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A b s t r a c t  
 

T h e  p a p e r p re s e nt s  a  ne w  m e t h od  f or t h e  m u lt i p le  f a u lt  i d e nt i f i c a t i on i n 
c om p le x  i ns t a lla t i ons . C u rre nt  s t a t e  of  i nve s t i g a t i ons  a nd  t h e  ne c e s s i t y  f or 
t h e  m u lt i p le  f a u lt  i s ola t i on i n t h e  d i a g nos t i c s  of  i nd u s t ri a l p roc e s s e s  w e re  
s h ort ly  c h a ra c t e ri s e d . A s i m p le  i s ola t i on a lg ori t h m  w a s  g i ve n t h a t  a s s u m e s  
t h e  t h re e -va lu e  e va lu a t i on of  re s i d u a ls . F a u lt  i d e nt i f i c a t i on i s   c ond u c t e d  
on t h e  g rou nd s  of  e q u a t i ons  of  re s i d u a ls  t h a t  t a k e  e f f e c t s  of  f a u lt s  i nt o 
a c c ou nt . I t  w a s  s h ow n t h a t  i f  t h e  nu m b e r of  p os s i b le  f a u lt s  i nd i c a t e d  
d u ri ng  t h e  i s ola t i on d oe s  not  e x c e e d  t h e  nu m b e r of  p ri m a ry  re s i d u a ls , 
va lu e s  of  w h i c h  d o not  s t ra y  f rom  z e ro t h e n t h e  i d e nt i f i c a t i on i s  p os s i b le . 
T w o f a u lt  i d e nt i f i c a t i on e x a m p le s  i n a  t a nk  s e t  a re  p re s e nt e d . 
 
K e y w o r d s :  f a u lt  d e t e c t i on a nd  i s ola t i on, t h e  t h re e -va lu e  e va lu a t i on of  t h e  
re s i d u a ls , d i a g nos t i c  s y s t e m . 
 Met o d a l o kal izacji i id ent y f ikacji uszko d zeń  w iel o kr o t ny ch  

 
S t r e s z c z e n i e  

 
Prz e d s t a w i ono now a  m e t od ę  i d e nt y f i k a c j i  u s z k od z e ń  w i e lok rot ny c h   
w  ob i e k t a c h  z ł oż ony c h . Kró t k o s c h a ra k t e ry z ow a no s t a n b a d a ń  i  p ot rz e b ę  
roz p oz na w a ni a  u s z k od z e ń  w i e lok rot ny c h  w  d i a g nos t y c e  p roc e s ó w  
p rz e m y s ł ow y c h . Pod a no p ros t y  a lg ory t m  lok a li z a c j i  u s z k od z e ń , 
z a k ł a d a j ą c y  t ró j w a rt oś c i ow ą  oc e nę  re s i d u ó w . I d e nt y f i k a c j a  u s z k od z e ń  
p row a d z ona  j e s t  na  p od s t a w i e  ró w na ń  re s i d u ó w  u w z g lę d ni a j ą c y c h  w p ł y w  
u s z k od z e ń . Pok a z a no, ż e  j e ś li  li c z b a  w s k a z a ny c h  p rz y  lok a li z a c j i  
m oż li w y c h  u s z k od z e ń  j e s t  ni e  w i ę k s z a  ni ż  li c z b a  re s i d u ó w  p i e rw ot ny c h , 
k t ó ry c h  w a rt oś c i  od b i e g a j ą  od  z e ra , t o i d e nt y f i k a c j a  j e s t  m oż li w a . 
Prz e d s t a w i ono d w a  p rz y k ł a d y  i d e nt y f i k a c j i  u s z k od z e ń  w  z e s p ole  
z b i orni k ó w . 
 
S ł o w a  k l u c z o w e :  lok a li z a c j a  i  i d e nt y f i k a c j a  u s z k od z e ń , t ró j w a rt oś c i ow a  
oc e na  re s i d u ó w , s y s t e m  d i a g nos t y c z ny . 
 1 .  Int r o d uct io n 
 

T h e m aj o r it y  o f   k n o w n  diagn o st ic  m et h o ds w er e in v en t ed o n  
t h e assu m p t io n  t h at  o n ly  sin gle f au lt s ex ist  [ 2 ,  1 1 ,  1 4 ,  1 8 ,  2 1 ] .  
S u c h  an  assu m p t io n  c au ses a sign if ic an t  sim p lif ic at io n  o f  t h e f au lt  
iso lat io n  algo r it h m .  I t  c an  be ap p lied,  h o w ev er ,  f o r  in st allat io n s 
h av in g a r elat iv ely  sm all n u m ber  o f  elem en t s sin c e t h e p r o babilit y  
o f  ex ist en c e o f  sim p le f au lt s is m u c h  h igh er  t h an  t h e p r o babilit y  o f  
ex ist en c e o f  m u lt ip le o n es.   

