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A b s t r a c t  
 

T h e  e a rly  d e t e c t i on of  f a u lt s  i s  c ri t i c a l i f  one  w a nt s  t o a voi d  t h e  
p e rf orm a nc e  d e g ra d a t i on a nd  d a m a g e  t o t h e  m a c h i ne ry  or t h e  los s  of  
h u m a n li f e . T h e re f ore , a c c u ra t e  d i a g nos i s  h e lp s  u s  t o m a k e  a  ri g h t  d e c i s i on 
on e m e rg i ng  a c t i ons  a nd  re p a i rs  [ 1 , 2, 3] . I n t h i s  p a p e r, a  ne w  w a y  of  
a d d i t i ve  m od e ls  a nd  k now le d g e  d i s c ove ry  d a t a  a p p li c a t i on f or d e s i g ni ng  
a c t u a t or h a s  b e e n p re s e nt e d . T h e  p la nne d  a i m  i s  t h e  f a u lt  d e t e c t i on of  t h e  
c ont rol va lve  w i t h  a  s e rvom ot or a nd  a  p os i t i one r ( F i g . 2)  b a s e d  on t h e  
re c e i ve d  m od e l. U s e d  a d d i t i ve  m od e ls  ( 1 )  ove rc om e  t h e  c u rs e  of  
d i m e ns i ona li t y  a nd  a llow  u s  t o e x a m i ne  t h e  p re d i c t or e f f e c t s  s e p a ra t e ly , i n 
t h e  a b s e nc e  of  i nt e ra c t i ons  [ 8 , 9] . T h e  b a c k f i t t i ng  a lg ori t h m  w i t h  
nonp a ra m e t ri c  s m oot h i ng  t e c h ni q u e s  h a s  b e e n u s e d  f or t h e  e s t i m a t i on of   
t h e  a d d i t i ve  m od e l [ 8 , 9, 1 0] . T h e  re s u lt s  of  t h e  m od e lli ng  a nd  t h e  f a u lt  
d e t e c t i on p roc e d u re s  h a ve  b e e n p re s e nt e d . All re s e a rc h  h a s  b e e n c a rri e d  
ou t  b a s e d  on t h e  e x a m p le  of  a  c ont rol va lve  f or m e a s u re m e nt  t ra c k s  i n t h e  
b oi le r la b ora t ory  s e t u p . R e c e i ve d  re s u lt s  a re  s a t i s f a c t ory  b e c a u s e  t h e  t e s t s  
d e t e c t e d  a ll s i m u la t e d  f a u lt s . T h e re f ore , i t  i s  a n u s e f u l m e t h od  f or t h e  
m u lt i va ri a t e  i nd u s t ri a l p roc e s s  f i t t i ng  a nd  f a u lt  d e t e c t i on i n t h e  a na ly z e d  
s t ru c t u re s . 
 
K e y w o r d s :  a c t u a t or, f a u lt  d e t e c t i on, a d d i t i ve  m od e l, d a t a  m i ni ng . 
 
Zas t os ow anie addy t y w nego m odelu  r egr es j i 
dla p ot r z eb  det ek c j i u s z k odz eń   
z aw or ó w  r egu lac y j ny c h  

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

 
W  p ra c y  p rz e d s t a w i ono w y k orz y s t a ni e  a d d y t y w ne g o m od e lu  re g re s j i  ora z  
s t a t y s t y c z ny c h  t e c h ni k  e k s p lora c j i  d a ny c h  d o s t w orz e ni a  m od e lu  z a w oru  
re g u la c y j ne g o. Poz y s k a na  w i e d z a  p os ł u ż y ł a  d o k ons t ru k c j i  a lg ory t m ó w  
d e t e k c j i  u s z k od z e ń , a  na s t ę p ni e  d o oc e ny  w ra ż li w oś c i  na  w y s t ę p ow a ni e  
p os z c z e g ó lny c h  u s z k od z e ń . B a d a ni a  p rz e p row a d z ono d la  p rz y k ł a d ow e g o 
z a w oru  re g u la c y j ne g o na  p od s t a w i e  d a ny c h  la b ora t ory j ny c h  
p ró b k ow a ny c h  na  s t a now i s k u  re g u la c j i  p oz i om u  w od y  w  z b i orni k u  
w a lc z a k ow y m . O t rz y m a ne  w y ni k i  s ą  z a d ow a la j ą c e , g d y ż  z a p re z e nt ow a ne  
m e t od y  p oz w oli ł y  na  w y k ry c i e  w s z y s t k i c h  z a s y m u low a ny c h  u s z k od z e ń . 
 
S ł o w a  k l u c z o w e :  u rz ą d z e ni e  w y k ona w c z e , d e t e k c j a  u s z k od z e ń , m od e l 
a d d y t y w ny , e k s p lora c j a  d a ny c h . 
 
