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Absmaet~The妞血dI蜓脚 p【嘣l蛐 f ；It cla鼹of瑚 j地种systnmwith unk~ow．p日啪m曲 sinb劬 幽船 and妇 

is di uss。d．Um~a-删  蛐础 O∞di妇 s，the sy~ms a wansforaled抽幻 two~ fimmt嗣]lh 抽 n譬．one主3 D。t 删  

by actuatorfadls，SO B~ aear adap 曲 and daeprame~er ad蛳 law Cmlt be dc菌 d．The 0 咖 e嘲躺 

can bem~ ．redis~fi：eted by fadls．The 嘴rva衄 schemeisthen usd fermodel-basedra~ ag andfaIIh diIg∞ 出 ． 

Selecti~ oftlu~sholdis ．R Ⅱy，a珊删 瓤a is usd to_山咖 幛 at~ cability of op0s。dm削 ． 
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一 类具有未知参变量的非线性系统的鲁棒故障诊断 
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摘要；讨论了一类含有状态和翰A未知参变量的非线性系统的故障诊断问题 ．在满足一些几何条件的情况下， 

谈类系统可化成两类不同的子系统．对于其中一类不受故障影响的子系统，得到了其非线性自适应观测器及参数 

自适应律的设计；另一类受故障影响的子系统的状态是可测的，给出了该类子系统的基于模型监测和故障诊断的 

观测方案．然后．给出了甩于验证本文所提方案的数字示倒． 

关键词：故障诊断及隔离；非线性系统；自适应观测器；未知参变量 

1 臼 hlcd0n 

Owmgtotheincr嘲出喀dc瑚柚dfor ~diaNlityfor 

In缸 iII ls al plu斟 ses，filult detec m ard i 0ll 

(re X)a 嘶廿1nls粕d fapp cadonsto awide range 

of_m山 al pln：esscshave beenthe sl1b e吣 ofintensive 

iDv‘ 趣蜘 ㈣ the pasttwo decades．F~itf'．11"e~zlts 
canbefbImdin~weral e~．ellem survey papers[ 6_and 

books[7-9]
． V越i0l1s m0dd。hlscd功clb0ds f0r廿le FDI 

have been developed．Amongthem．the Ob8口v盯-bascd 

FDItee~ queis onc oftheiml~rtant目dx ． 

However．n斌 Rsearchwork On FDI have been COIlo 

cenwate~∞ Hne systerns，a删 伽lylimited resultsfor 

R∞削 d劬}：1999—117—28；R嘶 的dd眦 ：狮 一117—10 

n0rIli]【l∞r sys妇nsw∞ obmi~d．h[10]FDIfor hi[in- 

e丑r s)，曲珊  tllOut a 珊l。 纽i 髂 珊 s disc啦 ． 

Fault diagnosis for a class of Ⅺlh1∞r sys啪 s l|sing 

di曲 barIce dee~pling pIiDcjpIe was inw苗dga 。d in 

l11j．But in so雌 翻s荡，the p cc djmurb柚oe dI越 l— 

plir喀丘0Infaults 0r |dualis not possible(see[12，l3] 

for example)，s0 r#omt 0r adapdve曲∞rvⅡsaIe∞。d。d 

tobe de for聊 ．Morem劬 ， ⅡB∞ 

FDIfor special cIa蠲幅 of rII)n吐near syste~ arc available 

(e．g．[14—16])． 

Int}lis pap日， considerthe聊 problem fora class 

of n0口linc缸 systems ll1瑚 Wn pa捌 蝴 _m b0血 
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states andinputs At丘喊 ，trader s0n1e 0I c coati／· 

s，the systml is tramffolmod into two gI】bsys衄m． 

Thefirst mbs脚 isin the s0 called adaptive obsexv~x 
cmm~icalform which is decoupled丘∞ a咖  fault． 

Theotheris affected by the fault，but Rs 捆 can be 

measured di哟 ．As a gemeralization of tim observer 

d商 叩 0ach in[17，l8]，锄a~pfive 0b dc— 

mgn isproposedforthefirst sIlbsys妇n．By using the cs一 

血md0n ofboth啦魄 and pamm嘶 s， c锄 · 

m如 thefault b discre廿痂lg廿1e second gI|bsys蛐 ．So- 

lec0on oftllremdd with mliahili~ is discussed． 

This paperis 菩 嬲 follows． On2gives gc· 

omeuic condilicm f the ad甜黜 of a transfom~ on 

dlat位唧 舡∞ the 0l uncertain sy啦 m into a desired 

fom1．Then∞ ad蛳 observer design and pammete~ 

ad蛳 l科 缸e giw  b鹪ed ontheIransformed 咖 ， 

In S=c妇 3， ：tl珂时 fault deIecIi0n and isolalion are 

discussed．Rd of SPR l℃qui 札 m is disc iiI 

S 妇 4．A mⅡ1 rical exampleisincludedin Sect~n 5． 

followed by sc c~mclmiing nmmrksin~ fion 6． 

2 Ad叩 旧ve observerdesign 

Comider the follow~ nonlinear町啪鲫 with lm— 

known pmame啪  

， 

t：，( )+qo( )u+∑％( ，n)+∑ ( ， 
i：1 』= 1 

(1) 

