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for uncertain linear systems with modelling errors 
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Abstract：The problems related to the design of observer-based robust fault detection filter(RFDF)for uncertain linear 

systems  with both mo~mmg en粥 and unl~owii inputs were studied．By inlroducing a new performance index．the RFDF de- 

sign problem could be formula~d as an H 一optimization problem ，which was solved by suitably selecting RH post-filter and 

observer gain matrix such that the generated residual could achieve the best trade-off between the sensitivity to fault and the ix>- 

business to unkllown input，modeling eIT(B~as well as control input．The design example and its simulation results demonstrate 

the effectiveness ofthe proposed approach． 
． 
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模型不确定性线性系统的鲁棒故障检测滤波器设计 
钟麦英 ，张承慧‘，DING S X2 

(1．山东大学 控制科学与工程学院，山东 济南 250051；2．德国 Duisburg大学 自动化与复杂系统研究所，德国) 

摘要 ：基于给定的性能指标函数 ，将受模型不确定性和范数有界未知输入影响的线性不确定系统的基于观测 

器的鲁棒故障检测滤波器设计问题归结为 H 优化问题 ，并通过选取适当的后置滤波器和观测器增益矩阵 ，使产生 

的残差达到对于未知输入和模型不确定性的鲁棒性与对于故障的灵敏度的最佳均衡．简例验证了本文提出算法的 

有效性 ． 

关键词：鲁棒性；H 优化；故障检测；观测器；后置滤波器 

1 Introduction 

Th e rapid development of robust control theo ry in the 

last two decades has given a decisive impulse to the 

progress of model—based fault detection and isolation 

(FDI)methods，in particular，in solving robustness 
problems[ 引

． Different from the robust control prob— 

lems，robust fault detection should be considered in the 

situation where the FD system is designed as robust as 

possible to the model uncertainty and ulhl~own input， 

without loss of its sensitivity to the faults to be detected ． 

Th e study on the design  of robust FD systems h re— 

ceived  much attention during the recent years，such as 

the H2 and H optimization techniques to nominal 

case[ ， ，6l or more recently the H 一filtering appmach for 

systems  with model uncertainty[ ，8。
． Th e main problem 

的 be addressed is the RFDF optimal design  for linear 

systems  witl1 both unknown input and modelling elTOrS． 

The core of our study is to extend an op timization FDI 

method in[6]to the uncertain case RFDF design．The 

obtained solutions are given in terms ofRiccati equation． 

2 Problem statement 

Consider un certain dynamic systems  described by： 

= (A+AA) +(B+△ ) + ∥+ ， (1) 

y= Cx+Du+Dff+Ddd， (2) 

where ∈ R ， ∈ and ty∈ R ale state，control in— 

put and measurement output respectively．d∈ R is the 

unknown input，f∈ R the fault to be detected．A，B， 

C，D ，Bf，Bd，Dfand Dd ale known matrices wi th appro- 
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priate dimensions．Assume d an,if are L2一norm bound— 

ed．Modelling ell'OrS AA and AB are given by 

[AA AB]：[El l(t)Fl E2 2(t)F2] 

where E1，E2，F1，F2 are known matrices．Denote 

l：= {AA IAA=El l(t)Fl， (f) l(t)≤ ，}， 

2：= {ABIAE=E2 2(t)F2， (f) 2(t)≤ ，}． 

Throughout this contribution，it is assumed that： 

A1)A+AA is stable，(C，A)is detectable； 

， Ba】has full row rank for 。， 
General speaking，fault detection system usually con— 

sists of two parts：a residual generator and a residual e— 

valuator including a threshold and a decision logic unit． 

The following observer-based FDF is used as the residual 

generator： 

露=A露+Bu+H(Y一 )， (3) 

= +Du， (4) 

￡=Y一 ， (5) 

r= (s)￡(s)． (6) 

where露， are state and output estimation respectively； 

the SO called post—filter R(s)is tO be designed；r is the 

generated residua1． 

Denote e = 一露．we get 

露=(A+AA) +(B+AB)Ⅱ+ + dd， (7) 

e=(A—ttC)e+AAx+ABu+( ，一月D，)+ 

( 一肋 d)d， (8) 

￡= Ce+off+D ， (9) 

r=R(s)￡(s)。 (1o) 

