systems with uncertainties via output feedback is studied. The
decentralized output feedback controllers are obtained by designing a convergent state observer
of each subsystem and using the linear transformation of the states of each observer. When the
feedback control laws are applied to the systems, the closed-loop systems are global exponential
stable.

Key words Global exponential stabilization, large-scale interconnected nonlinear sys-
tems, output feedback, decentralized control.


