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1 � �
#$��%&���#���-'�. (/�)�01*2�Æ(!� 3+4,-

."5(#$!"/(0%&��(#$��%&12#34(6$ [1−3]. #$��%&�
1756��(�7+2%1$/8&''(8)(+)�99(:;-<*12�. (
=>*+:?;��(+'&*

,@4,./"5(0%&��(#$��%&(6$*�+-,(*-A/1./
0[4−5] <1B#=#$��%&6$C23C2B#$!"/0%&"5��(.D�.
 ��45+E�6/(>?"0F�G7([6−7]. H/12#/0 [4] (-@+1B#13
./-8'&(C23C2B("50%&��(�. ��%&+I)�,45697
Æ8:#A (JB6$C;#;/(�. (&9*

2 DEFG
:;13C3CB0%&��

{
ẋ = f(x) + ∆f(x) + g(x)u + Ψ(x(t − τ)),
y = h(x),

(1)

* �< 973(2004CB31800) <=HIK
=L>?M2005-10-24.
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B3+ x = [x1 x2 · · · xn]T ∈ Rn CKDE>O f(x) ? g(x) C n FE>P ∆f(x) C��(
-8'&O Ψ(x(t − τ)) C��("5O u C23Q>O y = h(x) C2BQ>*R

{
ẋ = f(x) + g(x)u,

y = h(x),
(2)

C�� (1) (SR��*GTSR�� (2) (H,@C r, L,M�� (1) LAB=IUJC
NSQD

z1 = h(x), z2 = Lfh(x), · · · , zr = Lr−1
f h(x),

K r �= n , A:OLP n− r VNSQDW� zr+1 = η1(x), · · · , zn = ηn−r(x), M1 z(x) 2E
FX x0 Y(NAZGQC0OR+LA12G#��

ż1 = z2 + γ1(z) + ξ1(z(t − τ)),
ż2 = z3 + γ2(z) + ξ2(z(t − τ)),

...
żr = v + γr(z) + ξr(z(t − τ)),

(3)

η̇ = q(z, η) + χ(z) + �(z(t − τ)) + p(z, η)u, (4)

y = z1, (5)

B3+ v = Lr
fh(x) + LgL

r−1
f h(x)u ; γ1(z) = L∆fh(x) , γ2(z) = L∆fLfh(x) , · · ·, γr(z) =

L∆fLr−1
f h(x):H χ(z)�IP(-8'&Oξ1(z(t−τ)) = LΨh(x), ξ2(z(t−τ)) = LΨLfh(x), · · ·,

ξr(z(t − τ)) = LΨLr−1
f h(x) :H �(z(t − τ)) C"5*J�

1) LgL
r−1
f h(x) �= 0;

2) γi(0) = 0, ξi(0) = 0;

3) |γi(z)| ≤ ρi(z1, z2, · · · , zi), B3 ρi(z1, z2, · · · , zi) CST[K0%&)(+Q ρi(0) = 0;

4) |ξi(z(t−τ))| ≤ κi(z1(t−τ), z2(t−τ), · · · , zi(t−τ)), B3 κi(z1(t−τ), z2(t−τ), · · · , zi(t−
τ)) CST[K0%&)(+Q κi(0) = 0.

L

e1 = z1,
e2 = z2 − φ1(r1),

...
er = zr(z) − φr−1(rr−1),

(6)

B3 ri = [e1, e2, · · · , ei]T , )( φi, 1 ≤ i ≤ n − 1 �\8'(RM�.+A:U#$��1
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2* e = [e1, e2, · · · , er]T PC��KD(]W7^*L)�NSQD (6), �� (3) QC

ė1 = e2 + F1(r1(t)) + H1(r1(t − τ)) + φ1(t),

ė2 = e3 + F2(r2(t)) + H2(r2(t − τ)) + φ2(t) − ∂φ1(t)
∂e1(t)

[e2 + F1(r1(t)) + H1(r1(t − τ)) + φ1(t)]

− ∂φ1(t)
∂e1(t − τ)

[e2(t − τ) + F1(r1(t − τ)) + H1(r1(t − 2τ)) + φ1(t − τ)],

... (7)

ėr = v + Fr(rr(t)) + Hr(rr(t − τ)) −
r−1∑
j=0

r−1∑
i=0

∂φr−1(t)
∂ei(t − jτ)