1 .  I nt r odu c t ion 
 
T h e  d e te c tio n  o f  f a ul ts in  e n g in e e r in g  sy ste m s is o f  g r e a t 

p r a c tic a l  sig n if ic a n c e . I n  o r d e r  to  m e e t r e l ia b il ity  r e q uir e m e n ts o f  
sa f e ty -c r itic a l  p r o c e sse s,  th e  m o d e r n  c o n tr o l  sy ste m s sh o ul d  b e  
e q uip p e d  w ith  m e c h a n ism s o f  f a ul t d e te c tio n ,  th a t is th e  in d ic a to r s 
o f  p r o h ib ite d  d e v ia tio n s f r o m  th e  n o r m a l  b e h a v io ur  in  th e  p l a n t o r  
its in str um e n ta tio n  l ik e  se n so r s a n d  a c tua to r s [ 1 ,  2 ,  3 ] . F o r  th is 
r e a so n ,  th e  d ia g n o stic s a n d  p r o te c tio n  o f  p r o c e sse s a r e  c r uc ia l . O f  
e q ua l  im p o r ta n c e  a r e  c o m p ute r  sy ste m s th a t a id  o p e r a to r s in  
d ia g n o stic s,  o r  e v e n  a uto m a tic a l l y  c r e a te  a  d ia g n o sis. 
I n  th e  a uto m a tic  c o n tr o l  in d ustr ia l  c o n tr o l  sy ste m s,  th e  

p o ssib il ity  o f  sig n a l s v a l ue s a c q uisitio n  e x ists. I t a l l o w s us to  
c r e a te  m o d e l s b a se d  o n  m e a sur e d  d a ta  a n d  e x p e r t’ s k n o w l e d g e  
a b o ut th e  o b j e c t. W ith  th e  g r o w th  o f  c o m p ute r  te c h n o l o g y ,  n e w  

p o ssib il itie s h a v e  a r ise n  in  te r m s o f  sto r in g  d a ta  a c q uisitio n  a n d  
sp e e d  o f  th e ir  p r o c e ssin g . T h e  sc ie n c e  o f  e x tr a c tin g  use f ul  
in f o r m a tio n  f r o m  l a r g e  d a ta  se ts o r  d a ta b a se s is k n o w n  a s d a ta  
m in in g  [ 4 ] . T h e  k e y  ta sk  o f  th is d isc ip l in e  f o r  d ia g n o stic  p ur p o se s 
is th e  a n a l y sis o f  o b se r v a tio n a l  d a ta  se ts,  a n d  h o w  to  f in d  th e  
r e l e v a n t in f o r m a tio n  q uic k e r  a n d  m o r e  a c c ur a te l y ,  w h ic h  a id s th e  
d e c isio n  m a k in g  a b o ut th e  r e c o g n itio n  o f  c h a n g e s o f  th e  sta te  o f  
th e  p r o c e ss d ur in g   its o p e r a tio n . 
C o n tr o l  v a l v e s a r e  a n  in c r e a sin g l y  v ita l  c o m p o n e n ts o f   m o d e r n   

a c tua to r  e q uip m e n t [ 5 ] . P r o p e r l y  se l e c te d  a n d  m a in ta in e d  c o n tr o l  
v a l v e s in c r e a se  e f f ic ie n c y ,  sa f e ty ,  p r o f ita b il ity ,  a n d  h e l p  th e   
e c o l o g y . T h e y  a r e  o f te n  use d  in  v e r y  d e m a n d in g  c o n d itio n s,  w h ic h  
m a k e s th e ir  d ur a b il ity  l a r g e l y  l im ite d . A c tua to r  f a ul ts o f te n  l e a d  to  
th e  p r o c e ss p e r tur b a tio n s c a usin g  th e  p r o d uc t d e te r io r a tio n  o r  th e  
p e r f o r m a n c e  d e g r a d a tio n . M o r e o v e r ,  th e  p r o c e ss e c o n o m y  
r e q uir e s th a t th e  n um b e r  o f  b r e a k s sw itc h -o f f s a n d  th e  se r v ic e  
c o sts w e r e  a s l o w  a s p o ssib l e . F o r  th is r e a so n ,  th e  q uic k  a n d  
c o r r e c t d e te c tio n  o f  th e  f a ul ty  v a l v e  f a c il ita te s th e  p r o p e r  a n d  
o p tim a l  d e c isio n s o n  th e  e m e r g e n c y  a n d  c o r r e c tiv e  a c tio n s a n d  o n  
r e p a ir s. 
T h e  d ia g n o stic s o f  v a l v e s w a s usua l l y  b a se d  o n  th e  a n a l y tic a l  

