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Abl巾硼 ：A neW 印 ∞ch幻 f-~dt diagno~ based∞ medall~ fuzzy n netwcrksIl叫 曲n1i卫脚 sys~msis op0B耐． 

Fa,stly．thel口 皿自n眦 space has beta dividedinto 缸subsl~ces bytiringfuzzy c—means cltlst~ing sxa向y，a,xot,~  

tOthe r自 Ie蛳 ls offuzzy rules，the娜bs have beenfittedbylocalBP network r~'pectively tastly，the cbⅢ 蜘 出  

betweenfstllt∞ andmBasIⅡiDgiI 啦in differeat subs havebe鼬 obCaimd by oce咄 eft-linel目啦 ．Testing 

d sthe network h丑s go0d Ⅱ 习li碰 阻 d啊础 e and caⅡ击鲥 imlrovethe印。edimss．rttxlstln~s andv 诅ilyoff,~lt 

d~ osi$ ncnliI-ear systems． 

1畸 wc矾b：fault d~ osi$；fuzzy neund n~'work；clllst~atoll ；fuzzy c—means cIu皿edng 

Boenment code：A 

基于模块化模糊神经网络的非线性系统故障诊断 
赵 翔 萧德云 

(清华大学 自动化系·北京，x~084) 

摘要!提出一种基于模块化模糊神经网络的非线性系统故障诊断新方珐 该方法先使用模糊 c．均值聚类法对 

测量空间进行模块分割 ．再利用模糊 IF-THEN规则对分割后的子空问分别采用局部 BP模型进行逼近．最后 ，通过 

离线学习获得不同子空间故障输出与测量输^的非线性动力特性 试验表明该网络具有 良好的泛化性能 ．可显著 

提高非线性系统故障检测的快速性、鲁棒性及准确率 

关键词：故障诊断；模糊神经网络；聚类分析；模糊 c．均值聚类 

1 Inlroduetion 

The fl,zzy neural network，whichis amergedform of 

fl,zzy system 孤d neural network． call combine their 

merits and0ve“xm[1eltleirdemerits．InthisIlCtl,NOrk．the 

neural network provides the conneetionist SW[1CIIII~ and 

leam~ abilitiestothefl,zzylogic system，andthefl,zzy 

logic system provides a structuctural framework wiltl 

high-level fl,zzy IF-Tft~ nile tl~nldng and reasoning 

for the neural network．In addition，serv-i~ral simile sub- 

networks are cooperated undo"a given criterionto deal 

with a large·scale p∞bleTn，which is called modular nel2· 

ral network．Its ~b-networks．Or modules are easily 

consllllct~ ，and岫 weights and smlctures canbe sep- 

aratelytrained in their own way．In this p印口，taking 

account of the validity of modular neural network and 

fl,zzy neural networkIespecdvdy[ ’2。，a new appro~ tO 
fault diagnosis based 011 modular fl,zzy neural network 

fornolllJrl~ systems is proposed．Firstly．the nxasllm— 

lI吼 t has been divided into several sllbspa。es by 

using fl,zzy c-Ⅲ m1s clustering(R2M)．Secondly，aC- 

“IIdingtothe requirements offl,zzy rules，the sul~paes 

have beenfitted bylocal BP netwc~ respectively．Last— 

ly，the ch~ lcterislics bet,,~enfault outputs andll'／igaSUl'- 

jI inputs in different subspaces have been obl~illed by 

lXC~ssing off-lineleam~ ． 

2 Ftmy nem'al netwodcs缸 fault dia 蠡 

2．1 Modular sontangbasedmI elus'~r锄蛆 

Asstmle that(置， ，i= 1，2，⋯)are record pa 
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of a system，Xi=( l， ⋯，X／m) and ：(yll， 

