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545 I6 VANDOEUVRE-LES-NANCY (F"x) 

A hvo stage stntegy for fadt detectioii isohtion aud &ination 
of iiiultiple gross me'lsurenieiit errors (hilts) in a class of 
system d m i  simndtxiausly by l i i i ~ ~  arid bihiicu 
qmtions is presented. Tlie first stage coilsists in the detection 
aid isolation of gross itieasllreirieiit errors intcn ening oidy in 
tlie linear eqtatior~ The second stige deals with the dctcctioii 
arid isolation of gross itieasureineiit errors uitenening on Uic 
bilinear eqmtiorls by using corrected nieaslmiiieiits of Uic 
precading stage. A GLR method is employed to detcct arid to 
isolate the fadts. An application of the proposed m t e g ,  is 
presented for a lieat esclmger system for wliicli the process 
indel coilsists of a set of hiear aid biliiiGV quiiliois. 
Si~iiulatiots were perfonned to test the clficicnq of tlic 
prop& rnetliod. 

1. Introduction 

System described simdtaieously by linear and bil~iicu 
eqilations a"hite ai important potential "XI for data 
m~iciliatiori tcclmiques nus typc of inodel stnicture IS oncii 
i d  when describing a flow p m  (iiimcnl or ciieiiiicd 
bidustl).., oil rehiery) by illaterial and/or cncrgv b;J:uicc 
eqwitiom. arid ai be fpimd ui lieat esclwigers 

Tlie in&ig importme of h a t  esclwigers in the iiidustq is 
not to be deinonstrated. A set of interconiiected licit esclxuigcrs 
m y  be d m M  by a static Ilnex-bilinm inodcl obtiCncd b! 
the writing of IIL?SS arid tliental bdaruces of these csclxuugcrs. 

We were interested Ui  using hi l t  detection aid isolation 
teclmiquies to validate the daiLi provided by scilsors beforc utsitig 
them for controlling the prcms. 

Classically. tlus &ita vnlidation or &ita mncili;itioii is dilidcd 
in the folloituig steps : prcliiiiiiwy system decoiiupasitioii 

according to the obscnability. derectios isolation, &nation of 
fiiilts aid &ita reconciliation. 

hi (lie last tu0 decades, various methods for detection and 
is0l:ition of gross errors in process dati lave been proposed 
including gcneralixd likcliliood ntio itietliod (GLR) [ 11, 
nicisIIlciiiciit test mclhod (21, pxity space method [3] and 
pscuido iiodes iuclhod [4]. The aim of this piper is to esTeiid the 
tiulizitjoii of tlie GLR test to detect arid isolate seilsor faults for 
a class of qstciils dcscribcd siiiiiltvleorsly by hiear (mass 
b;J:uicc) aid bilinear eqtlatiorls (thentkd balance). The cliosen 
ripplicauoii is ;i licit esclxuiger ?stem. 

Tie proposcd iiictliod comprises hi0 stiges. The first stage is 
tlic gciicmtion of Iinczr residuuls usbug a clasSiGll inetlid &e 
tlicy: cited pmiously. Anenbar&, the detactiori isolatiori 
idciirificnlion a i d  comtiou of tlie measuremeiits intervening 
onl! 111 liiiclr qutiitioius arc done. 

Tlic sccoiid stage iii\;oli~es die gellention of bilhiear reSidukdS. 

Tlic GLR test is applicd to generate bilinear residuals by using 
\xlidrrtcd "reiiicii1s of the p d n g  stage. Tlus test allows 
the dctcction of ~ricasu"'icnt hdts that intervene only bi 
biliiicv quutjoin. The phascs of isolation, identifiation and 
correction c u i  then be dn\w in a~llogots itmuier to the 
prcxcdiig stage. 