P r o blem s o f  t h e m u lt ip le f au lt s iso lat io n  w er e r elat iv ely  seldo m  
c o n sider ed in  t h e F au lt  D et ec t io n  an d I so lat io n  ( F D I )  p ap er s.   
I n  [ 4 ,  8 ] ,  a c ase o f  t h e m u lt ip le f au lt  diagn o st ic s o f  m easu r em en t  
dev ic es an d ac t u at o r s w as an aly sed w it h  t h e u se o f  t h e ban k  o f  
o bser v er s t o  t h e r esidu al gen er at io n ,  an d t h e c lassic  lo gic  t o  t h e 
dec isio n  t ak in g.  M o r eo v er ,  it  w as assu m ed t h at  o t h er  f au lt s do  n o t  
ex ist  w h at  sign if ic an t ly  lim it s t h e p r ac t ic al asp ec t s o f  su c h  an  
ap p r o ac h .  

F o r  lin ear  in st allat io n s,  t h er e ex ist  m et h o ds f o r  t h e dist u r ban c e 
an d f au lt  dec o u p lin g t h at  allo w  u s t o  sh ap e t h e r esidu al 
su sc ep t ibilit y  t o  f au lt s [ 9 ,  1 0 ,  1 1 ] .  O n e aim s t o  o bt ain  t h e diago n al 

M g r  i n ż .  Ł u k a s z  G O Z D E K  
 
D o k t o r a n t  z a t r u d n i o n y m  n a  s t a n o w i s k u  a s y s t e n t a   
w  I n s t y t u c i e  A u t o m a t y k i  i  R o b o t y k i ,  W y d z i a ł u  
M e c h a t r o n i k i  P o l i t e c h n i k i  W a r s z a w s k i e j .  Z a j m u j e  s i ę  
p r o b l e m e m  d i a g n o s t y k i  u s z k o d z e ń  w i e l o k r o t n y c h .  
I n t e r e s u j e  s i ę  t e m a t y k ą  z w i ą z a n ą  z :  s y s t e m a m i  
s t e r o w a n i a ,  s i e c i a m i  p r z e m y s ł o w i  o r a z  a l g o r y t m a m i  
s t e r o w a n i a .  
 
 
 
 
e-m a i l :  l u k a s z g o z d ek @ o p . p l    

 
diagn o st ic  m at r ix .  S u c h  f o r m  o f  t h e m at r ix  is t h e best  sin c e it  
en su r es t h at  o n ly  o n e r esidu al is su sc ep t ible t o  eac h  o n e o f  t h e 
f au lt s.  E ac h  v alu e o f  t h e  r esidu al t h at  st r ay s f r o m  z er o  in dic at es 
t h e ex ist en c e o f  an o t h er  f au lt .  T h u s,  t h e p r o blem  o f  m u lt ip le f au lt s 
is p o ssible t o  be so lv ed.  H o w ev er ,  t h e diago n al diagn o st ic  m at r ix  
m ay  be o bt ain ed o n ly  in  t h e c ase in  w h ic h  t h e n u m ber  o f  f au lt s 
do es n o t  ex c eed t h e n u m ber  o f  t h e in st allat io n  o u t p u t s [ 1 1 ,  1 8 ] .  I n  
r ealit y ,  t h e n u m ber  o f  t h e in st allat io n  o u t p u t s is eq u al t o  t h e 
n u m ber  o f  t h e m easu r em en t  dev ic e f au lt s.  I f  o n e t ak es all f au lt s 
in t o  ac c o u n t ,  i. e. ,  f au lt s o f  t h e m easu r em en t  dev ic es,  ac t u at o r s an d 
c o m p o n en t s o f  t ec h n o lo gic al in st allat io n ,  t h en  t h e n u m ber  o f  
f au lt s is alw ay s h igh er  t h an  t h e n u m ber  o f   t h e in st allat io n  o u t p u t s.  
T h er ef o r e,  t h is ap p r o ac h  is n o t  su it able in  t h e in du st r ial p r ac t ic e.  

T h e A I  m et h o d [ 5 ,  6 ,  7 ,  2 0 ]  also  k n o w n  as t h e m o del-based 
diagn o sis ( M B D )  m et h o d [ 6 ,  7 ]  based o n  t h e R eit er  t h eo r y  [ 2 2 ] ,  
allo w s u s t o  in dic at e n o t  o n ly  sin gle f au lt s bu t  also  t h e m u lt ip le 
o n es [ 6 ,  7 ,  1 3 ] .  T h e diagn o ses ar e gen er at ed as m in im al h it t in g 
set s o f  all m in im al c o n f lic t in g set s [ 6 ,  7 ,  2 2 ] .  T h e adv an t age o f  
t h is ap p r o ac h  is t h e f ac t  t h at  so m e c ases o f  t h e f au lt  ef f ec t s 
c o m p en sat io n  ar e t ak en  in t o  ac c o u n t .  T h is m et h o d,  h o w ev er ,  w as 
ap p lied t o  t h e sim p le in st allat io n s u p  t o  dat e.  D u e t o  t h e c o m p lex  
f o r m  an d h igh  c o st s o f  it s design ,  t h e m et h o d is n o t  su it able f o r  
lar ge-sc ale in du st r ial in st allat io n  diagn o sin g.  A  t w o -lev el m o del 
su ggest ed in  [ 1 9 ]  is an  in t er est in g dev elo p m en t  o f  t h is m et h o d.  