№ ，-一，‰) sepm'ately represent measudrg vec钳 and 

c0lⅡe di】喀 fault fl~zzy state vector obtained by sur． 

v~．ilgfile record data．ThepaColemoffault diagnosisis 

thatit performs a reliablemap ofmeasL】ring vectorsinto 

~ ding fuzzy state vectors by口 ms of leaming 

arId associatingwith alarge~xnouatof record pairsIⅡ1der 

a咖 criterion．In o13d~-to simptifyfilemapping rela- 

tionship，itisn口cssaryto perform amodula~splitting of 

file measIⅡe space．In 峋 s paper，a 叩HmIlg IT叫l州  

based ollfuz珂 clusteringis used ． 

Consider afinite setofvectorsX=1XI，X2，⋯，以 l 

aswc姗 of anm·dimensional Euclidean space ，in 

which置 ∈ ， =1，2，⋯ ，n．The purposeisto per- 

form a par~on offile collection of vectorsinto c-filzzy 

sets with respectto a given criterion，w]'lel~c is a given 

ntml~ of clusters．A partition matrix Call express file 

result offilzzy clustering 

U=[ ] ：l，一． ． 1，⋯． ， (1) 

wt1eIe u ∈ [0，1jis a num~c value arm expressesfile 

degreetowhichfile vector belongstofileithcluster． 

However．there aI℃two additional constraints oilfile val- 

1le of -Thatis 

f∑ =1，for all =1 2一 
(2) 

【0<∑ <n，for all i=l，2，⋯ 

A generalfoma ofthe objective flllK~onis 

J( ， )=∑∑∑ ”(置)， ]d( ， )， 

(3) 

where w(Xf)is a prior weight for each置 arm d(蜀， 

)is degree ofdissimilmty between data置and 

吐le supplemental e】盘DcI吐 ，which can be considex~l 

the central ved耵 ofthe kthduster．The degree of dis— 

similarityis defined as 

。

d ． 
㈤ 【d( 

， )= ( ，墨)． 、 

t~ ously． it is a concept weaker than distm~e lnea- 

目l ．W ith the above~ kground。fi~zzy clustering Call 

be precisely formulated as m optimization paYolnn 

frainJ( ， )，i，̂ =1，2，⋯，c； =1，2，⋯， ， 

l8．t．Eq．(2)． 

(5) 

One ofⅡle widely u刚 clus~ ng methods based oll 

Eq．(5)is KM algorithm devel0p。d byBezdek，of 

which objective f~ otlis 

J( ， )=∑∑四II 一 II 2，m>1 
L=1』=i 

(6) 

where m is called Ⅱle exponent~ weigl1t which influ— 

erIces the degree offI】丑矗燃s of吐leman1)e orpatti· 

tion mauix．To solve thisⅡ Ⅱhn a problem。we 

first~ fiale objective function in Eq．(6)with 

respectto (for fixed ，i= 1，2，⋯，c， = 1，2， 

⋯

， )madto (forfixed ，i=1，2，⋯，c)and印· 

plyfile conditions ofBq．(2)，obtaining 

=  L ∑( ) ， 1 2”，c，(7) 
∑( ) 
J=1 

(1／II 一 II ) ’’ 
= ■■——————————一 ， 

∑(1／II五一 II ) 一 (8) 

i= 1，2，⋯ ，c； = 1，2，。一，n． 

The systemdescribed byEqs．(7)and(8)cam'tot be 

solved analytically．However，file I：EM algorithm pro- 

vides all iterative appro~ to ~proxirnaling file mini— 

mlm offile objectivefunction st ng6ore agivenposi- 

tion．This algorithm is sllmlllalizl~ infilefollowing： 

Step1 Select a nlllllbc~of clusters c(2≤ c≤ ) 