The nominal case FDF design problem can be formulated 

as tO find H and stable R(s)such that A—HC is asymp— 

totically stable and satisfies 

J = min H。R(s)∈RH O"i(CrS(jw))’ (11) 

where (s)and (s)are transfer function matrices 

fromf，d tO r respectively， (·)denotes a non—zero 

singular value．However，in the case ofAA ∈ l，AB 

∈ 2 and (t)(i= 1．2)being time—varying，there 

exists no transfer function from d andf to r for system 

(7)～(1O)．So the performance index(11)has no 

sense．The main purpose of this contribution is tO extend 

the result of nominal case FDF in[6]to solve the uncer— 

tain case(i．e△ ∈ l，AB∈ 2)of RFDF． 

3 Basic idea of OUr study 

Re-write(7)～(10)as 

r( )= 

R(s)[G￡d(s)d(s)+G￡，(s) s)+△￡d(s)+△ ，(s)] 

where 

d(s)=Da+C(sI—A+l-lC)一 (Bd—lidd)， 

(s)=os+c(sI—A+I-IC) ( 一HDs)． 

△￡d，△ are governed by 

露d= Axd+ Ⅱ + + Eld2+ EEd ， 

dd=(A—HC)ed+E1d2+E2d +(Bd—HDa)d， 

= A xf+8sf+E ， 

： (A—HC)ef+E1 +( 一Hos)f， 

△ed= Cxa，△e，=C ，d ： 2(t)F21l,， 

[d2 f2]= l(t)Fl[Xd ]． 

Define vectors ，j~and operator Gtf(s，△)as 

= [dT d ]T， =[fT j]T， 

C'rS(5，△) (s)=r(s)I d：0． ：0=rs(s)， 

)_1 ： ． 
We have 

r(s)=R(s)[ (s) (s)+ ，(s) s)]= 

Gra(s) (s)+ ，(s，△) (s)， 

where 

d=[Bd El E2]，bd=[Da 0 0]， (12) 

： [ E1]， ：l os o]， (13) 

G (s)=C(sI—A+I-IC)一 ( d—libd)+ d， 

(s)=C(sI—A+I-IC) ( 一 )+ ， 

G ，(s，△)，(s)=G (s，△) s)=R(s) (s) s)． 

Then，the RFDF design problem can be formulated as tO 

find H and R(s)∈ RH such that A—HC is asymptot— 

icaUy stable and satisfies 

。 

here
H Pdt 

．， ： II(-／r ／ J II ． ) 
。R(s)∈ 八 ， ， 

Furthermore， such an opdmization problem can be 

solved in a way proposed in[6]． 

f0r the residual evaluator．we propose tO determine 

the evaluation function and threshold over a finite evalu— 

ation time window[tl，t2)，i．e． 

1lr ll2． =(I rT(t)r(t)dt) ， =t2一 

J,h=sup l 
，：o 

(15) 

(16) 
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where tl is the evaluation initial time，see[5]．The OC— 

cunl~ce of fault can then be diagnosed on the basis of 

following： 

『I r『I 2．r> flault alann， (17) 

ll，．1l 2．r≤Jth~no fault． (18) 

Remark 1 Notice thatis a independent off．whilef 

is indepenaent of d and u．The H norm ll G a(s)ll 

and introduced operator norm ll G，f(s，△)II can be 

respectively used to~present the influences of input sig— 

rials and faults．In some of the early contributions，the 

uncertain part AAx + ABu is directly considered as tin— 

known input．Since faultf has influence on AAx when 

LXAx ≠ 0，this paper holds that it is more suitable to 

treat the modelling elTOrS． 

4 Outline of solution 

4．1 RFI}F design 

The following lemmas are required to derive our main 

result． 

L咖 a 1E ] Given system (1)，(2)with AA =0 

and AB =0，suppose A1)，A2)hold Irue，then 

日 =(B ．：+YCT)Q～，R (s)=Q一 

iS one solution of optimization problem (11)，and 

R (s)G刍(s)is a co-inner mauix，where Q= ， 

y ≥ 0 is a solution of Riccati equation： 

Y(A—B 一c)T+(A—B 一C)Y+ 

YCTQ-1cy+Bd(，一D Q_。Dd) B =0． 

L日姗 2L6J Suppose 

l(s)= l— l C(s，一A+日l C)一 日l， 

2(s)= 一 C(sI—A+ C)一) ， 

where H ，H2are matrices that ensure the stability ofA 一 

日l C，A—日2C，VI and are invertible，Then there ex— 

ists an RH Q(s)for the equation 

Q(s) l(s)=肪2(s)． 

Moreover，the solution is given by 

q(s)=v2(t+C(sI—A+I-I2C)一 (日l一1-12)) ． 

Theorem 1 Given system(1)，(2)with△A∈ l， 

AB∈ 2，suppose assumptions A1)，A2)hold true， 

then 

= ( +ycT) ～， (19) 

(s)=O一 ，O=D (20) 

