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一 类混杂系统的鲁棒性分析与控制 
王泽宁 费树岷 冯纯伯 

(东南大学自动化研究所-南京．210∞6) 

摘要：对一类离散状态存在不确定性扰动的混杂系统进行了鲁棒稳定分析，并针对离散状态不确定性扰动对 

系统的影响给出了切换控制及各个子控制器的设计方案，保证了整个系统的鲁棒稳定性 ．结果表明整个系统的性 

能得剜了改善． 
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1 Intr~lucdon 

H螂 d sys岫m meanthat sys吣 contain both COIl- 

nu ls and discrete variables and two kinds of vail 

ables affect each 0thcr．It’s。0【【lc in幻 being a class of 

coupⅡng nonlillP．~ 蛐孤峙．The o0nt'muaus variables of 

systems correspondl】sI】a1 to c‘m血m0lls dyad ic of 

real systems．but dlc dgcxete VⅢiab1cs are very T 一 

fold．The discIc variable could betr~ tuced by di m】 

sanlp】i g五【om di咖 l~ntrol systems，sample data sys一 

曲m or 】0gic s~,itaang， d1c d~mge of system 

nM由l【e．dlc shit~ofequilibrium and so On．OnIl】 sta- 

bility analy~ for hybrid systeras，M．S．Br~iek~ 
used Multiple Lyaptm~ FImcd∞ to analyze dlc Stlll~li— 

ty．J．L．h iUa-A 山ar et al discussed exponential 

stability aIld di咖 l融 stabilitzatien of switdung 

systeTns．"llle~ntrollability，observabilitym d snbil za— 

tien ofthe hybrid syste~ had been discussed by l3～ 

5 J．whose ce~tidate systems aIc linear．On d1c u∞ of 

swj cll to il~ ve the perf~ of syst廿m ，J．H． 

Fmmmer et al[ 
．

L．Y Wang et al[ 】designed t ． 

ing control strategy and the stability of d1c 

cl~ed-loop母毗∞∞ respectively．On IDbUSt coWa'ol 

for hybrid s)吼印 ，L．Y．W ang el；al【 
，
J．A．Ball et 

alibi
，
M．De La Sen[’】bad 删 y．Butall 

thoseworks didfocus only OnIl】 disnⅡbance of0DIl血 一 

UOI．1S part．riot investigate the d-坫nⅡbance of the 0th盯 

~ rtant part of d syst自IIls．namely dgcxete 

dy~ ie part 

In 吐1is p叩既 we analyze d1c effect of dgcxeteto．1ilt- 

b舳cefor a class ofhybr~ system ∞db删 ∞ Il】 锄al· 

ysiswe pmvi~ l a robust coWa'N strategyfor a class of 

hybrid system． 

The p叩既 is 0喀an酬 as follows：hi 2 d1c 

problem forraul~ionis pmvided．and e腩 ct of dis— 

crete distmbanee is analyzed．hi S酬 0n 3 dlc switet~ 

strategy aM ~b-coWa'dler desi aIe vcn．The pe - 

matloemd stability of d1c hybrid system 

Se出∞ 4．A e sjlnul撕 ng is esentedin 

Section 5 and conclusionis drawnin Section6． 

*R灿d出 i劬 ：铷弹。删 by 脚 h0j蜢 0f0l-衄 (~ 11017)棚 她 N|li啷 I m删 sci龇 R恤da 0fa血 (卵6口堋 ，693010) 

Re酬 dm ：20o0—01—10； dm ：20o0—10一加 ． 
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2 Problean formulation 