and exlxx~tial~'ight m(1．5≤ m≤30)．Cllooseini· 

tial par~ on nlll11"LK U(0)and a mIina on criterion￡
． 

Set吐le iterationiiKi~x Z= 0． 

Step 2 Calculate fuz珂 duster oen戗s{ ‘’I i 

= 1，⋯，cl by using U“ and Bq．(7)． 

Step 3 Calculatethe nEw p~ lionmauix U(“ )by 

using{ ”I i=1，⋯，cl and Bq．(8)． 

Step4 Calo．tla~／x=II 一 II=maxI 

一  
’I

．
IrA > E，岫 set z= f+1 and go to step 2； 

otheiwi~ ，stoplooping． 

Animportant fortheK M  algorithm is how 

to determinethe“cofJ'~ct，’珈肌b盯ofdus蠕 ．c．Some 

scalar口x 目l of pardoning fuzziness haw  beea used 

as synfl'~icindicestopointoutⅡlemost plausibleillJa／i- 

bet of cluslea'sinfile data set． 

1)pa 曲n entropy： 

日(U，c)={∑∑I％-ln I； 
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2)Partitioning coefficient： 

F(U，c)={∑∑ ；； 
3)P】q ∞ ∞lcnt： 

刖， 誊㈡叫 川)， L J=l I=】 ， 。 
where =

】
詈 nd町 =greatestimeg盯≤(1／ )· 

We adopt吐Iefondling~m,-isticmles妇 selecting山e 

best In o1ling nImlber c．They are 

*{ [日(u，c)]}，荽 [F(u，c)]}， 
or { [尸(U，c)]}， 

f z t‘‘ 

wheren is山e setof all~ firaal solutionsto a given C． 

Dividethe record pai (置， )，i=1，2，⋯iI曲 two 

parb，ofwhich 0neis usedI-0rtrainmgt~wmk(set吐Ie 

numberto beNt)，the otheris usedfor checking alld e— 

wluat~ network(set吐Ie nuIIlberto be )．Itis easy 

to choler山e位d血乜g samplesinto r clusters aI1d ze 

廿Iemlxhllar splittingto廿IeⅡ a space For express— 

ing c0№面∞ce，assIJⅢcthat (5=1⋯2⋯，r)tepee- 

s朋拄 clt~ters and NB m es 临 吐Ie number of samples 

in ． 

2．2 Model 0fmodularfI唧 neI删 ne1 r0rl噶 

The bit$icidea ofming如z n州 networksto rea】· 

izefaultdiagn~ istoimplement吐Iemembershipfunc— 

ricersin the preconditions well as吐Ie inference fImc一 

廿。虬in廿le c。nsequence by PIDp盯 toI~logy s缸 alld 

learning rules．One scb叮Ile forg印巴Ial 0n of吐Ie fault 

diagnosis using n∞ I networksis山e neural net- 

work-titian IeasolliI培(NDF)．Thatis 

RI】k 5：IFX∈ ，卫哑 =NV,(X)，5=1,2，⋯． 

(9) 

w X = ( l， 2，⋯， m) represents a n砣a目啦  

vector，珊1d q )Iesel1ts amz fomaed after 

m ~littmgorq s吣 a劬  clusterwhileR M  

is u∞d，ⅢIdNN,(X)deaotes a s仇1c味 ofmodelfunc— 

oIl d1aIa曲 zed by a neural network．11 number of 

mcasIlre variables employedin，V (X)isdeterrffmedby 

aⅡ ∞dfor selecting吐Ie opftmum model describedlat一 

． neural~etwork-drivea niI1g system 

bas been derivedin F ．1． 

T1 above snud includes r + 1 BP ne Ⅳ0d岱， 

w NN is吐le neural networkthat d 朗卫 nes吐Ie C~II- 

joint mmbe ip flJlnclioll~of the plI，Ⅻ碰曲m of all 

rules，and NN1一 NN,a∞ the neural networl~ Ihm de— 

tem im the山糖嘶ng valuesfor eachrole 

r 
I 

i 

耄 
§! 
星! 
! 