A n  alt er n at iv e ap p r o ac h  in  c o m p ar iso n  w it h  m et h o ds based o n  
t h e R eit er  t h eo r y  is t h e m u lt ip le f au lt  iso lat io n  o n  t h e gr o u n ds o f  
t h e t able o f  t h e st at e.  I n  t h e t able,  sign at u r es f o r  st at es w it h  
m u lt ip le f au lt s ar e c r eat ed as alt er n at iv es f o r  sign at u r es f o r  sin gle 
f au lt s [ 1 0 ,  1 1 ,  1 5 ,  1 6 ,  2 3 ] .  I n  t h ese c ases,  t h e m ain  p r o blem  
c o n sist s in  t h e r edu c t io n  o f   t h e n u m ber  o f  st at es t ak en  in t o  
c o n sider at io n s du r in g t h e in f er en c e p r o c ess du e t o  t h e v er y  h igh  
n u m ber  o f  p o ssible st at es.  A lgo r it h m s design ed f o r  t h e lar ge-sc ale 
p r o c esses t h at  in c lu de an  ef f ic ien t  m ec h an ism  o f  su c h  a r edu c t io n  
w er e p r esen t ed in  [ 1 5 ,  1 6 ,  1 7 ,  1 8 ] .   

T h e m et h o d o f  dir ec t io n al r esidu als [ G er t ler  1 9 9 8 ,  P at t o n  et  al.  
2 0 0 0 ]  h as a h igh  p o t en t ial t o  disc er n  t h e m u lt ip le f au lt s.  T h e 
det ec t io n  f ilt er s m et h o d [ 3 ]  an d t h e ap p lic at io n  o f  t h e ban k  o f  t h e 
dec o u p led K alm an  f ilt er s [ 1 ]  also  h av e su c h  a p o t en t ial.  T h ey  
r eq u ir e t h e u ser  t o  k n o w  t h e m o dels o f  t h e in st allat io n  t h at  t ak e 
in t o  ac c o u n t  t h e ef f ec t  o f  f au lt s o n  t h e r esidu al v alu es.  

M u lt ip le f au lt s c an  ap p ear  as a seq u en c e o f  su c c essiv e o r  
sim u lt an eo u s f au lt s.  T h e sim u lt an eo u s o n es ar e t h e m o st  
dan ger o u s an d t h e m o st  dif f ic u lt  t o  iso lat e.  O n e c an  t h in k  t h at  su c h  
a sit u at io n  m ay  ex ist  v er y  r ar ely  in  p r ac t ic e,  if  o n e t ak es in t o  
ac c o u n t  in dep en den t  f au lt s.  I n  t h e c ase o f  lar ge-sc ale in st allat io n s,  
h o w ev er ,  t h e p r o babilit y  o f  m u lt ip le f au lt s is h igh er  t h an  z er o .  
M o r eo v er ,  t h e p r o blem  ex ist s p r ac t ic ally  du r in g ev er y  st ar t -u p  o f  
t h e sy st em  t h at  diagn o ses a lar ge t ec h n o lo gic al p lan t .  D u r in g t h e 
st ar t -u p ,  all o f  t h e ear lier  f au lt s ar e seen  by  t h e sy st em  as t h e 
sim u lt an eo u s o n es.  T h e lac k  o f  a m ec h an ism  t h at  iso lat es su c h  
f au lt s c an  lead t o  an  in c o r r ec t  o p er at io n  o f  t h e diagn o st ic  sy st em .  
T h er ef o r e,  t h e p r o blem  sh o u ld be so lv ed.  T h is p ap er  p r esen t s  
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a new solution of the problem of the multiple fault isolation and 
identific ation. 

 
2. F a u l t  I d e n t i f i c a t i o n  C o n c e p t i o n  
 

T he fault identific ation c onsists in the definition of the fault 
dimensions, and – if it is possible – the c harac ter of their c hange in 
time. T he implementation of the fault isolation is possible in the 
c ase of inferenc e on the grounds of the installation models. 

T he dy namic  sy stem c omplete desc ription that tak es into 
ac c ount the effec t of faults and disturbanc es (F ig. 1 ) is as follows 
[2 , 1 1 , 1 4 ] :  

 
 )](),(),(),([)( tftdtutxtx φ=&  (1 ) 
 
 )](),(),(),([)( tftdtutxty ψ=   (2 ) 
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F i g .  1 .   D i a g r a m  o f  t h e  s y s t e m  b e i n g  t h e  m o d e l  o f  t h e  d i a g n o s e d  i n s t a l l a t i o n   

( f -f a u l t s ,  u -i n p u t s ,  y -o u t p u t s ,  d -d i s t u r b a n c e s )  
R y s .  1 .   S c h e m a t  s y s t e m u  b ę d ą c e g o  m o d e l e m  o b i e k t u  d i a g n o z o w a n i a   

( f -u s z k o d z e n i a ,  u -w e j ś c i a ,  y -w y j ś c i a ,  d -z a k ł ó c e n i a )  
 

I f one c ould desc ribe the v ec tor of faults f on the grounds of the 
installation inputs and outputs on the assumption that disturbanc es 
do not ex ist, 
 0)];(),([)( == dtutytf ψ  (3 ) 
 
then the problem of the installation diagnostic s would be solv ed. 

