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Abstract：Passivity is not 0I1ly an ffnportant property of a system，but also an important approach to control a system．Based 

on decentralized control method，the passivity of interconnected systems with ame-dehys is studied．Employing Lyapunov-Krasovskii 

functional method and~ tonian function method，the decentralized and passive controllers are presented explicitly by s0l、riI1g 

some linear mauix inequalities(kMIs)．The new passivity criteria and the parameters ofthe pasSive con自∞ⅡerS presented here are 

dehy-dependent．By usmg the L~Ⅱtoolbox in software Matlab．the conditions in the new results are easy to be verified and the 

paxam~ ofthe p=Issjlve controllers are easy to be well set too，when the interconnected dehy~are known．A numerical example 

illustrates the availability ofthe theorems ofpassivity and the design procedure ofthe passive controne~． 
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时滞关联大系统基于分散控制的无源性 
刘碧玉 ，一，桂卫华 ，吴 敏 

(1．中南大学 信息科学与工程学院，湖南 长沙 410083；2．中南大学 数学科学与计算技术学院，湖南 长沙 410083) 

摘要：无源性不仅是系统的一个重要性质，而且是控制一个系统的重要途径．本文基于分散控制方法研究了关 

联大系统的无源性．利用Lyapunov-Krasovskii泛函方法和Hamilton函数方法，通过求解线性矩阵不等式( )得到 

了分散无源控制器的显式表达．所得到的新的无源性判据和无源控制器的参数是与时滞相关的．当关联时滞已知 

时，这些新结果的条件易于用Matlab中的LMI工具箱进行验证，因而控制器的设计也容易实现．最后用数值例子说 

明了所得到定理的有效性和无源控制器的设计过程． 

关键词：分散控制；无源性；关联系统；时滞；线性矩阵不等式 

Passivity is one ofthe important properties ofnetworks 

and systems．Its application to山e feedback stabilization of 

control systems has ~ ently ~aned renewed atten- 

tion[1～31
．

In particular．Bymes et al[ J find out when a 

finite-dimemional system can be rendered to be passive via 

state feedback．This important result tugh~ghts the passivi— 

ty-based method for various control problems L ’ ． 

Over the years，the decentralized control of intercon- 

necT．ed large-scale systems  has received comiderable atten- 

don al1d l1aS beeI1 addressed nunlerol~ 9J．The decen- 
tralized control is the main and effective approach to the 

stabilization of interconnected control systems ．Also，linear 

matrix inequality(LMI)method has become a powe~tl 

tool to solve the problems of large-scale systems (see，for 

example[2,10])
．
PassMty-based control should be an hn_ 

portant tool to solve dle stabilization problem for intercon- 

nected control systems ．TO implement the passivity-based 

control，first of all，the systems  should be passive．Howev- 

er，as we know，few  results were concerned with the pas- 

sivity ofinterconn ected control systems  widl interconnect- 

ed delays． 

The purpose of this paper is to study the passivity of 

interconn ected control systems with interconn ected time- 

de ．The Lyapunov-Krasovskii fianctional，Hamiltonian 

fianction，decentralized control and LMI approaches are 

combined to solve the problem．The decentralized con- 

trollers ale dehy-dependent and presented by solving some 

IM Is． 

Consider an interconn ected system S widl time-dehys 

composed ofN coupled subsystems  Si 
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Ⅳ 

YCi(t)=A~i(t)+Biu (￡)+ (￡)+∑Aqxi(t-ro)， 
J=1 

zi(t)=Cgt (t)+D (t)， 

xi(t)=仇(t)， 

t∈[一rf，O]，0< <∞， 

= m { }．
1 2 N 』∈{，，⋯， l‘ 

(1) 

where i∈ {1，2，⋯，Ⅳ}； (t)∈R denotes the state 

vector ofSi；uf(t)∈R denotes the controller vector of 

Si；ooi(t)∈R denotes the exogenous input of S and 

zi(t)∈R denotes the output vector of the subsystem 

S ，respectively．We Rssunle that toi(t)∈ L2(O，∞)． 

The matricesAi，BiandEi，、Ⅳi山 appropriate dimemiom． 

indicate the nominal subsystem．For i，J∈{1，2，⋯，Ⅳ}， 

AO denote the interconnection matrices between the sub— 

systems Si and S．Constants ≥0 are interconnected de— 

la ．The initial value 9i(t)∈R ofthe system is a con— 

tinuous fimction defined on t∈[一z-i，0]．Suppose that 

(Af，Bi)is completely controllable and the state of the 

subsystem  can be observed directly． 

If we design a local state feedback controller for each 

subsystem  Si 

uf(t)=K (t)， (2) 