This paper is organized as follows. In the second 
section. tlic hypotheses which are necessary for 
dcvelopiiig the proposed inethod are described. The 
third scction is dedicated to the description of the used 
iiiodcls. Aftcnwds. the residual generation is described 
in  [lie follo\~~ing section. The fifth section reiiieinbers 
fault  dclcclion and isolation based on the use of GLR 
test :iiid dcscribcs tlic proposed strategy. Then, a simple 
siiiiiil;itcd cwiiplc  illustrates tlie method. 
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2. Hypotheses 

Tlie following liyptlicses are assluiied to bc vcrificd: 

the inodels (hear and bhear)  are esact. 
0 tlie mneasumrient errors are not correlated aid are nonil;llly 

distributed with zero nian, 
0 the variances of these errors are know~i or estinlated. 

In the following, we wdl denote by 0 tlie vector of f l o ~  
"ureirieiits and by T tlie vector of tenipntun: 
mn&wreiiieiit. Tlie vector Q, the vector of m " c i i l  crrors 

and the vector of flow seilsor faillts do are conncctcd nith 

the vector oftrue values Q* by the niocic~: 
I 

0 = Q* + E Q  +d, (1) 

The vector T, the vector of mnasireiiicnt errors cT aid die 

vector of t e i n p "  sensor faults d ,  arc also connected \~\ith 

tlie vector oftrue values T *  by a similar model: 

T = T *  + E ~  +d, (2) 

All these vectors are of duneision v x 1 , Momvcr, Ict us 
denote VQ (respectively J/, ) the v c i a i e a \ ~ ~ ; u i c e  inalri\ of 
E+ (respectively E, ). 

3. Representation of heat exch'mgcr systcin 

A lieat esclmiger unit ai be iiiodeled by a iiclwork 
repmnted in figure 1; four strevis are coisidcrcd uidi 
~rieasuremeiits of flow arid teinpenhre. 

Tlie Irieidence nlalrir; AdQ of dimension / / r  x 1' relative lo 

linear equatiois ai be written as: 

1 -1 0 0 

0 0 1 -1  

In this Itutrk a "I" indicates ai hipiit v'iable arid "-1" 
indicates ai output v"iable. So the liiiear part of the 
iilatlieimtical Incdel is written imder the exact stnict~u;ll from: 

Tlie lnic valucs of flows aid taiipewhres are linked by tlie 
folloning biliiiou conslr;unts: 

A I ,  LIQ,l'* = 0 (4) 

where A /7. is ai incidence iiutris of diiiieilsion n x 1' relative 
to bilincar cqiiado~s aid Do* is a diagod mmtri.~ whose 
diagoilal is foniicd of the conipnents of the vector of the tnie 
values of flons. Tliis tqye of iiotatioii will be isxi tlwugliouit 
tliis piper. 

hi thc clisc of a siiiiplc h a t  csclmger unit, h.1, is given by: 

A I T  =(1  -1 1 -1) 

4. ResidiiJ generation 

Tlie vcctor of flow menaremeiits Q does not verify the 
constraint qitiition (3). Lct is d e h c  the vector of liiiear 
residilals R of dimension 111' 

I? = n/,c_> (5) 

hi tlic absciice offlow Lmlts aid wider tlie pmous liypotksis 
rclatne to tlie " m i i e i i t  errors. the vector R is iiontlally 
d~stribritcd \\iUi /cro i i icm and a variaice iilatri. 

I / ,  =. \ / ( , I  LAli (6) 

hi die presence of flow fadts, the vector R is nonrkffly 
distributed uitli ;I iiiaui qid to MQdQ and a variance ~mtrix 

H ,  which is idclitid to the pmiois case. 
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Any diagonal inatrk U. is constitiitad by tlic ciitiics of tlic 
vector . 

As we lnve obsewa tlie expected value of tlic vcctor I V  
depids s~nultaneouSny on the inagnitndc of flow aid 
temperature mneaw"eiit faults arid tn~c nngnitudcs of tlicse 
hvo variables. In tlie presence of flow aid tcnipemltrc 
ineaminent faults, it will be practically iiiipossible to isolate 
the flow or the teinpemture that is fiulty directly. In addition tlic 
matrix of vc~ancecovarianCe of residuals depends on uulknowvn 
t n ~  nlagnihldes. To detect flow aid teinperatirc ni~is"iicnt 
faults, it is therefore necessary to estinlale tliis n m ~ r i s  of 
Varl~lCecovariance. 