y= ( )=[h1( )，⋯， f( )，hi+1( )，⋯，̂，( )]， 

(2) 

wherethe s缸te．坫 ∈ 蕊 ，theinputis n∈ ．am]the 

outputis y∈Ⅳ．"Ihef甜t =[，d1，⋯， ]∈蕊 is 

m嘣d耐 嬲 alI ad~tional血 ：tllIb姗ceinput 血 d≤ r< 

n，andthel加h m pmmmteris口=[口1，⋯， ]∈ 

． FI】曲脚 e，，(·)，qo(-)and (·，-)(i=l，⋯， 

p)are smoo~vectorfields，md h(·)is a smooth v∞一 

totf1]nctio~．Thefailure re~ tadonRⅡ∞u】缸0ngiven 

in(1)and(2)does n0t addl~ss seI1∞rfaults．The de一 

~ iptlon of a sens0rfimltIe ∞ addili~ml咖 in 

the output lu撕0n．The oon~ucfion and anal~s of 

s朗1s盯 fimlt,ti~nosis 证cmfes require如nherinves一 

g _啪 ． 

ReI 1 A~contlng to I7～9]，thereⅢe two 

kindsof ．Oneis in addi吐veform．thea出I髓 is in 

n~ lica0ve form．The fimlt山：sc咄p in this p叩cr 
belongstoIhefbITI ． 

Def曲j廿∞ The ve 0b ca cal form 

(AOO~)of 咄m(1)and(2)is desc删 as 

= 【 0二 。 ：一 】：+，，cy，u + 0( 一I)xf Ao J ⋯ 
∑ ( ，u)0 +∑ (：)矗， (3) 

= 【 。‘T -,O“】：， ㈤ I I) f co J ’ 

where 

Ao=diag[AI，⋯ A I]，Co=dlag[C1，⋯，C—f]， 

r 0 1⋯0] I 
1 ≤ 

L 0 0 ⋯ 0j 

= [1 0 ⋯ 0]，1≤ ≤r一1， 

= [*．一～ 0
一

- - ．0]， =1，⋯，d． 

For nlc salve of咖 Ie ，we Jist out碱  Ⅱ1e 

standardLie derivative nomfic~ of diffenmdal a唧  

[19]，whichwillbe usedinAssIⅡ呷 1 andL m 1． 

1)The diff~ of a smoothflmc0on h： 一 蕊is 

denoted by 

【差⋯差】_ 
2)The Lie derlvmive of a nm l̂ along a v。咖  

fieMfis denoted by =dh·fand~ miwly as 

五 = ( )=d(t)-l̂)·f． 

3)TheLie bracketoftwo vectorfiel凼，'g： 一 

is denotedby 

If,g]= ⋯  _，_ 

The ue bracket off and g is aL．~o denoted by [盾， 

whichkacbto凭cursiveLie blacketnotation 

= 畸(o 一 )． 

4)The relative d艚 ofk(i=1。·--，r)forthe sys— 

tent desclibed by(1)and(2)are denoted by 

=min1 s I (#)≠0， =1，⋯，mt． 

A鹤垭叩 on1 P1=⋯=Pl=∑ =n，and 

the rs岫 islocally observable，i．e． 

邛mk1 d ( )，⋯，d( ～ )：l≤ i≤rt： ， 

where (f=1，⋯，r)isthe ve degree of ( )． 

Lmmm 1 UnderA Ⅲp 1，出∞ exists aglobal 
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diffoomorphism==N( )with．iv(O)=0and=∈ ， 

transforming 1)and 2)into AOCF if and only if i) 

them exist r v渤 fieldsgl，⋯， sadsf，iⅡg 

Lg Lht=8， 阮 

for 1≤ 5≤ r，1≤ ≤ ，1≤ ≤ r， 

with 
．

1= 0for 5≠ ，tmd 
． 

= 1， that 

[ ， 毋]=0， 

for1≤ ，j≤ ，，0≤ i≤ — ，0≤ ≤ — 1． 

ii)lho ved：口fields 

耐  ，1≤5≤r，0≤i≤Pi一1． 

arc omaplete． 

iii)[qi，嘶  ]=0，for0≤ ≤P，0≤ ≤P|一 

1，1≤ 5≤ r． 

)勺=∑ ( ) for =1，⋯，d． 

Proof Accordingto[17]，conditionsi)andii)arc 

necessary and sufficientfor1)and 2)(with 0=0 and 

= O)tobetransformable via a g10bal dif蛔删 sln 

==N( )into 

=  

仉 
， I of J ‘ '“)’ 