1 

Fig 1 M~IeL structure ofNDF reasoning system 

2．3 h m alg0d血m 0ffI唧 neuralnetwl~  

Meaning for the neural network rav el 

showedin Fig．1．We rm城 process吐Iefollowingtasks． 

Fimly，complete(he r∞d山缸spn崎r喀to mea团矾删 t 

space alld determine廿le nImlber of roles． 矧)nd— 

ly，consmlCt aⅢ I ne怕，Ork used to cal叫 atc吐Ie c伽 · 

joint m廿llb functions of measu工i1噜 wc啪 血 } 

cor~titlons．Lastly． construct~veral ndⅡal nd 神  

used to map山e nonlinear增la m p in c。璐eq m∞ ． 

Asmentionedbefore，置( 1， 丑，⋯， ) 畔seDtS 

the system’smeasuring vector and yf=(扎l， 2，⋯， 

m ) fepJ 盯临 吐Ie o0IfI p(mdi】瞎 矗lz stg vect0r． 

FI h加：I Ie，each ele~ent of Vcct0r cc虹espDnds to a 

type off~mlt patt i． number ofmzzy rules cm be 

de嘧 ed by㈣ of l~cessmg RM to m∞啦  

data．Assumethat aching sig~l adopts s吼 e 

vector，alld呦 sIh fl／n~on ad叩 协 a si fI】nc细 ． 

Thus，出e desig~ ocedlⅡecan be出马cri in也efol· 

10wiI1g s钯ps． 

stcp 1 Divide山e record pairs(置， )，i=1，2， 

⋯

，
N izI幻 two parb arbitrarily．One is used to tram 

nel砌 networks(set山e rumlberto beN r)arId廿le ether 

is u∞d to d1eck or ewluate(he performanc~e of neural 

networks(set山e nurl~ to beN )． 

Step 2 DividetheWaimng samplesint0 r ckIsses of 

byK M ，wtm $= 1，2，⋯ ，r．1he廿ain 印  

for ea血 Ⅲe expressed by(墨， )，i=1，2，’。。， ， 

providedthat is山eI1IⅡ曲 盯 of的 in s~ plesfbr ． 

Stcp 3 Train NN c0卿esp iⅡgto吐Ie pl氍aldi 咖s 

0f all rules．For e I m朗椰 惯 幻f of仃ai] |g鲫 一 
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pies置 ∈ ，define a vector =( c1，“i2，⋯， ) 

sI】‘血 mat = 1for = 5 and = 0for ≠ 5．The 

NN with input llodl~ and ，~agmt n0des is then 

位面。d orltIIc．mp 0I】 m pa (置， )， =1，2，⋯， 

Nt．H ， NN b。c n capable of inferrkng 

conjoint m邸曲廿sh 如IIc 扛 of each ch~ ing 

sp岬 k置 to ．The membership function of IF 

partistllIlsdefined astbe丘呱 value吐 thatisthe out— 

pm of山eleamed NN，thatis， 

(墨)=札， =1，2，⋯，Ⅳ；5=1，2，⋯，，· 

(10) 

s呻 4 Train删 1 一 州 co 叩 to 

1唧 partof m1es．The曲i汕ng samples( ， )。 

∞ ， ，⋯， aIld l，y ，⋯， (i= 1，2，⋯， 

Ⅳ‘)，are~4gnedto山einput and∞椰 of山eNN,． 

The mgming of NN,is。0删 I删 so that the de 妯喀 

ⅥIh，髑 caII be hTed．The checking samples ‘1， ‘2， 

。 。

。 ( = 1，2，⋯，N )are substituted 曲一 

tabledNN,to 01~[111 s岫  oftbe sq 捌 ㈣  

=  { 一 (置) (置)l ， (11) 

wb eslimated脚(置)( =1，2，⋯，n)is 

asⅡlcm州 ofNN,． 

Step 5 s．m蝴 岫 1唧 pa by a backward e— 

lil na method．Aln饥喀 tbe m mea舭 w of 

NN,，Oil variable is ~'bitrarily eliminated，and tbe 

NN,is订 n。d again by u l昱吐Ie心|lliⅡ昱sables as in 

S呻 4．The squaredⅢ 埽 一1of 0u t valueof山e 

5 mlein吐Ie∞∞ of elim~ ling％ canbe es血Ⅱ￡Iccdby 

咖 曲。c ng samples 

一 1= ％一 批
(12) 