The of the following is to generate a new residual of 
bibnear constmint which is insensitive to flow nieaStucnicnt 
faults. The flow ineaslmiiients are then rcplaccd by thcir 
estiiimtion and a new residual vector 16 imy bc \vrittcn as: 

W =Al ,D-T  e ( 10) 

With tlus tmxfonmtioti tlie detection-isolation of 1ciiipcfiitiu-c 
i m ~ i n c i i t  faults imy be done as for linear systems as the 
I E I ~ ~ ~ C ~ S  h.1, a1d De p & i d y  kno\\ill. 

5. Detection by GLR mdhod 

Tliereafter, we considcr fust tlie case where only a singlc 
temperature seilsor is fidty and nest. we \ d l  estcnd tlie 
inetlid to the case of inultiple fadts. 

In the case of a single tetnpemhue hdt, qualion (2)  bcconics: 

T =T* +E, +h,e, ( 1  1) 

wlierc el is a vector of dimension v containing 1 in position,/ 

(and zefo elsewhere arid h, is tlie iullaiowvn iingnitudc of 
teinperatim fault. 
Tlie problem of detectiori isolation aid cormtion of his C i d t  
consists in detennining tlie fiinlty ni~istmnicnt .I aid the 
nxignihide ofthis fault. 

n i e  inathenlatical eqxat ion  of IP is: 

If \\e considcr t l u t  flow estiiilatioils arc closed to their true 
valucs, tlic niatris of nrkiccavaiaice (13) nmy be 
considcrcd as ;I good cstinlatioii of (8). 

So as to dctcct scilsor kiidts, a test of liypotlieses inay be 
implciiicntcd. Tl ie  t\vo follcwlng lijwtlieses fmis on t l ie value 
of tlic espxtcd value of bilinear coimaint residuals. 

11,: ~ s p ( ~ i ' )  = o 
FI, : Esp(li') = 6, f, a tempcmttur: fadt is present. 

I n  ordcr to test these 1ijptlicses, using the nontd probability 
dcilsit> of If'  . the likcliliood ratio of these hvo liypotlieses is 

no leniperattlre finlt is present. 

GdCllhlCd 

By replacing h, in tlic esprcssion (15). we obtaiti: 

Tlic ~anablc PI , siini of qtlares of 11 nonitally distributed 

\t;mablcs follous a Chi 2 law with M degrees of f d o m .  To 
dctcct and isolate llic prcscnce of a hdt, we use the next 
statistic. 

(1s) I' = sop f', > y"; , cc 
J 

Thc \:due of I' IS compared to a threshold indexed by a 
confidcnce lcvcl LY If P IS less tl~vi tliis tlmhold, 
nieaslu-cniciit niagnitndcs arc accepted aid no teinpemhlre 
kiudl are dctcctcd On tlie other ltuid if P is p i t e r  tlwi tliS 
tliresliold die \a"les belonging to ai equation wlkh 
nonidi/cd rcsidial is greatcr t l~m a threshold (L.ed by the 
choicc of tlic probabilitj of' error of tjv I> are deckved faulty. 
Tlicsc nonixdmd residuals are conipntcd as follows. 
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Tlie procedure of detection and isolation of flow aid 
teiiipemtim mneas"iient hdts can be auniilarizcd by ihc 
following steps: 

( 1  - I  - 1  0 0 0 0 0 0 0 0 0 0 0) 
0 1  0 - 1 0 0 0 0 0 0 0 0 0 0  
( 1 0 1 0 - 1 0 0 0 0 0 0 0 0 0  
0 0 0 0 1 - 1  0 0 0 0 0 0 0 0 