U sually  this  problem is insolv able. T he main diffic ulty  c onsists 
in obtaining the mathematic al desc ription of the diagnosed 
installation that would tak e into ac c ount the effec t of disturbanc es. 
E v en if E q s. (1 ) and (2 ) are k nown, then the definition of models 
inv erse to the form in (3 ) is usually  not possible sinc e in reality , 
the number of faults is alway s higher than the number of eq uations 
that desc ribe the installation. T herefore, different simplified 
models and methods of the c onc lusion are used in the diagnostic s 
[1 4 ] . T hey  allow us to detec t and isolate the ex isting faults. 

I t is assumed that non-linear or linear eq uations of residuals that 
tak e into ac c ount the effec t of disturbanc es are k nown. L et us also 
assume the lac k  of disturbanc es, d= 0. E ac h one of the residuals is 
defined by  the following eq uation:   

 
 Jjtfuyqr j ,...,2,1);,,,( ==  (4 ) 
 

I f the set of possible faults F(1 ) will be indic ated as a result of 
the fault isolation, and if the forc e of this set is lower than the 
number of independent eq uations of the residuals:  

 
 JF <)1(  (5 ) 
 
then the set of eq uations (4 ) may  be solv able on the c ondition that 
all remaining faults hav e v alues eq ual to z ero:  fi∉F(1 )⇒  fi = 0.  
I n this c ase, the fault isolation c an be c onduc ted. T he most 
important here is fault isolation phase sinc e the forc e of the set 
F(1 ) depends on it. 

B elow, the multiple fault identific ation method is presented on 
the grounds of the set of eq uations of residuals tak ing into ac c ount 
the effec t of faults. T he method is based on the abov e desc ribed 
c onc eption. 

 

3 . D e f i n i t i o n  o f  t h e  S e t  o f   P o s s i b l e  F a u l t s  
 

L et us assume that faults belonging to the following set:   
 

 { }: 1, 2,...,kF f k K= =  (6 ) 
 

are detec ted and isolated with the use of the following set of 
residuals:  
 
 { }: 1, 2,...,jR r j J= =  (7 ) 

 
in witc h eac h one of the residuals is susc eptible to a spec ified 
subset of faults:  
 
 ( ) ( ){ }:j k j kF r f F r q f= ∈ =  (8 ) 
 

L et us assume that the three-v alue ev aluation of the residuals  
[− 1 , 0, + 1 ]  will be applied to the c onc luding. T he three-v alue 
ev aluation, in whic h the sign of the residual is tak en into ac c ount, 
allows us to inc rease the distinguishing of faults in c omparison 
with the two-v alue ev aluation [1 4 , 1 8 ] . I n this c ase, the  E q . (8 ) 
c an be replac ed by  two v alues of the residuals that c orrespond 
with the negativ e and positiv e signs. 

 
 ( ) ( ){ }: 0, 0 0j k j k m kF r f F r f f ≠− = ∈ ≠ = <  (9 ) 

 
 ( ) ( ){ }: 0, 0 0j k j k m kF r f F r f f ≠+ = ∈ ≠ = >  (1 0) 
 

I f the sets F(rj−) and F(rj+) are not identic al, then the three-
v alue ev aluation inc reases the distinguishing of faults. O therwise,  
F(rj−) =  F(rj+) =  F(rj), and the two-v alue ev aluation of faults  
will do. 

T he following rules of the ty pe “ i f   rj<0 t h e n  f k∈F(rj−)”, “ i f   
rj>0 t h e n  f k∈F(rj+)” c orrespond with E q s. (9 ) and (1 0), and the 
rule “ i f   rj≠0 t h e n  f k∈F(rj)” with E q . (8 ). 

D efinition of the relation ex isting between faults and the 
residual v alues must be implemented at the stage of the diagnostic  
sy stem design. T he fault isolation is implemented on the grounds 
of this k nowledge and the monitored residual v alues. I f a residual 
v alue is c lose to z ero then one infers that no fault belonging to the 
set F(rj) appeared:  

 
 ( )0 : 0j k j kr f F r f≈ ⇒∀ ∈ =  (1 1 ) 
 

I f a residual v alue is not eq ual to z ero one infers ac c ording to 
the abov e giv en rules that one of the following faults has c ome 
into being:  

 
 ( )0 : 0j k j kr f F r f< ⇒ ∃ ∈ − ≠  (1 2 ) 

 
 ( )0 : 0j k j kr f F r f> ⇒ ∃ ∈ + ≠  (1 3 ) 
 

T he abov e inferenc e rules are c orrec t if one assumes that there 
does not appear the phenomenon of the c ompensation of the 
simultaneous fault effec ts on the residual v alues that c onsist in that 
the residual rj v alue eq uals z ero despite the ex istenc e of two or 
more faults belonging to the set F(rj). 