c0rIsid日a class of b蛳 d system givenin Fig．1．It 

imladestwo kmds of grate variables namely confim~ous 

paIt and discrete paIt．o 咒sp0【 lrIgly，its input and 

output sllould containthe two pa too．The system c．皿 

be de目 ib。d as 

D 
㈤ I 

s( )= (s(t一)，n)， ⋯ 

whefe ∈皿 isthe continuous state，s∈ S，S=1 1， 

⋯

，靠}is the discrete state set，u∈醍 denotesthe~oi1- 

ti uousinput．口isthe swithching conlao1． 

Forfixed discrete state s，the system is a continuous 

linear system ．It c龇 be~scfibedindifferentialequa 

oftransferfunction．Herewe usethe state differential e— 

quatin，A(s)∈ ，B(s)∈Ⅱ ⋯  are the system 

nl ces for each diserene state s． 

Fig 1 Hybrid system 

The change ofthe discrete state s c be~ scribed by 

DEDS，D(·)．The chang~of state smay resultfromthe 

switch ofthe system StIIK：t21re，Ofthejump ofthei岍  

hal states．s( 一)denotes the disc眦 state before the 

time t，s( )denotes thediscrc~state s atthetime of ． 

Forthe switching~nlaol variable口，the shiftfrom the 

old state SddtOthe rIew state 5n is said a switching coil- 

ttol，denote 口 = ( 0ld，s一)．Obviously at time ， 

s(t一)=s( )rn no switching．The set 

三={( 。，々)，sf竹 ∈S，f， =1，⋯，̂} 

represents all the possible switching，namely switching 

~ntml set．Clearly。itis alimit set． 

Underthe assmnplion ofthe system c0n吐珊 Ils vail- 

ableis mcasm'able，we oniy consider the feedback with 

c0nli珊 0us state in mis paper 

Duetotheimpreciseofmodeling。the aging ofthe e— 

quiprmmt of I system and soon，the s nis usually 

affected by uncertainties．With the deep study for the 

uncertainty robust~ntml and H ~ntml have been 

grea~ developed and gottenmany results．Main results 

ofthem aIe aimed atO3{llinuous system．Forhybrid sys- 

tern(1)inideal state，if switching conlrolis口=(s， 

s )，then the conestxn~ng continuous control is u= 

后( ) ，butthe discrete statemaybe≈，not si as 

the system ma ybe affected by disturbance Ild otherⅢI。 

certainfacto~，theseforethe olosedloop system will be 

t=A( ) + (々 )k(s1)x． 

In s casethe disct'l~c statewill notmatch contit~ous 

eontrol input，the pI ~nlaol design can not ira- 

provethe perfomm ~ of system ．eV∞ notguaranteethe 

stability of subsystems． 

Since thereis disclcte state uncertainty，we knowthat 

the system canbe described as 

D ， 
㈦ Is( )= (s(t一)， ， )， ‘ 

wheredis the uncea-min disturbamcefbrt|lc swi teh con- 

trol d．From Fig．2，we c趾 s∞ thatthemissm 她  

0f dlc sub-systems and sub-controllers by the distnr- 

bance．Tile state s which is not affected by uncertain 

disturbance is said to be nonlin~ di 弛 state． and 

n棚 nethe state whichis affected by crlsmrbanceis stud 

tobe  disc．~te s乜te．Denote 

a(s ， )：=[A( )一A(si)， (々)一日( )]， 

then with =(s — ≈)，the飘】bsys 邮 ma y be de- 

scribe asfo1lows： 

= A(目) +B(s ) ( ) = 

A(s ) + ( ) (s ) +d( ，s )【五( )] ．(3) 

( ) J ( ) l 

} 

A )． ( ) 

l 

u=k h 

Fig 2 Affectionofdiscrete state disturbance 

1k last teml of formula(3)is due to the discrete 

disturbance．It’s evident that the“size”of affection is 

decided by d( ，目)．Would this affection damage the 

stability of subsystems?For disc 瞄_蚰g mis aff'l~JOll we 

give soln~definition asfollows： 

Definition1 We call bsys咖 (3)qlla sta— 

bleifthere exist positive definitematrix P and positive 

real numbe~ for V( )=xTPx suchthatthe derivative 

ofV( )alongwith(3)， ≤一7 <0． 

~ tion 2 ForCw  disa~ slate set S={Sl， 
‘ 。 。

， }，、vc call 

Sc：={si l d(s 曲)dz(s 曲)≤，} 

the safe 。Il of system (1)． 
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Propositlo~1 Let口=(Sold )，d=( Si)，Si 

∈ system(3)is quadratic stableif and oulyifA( ) 

+B( ) (jf)is stable，锄d 

8【 ( )】( —A( )一B( ) (s ))一t} <·． 
Proof 皿。e 

d(々， )[ (：i)】= ·d(々， )·【 ( )]， 
by using'l"~goreltl 4．4．1 inl10j we can easily gec 