=  

。‘r-

。

t)

C

“  

【of o J ’ 

where the change of coordinatesis definedbY 

珥 =(一1) ，o≤ ≤ 一1，l≤ ≤r． 

Conditionm)guaranteesthatqf only depcnds onY and u 

in “nrdj玎劬cs．Condition iv)is necessary and suf- 

ficienttotransform into whoselast n — z d 

z-coc~dinates，Thus system(J)and(2)can be 

transformedinto(3)and(4)underlho conditions i)一 

iv)．This completes lhe proof． 

De∞ 

= [ 1，···， ] ，。 =[ +l，⋯， ] ； 

y =[y1，⋯，”] ，Y =[”+1，⋯， ] ． 

th∞system (3)and(4)canbe rewritten as 

j =7 (y，n)+ (y，n)口+M(z)A， (5) 

yt= = 
， (6) 

j =Ao +y (Y，u)+ (y，u)口， (7) 

Y =Coz ， (8) 

r厶 1 ’‘ 

( )=I ； ·· 【
L 一 

(9) 

Remark 2 As a result of the tramffonmtion ，it is 

clearthat iIl(5)一(8)，the actuator faults enter∞Ily 

~ouShthe first subsysmn whose states cm be di蛐  

m∞sl】 d，whilethe second s口bsys 【nis not affected by 

anyfaults．This enables usto design adaptive observer 

second sIlb 旧[nwhichwillbe usedforfaultdi- 

雄 ．The constriction offault diagnosis awhimcu~  

for faults whof~ distribution does not satisfy condition  

iv) Lemma 1 needsfurtherinvc~igafion． 

Remark3 The ilnknowll patamet~ 0 still exists．Ⅲ 

Uansfolmed sysuau described by(5)and(7)．This ha— 

p1 ％啦 results of FDI for nonlinear 蛐  

[11]wI Ie aperfect deconpllug ofsystemlⅡIa蜊姗 is 

Ie l砌 ． 

Asc ription 2 There cffist B and (y，n)such 

that (y， )= (y，u)．Fuf,bemlo~，Co[sl一 

(A0一KCo)]一 Bis slficdy posi~ve rea1． 

Remark 4 The Strictly lx~itve real tt~ rtmxmt in 

the above assumtxion is equivaloltto thefollowing： 

For at#veaIx~tive d~firfite matin Q >0，山盯e e~sts 

P > 0，suchthat 

(Ao—KCo) P+P(Ao—KCo)：一Q， (10) 

PB=饼． (11) 

'I'heorl~tn1 UnderAssmr呦 2，them exists a sta- 

ble adaptive observer for system (7)and(8)，and fae 

adaptive obs~ccxis咖 by 

= Ao + (y，n)+ (y， ) +K(y 一 )， 

(12) 

with parameterl law 

= 一 西 (y，u)C0j ， (13) 

where a：0一目，j = 一f ，madcis apositive deft． 

nitewe岫6IIgmatrix． 

Proof From(7)and(12)，Ⅱ observer dy- 

Ilam is 

； =(Ao—KCo)i +廊 (Y，n) ． (14) 

The Lyapunovfunctionis chosen as 

V：(j ) 店 + c。 ， (15) 

Wlll~g P is lho positive ：丘lli solution of(10)and 

(11)，and C is a lx~sifive definite we／gh~g imm-ix． 
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R蛐 (13)一(15)， c姐 obtain 

= 一  ) Q + [ 船 (y，／／,)+c一 ]= 

一 ( ) ， (16) 

prov~the出蛐姆 ofortgia =0，0=0andthe 

的∞d。 of (t)nd (t)．From (14)， is 

bounded as wel1．Aco0rding to Barbalat’s I m (刘， 

0ne can get 

lim~, (t)=0． (17) 