m o d e l s o r  m o d e l s b a se d  o n  f uz z y  l o g ic ,  a r tif ic ia l  n e ur a l  n e tw o r k s 
a n d  f uz z y  n e ur a l  n e tw o r k s [ 3 ,  6 ,  7 ] . F o r  m a n y  sy ste m s,  th e  m o d e l  
stud y  b a se d  o n  d if f e r e n tia l  a n d  a l g e b r a ic  p h y sic a l  e q ua tio n s w a s 
e ith e r  v e r y  d if f ic ul t o r  a l m o st im p o ssib l e ,  a n d  m o d e l  p a r a m e te r s 
id e n tif ic a tio n  y ie l d s f ur th e r  d if f ic ul tie s. M o r e o v e r ,  a n  in c r e a sin g  
n um b e r  o f  in p ut sig n a l s r a p id l y  in c r e a se s th e  c o m p uta tio n a l  c o sts 
a n d  n um b e r  o f  r ul e s,  in  n e ur a l  n e tw o r k  a n d  f uz z y  l o g ic  m o d e l l in g ,  
a p p r o p r ia te l y . 
 

2 .  Addit iv e m odel 
 
I n  th is p a p e r ,  a n  a l te r n a tiv e  te c h n iq ue  w h ic h  o v e r c o m e s th e  

l im ita tio n  o f  m ul tiv a r ia te  n o n p a r a m e tr ic  m o d e l in g ,  h a s b e e n  
p r e se n te d . T h is im p o r ta n t c l a ss o f  f l e x ib l e  m o d e l s a r ise s in  f o r m  
o f  a d d itiv e  m o d e l s [ 8 ,  9 ] . L e t us c a l l  th e  p h y sic a l  m e a sur a b l e  
q ua n titie s in f l ue n c in g  th e  p r o c e ss a n d  r e sul tin g  f r o m  th e  p r o c e ss 
o p e r a tio n ,  th e  in p ut a n d  o utp ut sig n a l ,  r e sp e c tiv e l y . C o n sid e r in g  
th e  str uc tur e  w ith  p >  1  in p ut sig n a l s pXXX ,...,, 21 ,  a n d  o n e  
o utp ut sig n a l  Y ,  th e  a d d itiv e  m o d e l  is d e f in e d  b y  
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w h e r e  e r r o r  ε  is a  se q ue n c e  o f  in d e p e n d e n t a n d  id e n tic a l l y  
d istr ib ute d  r a n d o m  v a r ia b l e s ( iid )  w ith  th e  m e a n  E )(ε = 0  a n d  th e  
f in ite  v a r ia n c e  2)( σε =Var . T h e  jϕ s a r e  un k n o w n ,  a r b itr a r y  
un iv a r ia te  f un c tio n s o n e  f o r  e a c h  p r e d ic to r  jX . B e c a use  a l l  o f  th e  
un k n o w n  f un c tio n s a r e  o n e -d im e n sio n a l ,  th e  d if f ic ul ty  a sso c ia te d  
w ith  th e  so -c a l l e d  “ c ur se  o f  d im e n sio n a l ity ”  is sub sta n tia l l y  
r e d uc e d . F un c tio n s jϕ s c a n  b e ,  f o r  e x a m p l e ,  r o o ts,  l o g a r ith m s o r  
tr ig o n o m e tr ic  f un c tio n s. L e t us p o in t th a t w e  d o  n o t a ssum e  th a t 
th e  sig n a l s jX  a r e  in d e p e n d e n t [ 8 ,  1 0 ] . T h e  a d d itiv e  m o d e l  c a n  b e  
n o n l in e a r  in  r e l a tio n  to  sig n a l s jX  b ut it stil l  is l in e a r  in  r e l a tio n  
to  sig n a l s )( jj Xϕ . H e n c e ,  sin c e  e a c h  v a r ia b l e  is r e p r e se n te d  
se p a r a te l y ,  m o d e l  ( 1 )  sum m a r iz e s th e  c o n tr ib utio n  o f  e a c h  
p r e d ic to r  w ith  a  sin g l e  c o e f f ic ie n t,  a n d  p r o v id e s a  sim p l e  m e th o d  
f o r  p r e d ic tin g  n e w  o b se r v a tio n s. I n  p r a c tic e ,  th is m e a n s th a t o n c e  
th e  a d d itiv e  m o d e l  is f itte d  to  d a ta ,  w e  c a n  p l o t th e  p -c o o r d in a te  
f un c tio n s se p a r a te l y  to  e x a m in e  th e  v a r ia b l e s in  p r e d ic tin g  th e  
r e sp o n se . H o w e v e r ,  th e  a b o v e  sim p l if ic a tio n  l e a d s to  th e  f a c t th a t 
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the additive model  is  al mos t al w ay s  an  ap p r ox imation  of  the tr u e 
r eg r es s ion  s u r f ac e, b u t w ith the hop e of  its  u s ef u l n es s .  
L et' s  n otic e that w ithou t mak in g  an  addition al  as s u mp tion  ab ou t 

the c on s tan t in  the model  ( 1 ) , ther e w il l  b e f r ee c on s tan ts  in  eac h 
of  the f u n c tion s . I n  or der  to avoid the ab ove n on u n iq u en es s , w e 
n eed to imp os e the f ol l ow in g  c on dition s  f or  al l  f u n c tion s :  
 