p = 1，2，⋯ ，m． 

where置 =( ． 一， l， “， ． ) ．o咖． 

Eqs．(11)aIld(12)，if >职一1，then岫 

i oftbe elilllinl~ mea舭 variables‰ 锄 be 

consideredlni1 and can be discarded．The 

carriedfiatfor remaining(m—1) 

pIltⅦIriables．The elimination Dcess is repeated删  

蹋 > 埽 一1砌 耐 hold any I舶 IⅡe 

~ bles．1tIel∞dd血趾西 山emnlimulll_酽VII]II~is 

the bestNN,． 

Step6 Decide Oilfinal output．Thef0uo ng eqI】a— 

don can derive吐 final value 

(置) (置) 

；= ———一 ， ‘ 

(墨) 

i=1，2，⋯，Ⅳ；J=1，2。⋯。n． 

3 AWdi don e~unple 

Thefuzzy neulIll net 砌出 IIx，del descntxxlinib0 p 一 

vious sel：tiorts bas been implemented in a ehe~ eal pID— 

cess[ 】sb0wnin魄 ．2for山e ott-line嘲 ． 

Fig，2 Chemical pr0cess used to test 

A。coIding to tbe actual sjnl Ⅱin山is 帅 ical 0． 

cess．{bⅢ types offaultsmayix：cln"duringm g 

Fault 1：Thep 咖锄ce of r lystⅡI臣ybe degener- 

ated(tbe 0ccIⅡ ng皿咖 p flll~ On of山is fault is 

pIesen叫 by Y1)． 

Fault 2：The 懿Ⅱ lccs of heal exchanger in 翻咖 r 

maybe j锄州 (吐lc 0caⅡrillg m铷曲订stlip flll~ on of 

山isfaultis repI鹤entedby y2)． 

Fault 3：The sIlrf es ofheatermaytbej (tbe 

0ccl】Iringm p rIcd0nofthisfaultis represented 

by")． 

Fault 4：The eormeefin~  pc恤lcm bej in 

local sites(tbe 0ccl】Irjing m铷曲订sIlip rIc of山-坫 

faultist~ esented by Y4)， 

The acmal data acquired attbetest site are asfollows： 

the 8dpoint si al 1，tbe 0IT t of cc~ ller 2， 

曲Ie outl~ temperatllre 0f h目 盯 X3．the眦 ofinletflow 

4，and岫 ∞ 岫 consistency ．Thefault stale v。c啪  

(y1一y4)oft}Ie process are d ned byIneans of · 

scⅢcbing v,~xlay morfit~ed IecoIds and v啦 啦  

叩m crperat~rs．These datap妇 (8。eTable1)Ienecttbe 

relationships between measuring p 船 s and 。(m 一 

印oIIding fhI】lt IⅨ血 s． 

虱 

+ 

∑ 

∑ ㈨ 
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Table 1 Datap rs ofthe pr0。css 

Thefollowing steps afe pcr~mled one by 0∞ ． 

Step I The clustered results alB shown _m Table 2． 

The~for~，the fh sy曲 n Carl be expi~sged in three 

talcs． 

Table 2 Clustered results of缸； IliI samples 

Ruk The sequenceⅢ  of liⅡiⅡg∞呷 lcs 

1 No 1，No．9，No．10，No 11，No．12，No ．15 

2 No 2，No ．3，No ．4，No．5，No  6，No ．161No堍 No ．∞ 

3 NO ．7，NO ．8，No L3，No．14，No 17，No．18 

Step 2 Scpal~ ytrainNN andNNu，NN2，NN3 about 

1500印0ctls．Each notwod~hastwo hiddenl ，and 

thenRnlb~ of nodesin each hidd~ layeris determined 

as 5 and 3 by trial-and-exfor．The following mlesⅢe 

(9otaiaed 

Rule 1： X =( l， 2，即， 4，奶) ∈甜， 

THEN Y=(Yl，Y2，Y3，Y4) ： 

NN1( l， 2，X4， j)； 

Rule 2： X=( 1， 2，甸， 4，奶) ∈ ， 

THEN y=(Yl，Y2，Y3，Y4) ： 

NN2( 1， 2， 3， 4， j)； 
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Rllle 3： X=( 1， 2，奶， 4，x5) ∈嚼， 