where K ∈Rmi is the feedback gain ma trix，the inter- 

connected dosed-loop system is 

￡)=(Ai+BiKi)x (t)+Eioof(￡)+∑Acrj(t-ro)， 
1 
tzf(t)=C (t)+D ooi(t)． 

(3) 

where i= 1，2，⋯ ，Ⅳ． 

Th e target is to design such local state feedback 

controllers(2)，guaranteeing internal stability and strict 

passivity of the closed-loop system(3)． 

Denote虽and Z the sets of admissible trajectories for 

the exogenous input and the output，respectively．Th e ad- 

missible trajectory can be z(s)=H(s)‘l，(s)． 
Definition 115] An operator H：虽 Z is said to be 

smcay passive ifthere exist el≥ 0，e2≥ 0，el+e2>0， 

such that 

fTooT( )z( )d ≥一 +e。~OOT( )‘l，( )d + j 
o 

s)z(s)ds≥一 + 
o 

s)‘l，(s)ds+ 
J 

e2I zT(s)z(s)ds， 

(4) 

for all T，where卢∈R is some constant，(‘l，(s)，z(s)) 

∈虽×Z denotes an admissible trajectory．The operator is 

input-strictly passive ifeI>0 and output-strictly passive if 

e2> 0． 

The dose&loop systems(3)can be viewed as an input 

to output system，where ooi(t)is the input，and zf(t)is 

the output．Th us，we have the following definition
． 

Definition 2 The large-scale close&loop system(3) 

is said to be strictly passive ifit is internally stable and the 

input‘l，and output z satisfy the inequality(4)for all s0- 

lutions with null initial conditions．Th e decentralized con— 

troller vector u=(ul，⋯，lIⅣ) ofthe large-scale control 

system(1)is said to be a passive controller，ifthe closed- 

loop system (3)is strictly passive．Each component of 

u=(u 一，UN) is defined by equation(2)． 

For a matrix E，we define a two-valued fimction (·) 

沁  = 

Lemma 1 Suppose x and ale vectors or ma trices 

with suitable dimemiom ，then for any positive number 

口>0 and positive definite matrix Q，we have 

2xTy≤ a TQ一 +口一 yT ． 

W e always assunle that the interconn ected ddays ale 

known or can be measured．So，we consider the delay-de— 

pendent conditions of passivity． 

To establish our main theorem ，a Lyapunov-Krasovskii 

fimctional is introduced： 

Ⅳ 

Va(x )：∑lIT(t)P；c (￡)+ 
i=l 

ELorl +躺 +B．fKj) + 
~ [t 

一  

r2x][(s)A (s + 

rt j
t+O
r3‘l， (s)EJEjoo／s)ds }· (5) 

wh ere 0< =P ∈ R l，anA rl>0，r2>0，r3>0 

are weighting~ctors．Now from the system (3)we 

obtain 

(￡一 )= (￡)一I巧(￡+0)d0= 

(￡)一I (A +BjKj)xj(￡+0)d0一 

0

弓q(￡+ 一f。 (￡+一 ,dOO)dO Xk 0 rjk)dO． 弓q(￡+ 一I 2 A (￡+ 一 ． 
。 k 1 

(6) 

Hence，the dose&loop system(3)becomes 
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(￡)=(A +BiKi)x (￡)+日ctJi(￡)+∑Aiy (￡)一 
J：1 

∑N A f。(Aj+ ) (￡+0)d0一 

∑N A f。 (￡+0)d0一 
，= 1 

A f。 (￡+ 一 )dO， 
J；1 一‘ii k=1 

z (t)=Cix￡(t)+D ctJ (t)，i：1，2，⋯，Ⅳ． 

(7) 

Theorem 1 For the~ scale control system(1)， 

suppose that there exist matrix Ki∈ R ，positive 

definite matrix ∈ Rn,- ni and constants l>0，r2>0， 

r3>0，a>0 satisfyingDi+D —r3(∑~ii)ErE >0 
J=1 

and the fonowmg ma trix inequahties： 

皿( )= 

^  

A 

A 

ATn 
— d、 

一 (cT—PiEi) 