 0)]([ =jj XE ϕ ,  ( 2 )  

 
or  eq u ival en tl y  
 α=)(YE . ( 3 )  
 
S u p p os e w e have a p air  p
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w her e iy  r ep r es en t meas u r emen ts  of  the var iab l e Y an d ijx  ar e 
the n ob s er ved val u es  of  the var iab l e jX . F or mal l y , the additive 
model  c an  b e es timated b y  min imiz ation  of  the r es idu al  s u m of  
s q u ar es , s u c h as  
 ∑ ∑
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w hic h is  the dis c r ep an c y  b etw een  the data an d ou r  es timation  
model . T hu s , w e avoid the n ec es s ity  of  es timation  in  the 
mu l tidimen s ion al  s p ac e. F or  mor e f l ex ib il ity , r el ation s  b etw een  
ou tp u t s ig n al  an d in p u t s ig n al s  ar e f itted b y  the u s e of  
n on p ar ametr ic  s moothin g  tec hn iq u es  l ik e l oc al l y   p ol y n omial  
s moother s  or  n atu r al  c u b ic  s p l in es  [ 8 , 9 ] . T his  s moother s  ar e l in ear  
s moother s  b as ed on  n data p oin ts  an d have a s in g l e s moothin g  
p ar ameter . I n  c hoos in g  the s moothin g  p ar ameter , an  au tomatic  
s el ec tion  w as  u s ed b y  the g en er al iz ed c r os s -val idation  or   
a g r ap hic al  method hel p in g  u s  to c hoos e the ap p r op r iate val u e [ 8 ] . 
W e w an t the f u n c tion s  to b e f itted s imu l tan eou s l y  s o w e n eed 

the u n c on ven tion al  es timation  methods  of  the additive model . O n e 
of  them is  the iter ative b ac k f ittin g  al g or ithm f or  w hic h the 
c on ver g en c e to u n iq n es s  an d in dep en den t of  the s tar tin g  val u e 
s ol u tion  w as  p r oved [ 8 , 9 ] . I n  or der  to avoid the l ac k  of  s y mmetr y  
b etw een  es timator s  in  a g iven  s tep  of  iter ation , the s y mmetr ic al  
ver s ion  of  b ac k f ittin g  al g or ithm w as  c on s tr u c ted, an d c on ver g en c e 
to the s ame u n iq n es s  s ol u tion , as  in  the c as e of  the u s u al  
al g or ithm, w as  p r oved [ 9 ] . 
 

3. F a u l t  d e t e c t i o n  a l g o r i t h m s  
 
M odel -b as ed methods  of  f au l t detec tion  u s e the an al y tic al  

r el ation s  in  the f or m of  p r oc es s  model  eq u ation s . F ig u r e 1  s how s   
a g en er al  diag r am f or  the p r oc es s  model -b as ed f au l t detec tion . T he 
r el ation s  b etw een  the meas u r ed in p u t s ig n al s  an d ou tp u t s ig n al  ar e 
r ep r es en ted b y  a additive model  of  the p r oc es s . F au l t detec tion  
methods  then  g en er ate q u an tities  c al l ed r es idu al s  r, w hic h ar e the 
c omp ar is on s  of  the ac tu al  b ehavior  of  the mon itor ed ou tp u t y to 
the b ehavior  ym p r edic ted on  the b as is  of  the additive model . T he 
r es idu al s  ar e n or mal l y  eq u al  to z er o. T hey  b ec ome n on z er o as   
a r es u l t of  f au l ts . T he r es idu al s  ar e then  an al y z ed to ar r ive at the 
diag n os tic  dec is ion  - s y mp toms  of  f au l ts  S ar e or  ar e n ot p r es en t.  
 