ėi(t − jτ),

B3+ Fi(ri(t)), Hi(ri(t − τ)) U_C)( γi, ξi 2SNS#(=>T**Æ1+J� 3)– 4)
2S(NS�#AUC

5) |Fi(ri(t))| ≤
i∑

j=1

|ej |ρij(rj(t)), B3 ρij(rj(t)) CST[K0%&)(O

6) |Hi(ri(t − τ))| ≤
i∑

j=1

|ej(t − τ)|κij(ri(t − τ)), B3 κij(ri(t − τ)) CST[K0%&)
(*

3 X�YZ[\
`Q#$��VR+UC r $SaW/8�.+2%1$FT1B1V&''(8bU

VX8YW)(*

c 1 $ ]3&''(8bUVX8YW4) V1

V1(e1) =
1
2
e2
1(t) +

r∑
i=1

∫ t

t−iτ

S1i(e1(σ))dσ, (8)

B3 S1i(e1(σ)) �1\'(^)(*, V1 Zd1

V̇1(e1) = e1[e2 + F1(r1(t)) + H1(r1(t − τ)) + φ1(t)] +
r∑

i=1

[S1i(e1(t)) − S1i(e1(t − iτ))],

U$!-<*?J� 5), 6) 1

V̇1(e1) ≤ e2
1(t)ρ11(e1(t)) +

1
2
e2
1(t − τ) +

1
2
e2
1(t)κ

2
11(e1(t − τ)) + e1(t)[e2 + φ1(t)]

+
r∑

i=1

[S1i(e1(t)) − S1i(e1(t − iτ))],

LP

S11(e1(σ)) =
r(r + 1) − 1

2
e2
1(σ), S1i(e1(σ)) =

( i − 1
2

+
r∑

k=i+1

2k − 1
2

)
e2
1(σ), i = 2, 3, · · · , r,
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Q

a1(t) = −c1 − r2 + 3r − 2
4

− r2 + r − 1
2

−
r∑

i=2

( i − 1
2

+
r∑

k=i+1

2k − 1
2

)

−ρ11(e1(t)) − 1
2
κ2

11(e1(t − τ)),

φ1(t) = e1(t)a1(t), (9)

B3 c1 C[_^e(+L

V̇1(e1) ≤ −
(
c1 +

r2 + 3r − 2
4

)
e2
1(t) −

r2 + r − 2
2

e2
1(t − τ)

−
r∑

m=2

[(m − 1
2

+
r∑

k=m+1

2k − 1
2

)
e2
1(t − mτ)

]
+ e1(t)e2(t). (10)

c k $ (2 ≤ k < r) LP&''(8bUVX8YW4)

Vk(rk) = Vk−1(rk−1) +
1
2
e2

k +
r∑

i=1

∫ t

t−iτ

Ski(rk(σ))dσ, (11)

U$!-<*?J� 5), 6) 1

ek(t)Fk(rk(t)) ≤ e2
k(t)

[
ρkk(rk(t)) +

1
2

k−1∑
j=1

ρ2
kj(rj(t))

]
+

1
2

k−1∑
j=1

e2
j(t),

ek−1(t)ek(t) ≤ 1
2
e2

k−1(t) +
1
2
e2

k(t),

ek(t)Hk(rk(t − τ)) ≤ 1
2
e2

k(t)
k∑

p=1

κ2
kp(rp(t − τ)) +

1
2

k∑
j=1

e2
j(t − τ),

,M i < k − 1 /

ek(t)
{
− ∂φk−1(t)

∂ei(t)

[
ei+1(t) + φi(t) + Fi(ri(t)) + Hi(ri(t − τ))

]}

≤ 1
2
e2

i+1(t) +
1
2
e2

i (t) +
1
2

i∑
j=1

e2
j(t) +

1
2

i∑
j=1

e2
j(t − τ) + e2

k(t)Mki,

B3
Mki =

1
2

{[∂φk−1(t)
∂ei(t)

]2

+
[∂φk−1(t)

∂ei(t)
ai(t)

]2

+
i∑

j=1

[∂φk−1(t)
∂ei(t)

ρij(rj(t))
]2

+
i∑

j=1

[∂φk−1(t)
∂ei(t)

κij(rj(t − τ))
]2

}
;

@

7ek(t)
{
− ∂φk−1(t)