(I 0 0 1 0 1 - 1 0  0 0 0 0 0 0 
0 0 0 0 0 0 0 1 - 1 - 1  0 0 0 0 
( I 0 0 0 0 0 0 0 1 0 - 1 0 0 0  

(I 0 0 0 0 0 0 0 0 1 0 -1 0 0 

( I 0 ~ J 0 0 0 0 0 0 0 0  1 - 1 0  

0 step 1 - detection. isolation aid estinmfoii of flow 
in"xieiit hudts 

Orice we lave isolated <all flow ~n~aslmiiieiit Bdts aid 
estimated their iaggutude by a well adaiptcd tecluiiquic for 
linear systems (iiietliod of parity space. mcthod of 
~neasureinent test, GLR method or otliers) nliicli prcduce 
tlie same results, we proceed to tlie estiiilatioii of flow 
"reineti ts .  Tlie estinntion is giveii by thc classical 
exyressioii: 

~ =(I , ,  -VQAdi  ad^)(^-^^^) ad^)(^-^^^) (20) 

where I v  is tlie identity inalris of diiiieilsioii 1' x 1' 

step 2 - detection of slspicious tempemhm ~ii~wmiiieiils 

Tlie nonfialkxd residual MI,,, given by equntioii (1'9) is 
dCul?ted. If no coinpielit of tlis vcctor escccds tlie fiscd 
tlireshol4 the procedure is stoppd. If tlic iioninlixd 
residual of tlie ith quation escecds the tlircsliold tlic 
variables iuteweiiitig in tlus eqiatioii [ac sqecled to bc 
fa1dty. 

step 3 - application of tlie GLR test to isolate sispiciois 
teinpemture ineasumneiits 

AU tlie variables P, (eqiation (IS)) associated to aich 

suspected variables is tlicrefore dadated.  Tlic variable P 
given by tlie esyression (18) is adiated aid coii ipd to a 
tliresliold. I f P  is p i t e r  tllari this value, llic corresponding 
tenipemhm ineaslmmeiit is declared fiiidly. 

step 4 - estiiilatiori of tlie magnittide of teiiilxratim h i l l  

Tlie iimgnitude of tlie tenipemtum meaammeni fiiilt is 
coinputed by using equation (16) ; tlie correspoiiding 
mea.stmineiit is conipcnsated arid tlie residuds of biliiicar 
coilstrairit are evaluated agabx tlus procedilre is rcpzitod 
fioin step 2 to detect eveiitunl new t c i i i p "  
niemiiieii t  faults. 

stel) 5 - data mndia t ion  of teinperatim iiieasiireiiieiits 

Mer  having determined tanperahms tlut are fiiulty w d  
estimated iimgnittde of tlieir faudts. we proceed io the 
estimation of ternpetxture iiieasureiiieiits. 

The dita miiciliatioii probhn coilsists in detennhing tlie 
estinialion 7? of tlic t e m p " s  w~lic~i i i ~ i i "  tile 
crilcri011: 

This ~probleiii mi bc solved by cl'?ssical search of tlie 
stalionwy pint of tlic "iociatcd kigrmigiui. The estimitioii 
of leinpraium iiiemmiiiciits is given by: 

6. Application 

A cold Plow 0, ai a iaiipcratwc T, is heated by a hot flow Q8 at 
a tciiipci;itiuc 7:y through heal csclmgers. 

1 

1 , .  

A I  = 

and thc iiicideiice nlatrix AdT is given by tlie following iiutrk: 

I l l ,  = 

' 0 1  0 - 1 0  0 0 0 1  0 - 1 0  0 0 
0 0  1 0 - 1 0 0 0 0 0 0  1 - 1 0  
0 0 0 0 1 - i 0 0 0 1 0 - 1 0 0  
1 - 1 - 1 0  0 0 0 0 0  0 0 0 0 0 
0 0 0 1 0 I - 1 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 1 -1 -1 0 0 0 0 

, 0 0  0 0 0 0 0 0 0  0 1 0  1 - 1  
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One tlioisand obse~~atiois whose measurement errors are 
Iionrkdy distributed with zero niem atid a knonii vari,uicc 
1nve been siinilated. Ailenwds. we I w e  biascd 
sirnultaiwisly the Iimgnihtde of the flow 01 of +20 %. t l u t  of 
Ql of +30% and that of tlie teniperahuc TI I of +25 % of their 
initial values. 