 

  
F i g .  1 .   T h e  d i a g r a m  o f  f a u l t  d e t e c t i o n  
R y s .  1 .   S c h e m a t  d e t e k c j i  u s z k o d z e ń   
 

T he detec tion  p er f or man c e of  the diag n os tic  tec hn iq u e is  
c har ac ter iz ed b y  imp or tan t an d q u an tif iab l e b en c hmar k s , l ik e the 
f au l t s en s itivity  an d the r eac tion  s p eed, that is , the ab il ity  of  the 
tec hn iq u e to detec t f au l ts  of  a r eas on ab l y  s mal l  s iz e, an d w ith  
a r eas on ab l y  s mal l  del ay  af ter  their  ar r ival . A l s o its  r ob u s tn es s , 
i.e., the ab il ity  of  the tec hn iq u e to op er ate in  the p r es en c e of  n ois e, 
dis tu r b an c es  an d model l in g  er r or s , is  af f ec ted b y  the des ig n  of  
detec tion  al g or ithm [ 1 ] . 
T he s imp l es t p os s ib l e detec tion  al g or ithm is  to c omp ar e eac h 

ob s er vation  of  the s c al ar  r es idu al  in dividu al l y  w ith the thr es hol d 
val u es . S y mp tom of  f au l t is  detec ted if  diag n os tic  s ig n al  )( irs  is  
eq u al  to 1 , i.e. w hen  the thr es hol d val u e 1K or 2K w as  ex c eeded 
b y  the i-th r es idu al :  
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A l ter n ativel y , in  an  aim to mak e detec tion  r ob u s t ag ain s t 

imp u l s ive dis tu r b an c es , a f au l t is  dec l ar ed b as ed on  the aver ag e of  
the ab s ol u te r es idu al  c omp u ted over  the s l idin g  w in dow . V al u e of  
N dec ides  how  man y  s amp l es  ar e in  the s l idin g  w in dow , an d val u e 
of  k dec ides  how  f ar  s hif t that w in dow . 
 

 





>∨<

≤≤
=

∑∑
∑

−

=
+

−

=
+

−

=
+

1

0
2,

1

0
1,

1

0
2,1

1 1when1

1when0
)(

N

l
lki

N

l
lki

N

l
lki

i

Kr
N

Kr
N

Kr
N

K
rs .  ( 6 )  

 
L et u s  n otic e that the c hoic e of  val u es  N an d k in  the al g or ithm ( 6 )  
deter min es  how  the s moothin g  the tr aj ec tor y  of  the p r oc es s  w il l  
f ol l ow . F or  op timal l y  f ix ed N, w e c hos e the ap p r op r iate val u e k 
f or  max imiz in g  the tes t s en s itivity  of  f au l ts . 
   T he p os s ib il ity  of  f al s e s y mp toms  g en er ation  al s o dep en ds  on  
the s el ec ted thr es hol ds  s iz e as  the ac c ep tan c e r eg ion  of  the 
r es idu al  val u es . T he thr es hol d val u es  f or  tes t ( 5 )  ar e ob tain ed 
b as ed on  the l ear n in g  s amp l e, i.e., on  r es idu al s  f r om the n or mal  
b ehaviou r  of  p r oc es s , as  f ol l ow in g :  
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is  s amp l e s tan dar d deviation  of  r es idu al s  ir . 
 I n  the c as e of  tes t ( 6 ) , the  ab ove thr es hol d val u es  ar e ob tain ed 

f r om the aver ag e of  the ab s ol u te r es idu al  c al c u l ated over  the 
s l idin g  w in dow . 
 

4. A c t u a t o r  f a u l t  d e t e c t i o n  
 
T he mos t c ommon  f in al  c on tr ol  el emen t in  the in du s tr ial  

p r oc es s  c on tr ol  is  the c on tr ol  val ve w ith a diap hr ag m-s p r in g  
p n eu matic  s er vo-motor  an d the p os ition er  as s emb l y  [ 5 ] . T he 
diag r am of  the ac tu ator  w ith meas u r emen t s ig n al s  is  s how ed in  
F ig u r e 2 . 
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This valve is an air-op erat ed  d evic e w hic h c ont rols t he f low   
t hrou g h an orif ic e b y  p osit ioning  ap p rop riat ely  a p lu g . W hen t he 
air p ressu re ( t he ou t p u t  sig nal f rom  a p neu m at ic  c ont roller)  ab ove 
t he d iap hrag m  inc reases,  t he d iap hrag m  d ef lec t s and  t he st em  
m oves d ow nw ard s t hu s rest ric t ing  b y  t he p lu g  f low  of  t he f lu id  
t hrou g h t he orif ic e. W hen t he air p ressu re g oes d ow n,  u nd er t he 
ac t ion of  a sp ring  t he st em  m oves u p w ard s,  t hu s op ening  t he 
orif ic e.  
 
 

  
F i g .  2.     T h e  d i a g r a m  o f  t h e  c o n t r o l  v a l v e  a s s e m b l y  w i t h  m e a s u r e m e n t  s i g n a l s  
R y s .  2.     S c h e m a t  z e s p o ł u  w y k o n a w c z e g o  w r a z  z  o p o m i a r o w a n i e m   
 
L et  Z b e t he valve p lu g  st em  p osit ion,  C V  b e t he sig nal of  t he 

c ont rol valve,  P 1  and  P 2  are w at er p ressu res in f ront  of  and  
b ey ond  t he valve,  resp ec t ively ,  and  F is t he f low  of  t he f lu id  
b ey ond  t he valve. 
 