∂ek−1(t)
[ek(t) + φk−1(t) + Fk−1(rk−1(t)) + Hk−1(rk−1(t − τ))]

}

≤ 1
2
e2

k−1(t) +
1
2

k−1∑
j=1

e2
j(t) +

1
2

k−1∑
j=1

e2
j(t − τ) + e2

k(t)Mk(k−1),
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B3

Mk(k−1) =
1
2

{
− ∂φk−1(t)

∂ek−1(t)
+

[∂φk−1(t)
∂ek−1(t)

ak−1(t)
]2

+
k−1∑
j=1

[∂φk−1(t)
∂ek−1(t)

ρ(k−1)j(rj(t))
]2

+
k−1∑
j=1

[∂φk−1(t)
∂ek−1(t)

κ(k−1)j(rj(t − τ))
]2

}
;

X\+,M i ≤ k − 1, m ≤ k − 1

ek(t)
{
− ∂φk−1(t)

∂ei(t − mτ)
[ei+1(t − mτ) + φi(t − mτ) + Fi(ri(t − mτ)) + Hi(ri(t − (m + 1)τ))]

}

≤ 1
2
e2

i+1(t − mτ) +
1
2
e2

i (t − mτ) +
1
2

i∑
j=1

e2
j(t − mτ) +

1
2

i∑
j=1

e2
j(t − (m + 1)τ) + e2

k(t)Dkmi,

B3

Dkmi =
1
2

{
∂φk−1(t)

∂ei(t − mτ)
+

[ ∂φk−1(t)
∂ei(t − mτ)

ai(t − mτ)
]2

+
i∑

j=1

[ ∂φk−1(t)
∂ei(t − mτ)

ρij(rj(t − mτ))
]2

+
i∑

j=1

[ ∂φk−1(t)
∂ei(t − mτ)

κij(rj(t − (m + 1)τ))
]2

}
.

YZ+LP

Skm(rk(σ)) =
[1
2

+
r∑

i=k+1

(i − k + 1)
]
e2

k(σ), m = 1, 2, · · · , k − 1,

Skm(rk(σ)) =
[ r∑

i=k+1

(i − k + 1)
]
e2

k(σ), m = k,

Skm(rk(σ)) =
[m − k

2
+

r∑
i=m+1

(i − k + 1)
]
e2

k(σ), m = k + 1, k + 2, · · · , r,

L

ak(t) = −
{

ck +
(5

2
+

r∑
i=k+2

i − k + 3
2

)
+

k−1∑
m=1

[1
2

+
r∑

i=k+1

(i − k + 1)
]

+
r∑

i=k+1

(i − k + 1)

+
r∑

m=k+1

[m − k

2
+

r∑
i=k+1

(i − k + 1)
]

+ ρkk(rk(t)) +
1
2

k−1∑
j=1

ρ2
kj(rj(t)) +

1
2

+
1
2

k∑
p=1

κ2
kp(rp(t − τ)) +

k−1∑
i=1

Mki +
k−1∑
m=1

k−1∑
i=1

Dkmi

}
,

B3 ck C[_(^e(+
φk(t) = ek(t)ak(t), (12)
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L

V̇k ≤ ek(t)ek+1(t) −
[
c1 +

(r − k + 1)(k + r + 3)
4

]
e2
1(t) −

[
ck +

5
2

+
r∑

l=k+2

l − k + 3
2

]
e2

k(t)

−
k−1∑
i=2

[
ci +

r∑
l=k+1

l − i + 3
2

]
e2

i (t) −
[ (k + r + 1)(r − k)

2

]
e2
1(t − τ)

−
k∑

m=2

r∑
l=k

2l − 1
2

e2
1(t − mτ) −

r∑
m=k+1

(m + 1
2

+
r∑

l=m+1

2l − 1
2

)
e2
1(t − mτ)

−
k∑

i=2

{ k∑
m=1

r∑
l=k+1

(l − i + 1)e2
i (t − mτ)

+
r∑

m=k+1

[m − i

2
+

r∑
l=m+1

(l − i + 1)
]
e2

i (t − mτ)
}

(13)

c r $ LP&''(8bUVX8YW4)

Vr(rr) = Vr−1(rr−1) +
1
2
e2

r +
r∑

i=1

∫ t

t−iτ

Sri(rr(σ))dσ, (14)