O n the grounds of the abov e rules, one c an define an initial 
diagnosis whic h defines the set of possible faults:  

 
 ( ) ( ) ( ) ( )

: 1 : 1 : 0
1

j j j
j j jj r j r j r

F F r F r F r
≠− ≠+ =

= ∪ −U U U  (1 4 ) 
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The diagnosis F ( 1)  indicat es f aul t s f or  w it ch al l  of  t he 
sy m pt om s hav e b een ob ser v ed.  I f  one w ant s t o ob t ain a high 
accur acy  of  t he m ul t ipl e f aul t  isol at ion,  t he m ost  im por t ant  is t he 
num b er  of  t he r esidual  eq uat ions,  in w it ch par t icul ar  r esidual s 
shoul d b e suscept ib l e t o dif f er ent  f aul t  sub set s.  The higher  t he 
num b er  of  such eq uat ions,  t he l ow er  t he num b er  of  possib l e f aul t s 
|F ( 1) |= m dur ing t he isol at ion accor ding t o E q .  ( 14 ) .  Ther ef or e,  t he 
diagnosis accur acy  depends m ainl y  on t he set  of  m easur em ent  
signal s.  The secondar y  r esidual  gener at ion is al so v er y  im por t ant  
dur ing t he design of  diagnost ic sy st em  f or  m ul t ipl e f aul t s.  The 
secondar y  r esidual  gener at ion m et hods f or  l inear  inst al l at ions 
w er e descr ib ed in [ 2 ,  11,  14 ,  18 ] ,  and t he m et hod of  t heir  design 
f or  non-l inear  inst al l at ions w as giv en in [ 18 ] .  F ur t her m or e,  one 
can incr ease t he f aul t  dist inguishab il it y  b y  t he appl icat ion of  t he 
t r ee-v al ue r esidual  ev al uat ion.  

 
4. F a u l t  I d e n t i f i c a t i o n  
 

A s t he r esul t  of  f aul t  isol at ion,  t he set  of  possib l e f aul t s F ( 1)  is 
def ined.  L et  us assum e t hat :  

 
 ( ) ( ) ( )1 0 0k k kf F f f∈ ⇒ ≠ ∨ =  ( 15 )  
 
and 
 ( )( )1 0k kf F F f∈ − ⇒ =  ( 16 )  

 
The num b er  of  possib l e f aul t s eq ual s |F ( 1) |= m .  I f  one w ant s t o 

k now  w het her  t he f aul t  ident if icat ion is possib l e t o b e conduct ed 
t hen one shoul d def ine a set  of  independent  r esidual  eq uat ion 
suscept ib l e t o f aul t s b el onging t o t he set  F ( 1) :      

 
 ( ) ( ) ( ){ }1 : 1j j k kR r R r q f f F   = ∈ = ∧ ∈    ( 17 )  

 
I f  t he f or ce of  t his set  is eq ual  t o,  or  higher  t han m ,  |R ( 1) |≥ m 

t hen t he f aul t  ident if icat ion is possib l e t o b e conduct ed.  
I n t he set  R1,  onl y  pr im ar y  r esidual s m ay  b e used since t he 

secondar y  r esidual  eq uat ions ar e not  independent  f r om  t he pr im ar y  
r esidual s ( one ob t ains ident ical  r esidual  dependences on par t icul ar  
f aul t s) .  

I n or der  t o def ine t he f aul t  siz e,  one shoul d cr eat e t o f ol l ow ing 
set  of  eq uat ions:  
 ( )* *

, ,r q y u f=  ( 18 )  
 
w her e t he r esidual  v ect or  r*  is cr eat ed b y  t he r esidual s rj∈R ( 1) ,  
and t he f aul t  v ect or  f*  cont ains f aul t s fk∈F ( 1) .  I f  t he num b er  of  
possib l e f aul t s eq ual s t he num b er  of  eq uat ions |R ( 1) | = m t hen t he 
f aul t  siz e def init ion r esol v es it sel f  int o t he sol ut ion ex ist ,  and t he 
f aul t  ident if icat ion can b e im pl em ent ed b y  t he est im at ion of  t he 
f aul t  siz e w it h t he use of  t he m et hod of  t he l east  sum  of  t he er r or  
sq uar es.  F r om  t he ab ov e consider at ions it  can b e seen t hat  t he f aul t  
isol at ion accur acy  and t he num b er  of  t he pr im ar y  r esidual  
eq uat ions ar e t he m ost  im por t ant  f act or s if  t he m ul t ipl e f aul t  
ident if icat ion is t o b e possib l e.  I n t his case,  t he secondar y  
r esidual s ar e not  suit ab l e.  
 
5 . E x a m p l e  
 

The set  if  t r ee t ank s pr esent ed in F ig.  2  w il l  b e consider ed t he 
diagnosed inst al l at ion.  The set  is descr ib ed b y  t he f our  f ol l ow ing 
b al ance eq uat ions [ 18 ] :  

 
 ( ) ( ); ,Z

Z
PF k S U P c o n s tν ςς

∆= ≈ Φ ∆ ≈  ( 19 )  
 

 ( )1
1 12 12 12 1 22dLA F Q F S g L Ldt α= − = − −  ( 2 0 )  

 

 
( )

( )
2

2 1 2 23 1 2 1 2 1 2

23 23 2 3

2

2

dLA Q Q S g L Ldt
S g L L

α

α

= − = − +

− −

 ( 2 1)  

 
 ( )3

3 2 3 3 2 3 2 3 2 3 3 3 32 2dLA Q Q S g L L S g Ldt α α= − = − −  ( 2 2 )  
 
 
 

L1 L2 L3

F

u

  
Fi g .  2 .   D i a g r a m o f t h e  t r e e -t a n k  i n s t a l l a t i o n    
R y s .  2 .   Sc h e ma t  z e s p o ł u  t r z e c h  z b i o r n i k ó w  

 
The set  of  possib l e f aul t s f or  t his inst al l at ion is pr esent ed  

in Tab l e 1.  
 