4.1. E x p l o r a t o r y  d a t a  a n a l y s i s  
 
A ll researc h has b een c arried  ou t  b ased  on t he ex am p le of   

a c ont rol valve f or m easu rem ent  t rac k s in a b oiler lab orat ory  
set u p ,  c ont rolled  b y  ind u st rial I T c ont rol sy st em s,  w it h t he u se of  
t he R -p roj ec t  [ 1 2 ]  d esig ned  t o ad vanc ed  st at ist ic al c alc u lat ions. 
To b e u sef u l f or d at a m ining  p u rp oses,  t he d at ab ases need  t o 

u nd erg o a p rep roc essing ,  in t he f orm  of  d at a c leaning ,  d at a 
t ransf orm at ion and  id ent if y ing  ou t liers [ 4 ,  9 ] . M oreover,  t he 
m onit ored  p lant  is u su ally  su b j ec t ed  t o rand om  noise. P rac t ic al 
ex p erienc e show s t hat  t he resid u als resu lt  w it h relat ively  larg e 
varianc e d u e t o noise and  d eviat ions b et w een t he p roc ess and  it s 
m od el. Theref ore,  t he sig nals m u st  b e f ilt ered . I n ord er t o d o it ,  t he 
f init e im p u lse resp onse of   2 nd  ord er F I R  f ilt er w as ap p lied  [ 1 1 ] . 
    I n t his p ap er w e d et erm ined  t he ac t u at or b y  t he f ollow ing  
ad d it ive m od el:  
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w here tε ,  f or nt ,...,3= ,  are iid  rand om  errors.  
Tab le 1  show s variab les u sed  in m od el. 
 

T a b .  1.   V a r i a b l e s  u s e d  i n  t h e  m o d e l i n g  
T a b .  1.   Z m i e n n e  u ż y t e  w  m o d e l o w a n i u   

 
V a r i a b l e  s y m b o l  V a r i a b l e  D e s c r i p t i o n  R a n g e  U n i t s  

F W a t e r  f l o w  b e y o n d  t h e  v a l v e  0-5   m ³ / h  

C V  Co n t r o l  v a l u e  ( c o n t r o l l e r  o u t p u t )  0-100  % 

P1 W a t e r  p r e s s u r e  ( v a l v e  i n l e t )  0-400  k P a  

P2 W a t e r  p r e s s u r e  ( v a l v e  o u t l e t )  0-200  k P a  

 
 

B asing  on m od el ( 1 0 ) ,  t he resid u als c an b e ob t ained  as 
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w hic h are t he ap p rox im at ion of  t he errors tε . 
 
4.2 . T h e  m o d e l l i n g  r e s u l t s  
 
The ad d it ive m od el ( 1 0 )  w as f it t ed  b y  t he b ac k f it t ing  alg orit hm  

and  a nat u ral c u b ic  sp line w it h d eg rees of  f reed om  d f = 4 ,  u sed  as  
a sm oot hing  p aram et er [ 8 ,  1 1 ] . B ased  on t he learning  sam p le,  w e 
ob t ained  est im at ed  f low  valu es ( p red ic t ed  F ) ,  and  real f low  valu es 
f rom  t he p roc ess ( F ) ,  w hic h g rap h w as show ed  in F ig u re 3 . 
 
 
 

  
F i g .  3.      T h e  p r o c e s s  o f  s i g n a l s  m e a s u r e d  a n d  m o d e l l e d  f o r  t h e  l e a r n i n g  s a m p l e      
R y s .  3.   P r z e b i e g  s y g n a ł ó w  p o m i e r z o n e g o  i  m o d e l o w a n e g o  d l a  p r ó b y  u c z ą c e j   
    
 

4.3 . T h e  q u a l i t y  d e t e c t i o n  r e s u l t s  
 
I n ord er t o ex am ine d et ec t ion alg orit hm s b asing  on t he rec eived  

m od el,  a t raining  sam p le c onsist ing  of  d at a f rom  t he norm al 
p roc ess b ehaviou r and  d at a w it h sim u lat ed  f au lt s w ere ap p lied . 
    M od el ( 1 0 )  c an b e d esig ned  f or d et ec t ing  of  t he ac t u at or f au lt s. 
Theref ore,  w e c an ex p ec t  t hat  resid u als w ill b e af f ec t ed  b y  t he 
f au lt s show ed  in Tab le 2 . 
 