1t血 ~ letes proof． 

Ranm．k S Itiswell knownin adaptive~ntrolthat 

apea~istemly exciting 脚 cⅡ gual'~teel功biased∞ - 

nin on．Theref~e．to 0b扭1m an a0a】Iate瞄 山 of 

Ⅷj血∞vn pafa|僦 目 0，i．e．bm = 8，apersiste~y ex— 

ci血Ig 驴almay be reqt~edin ce． 

R凹岫 6 丑㈣ 1 geIIcraliz。dn 碰 ngle~lt 

of ad印 0l w  design in【l8 J whci~衄 s毗  

outer system wiⅡ ut actuatorfaultwas considered． 

3 Fault detection and 加da 

For le~lt， need to make 删 0wiIlg as- 

mp咖 ： 

AssIⅧ don 3 r卸kM(：)= d，whereM(：)is 

defmedin(9)． 

Remark 7 ~ lXion 3is alI extension of血e as— 

sI】】蛳 m口k CE：mnk Ewhichis necessaIyfor蹦  

oflinear systems． 

Djsc] 趣 sub6ys咖 (5)∞d(6) 

删 (：( )) ( )= 

y‘( +1)一y ( )一T[ (y(k)，Ⅱ( ))+ 

(y( )， (k))0(k)]， (18) 

wh e k representstl】 k-血 step and Tis也e s咖 一 

pliIIg peIi0d．AssIⅡning that 110 fault oc邺 dl】Iing廿le 

ini 仃铀商吼t of ~oserver，Ilsing吐Ie i~ilIgllion 

l ( )， for ( ) 0( )tO apl~ximate廿le跏 a． 

totfault as 

五( )= 

(府T府)一- [ 一 

(y(五)， ( ))一 (y(五)， ( )) ( )]， 

(19) 

府(k)=M(y。( )，； (k))． 

Let 

jv( )=(jIf jIf)一 M (y ( )， (k))， 

( )=(MrM)一 jIf (y (k)，皇2(k))， 

onec姐 have 

( )一五( )= 

(N( )一 ( ))- 

【 —! 一 (y( )， ( ))】+ L ’⋯ J 
(N( )一 (k)) (y( )， ( )) (k)+ 

( )) ‘(y( )，Ⅱ(k))(0(k)一 ( ))． (20) 

Notefiletf~lts arenotm,o~lvedin n∞ 0：essof e~-ti- 

1咖 = ，0．ttenee 一 jvif 2 ( )一 ：2( )．If 

l】Ilh mm科 0(k)is bounded，thenfor gival E 

> 0。there existsK suchfllatfor > K 

II( Ⅲ ㈦ )[ 一 

(y(五)，Ⅱ( ))+ 。(y( )，Ⅱ( )) ( )] 

Ou曲 mh盯 lland。 恤 proof of．Il∞0Iem 

bounded．Sothere exists L > 0。such血丑t 

≤ E。 

(21) 
一  

1． is 

lI j《r( ) ‘(y( )，u( ))a( )II≤L√̂ ～( 俞)． 

(22) 

n em如Ic 

ll五一五ll≤ ~／ ～( 疗)+e． (23) 

Threshold valueis defined a 

( )=L~／ 一( )+E． (24) 

When ll五( )ll> ( )， l廿le aim forfaultsis 
Oil。0d1c vise， alarm is off． 

R麒r瞄rk 8 Since n ~eslmld is毋ⅨI时 山越 n 

aTor of fault髑 ma妇 ，n 砌 mD0essiswAiable． 

ReInark 9 脚 bymeaⅡs of a【l∞dve mli丑ear曲． 

seM  was also studied in【21，22 J．The adⅧ of 

0I】rmethodisthatit咖 1 detectIlot only 0 IⅡ锄l。e 

but also amplitude off~flts
． Leaming-I~ t鼬 di- 

雄 for )nli】lear systems WaS devl~ in[14]． 

I-~wever， strict船sum Ill砒 alln st劬ev~a'iables 

are available for n a飘H啊嬲 lt is required． 

4 Disalssi帆 ∞ release of the S R re． 

qllj 哦婀t 

In Section 2， aable ad Ve 0l瑁册 design is 

under as锄mp缸∞ 2tIl丑t n plaⅡttr-an~fcr矗mct_m is 

s cfly p~itive real(Silt)，whichdoesIlot always hold 

in pn~tice．Inthis section，We discllss廿 )s：盘mity of 

~noving吐Ie SPRIc Iem∞t．Forthe sakeof曲唧 Ⅱci- 

ty，we assuTneth砒n sI】 滟m df嚣口ibed by(7)and 

(8)is ngle饿l中llt，thatis，r=Z+l，廿le吐嘶Ⅱ。d Je— 
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sults c∞ be a 口ldedtothe c鹕c ofmultiple ompats． 