Ⅲ噩N Y=(YI，Y2，Y3， ) = 

3(Xl，x3， 4，x5)． 

Acc0Iding to ate above three mles，we input all the 

recordpairsinto diagnosticmodel and obtainthe detect— 

ing results as showninFig．3．Inorderto testthe ability 

of cancellationto m曲s1皿Bt~oiscs， have gupc畦mp0sed 

white noises to each Ⅱ坨a飘|re variables．In Fig．3．we 

only [xeseat ate detecang results of the membcmhip 

~ulclion YI，which tallies with the monitored results． 

There are similar deleting results forthe otherⅡm b朗卜 

ship mcti0n(Y2，Y3 and y4)． 

Fig．3 illustrates妇 actual ot~put sequence and the 

model oulptlt sequence for both the ~ ming samf~  

(fium No．1 to No．2O)and dx~ldng samples (from 

№．21 to No．36)．The m ∞血 model has been 

trained with only training samples， it still fnaps the 

checking samples very good．Obviously，the diagnostic 

model based on the fuzzy hemal~twork has pc ect 

genemlization pc m ∞ and虹 ng abi~ty． 

No 

— measuring values(on noise) 一 measuring values(noise) 

一 --- predicting values 

Fig 3 Actualoutput andmodeloutput offaultm~nhcrshipfunction 

4 Conclusions and further discussions 

The simulation  results show thattheproposed s血lcn1re 

and principle offuzzyfit~llral networkfor nonlinear sys- 

teⅡB are feasible．They can be used to 神 ze online 

faultdiagnosis in real time．The method has strong I19一 

bust for me ast~ng noises，and cm effectively in 

the co∞∞岫ess and印∞dincss offaultdiagnosis．How— 

er，the a-a~ rg samph~ ob tained by past record pairs 

are limited and cannot cove／"the whole working condi— 

tions of the dng systems．In view ofthe localiza- 

tions of sample spaces and time-varying properaes of 

system parameters． the off-line leaming and on·line 

leaming should beirI∞ a删 in complex ca in 

0rderto impl'ove the diagnostic rc us血css． 

Re~erences 

[1j 脚 Ⅺ日曲 ，QiLl Lgma Wang ．Ack~five DD 

filter neural n时 ha§ m d a~ficafiom _Ⅲ m · ef h血 蟮- 

Ⅱo∞[J]Control D鲥 ，199"／，12(1)：78—82 

L2j ]ang】s R l̂ 日s-A娜 d _n嘲 ba船＆fw-~y姻击e嘟∞ s-yma~ 

[Jj 啦 Tram ∞ Syslcm，Mm∞do ，1993，23(3)： 

714—723 

[3j IAn -Teng ＆∞ ∞c s Nemal岫 S~smm[Mj New 

kf3 ：PrentR~Hall r 0n嗣1．Inc ，1996 

[4j w螂 Y~mji T1．Ji卸．NeuralN 出 Con~llcx[M]． 加g： 

Pubilsh~ of dcaI m ，1988 

本文作者简介 

跚 咖 Bornin1973，motivedthe H．D，姆 ∞in 20O0 

wo曲 _mk嚼蚯四脚 柏 Om',,~ity ofthe 咄 ’slj 蚰∞ Army 

础 唧 醛a vi sdlo[~"inD单缸删 of̂ 1地m岫 ．T曲蛐  

【IIIj州 靶田ch 暇哺sincbad~intellectfault di瞎∞出 b酬 咂 

∞ rd n 础 ， l曲 埘 ∞ ，evolution 晖 嘶 ng蛐d∞ m 
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