T a b .  1 .   Se t  o f fa u l t s  
T a b .  1 .   Z b i ó r  u s z k o d z e ń  
 
Sy mb o l  Fa u l t  D e s c r i p t i o n  P h y s i c a l  

D e n o t a t i o n  
f1 i n l e t  fl o w  F me a s u r e me n t  p a t h  fa u l t  ∆F1 
f2 l e v e l  L1 i n  t a n k  n o .  1  me a s u r e me n t  p a t h  fa u l t  ∆L1 
f3 l e v e l  L2 i n  t a n k  n o .  1  me a s u r e me n t  p a t h  fa u l t  ∆L2 
f4 l e v e l  L3 i n  t a n k  n o .  1  me a s u r e me n t  p a t h  fa u l t  ∆L3 
f5 a c t u a t o r  ( p u mp ,  v a l v e ,  s e r v o mo t o r )  fa u l t  ∆F2 

f6 p a r t i a l  c l o g g i n g  o f t h e  c h a n n e l  b e t w e e n  t a n k s  n o s .  1  
a n d  2  ∆S12 

f7 p a r t i a l  c l o g g i n g  o f t h e  c h a n n e l  b e t w e e n  t a n k s  n o s .  2  
a n d  3  ∆S23 

f8 p a r t i a l  c l o g g i n g  o f t h e  o u t l e t  fr o m t a n k  n o .  3  ∆S3 
f9 l e a k  fr o m t h e  t a n k  n o .  1  Q1 
f10  l e a k  fr o m t h e  t a n k  n o .  2  Q2 
f11 l e a k  fr o m t h e  t a n k  n o .  3  Q3 

 
 
O ne can design t he pr im ar y  r esidual  set  on t he gr ounds of  E q s.  

( 19 )  t o ( 2 2 ) :  
 

 ( )1r F U= −Φ  ( 2 3 )  
 

 ( ) 1
2 12 12 1 2 12 dLr F S g L L A dtα= − − −  ( 2 4 )  

 
 ( ) ( ) 2

3 1 2 1 2 1 2 23 23 2 3 22 2 dLr S g L L S g L L A dtα α= − − − −  ( 2 5 )  
 

 ( ) 3
4 2 3 2 3 2 3 3 3 3 32 2 dLr S g L L S g L A dtα α= − − −  ( 2 6 )  
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Additional secondary residuals are created by the union of 
neig hbouring  m odels. R esiduals 5 to 7  base on the balances for the 
tank s nos. 1 -2, 2-3 , and 1 -2-3 , resp ectiv ely. T he flow  F in E q . (24) 
can be rep laced by the ex p ression Φ(U) calculated from  E q . (1 9 ). 
S uch a rep lacem ent w as ap p lied to residuals 8  to 1 0 . 

 
 ( ) 1 2

5 23 23 2 3 1 22 dL dLr F S g L L A Adt dtα= − − − −  (27 ) 
 

 ( ) 32
6 1 2 1 2 1 2 3 3 3 2 32 2 dLdLr S g L L S g L A Adt dtα α= − − − −  (28 ) 

 
 31 2

7 3 3 3 1 2 32 dLdL dLr F S g L A A Adt dt dtα= − − − −  (29 ) 
 

 ( ) ( ) 1
8 12 12 1 2 12 dLr U S g L L A dtα= Φ − − −  (3 0 ) 

 
 ( ) ( ) 1 2

9 23 23 2 3 1 22 dL dLr U S g L L A Adt dtα= Φ − − − −  (3 1 ) 
 

 ( ) 31 2
1 0 3 3 3 1 2 32 dLdL dLr U S g L A A Adt dt dtα= Φ − − − −  (3 2) 

 
T he abov e p resented residual eq uations hav e the calculation 

form  and do not tak e the effect of faults into account. D esp ite of 
this, one can define the subsets of faults the residuals are 
suscep tible to, on the g rounds of the analysis of p articular residual 
eq uations. T his k now ledg e can be p resented in the form  of the 
diag nostic m atrix  show n in T able 2. 