Define E(t)= ( )一 (t)， ngthe 0b- 

serverin(12)，we caII obtainthefonow~ input-output 

exptessi~ ofaⅡⅢ equation 

￡(‘)：日(s)≯ (y，n) (‘)， (25) 

where日(s)=co[sl一(Ao—KCo)]～B． usingthe 

卸 堪nt。d eIIort白出niqueinl20J，it canbe出∞mtIlat 

E(t)= (I)}(t)+日(s)≯ (y，n) (‘)一 

a(f)日(s)矿(Y，u)+a(t)， (26) 

where}= 日(s) (y，u)，a(I)decays pa l曲lly 

and caII be nE笞l删 ．W e cande fu~ 

E1(‘)=E(I)一[日(s) (y，H) (f)一 

(‘)日(s)≯ (y，n)] (27) 
the augmented error signa1． 目 ，itc龃 be oh- 

口in酣 that 

E．(f)： (‘)e(f)． (28) 

Equa~oll(28)is in the standardform ofthe fiN'or e- 
qua~ons widely usedin adaPdve con trol 刹

． The 

adaptive upa~ g laws used in a~ptivc control can be 

曲酬 y appliedto tune口(t)．Thisc龃 be stunmaiized 

the followingfl~orea1． 

Theorem2 With㈣ rmodel(28)andthefactthat 

日(s)is stable，the parameter updatelaw 

c 卷 c凹， 
realizes a bounded (t)and (t)∈ ￡ ，fI】r吐Idmme， 

equalitm(17)holds． 

Proof The proofofthistheorerais ondtUxt sin0ethe 

＆ formulmions presentedin[20]c龃be applied． 

5 Anillustrative example 

Q idcr廿le削 bwifIg zl0nIineⅡ system with known 

口Ⅱ 咖 s 

t1 x2一xtO， 

2 x2 3+( I+ 1e ) ， 

奶 = I—n+(1+e ) +x30， (3O) 

y1 i’ 

y2 #3· 

By simple calculation．0l∞ caII concludethat allthe as- 

sumption s_m ．I1 删 1 ho ld．In fact，the relative de- 

gleepl= 1，P2= 2． 

The transfomaafiou：：Ⅳ( )isdescribed 

r ’ 

{z2=*2一*1*3， (31) 
【≈：石3

． 

Undermis呦 sf0nrl砒 ，the n0|d_叩e盯syst~ (30)is 

ch edinto thefoUowingAOCF 

r = g2+Yl托 一y1口， 

{j2=一 +ylu， (32) 
【y1=：1

． 

『|3 y1一n ( 。 ) ，(33) 
Ly2 = z3- 

NotethatⅡle sI|k；ys啪 (32)c龃be writlea 

【 【 y ~Y2 ]+ + ， 
(34) 

Y1=[1 。 【 (35) 
Itis evjd眦 lilatAssul~ ou 2 holds．1h期哇_呲 ，the 

stable adapdve曲∞ 口f bsyst咖 (34)and(35) 

can be 倒 acc讲d to (12)．FIⅡI ∞Ie，the 

actuator fault ( )caII be detected and isolated if 

ll ( )ll> ( )with ( )as defined by(24)． 

In the simulation ．the aemat~ faults co．idledaIe 

speclively as follows 

，= 
．

for0~ c 
(f)=1+sin(4~t)，0≤ t≤5． (37) 

The gain n嘶 xKis~lected tobe l7 12J ，n 鲫 - 

p 州 is0．01s，andtheweightingmatrix c=1O- 

Fig．1 showsthe response ofthe obsexve~whenl}目reis 

∞ 诅a船 faultdescribedby(36)血the sysU~．开g．2 

illustrmesthe esIilna妇 of廿le actuatorfault．开g．3 and 

4 d印ict c0Ⅱ pc啦 resu~ of ac栅a衄 faultdescribed 

by(37)．It is shown that od fmalt estimation is 

achieved despitethe unknown porameter血 the sysU~  

— 一  

11m TiⅡ 

Fig l State estimation underfaultocalnmcc 
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Fig 2 Fault identification and the estimation 
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Fig 3 State estimation under fault occurance 
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Fig．4 Fault identification and the estimation 

6 Conclusion 

．

"Ibis fanlt diagnostic approach in this paper uses ∞ 

adaptive observerto detect andidcnafy actuatorfaultsfor 

nolllJne,a~systm~ with unknow~l pm'ameters．A Ⅱmn 一 

cal exampleis Siva toillustratethe pfop∞ed scheme． 

FDIfor rn0re general nolllinP．,a~systemswith applica- 

lionto practicalsystemswi ll beinvestigatedin foUne． 
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