D 

N 

一 ( —ETP,)0 一(Di+DT—r3(∑~i)ErEi) 
J：1 

≤ 0， 

i=l，2，⋯，N， (8) 

where 

Af=Pi(Ai+曰 )+(Ai+BiKe)TPi+ 

Ad
o 

Ⅳ 

[(∑ 。)A“⋯ 
I= l 

( rk／)(Ai+ )】T (∑ i+ )】 

N N N 

d {(∑ 1)r J⋯(∑晰)r主 J(∑％)r J)， 

meanwhile，there exists at least one strict inequality among 

the N inequalities(8)．Then lI=(1I 一，／／N)T is the 

passive controller ofthe system(1)． 

Proof Differentia~_g Va( )along with the state 

~ectory ofthe system(7)，by using l_emma 1， obtain 

( )≤∑{xT(t)(A + A + 
i= 1 

T
iD
TfPi+PiB',Ki)x (￡)+2xT(￡)尸 ccJ (￡)}+ 

N 

∑2xT(t)PiA (￡)+ 
= 1 

N N 

∑ ∑xT(t)A~Ajkx (￡)+ 
J=1 k：1 

∑ off(t)ETEj (￡)+ 
J=1 

∑r~1Vij∑xT(t)PiA AT (￡)+ 
J=1 =1 

∑r3-1r T (￡) A AT (￡)≤ 

∑t xT(t)(A + A +gTnTp,+ + 
i=1 

∑ (r +Ⅳr +ri )PjA AT．pi+ 
J=1 

∑(a一 + )+ 

A +曰 )+ 

t)+ 

N 

2xT(t)PiE (￡)+∑r3r off(t)ETEjq(￡)}． 
．-1 

Wh~ll ctJf(t)=0，from the inequality(8)and Schur 

complement，we have (xI)<0．Therefore，the system 

(7)is internal stable．The Hamiltonian日(x，t)is defined 

and computed aS 

H(x，t)=一 ( I)+2zT(￡)ccJ(t)≥ 

一 ∑YT(t)lI(Pi)Yi(￡)， (9) 

where Yi(t)=[xT(t) ctJTi(t)]． 
From the condition(8)，it fo~ows— V。a( t)+ 

2zT(t)ctJ(t)>0．Then we obtain 

l zT(￡)ctJ(￡)dt≥ 1 Va( (T))≥0 J 
n 二 

for all the solutions with the null initial value． 

On the other hand．under山e conditions ofthe Theo- 

n湘 1．there is a sufficient small constant a > 0 such that 

all the conditions are still satisfiedifDiis replacedbyDi— 

ali．By similar arguments，we have 

I [z(￡)一act)(￡)]Tto(t)dt≥0， 

that is 

fTzT(￡)∞(￡)d￡≥afr∞T(￡)∞(￡)d￡． J0￡)∞(￡)d￡≥aJ0∞T(￡)∞(￡)d￡· J J 
It concludes that the closed-loop system(7)is stncay pas- 

+ 

嘴 

+ 

+ 

∑川 

+ 

、 

／ 
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／ 
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sive．The proofis completed． 

Since the matrix inequalities(8)are not linear，we can 

not use the LMI toolbox in Matlab directly．Next，we 

comider an equivalent version of the theorem by using 

LMI expression． 

Theorem 2 For the large-scale control system(1)， 

suppose that there exist positive definite ma trices Xi， ∈ 

R i ni，and the constants rl> 0，r2> 0，r3> 0，口 >0 

such that Df+DT—r3(∑ )E阻 >0 and satisfying 
f-1 

the following LMis、ⅣitI1 respect to置 ， ： 

Ai XiAr yT T 一(硼 一Ei) 