T a b .  2.   S i m u l a t e d  f a u l t s  
T a b .  2.   Z a s y m u l o w a n e  u s z k o d z e n i a   
 

N r  F a u l t  D e s c r i p t i o n  

1 1f  S e c o n d  c o n t r o l  v a l v e  i s  o p e n e d  i n  10% 

2 2f  O p e n e d  b y p a s s  f l o w -m e t e r   

3 3f  V a l v e  c l o g g i n g  

4 4f  A p p l y i n g   a n t i p r e s s u r e  o n  t h e   s e r v o -m o t o r  c h a m b e r  

 
 
F ig u re 4  show s g rap hs of  sig nals m easu red  and  m od elled ,  as 

w ell as resid u als f or sam p les inc lu d ing  t he ind ivid u al f au lt s. O n 
t heir b asis w e c an c learly  see t he d eviat ion f rom  t he norm al 
p roc ess b ehaviou r. Thu s,  t he m od el ( 1 0 )  is sensit ive t o t he  
oc c u rrenc e of  ind ivid u al f au lt s. 
M od el c hec k ing  is a p roc ed u re w hic h lead s t o evalu at ion of  t he 

m od el d elivered  in t he m od elling  p hase f or q u alit y  and  
ef f ec t iveness. I n p rac t ic e w e have t o d et erm ine m easu res of  
variab ilit y  w hic h w ill d esc rib e how  t he m easu rem ent s d at a in 
relat ion t o t he p red ic t ion d at a are sp read  ou t . 
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F i g .  4 .      Th e p r o c es s  o f  s i g n a l s  m ea s u r ed  a n d  m o d el ed ,  a s  w el l  a s  r es i d u a l s  f o r      
                s a m p l es  i n c l u d i n g  t h e i n d i v i d u a l  f a u l t s  
R ys .  4 .   P r z eb i eg i  s yg n a ł ó w ,  p o m i er z o n eg o  i  m o d el o w a n eg o  o r a z  r es i d u u m  d l a   

p r ó b    z a w i er a j ą c yc h  p o s z c z eg ó l n e u s z k o d z en i a  
 
F o r  t h i s  p u r p o s e ,  f o r  t h e  l e a r n i n g  s a m p l e ,  s a m p l e s  w i t h  

i n d i v i d u a l  f a u l t s  1f ,  2f ,  3f  a n d  4f ,  a  s a m p l e  f r o m  t h e  n o r m a l  
p r o c e s s  b e h a v i o u r  ( N ) ,  a n d  a l s o  f o r  t h e  w h o l e  t r a i n i n g  s a m p l e  
( T ) ,  t h e  m e a n  s q u a r e d  e r r o r  ( M S E ) ,  m e a n  a b s o l u t e  d e v i a t i o n  
e r r o r  ( M A D E ) ,  m e a n  a b s o l u t e  p e r c e n t a g e  e r r o r  i n  r e l a t i o n   
t o  r a n g e  o f  m e a s u r e d  o u t p u t  s i g n a l  ( M A P E )  a n d  v a r i a n c e  o f  
e r r o r s  ( V A R )  w e r e  o b t a i n e d .  T h e  r e s u l t s  w e r e  s h o w e d  i n   
T a b l e  3 .  O n  t h e  g r o u n d s  o f  t h i s  m e a s u r e s  i t  i s  p o s s i b l e  t o  
c o n c l u d e ,  t h a t  t h e  a p p r o a c h  b a s e d  o n  t h e  a d d i t i v e  m o d e l  
p e r f o r m s  v e r y  w e l l .  
T h e n  t h e  t e s t  1  ( 5 )  w i t h  )0437.0,0467.0(),( 21 −=KK  a n d  t e s t  2  

( 6 )  w i t h  5,10),0006.0,2352.0(),( 21 === kNKK ,  w e r e  a p p l i e d  
t o  t h e  o b t a i n e d  r e s i d u a l s  t o  e v a l u a t e  m o d e l  s e n s i t i v i t y  t o  
i n d i v i d u a l  f a u l t s  [ 1 1 ] .  T h e  r e s u l t s  i n  T a b l e  3  a r e  s a t i s f a c t o r y  
b e c a u s e  o n  t h e  b a s i s  o f  t h e  m e a n  p e r c e n t a g e  n u m b e r  o f  d e v i a t i o n  
f r o m  t h e  n o r m a l  b e h a v i o u r  p r o c e s s ,  b o t h  t e s t s  d e t e c t e d  a l l  
s y m p t o m s  o f  s i m u l a t e d  f a u l t s ,  a n d  a t  t h e  s a m e  t i m e  a n y  
i n c o r r e c t n e s s  i n  t h e  l e a r n i n g  s a m p l e  w e r e  n o t i c e d .  T h e s e  r e s u l t s  
i n d i c a t e  t h e  e f f e c t i v e n e s s  o f  t h e  f a u l t  d e t e c t i o n  i n  t h e  a n a l y z e d  
s t r u c t u r e s .  
 