 
Tab. 2.  B i n ary  d i ag n o s t i c  m at ri x  fo r t h e  s e t  o f t re e  t an k s  ( 1 d e n o t e s  t h at  t h e  re s i d u al  

v al u e  m ay  e q u al  e i t h e r −1 o r + 1)  
Tab. 2.  B i n arn a m ac i e rz  d i ag n o s t y c z n a ( 1 o z n ac z a,  ż e  w art o ś ć  re s i d u u m  m o ż e  by ć  

z aró w n o  –1 j ak  t e ż  + 1)  
 
S / F  f1 f2 f3 f4 f5 f6 f7 f8 f9 f10  f11 
r1 1    1       

r2 1 1 1   -1   + 1   

r3  1 1 1  + 1 -1   + 1  

r4   1 1   + 1 -1   + 1 
r5 1 1 1 1   -1  + 1 + 1  

r6  1 1 1  + 1  -1  + 1 + 1 
r7 1 1 1 1    -1 + 1 + 1 + 1 
r8  1 1  1 -1   + 1   

r9  1 1 1 1  -1  + 1 + 1  

r10   1 1 1 1   -1 + 1 + 1 + 1 
 
 
T he m ore com p lete m athem atic descrip tion of the diag nosed 

installation tak es into account the effect of faults on the residual 
v alues. L et us p resent the residual eq uations in such a form . T he 
eq uations p resented below  constitute the m athem atic j ustification 
of the binary diag nostic m atrix  from  T able 2. 

 
 ( ) ( )( )1 1 2r F F U F= + ∆ − Φ +∆  (3 3 ) 

 

 
( ) [ ] [ ]( )

( ) ( )
2 12 12 12 1 1 2 2

1 1
1 1 1

2r S S g L L L L
d L LA Q F Fd t

α= − + ∆ + ∆ − + ∆ +

+ ∆
− − + + ∆

 (3 4) 

 

 
( ) [ ] [ ]( )

( ) [ ] [ ]( )
( )

3 12 12 12 1 1 2 2

23 23 23 2 2 3 3

2 2
2 2

2

2

r S S g L L L L
S S g L L L L

d L LA Qd t

α

α

= + ∆ + ∆ − + ∆ +

− + ∆ + ∆ − + ∆ +

+ ∆
− −

 (3 5) 

 

 
( ) [ ] [ ]( )

( ) ( ) ( )
4 23 23 23 2 2 3 3

3 3
3 3 3 3 3 3 3

2

2

r S S g L L L L
d L LS S g L L A Qd t

α

α

= + ∆ + ∆ − + ∆ +

+ ∆
− + ∆ + ∆ − −

 (3 6 ) 

 

 
( ) [ ] [ ]( )

( ) ( ) ( )
5 23 23 23 2 2 3 3

1 1 2 2
1 2 1 2 1

2r S S g L L L L
d L L d L LA A Q Q F Fd t d t

α= − + ∆ + ∆ − + ∆ +

+ ∆ + ∆
− − − − + + ∆

 (3 7 ) 

 

 

( ) [ ] [ ]( )
( ) ( ) ( )
( )

6 12 12 12 1 1 2 2

2 2
3 3 3 3 3 2

3 3
3 2 3

2

2

r S S g L L L L
d L LS S g L L A d t

d L LA Q Qd t

α

α

= + ∆ + ∆ − + ∆ +

+ ∆
− + ∆ + ∆ − +

+ ∆
− − −

 (3 8 ) 

 

 

( ) ( ) ( )
( ) ( ) ( )

7 3 3 3 3 3

1 1 2 2 3 3
1 2 3

1 2 3

2r F F S S g L L
d L L d L L d L LA A Ad t d t d t

Q Q Q

α= + ∆ − + ∆ + ∆ +

+ ∆ + ∆ + ∆
− − − +

− − −

 (3 9 ) 

 

 
( ) [ ] [ ]( )

( ) ( )( )
8 12 12 12 1 1 2 2

1 1
1 1 2

2r S S g L L L L
d L LA Q U Fd t

α= − + ∆ + ∆ − + ∆ +

+ ∆
− − + Φ + ∆

 (40 ) 

 

 
( ) [ ] [ ]( )

( ) ( ) ( )( )
9 23 23 23 2 2 3 3 1

1 1 2 2
1 2 2 2

2r S S g L L L L Q
d L L d L LA A Q U Fd t d t

α= − + ∆ + ∆ − + ∆ − +

+ ∆ + ∆
− − − + Φ + ∆

 (41 ) 

 

 
( )( ) ( ) ( )

( ) ( ) ( )
1 0 2 3 3 3 3 3

1 1 2 2 3 3
1 2 3

1 2 3

2r U F S S g L L
d L L d L L d L LA A Ad t d t d t

Q Q Q

α= Φ + ∆ − + ∆ + ∆ +

+ ∆ + ∆ + ∆
− − − +

− − −

 (42) 

 
I n order to illustrate the p rop osed m ethod, som e ex am p les of 

inference w ith the use of it w ill be p resented. T he installation 
p aram eters that ap p ear in the residual eq uations hav e follow ing  
v alues:  A1=A2=A3= 1 9 3 .5, α12S12=20 .1 , α23S23=20 .4, α3S3= 1 0 .  