A t —li o o 

B i 0 一Ji 0 

一 (C,Xi—ET)0 0 一[Di+DT—r3(∑rji)EiTEi 
』=1 

≤0 

(1O) 

where i= 1，2，⋯ ，J7v， 

Af：A叠 +XiAT+Bfy +YiBT+ 

=  

and matrix Adf is a Cholesky decomp osition of the non- 

negative-definite matnx： 

～ 』v 

A df：口∑A +r。(∑r缸)ATiA + 
，=1 k=1 

N N 

r3∑(∑Vkj)AT'gtf≥0， 
=1 k=1 

and me~Lrlwhile，there e,x~ts at least one strict inequality 

among the N inequalities(10)．Then lI=(Ul，⋯，UN) 

is the passive controller of system (1)，where = 

． 

Proof Using Lemma 1 and let置 =P7 and = 

K．~P7 to the left-hand side ofthe inequality(10)，we 0b- 

tain 

A +Bfl +A iTxi+ yT DT + 

∑ (r + +ri。)A AT+ 
，=l 

Ⅳ 

∑(口一 + A_f】fT 置)+ 
Ⅳ 

rl(∑Tki)(X'p4hiXi+yT T yI)+ 
k=1 

N N 

r2∑(∑r坷) + 
，=1 =̂1 

(Ef—XiCT)(D +Dr— 

r3(∑rj~)ETEf)一I(ET—c )． (11) 
J=1 

From Schur complement and the condition(10)it fol- 

lows that each matrix(11)is non-positive or negative 

definite as in the proofof Th eorem 1．It gives the passive 

controller and every feedback is Ki= l ．Th e 

proofis comp leted． 

4 An illustrative example 

An example is given to show the availability ofour the- 

orems and the design process of the decentralized con- 

troller vector． 

In system(1)，the coefficients and del are assumed as 

A =(0-．516 0_351)，BI=(一 5 一 5 )， 

c。=(一 2 一 2。)，D。=( )，、 

( =[赢 封 
B1 

C2 

D2 

E1 

Th 

— 1．42 0 0 、 

0 —1．42 0 l， 

0 0 — 1．42 

一 1．072 0 0 、 

0 —1．072 0 I， 
0 0 — 1．ar72 

4．2 0 0 、 

0 4．2 0 l， 

0 0 4．2 

0．001 —0．01 0 、 
一 0．1 0．03 0．01 1． 

0 0．021 0．01) 

of the two subsystems are de- 

scribed by the interconnected mamces 

： (吕吕)，lA ( 0．32 ／ 
f，0-115 0·231] 

A2l=l 0．22 0．12 l， 
I一0．654 0．0253) 

f，0．135 0 0] 
A =1 0 0．135 0 I． 

f 0 0 0．135) 
rll= 0．001，"t'12= 0．1462， 

r2l= 0．15，"／'22= 0．1322． 

It is an interconnected control system comp~ of a 

2-dimensional subsystem and a 3-dimemional subsystem ． 

Select the parameters l 2．5，r2 2，r3 0．43 and 

口=50．By using LMI toolbox in Mathb and in light of 

／，．．．．．．．．●一， ／，．．．．．．．．●一， ／，．．．．．．． ．● ＼ ／，．．．．．．．．

一一／ 

M 

+ 

T V̈ 
A 

A 

一3  
r 

+ 

一2 M 

+ 

—n 
， ；  ∑ 

∑ 
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the Theorem 2，we obtain the solutions(positive-definite 

matrices) 

y ．一f 0． 一0． ＼v f 1．1锄 0． ＼ A 
0．4600』，J l ＼0． 1．1013』’ 

r 0．1435 —0．0588 0．0735、 

X2=J一0．0588 0．1380 —0．o929 I， 
0．0735 —0．0929 0．1903 

f 0．9353 0．0151 —0．0375 1 

y’：l 0．0151 0．9525 0．0253 I． 
一 0．0375 0．0253 0．8711 

Th en the feedback gain matrices are 

( ．13773) 
and 

r 8．6755 2．1053 —2．5223、 

K2：l 2．2244 10．9626 4．6273 I． 
一 2．4046 4．2719 7．5944 

From the IiI1 ma trices，the decentralized and passive con- 

troller vector H Can be obtained． 

5 Conclusion 

In this paper，by g decentralized control method， 

Lyapunov-Krasovskii fimctional，Hamiltonian fimcfion and 

LMI method，passivity property is studied for intercon— 

nected control systems with time-delays．Some sufl~cient 

conditions ale proposed in terms of some appropriate 

LMIs to guarantee the existence of decentralized and pas— 

sive controllers．Our results are easy tO be appfied by using 

the LMI toolbox in the software Matlab．Th erefore，they 

ale easy tO be implemented in practice．Also，the method 

can be extended to the case of dme variant d or the 

systems with uncertain parameters． 
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