result． 

3 Control strategy design 

For hybrid control sys咖 (2) coatml design COll- 

幽 twoparts．Oneisdesignof swit~ strategy．∞- 

other is design of sub-conlroller．Viewing the conlmller 

as hierarchical，itis apparentthat switr~ strategybelongs 

tothelagh~ hierarchy．It represents口 inle~gem fac- 

and plays abyrolein system perfonam：e．There- 

for we firstlypresentthe design of switch strategy．then 

we deduce the c0∞。s mdil唱 conditions by theIe i∞- 

Ⅱlen仨of switch stra~ y．Atlast，based onthese condi- 

tions，thedesign of sub-controlleris presented．Fwst of 

an．mefollowing assumptionis needed． 

Ass=nptio~ 1 For each s∈ S，the subsystPA~ 

(A(s)，B(s))is controllable． 

Definitio~3 For each ，me set 

Sf：={s I =D(s，n，a， )，t≥0j 

is saidto bethe uncertainar衄of(2)． 

Assumption 2 The unc~tmn a ea for each is 

known． 

3．1 Switch strategy 

Before desigmng switch strategy，it is supposed that 

eachmb-conlmll~has d j鲫 ．We usethe per- 

forrmncc criterion 

，=I(，(r)啦(r)+ (r)肌(r))dr 

in【2J，where both口andR a positive definiteii~J- 

oes．The real discrete slate is denoted by ，Ⅲd the 

nominal discrete state is denoted by ．For simplicity，J 

is rewrRlen as J(si，sj， )in this casc．Obviously is 

known， isnot knownbutitsrange is known，nan~y 

wc know ∈ Sf，thus we c柚 iR)t~ llpute me exact 

Vall】e of J(si， ，t)．H r，We c∞ know the ap- 

proximate range ofJ(％一 ． )．sin。e Siis alimit sct， 

an wdues of，( f， ， )，s ∈ S ，cn be calculated． 

( ) (儿 ‘， ，f)一J(si,sl, ))，￡=l，⋯， ， 

(4) 

( ‘)-m  x(1(s ， ， )一几  ，目，f))， l，⋯， ， 

(5) 

The fonow~ switch strategy is put forwa~ then at 

every t，the nl~13aiilal discrete state is ，蚰d the 

disclete slate ‘c be calculated by 

S = 

argmint，(s．， ，‘)，，( ， ，f)+ 

( ， +)一 ( f， ．)，P=1，⋯， ，P≠ il． 

(6) 

Formula(6)presentsthat 

J(s ， ‘，t)+ ( ‘，t+)≤J(s ， ，f)+％(s．，，．t) 

for each new ‘≠ Soifnomlilal discre~ stateis e， 

the realtfiscrete stateis si at劬 e 
一 ． and nominal dis- 

a如 stat~．坫 ，the real discretemare "rs s口at mef+， 

J(s ，sp， )≤J(3‘，s‘，f)+ew(s ， +)≤ 

J(s ， ．，t)+％( t)≤ J( ，， ，t)， 

thenfrom (4)and(5)we getwhichi删)liesthat Jis 

deduced． 

Itisobviousthatthe selection of canguarant~ that 

the pc~fonm nce criterion descends with s ．That is to 

saythatthis switrah str~ gy c illlplovethe system per- 

fonnmace． 

3．2 Sub-controller design 

From the design[3rocc~urc for discrete control above 

we can find the neca刚 condition for the successful 

swimh s~atcgy is that J( ，sj，f)should be b~mded． 

Thatisto saythatthe described syste~by(3)shouldbe 

qua&~ic stable．Integrating wilh the forgoing aaalysts 

of system stability we can d be the design of sub- 

controller as吐le folMwing q mi翻 pmbk~n． 

rllOrtlinal discrete stale ．we usethelinearf醐  

back controller as = ( f) ． 

millJ( ， ， ) 

1)V ∈ Sf， ∈ Sf； 

2)『『【 ( )】( 一A( )一B( ) ( ))。 0 <·． 
FromProposition(1)．the solution ( )of幢 abow 

formulac觚 guarant~ 幢 stabilityof lb 咖  
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t=A( ) +B(sj)k(s~)x，si∈j ． 