 
A )  
 

L et us assum e that faults f6 and f11 cam e into being , hav ing  siz es 
of ∆S12=−4, Q 3=5, resp ectiv ely. T he follow ing  residual v alues:  
r1=0 ,  r2=−54.7 ,  r3=54.7 , r4=5, r5=0 , r6=59 .7 , r7=5,  r8=−54.7 , r9=0 ,  
r10 =5 are sym p tom s of these faults. T he v ector of q uantified 
residual v alues is as follow s:  [ 0 ,− 1 ,+ 1 ,+ 1 ,0 ,+ 1 ,+ 1 ,− 1 ,0 ,+ 1 ] . 
T herefore according  to E q . (1 4), it is p ossible to obtain:  F(1 )={ f6, 
f11}. I n the p rocess of the fault isolation w e obtain the accurate 
diag nosis that show s both of the ex isting  faults. 

I n order to identify them , p rim ary residuals w ill be ap p lied, 
the v alue of w itch does not eq ual z ero:  R(1 )={ r2 ,  r3 ,  r4}. O n the 
g rounds of the residual r2 and r3 v alue, it is p ossible to calculate 
the fault f6 v alue (p artial clog g ing  of the channel betw een  
tank s nos. 1  and 2), and on the g rounds of the residual r4, the 
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fault f11 v alue ( leak  fr o m  th e tank  no . 3 ) . T h ey  h av e th e 
fo llo w ing  v alues: 

 

 
12

12
12

3
3

13.7 54.7 0
4

13.7 54.7 0
5

5 0

S SS QQ

− ⋅∆ − = ∆ ≅ − ⋅∆ + = ⇒  = − =
 ( 4 3 )  

 
B )  
 

L et us assum e th at faults f1 and f10  c am e into  b eing , h av ing  siz es 
o f ∆F1= 1 0 ,  Q 2= 5 , r esp ec tiv ely . T h e fo llo w ing  r esidual v alues: 
r1= 1 0 , r2= 1 0 , r3= 5 ,  r4= 0 ,  r5= 1 5 , r6= 5 , r7= 1 5 ,  r8= 0 ,  r9= 5 ,  r10 = 5   ar e 
sy m p to m s o f th ese faults. T h e v ec to r  o f q uantified r esidual v alues 
h as th e fo llo w ing  fo r m : [ + 1 ,+ 1 ,+ 1 ,0 ,+ 1 ,+ 1 ,+ 1 ,0 ,+ 1 ,+ 1 ] . T h er efo r e 
ac c o r ding  to  E q . ( 1 4 ) , it is p o ssib le to  o b tain: F ( 1 ) = { f1, f10 }. T h is 
diag no sis is also  ac c ur ate, and th e fault siz es ar e defined o n th e 
g r o unds o f r esiduals R ( 1 ) = { r1, r2, r3}. T h ey  eq ual: 

 

 
2

2

10 0
10

10 0
5

5 0

F FF QQ

∆ − = ∆ =∆ − = ⇒  = − =
 ( 4 4 )  

 
 
6. S u m m a r y  
 

T h e p ap er  p r esents a new , r elativ ely  sim p le m eth o d fo r  th e 
m ultip le fault iso latio n and identific atio n. T h e fault identific atio n 
is p o ssib le o nly  in th e c ase in w h ic h  th e r esidual eq uatio ns tak e 
into  ac c o unt no t o nly  th e installatio n inp uts and o utp uts b ut also  
th e faults. U sually  w h en th e inp ut and o utp ut v alv es ar e k no w n, it 
is no t p o ssib le to  c alc ulate th e  fault v alues o n th e g r o unds o f th ese 
eq uatio ns sinc e th e num b er  o f faults ex c eeds th e num b er  o f 
eq uatio ns. H o w ev er , if th e sub set o f p o ssib le faults w ill b e 
indic ated in th e p r o c ess o f  th e fault iso latio n, and th e fo r c e o f th is 
set is no  h ig h er  th at th e num b er  o f th e p r im ar y  fault eq uatio ns, th e 
v alues o f w itc h  do  no t eq ual z er o , th en th e so lutio n o f suc h  a set o f 
eq uatio ns is p o ssib le sinc e o ne m ay  assum e th at th e r em aining  
fault v alues ar e eq ual z er o .  

T h e m o st im p o r tant h er e is th er efo r e th e fault iso latio n 
ac c ur ac y . I t dep ends o n th e deg r ee th e installatio n p ar am eter  
v alues ar e m easur ed. T h e m o r e sig nal v alues ar e m easur ed, th e 
h ig h er  is th e num b er  o f th e p r im ar y  r esidual eq uatio ns. T h e 
iso latio n ac c ur ac y  c an b e additio nally  inc r eased w h en o ne 
desig ned th e sec o ndar y  r esiduals, and ap p lies th e th ee-v alue 
ev aluatio n o f th e r esiduals. 

I n th e p r esented ex am p le, tw o  c ases o f th e m ultip le fault 
iso latio n and identific atio n w er e sh o w n in w h ic h  th e ex isting  
faults w er e c o r r ec tly  indic ated, and th eir  siz es w er e defined. 
H o w ev er , it sh o uld b e str essed th at th e fault identific atio n m ay  no t 
b e c o nduc ted in all c ases o f th e m ultip le, o r  ev en dual faults. T h e 
p r esented ex am p le r efer s to  th e no n-linear  installatio n. N o n-linear  
r esidual eq uatio ns w er e ap p lied to  th e diag no stic s. T h e m eth o d 
m ay  b e ap p lied also  to  linear  installatio ns. 
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