Ta b .  3 .   C r i t er i a  o f   t h e a d d i t i v e m o d el  f i t t i n g  a n d  r es u l t s  o f  d et ec t i o n  
Ta b .  3 .   W s k a ź n i k i  j a k o ś c i  d o p a s o w a n i a  m o d el u  a d d yt yw n eg o  i  w yn i k i  d et ek c j i  
 

Tr a i n i n g  s a m p l e 
M ea s u r es  L ea r n i n  

s a m p l e 
1f  2f  3f  4f  N T 

M S E  3 e-04  0. 04 2  0. 6 5 7  0. 01 7  0. 8 3 6  2 e-04  0. 1 7  

M A D E  0. 09 9  0. 07 6  0. 5 6 7  0. 1 08  0. 5 6 5  0. 01 1  0. 1 6 8  

M A P E [  % ]  0. 3 2  9 . 4 6  2 6 . 9 8  3 7 . 5  2 3 . 3 5  0. 8 7 9  6 . 9 5  

W A R  3 e-04  0. 007  0. 3 4 9  0. 008  0. 5 6 8  1 e-04  0. 1 6 7  

Tes t  1  [ % ]  0 3 3 . 7 3  5 4 . 3 7  5 6 . 8  5 0  0 2 8 . 06  

Tes t  2  [ % ]  0 5 0 7 3 . 6 8  7 3 . 3  8 7 . 5   0  3 9 . 8  

 
 

5. C o n c l u s i o n s  
 
I n  t h i s  p a p e r ,  a n  e f f e c t i v e  m e t h o d  o f  m o d e l l i n g  a n d  p r e d i c t i n g  

t h e  b e h a v i o u r  o f  f l u i d  f l o w  t h r o u g h  t h e  v a l v e  h a s  b e e n  p r e s e n t e d  
f o r  d e t e c t i n g  p u r p o s e s .  T h i s  i s  a  n e w  w a y  i n  t h e  i n d u s t r i a l  
p r o c e s s  d i a g n o s i s  f o r  w h i c h  t h e  d i f f i c u l t y  a s s o c i a t e d  w i t h  t h e  
p r o b l e m  o f  d i m e n s i o n a l i t y  i s  s u b s t a n t i a l l y  r e d u c e d .  T h e  m a i n  
a d v a n t a g e  o f  t h e  a d d i t i v e  m o d e l  i s  t h e  p o s s i b i l i t y  t o  e x a m i n e  t h e  
r o l e s  o f  v a r i a b l e s  i n  p r e d i c t i n g  t h e  r e s p o n s e .  M o r e o v e r ,  a d d i t i v e  
n o n p a r a m e t r i c  r e g r e s s i o n  a l l o w s  r e s e a r c h e r s  t o  e v a l u a t e  d a t a  
w i t h o u t  t h e  n e c e s s i t y  t o  p o s t u l a t e  f o r  t h e  r e l a t i o n s h i p  b e t w e e n   
t h e  r e s p o n s e  v a r i a b l e  a n d  i n p u t s ,  a n d  t o  c o m b i n e  f l e x i b l e  
n o n p a r a m e t r i c  m o d e l l i n g  o f  m u l t i d i m e n s i o n a l  i n p u t s  w i t h   
a  s t a t i s t i c a l  p r e c i s i o n  t h a t  i s  t y p i c a l  o f  o n e -d i m e n s i o n a l  
e x p l a n a t o r y  v a r i a b l e .  B e c a u s e  t h e  s i n g l e  v a r i a b l e  m i g h t  b e  
n o n p a r a m e t r i c  i n  i t s  e f f e c t s ,  o n e  c a n  m o d e l  t h e  p r o c e s s  w i t h  
n o n l i n e a r i t i e s  t h a t  a r e  d i f f i c u l t  t o  b e  s p e c i f i e d .  A p p l i e d  
b a c k f i t t i n g  a l g o r i t h m  c o n v e r g e s  t o  u n i q u e n e s s  a n d  i s  
i n d e p e n d e n t  f r o m  t h e  s t a r t i n g  v a l u e  s o l u t i o n ,  a n d  i s  a l s o  e a s y  t o  
b e  c o m p r e h e n d e d  a n d  d o e s  n o t  r e q u i r e  l a r g e  c o m p u t a t i o n a l  
c o s t s .  T h e r e f o r e ,  i t ’ s  a  u s e f u l  m e t h o d  f o r  a  m u l t i v a r i a t e  
i n d u s t r i a l  p r o c e s s  f i t t i n g  a n d  t h e  f a u l t  d e t e c t i o n  i n  t h e  a n a l y z e d  
s t r u c t u r e s .  
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