is a solution of optimization problem(14)，where ， 

are denoted in(12)，(13)，Y≥0 is a solution of 

Riccati equation 

(A一台 c)Ty+Y(A一台 一c)一 

YCTO—CY+台d(，一D 一Dd) 台 =0． 

Proof Denote 

G (s)=c(s，一A+俞 c)一 (含d一岔 Dd)+Dd， 

G (s)=C(sI—A+俞 c)一(含，一矗 )+ ， 
(s)=，一C(s，一A+俞 C)一 矗 ． 

Using Lemma 1 we know that R (s)G (s)is a co-in— 

ner matrix．For V日 to ensure the asymptotic stability of 

A — HC，denote 

G (s)=C(s，一A+月rc)一 (台d一肪 d)+ d， 

(s)=C(sI—A+Hc)一( 一 )+ ， 

肪(s)=，一C(s，一A+月rc)一 日． 

It is well known that both (肪(s)，G (s))and 

( (s)，G (s))are left coprillle factorization of 

(s)． 

Applying Lemrf]a 2，there exists P(s)∈ RH such 

that 

肪(s)：r(s) (s) (s)， 

where 

r(s)：[，+C(sI—A+日c) (俞 一日)] ／2． 

As a result， 

(s)： (s)( (s))。G刍(s)= 

r(s)尺 (s)G (s)． 

In a similar way，it is obtained that 

G￡ (s)=r(s) (s)G (s)． 

Therefore 

ll G a(s)ll 

r= 

『I R(s)r(s) (s)G壶(s)『I 

] ≥ 

ll R(s)r(s)ll 

ll尺(s)r(s)ll ll G (s，△)ll 一 

． ． ． ． ．． ． ． ． ． ． ． ． ． ． ． ． ． ． ． ． ． ． ． ． ． ． ． ．． ． ． ． ． ． ． ． ．  !．．．．．．．．．．．．．．一  
lJ G ，(s，A)lJ 。 

So，( (s)，俞 )is a solution problem(14)． 

4．2 Desig~of ad~ptive nlrI lhold 

Decompose r(t)into r(t)： rd(t)+ (t)，which 

are defined by 

Xd=(A+△A)Xd+Bdd， 

d=(A一俞 C)ed+AAxd+(Bd一俞 Dd)d， 

rd=O-1／2Ced+O-1／2Ddd， 
= (A+△A) +(B+△B)11,， 

= (A一矗 C)e +AAx +ABu， 
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，
d= sup ll rd(t)l 71=M71， 

rulen．．△ ∈n，，dE，1 

．， ， =y I1“I1 2， ，y = 
∈。

s

，

u

． 

p 
∈ 。 

—

I I ru II 22
． 

r 0 1 0 0 1 

= l 6．5268 24．7770 157．3689 35．5661 l， 
L 一 12．5675 —47．7085 —284．1468 —68．5009J 

曰制 斟 
c=[ 三三】，Dd=[。 。 三】， 

一  2 ㈩
= [ 002 1962 1 0538 0 10。01．j I

一  

． ． 1 【．
一 5．4013 2．9670 j 

一 resi捌 r(￡)= Fig．2 ts me 

6512．Simulation results show that ll r(t)ll2．50 0． 

658 > ．Therefore，the fault can be defected after 

40 S of its occulTence． 

Fig．2 Evaluation function llr ll2．r 

6 Conclusion 

Th e observer-based RFDF design problem has been 

studied for linear systems with both unknown input and 

modelling errors．By introducing a Dew performance in- 

dex，the RFDF design problem can be formulated as an 

H -optimization problem， while it can be  solved by 

suitably selecting RH post-filter and observer gain ma- 

trix． Th e design example and its simulation results 

dcmomwate that the proposed approach is feasible e— 

hough．This approach can also be used to solve the gen- 

eral observer-based integration offeedback controller and 

RFDF，such as robust stabilizing controllers，H or 

controller etc．Th e integrated design problem is going to 

be  carried out in O111"future study． 
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《现代控制系统设计方法在倒立摆基准设计问题中的应用专辑》 

征 稿 启 示 

近二十年来，现代控制理论研究的一个焦点就是在有不确定性存在的前提下，如何有效地控制被控对象，尽可能地减小 
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准设计问题，以便各方学者从不同的角度、用不同的理论方法提供设计结果，并在同一个应用背景下进行探讨比较，为现代控 
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(2)投稿论文所采用 的设计理论不限，但是必须对《倒立摆基准设计 问题》给出完整的解 ，并且给出基 于指定模型的、 

MATLAB仿真或实验结果． 

(3)论文格式请参照本刊封底刊载的说明，或网址 http：／／kzllyyy．periodicals．net．cn．中英文均可，欢迎英文稿件． 

(4)所有投稿论文将根据本刊的审稿规则审阅．但是，为了准时按期出版，将集中时间由专人审阅，以便缩短审稿周期． 

(5)来稿请直接将电子版(PDF文件)通过 E-mail寄给特邀编辑，具体Et程如下 

投稿截止Et期：2OO4年 4月 30 Et 审稿截止 Et期：2OO4年 6月 15 Et 

最终稿件截止：2OO4年 8月 10 Et 出版 Et期 ：2OO4年 10月 

另外，从来稿中评选出若干篇论文，由深圳股高科技有限公司提供实验结果，并在2OO4年中国控制会议上组织 Invited 

Session． 

特邀编辑 申铁龙(上智大学)：tetu—sin@sophia．ac．jP 

梅生伟(清华大学)：meishengwei@mail．tsinghua．edu．ell 

王 宏(曼彻斯特大学)：mcfsshw@galaxy．umist．ac．uk 

陈增强(南开大学)：chenzq@nankai．edu．ell 

维普资讯 http://www.cqvip.com 

http://www.cqvip.com