1 
t / d q  "C 
117.6 81.8 

I 2 I 40.3 I 80.2 I 
3 61.8 81.1 

59.4 131.1 
61.1 158.9 
99.5 153.4 

8 128.1 226.2 

4 40.6 162.8 

9 
10 

79.3 2 17.8 
49.4 230.7 

Table I :  values of flow ,and teiiiperahre iiiasutrciiiciits 

Tlie different steps of detectioii isolation and estinlation are the 
following. In the first stage, tlie propscd strategy 1x1s bocii 

applied to detect arid isolate the two hidt) flow sensors. For ;i 
given tliresliold, tlie suspicious residuals due to the presciicc, in 
tlie flow data. of gross measlmiiicnt errors a i  bc delected. We 
ai also &mite tlie imgnihide of faults of tliese nioisumnicnls 
aid deduce tlie estimation of flow ni~wtrenients 1 ai 1 1. The 
vectors of edrmted rmguhides of fattlts aid corrected flow 
niewmInieiits are: 

iQ =(24.1 0 0 0 0 0 0 0 0 0 16.7 0 0 0) 

0=(100.9 40.3 60.6 40.3 60.6 60.6 100.9 1292 79.5 
49.6 79.5 49.6 49.6 129.2)T. 

Tlie second stage consists in detecting and isolating the Elill> 
teniperahre se~lsors Applying tlie proposcd stratcgt, \\e 
obt'aill 

ti, = (0 0 0 0 0 0 0 0 0 0 48 8 0 0 0 )  

?= (81.4 80.8 81.8 159.2 129.3 156.9 157.8 225.6 
229.1 183.7 195.6 137.5 165.9)r. 

11 
12 
13 

7. Conclusions 

J 03.4 232.5 
50.6 192.4 
48.9 137.2 

111 this co~nn~ruii~~doi~. we IEIVC exlaided the method of fault 
dctectioii aid loCalizition based on the GLR test in tlie case of 
biliiicu systens. Tlic mclhod Ius been applied to detect and 
isolate fiiidls as veil as to cstinmte flow aid teinperahm 
niCilsitrcnients of hait evhnger  systems. 

In the first stage. the \mablcs intaierung in linear qintions 
only are arl;dyz& The nieiamnient fiidts of these variables 
,m dctcctcd isolated and tlielr nqgiitiides are estimated. 
Thereallcr. a cl:issicd metliod of estinlntion ising projection 
nuitri\ allous tlie corrcctcd nicaswiiieiits to be obtained. After 
tlus skp, a sct of corrected floH iiieistuements fitting the linear 
e q ~ ~ l b o i ~  perfectl! IS obt;uncd 

hi tlic sccond stagc. Uie GLR test is applied to bilinear 
conslr;liiit residuals computed wing die pmlious corrected set 
of floiv niaistIlciiients. Tl ie  test allows the gross memmnient 
emrs of teiiipcratiirc to bc detected from the bilinear qintiois. 

Tlie rcstlts obt;uncd from the lieat exlmger example sliows 
t l a t  Uic proccdiur: siniudt~ieously detccts flow gross errors and 
tcnilxnilwc gross crrors ~sstied from the same st". 
Aiud!mig Uie ob1;uncd rcsdls. we  xi say tllat tlus strategy is 
mucli niorc reliable h i  Uic pseudo node metliod [4] wlicli 
\\:is applicd csscnb;dly i n  mined processes Tlus metliod is 
bascd on tlic gcnciation and :uzdysis of all tlie residids tllat ai 
be obtmcd b! cllmllmon of coninion variables between two 
qil;iboirs Applicd on the proposed ewiiplc, the niethod of 
pseudo iiodc wis not ablc to dctccl aid isolate c o d y  the 
iiioisinniciit fiiidls In pwcidx, thc mcaamment hidts on 
m u i i  11 (flow aid tenil>cmhre faults) were not correctly 
isolated Howver. the pseudo node method is iiinnencally 
niorc eficicnt bccnusc it nmls less coniputabon time. 
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