LP Srm(rr(σ)) = 1
2e2

r(σ), m = 1, 2, · · · , r, L

ar(t) = −
{
cr +

r

2
+ ρrr(rr(t)) +

1
2

r−1∑
j=1

ρ2
rj(rj(t)) +

1
2

r∑
p=1

κ2
rp(rp(t − τ))

+
r−1∑
i=1

[
Mri +

r−1∑
m=1

Drmi

]}
,

B3 cr C[_(^e(+ Mri ? Drmi ('`Jc k $+

v(t) = er(t)ar(t), (15)

f@

u(t) =
er(t)ar(t) − Lr

fh(x)

LgL
r−1
f h(x)

. (16)

L+`Q] k $(Wd�7+J[;/A:12

V̇r ≤ −
r∑

l=1

[
cle

2
l (t)

] ≤ 0. (17)

U"5��(&''(8+'&[0AT+* (17) _^aQ> el, l = 1, 2, · · · , r �b(
+'(*UM

|z1| = |e1|,
|zi| = |ei + φi| ≤ |ei| + |φi|, i = 2, 3, · · · , r,
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@ φi(0) = 0, _: zi �\]+'(*

4 cd CSTR efghi��j
H/:45697Æ8:#A CIP^`JB6$ (Ga 1) . 2#A 3^`(�

1@-A_(:b8:#A A → B. J'4V#A (c>-Q*�7(gDIPA:`
dG#

e 1 ab��� ���"�che

ĊA1 =
q1

V1
(CA2 − CA1) − k0ee

− E
RT1 CA1 − ∆k0e

− E
RT1 CA1,

Ṫ1 =
q1

V1
(T2 − T1) +

∆H

ρcp
k0ee

− E
RT1 CA1 +

UA

V1ρcp
(Tc1 − T1) +

∆H

ρcp
∆k0e

− E
RT1 CA1,

ĊA2 =
qF CAF − q1CA2

V2
− k0ee

− E
RT2 CA2 − ∆k0e

− E
RT2 CA2 +

q2CA1(t − τ)
V2

,

Ṫ2 =
qF TF − q1T2

V2
+

∆H

ρcp
k0ee

− E
RT2 CA2 +

UA

V2ρcp
(Tc2 − T2)

+
∆H

ρcp
∆k0e

− E
RT2 CA2 +

q2T1(t − τ)
V2

,

B3+ CAF �^d3#Af A (e>+ qF �^d(f>+ TF �^d(gi+ CA2 �#

A 2 Bg(#Af A (e>+ q2 �hf(f>+ T2 �#A 2 Bg(gi+ V2 �#A
 2 (c>+ Tc2 �#A 2 (ihi(gi+ CA1 �#A 1 Bg(#Af A (e>+
q1 �#A 1 (f>+ T1 �#A 1 Bg(gi+ V1 �#A 1 (c>+ Tc1 �#A 
1 (ihi(gi*b]kl k0 = k0e + ∆k0 Tjajmkj?\kÆl(-J@Q8+
�1V-8'(k(*2)e(�. ��6$3+FTmn k0 (Q8*nol,A:o
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845+E�hpm#�. (&9*2H/3+ k0e C k0 (l'q+ ∆k0 C1-8'(
Q8>*nKDQ> x = [x1, x2, x3, x4]T = [CA1, T1, CA2, T2]T, �.Q> u = Tc1 , 2BQ>
y = CA1 = x1 . Æ1��(H,@C 2, m=NSQD z = [h(x), Lfh(x), x3, x4]T, Up
gD+'&[0Æ;q+��(pgD�+'(*

1V�o( CSTR k(2+D)mX(nqG= 1 _p

n 1 �rab CSTR 
�qospq�t
q1 CAF CA2 V1

E
R ∆H

100l/min 1mol/l 0.639mol/l 100l 8750K 5 × 104J/mol

qF CA1 k0e V2 ρ UA
60l/min 0.496mol/l 7 × 1010min−1 100l 1000g/l 5 × 104J/minK
cp Tc1 T1 TF Tc2 T2

0.239J/gK 320K 333.425K 350K 310K 331.562K

2r2IP7^(rr#+;/U_m=#s�(#�%&8�. ?H/1B("5�
��. ^`JB*JB3+��(-8'&C ∆k0 = 0.2 × 1010. J�;/ST��(-
8'& |∆k0| ≤ 0.3 × 1010 , UMsstt(u. T1 ≤ 350K , T2 ≤ 350K , L;/ALn

ρ1(z1) = 0.05|z1|, ρ2(z1, z2) = 0.2|z1| + 0.05|z2|, κ2(z1, z2) = 0.4|z1−τ |.