4 Performance and stability analysis 

Using 妇 above switch strategy and sub-conu'oUer． 

what impact can be produced on s~ iUty and poaor- 

mance?Is妇 whole ped0lIlm  criterion 

， =J。( (r) (r)+ (r) (r))dr 
impr0v。d?Forfllese，we have血efollowing result： 

Theorem For the system oi1 the action of switch 

strategy(6)the following conclusion can be drawn 

1)The origin ：0ofⅡle closedloop systemisglob- 

ally asymptotically stable； 

2)The whole p口如衄ar criterion ofthe system on 

the action of switchingislessthan or equaltothat ofthe 

system not on the action． 

Proof For simplicity．wc denote 

L( (r)， (r))= (r)伽 (r)+ (r) (r)． 

Wefirstly prove 2)．Asstmaethe switching sequenceis 

S={5( )， =0，1，⋯}，t0=0， 

dueto the disturbance of uncertainty the real stale se- 

qucrtce is 

S ={ (f )， =0，1，⋯．}，t0=0， 

for arbitrary positiveinteger >0． 

SN：{s(‘ )， =0．1．⋯， }， 

lhe corresponding real stale sequenceis 

s ={ (‘，)， =0．1．⋯， }． 

Then 

jN= 

I1工( (r)，u(r))dr+···+ 

I L( (r)，u(r))dr+，(s( )，s (tN)． )≤ 
． 0 

I L( (r)，u(r))dr+⋯+ 

I L( (r)，u(r))打+，( ( ．1)，s (机1)．tN)= 
‘ 

f L( ( )， ( ))d +⋯+fIR_IL( ( )， ( ))d + 0 

，( (tN—1)，s (tN—l， 一1)≤⋯ ≤，( (O)，s (0)，0)． 

A“ to the selection ofS( +1)we have 

^一 +l=，(s(tp~)，s‘(tⅣ)， +1)一J( ( +1)， 

s (tN+1)，tⅣ+1)≥0， 

fl~at is幻 say^ is monotonically 螂=e{罄ing with ． 

I lira ̂  and 

Jwr~le=牌 ^≤J(s(o)， (o)，o)． 

2)is proved sinoe J(s(O)，s (o)．o)isⅡ1e pea-for- 

m舭ce criterionofⅡle system not usmgⅡle switch sWate- 

gY． 

Dueto that 

t=A( (0)) +B(s (0)) ( (0)) 

is stable．we have 

， ≤ ，(s(0)， (0)，0)(+∞． 

Therefore ll (t) ÷0，t一+∞from bofla Q andR 

a∞positive definite．That is to say． ： 0is globally 

asymptotic stable．1)is proved． 

5 17．Ynmple 

Consider the f0I10 喀 syst锄  

重 = A + Big，u = 矗 ，i= 1，2，3，4， 

wi吐I 

l = 3 = {sl， 3l， 2= 4={ 2，s4}， 

wl1盯e 

『一0．4093 —0．36731 

Al=【一0
．2560 — 1．3675 J， 

『一1．9794 1．80391 

A2 【一0
． 1148 o．5141J， 

A ： 。‘ 。。· 1。 
L一0．3525 — 1．1340J 

『一2．1236 1．86211 A
4 【一0

．  

o．6145J， 

]I 

B：：B =【。0
．

． 35 80 ]． 

'Iheinitial datais (o)：[1，一1 We definethe per- 

RⅡlrl柚∞ ： 

J e=J ( (r)伽(r)+ (r) (r))如． 
Q=12，R =0．001．Underthe effect of discrete stale 

disturbance．usingthe strategy as above。m gamedmb- 

controllers a 

l = [31．9053 4．9668]， 

2=l16．6353 27．8952J， 

b =l32．5626 3．4203 J， 

k4=l16．0554 28．4ll4]． 

The s眦 traj~ -y is shown in Fig．3．̂  Ⅻ lhe 

system is stable 
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tim眺  

Fig．3 System state 

6 Conclusion 

Inthis Ip analyzethel~obllst stabilityfor a class 

of~ybnd systea-nwith dtsclete s眦 disturbance．Ain~
_g 

atthe概 dng ofdise~ state di蚰吁bm1∞ ，we provide 

a switch strategy and a sub-controller designtoguarantee 

the robust stability ofthedosed-loop systea-n．As aIe- 

sult，the performaace ofthe systea-nisimproved． 
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．1999．44(3)：597—目02 

[10] s T L 1t．Q ．It∞Iy p̂pli蛳 [M]． ： ． 

曲I|a u Pte∞．1996 

本文作者简介 

王泽宁 1 75年生 1 7年毕业于东南大学自动控制系 理在 

东南大学自动化所攻读博士学位 ．主要研究 趣：混杂幕统的控崩与 

综合．开关系统控制等． 

费树螺 l961年生．1985年获安重大学理学孽士学位 1995年 

获北京航空航天大学工学博士学位 1995年至 1嘶 年在东南太学 自 

动化所从事博士后研究工作 现为东南大学自动化所教授 主要研究 

趣：非线性控锕系统设计与综合．鲁棒控锕．自适应控制，时{Il系统 

的设计与塔台等． 

珥纯伯 见车刊201)1年第 3期第 368页 

维普资讯 http://www.cqvip.com 

http://www.cqvip.com