Uv1t(�. ��%uA1
vr = −(zr − (c1 + 5.05)(z1 − yd))

·(c2 + 1.15 + (−0.5(c1 + 5.05) + 0.00125(c1 + 5.05)2 + 0.5(c1 + 5.05)4)),

u =
vr − L2

fh(x)
LgLfh(x)

,

B3+ yd Cwx2B+ c1 > 0, c2 > 0 C��k(*
s�(#�%&8�. +,��(-8'&�y&Y[(+u9v��wv8'&�

�SY[+m=(�.xnC
u =

vr − L2
fh(x)

LgLfh(x)
,

B3+ v AUuXvw(%&12
v = −α1(x1 − yd) − α2Lfh(x),

B3+ α1 > 0, α2 > 0 C��k(*
��k( c1 = 0.3, c2 = 0.3, α1 = 0.5, α2 = 0.6. 2wx2BC 0.45mol/l "+JBz%

Ga 2 _p (- - - CH/1B(�. 2Bz%+ − - − - − - Cs�(#�%&8�. 2
Bz%). Ua 2 AT+UMr2IP7^+s�(#�%&8�. -9M2B]Wwx(
+Dq+@H/1B(�. 9+wyUzIP7^+x{]Wwx2B*
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e 2 !#�"{ye

5 x y
H/>?12#13./-8'&(C3CB"50%&��(�. ��45*|

}=#�%&8(%&z-8'"5��|U%&8+,{;/WM#$��(56��
V~+/8&''(8 - UVX8YW)(+12�. +}�. z��( t, t− τ , t−nτ

"|(KD/W*GT#�%&8��(pgD�+'(+L;/_��(�. PA?;
~Æ��(+'&*`Qss}l(JB"TC;#;/1B(�. (~w(�.&9*

{ | } ~

[1] Kanellakopoulos I, Kokotovic P V and Morse A S. Systematic design of adaptive controllers for

feedback linearizable systems. IEEE Trans. Autom. Control, 1991, 36(11): 1241–1253.

[2] Kokotovic P V and Sussman H J. A positive real condition for global stabilization of nonlinear

systems. Syst. Control Lett., 1989, 13(2): 125–133.

[3] Zhang T, Ge S S and Hang C C. Adaptive neural network control for strict-feedback nonlinear

systems using backstepping design. Automatica, 2000, 36(12): 1835–1845.

[4] Nguang S K. Robust stablilization of time-delay nonlinear systems. IEEE Trans. Automat. Contr.,

2000, 45(4): 756–761.

[5] Fu Y, Tian Z and Shi S. State feedback stabilization for a class of stochastic time-delay nonlinear

systems. IEEE Trans. Automat. Contr., 2003, 48(2): 282–286.



9 @ JA�N������	�
��
�
����� 1157

[6] Zhou S S, Feng G and Nguang S K. Comments on “ Robust stablilization of time-delay nonlinear

systems”. IEEE Trans. Automat. Contr., 2002, 47(9): 1586–1586.

[7] Li G W, Zang C Z and Liu X P. Comments on “ Robust stablilization of time-delay nonlinear

systems”. IEEE Trans. Automat. Contr., 2003, 48(5): 908–908.

CONTROLLER DESIGN FOR A CLASS OF TIME DELAY

SYSTEMS WITH UNCERTAINTY

YANG Qing LI Shurong

(College of Information and Control Engineering, University of Petroleum, Shandong 257061)

Abstract A nonlinear robust controller is proposed for a class of single input single
output time-delay nonlinear systems with system uncertainty. Based on an iterative procedure
known as backstepping, the Lyapunov-Krasovskii functions are constructed at each step. By
magnifying inequation at each step, a robust controller can be acquired, and the corresponding
closed loop system is stable. The simulation result of two stage CSTR shows that the controller
proposed in this paper has well control behavior.

Key words Nonlinear systems, time delay, Lyapunov-Krasovskii function, backstepping.


