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A b s t r a c t  
 

T h e  p a p e r  p r e s e n t s  m e t h o d  o f  e s t i m a t i o n  o f  e q u i v a l e n t  p o w e r  s y s t e m  
i m p e d a n c e . T h e  m e t h o d  b a s e d  o n  t h e  c o r r e l a t i o n  m e t h o d  w h i c h  u s e s  
n a t u r a l  v a r i a b i l i t y  o f  t h e  v o l t a g e  l e v e l  i n  t h e  n e t w o r k  n o d e s . T o  f i n d  t h e  
v a l u e  o f  e q u i v a l e n t  p o w e r  s y s t e m  r e s i s t a n c e  a n d  r e a c t a n c e  t h e  L y a p u n o v  
e x p o n e n t s  w e r e  u s e d . E q u i v a l e n t  i m p e d a n c e  o f  p o w e r  s y s t e m  i s  t h e  b a s e  t o  
d e t e r m i n a t i o n  o f  s h o r t -c i r c u i t  c u r r e n t s  a n d  s h o r t -c i r c u i t  p o w e r . O n -l i n e  
c o n t r o l  o v e r  t h e  s h o r t -c i r c u i t  p o w e r  i n  k e y  n o d e s  o f  p o w e r  s y s t e m  m i g h t  
p r o v i d e  s y s t e m  d i s p a t c h e r s  w i t h  a n  i m p o r t a n t  p i e c e  o f  i n f o r m a t i o n . 
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S t r e s z c z e n i e  

 
W a ż n y m  p a r a m e t r e m  s y s t e m u  e l e k t r o e n e r g e t y c z n e g o  ( S E E )  j e s t  p o z i o m  
m o c y  z w a r c i o w e j  w  p o s z c z e g ó l n y c h  w ę z ł a c h . Z n a j o m o ś ć  w a r t o ś c i  m o c y  
z w a r c i o w e j  p o z w a l a  n a  o k r e ś l e n i e  w a r t o ś c i  s p o d z i e w a n y c h  p r ą d ó w  
z w a r c i o w y c h . J e s t  t o  n i e z b ę d n e  d o  p r a w i d ł o w e g o  d o b o r u  u r z ą d z e ń  w  f a z i e  
p r o j e k t o w a n i a  s y s t e m u  o r a z  d o  d o b o r u  n a s t a w  a u t o m a t y k i  
z a b e z p i e c z e n i o w e j . M o c  z w a r c i o w a  z a l e ż y  o d  i m p e d a n c j i  z a s t ę p c z e j  S E E . 
W a r t o ś ć  t e j  i m p e d a n c j i  z a l e ż y  o d  l i c z b y  g e n e r a t o r ó w ,  t r a n s f o r m a t o r ó w ,  
l i n i i  e l e k t r o e n e r g e t y c z n y c h  o r a z  i c h  m o c y ,  i m p e d a n c j i  i  u k ł a d u  p o ł ą c z e ń  
m i ę d z y  n i m i . W a r t o ś ć  t e j  i m p e d a n c j i  n i e  j e s t  w i e l k o ś c i ą  s t a ł ą  w  c z a s i e . 
Z m i a n y  m o g ą  w y n i k a ć  z a r ó w n o  z e  z m i a n y  u k ł a d u  p o ł ą c z e ń  w  s y s t e m i e  
( z m i a n y  k r ó t k o o k r e s o w e )  j a k  t e ż  z  r o z w o j u  S E E  ( z m i a n y  d ł u g o o k r e s o w e ) . 
W  a r t y k u l e  p r z e d s t a w i o n o  k o n c e p c j ę  w y z n a c z a n i a  i m p e d a n c j i  z a s t ę p c z e j  
S E E  w  w a r u n k a c h  r u c h o w y c h . Pr z e d s t a w i o n a  m e t o d a  b a z u j e  n a  
z m i e n n o ś c i  p o z i o m u  n a p i ę c i a  w  w ę z ł a c h  p o m i a r o w y c h  S E E  
s p o w o d o w a n e j  p r z e z  l o s o w e  z m i a n y  p r ą d u  o b c i ą ż e n i a  w y n i k a j ą c e   
z  l o s o w e j  z m i a n y  o b c i ą ż e n i a . Z g o d n i e  z  p r o p o n o w a n ą  m e t o d ą  d o  
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 1 .  In t roduct ion  
 

T o  e s t i m a t e  p r o p e r l y  t h e  p o w e r  s y s t e m  p e r f o r m a n c e  i t  i s  
n e c e s s a r y  t o  r e c o g n i z e  t h e  e q u i v a l e n t  s y s t e m  i m p e d a n c e  i n  
o p e r a t i n g  c o n d i t i o n s .  T h e  i m p e d a n c e  m a y  v a r y  f r o m  a  v a l u e  b e i n g  
c l o s e  t o  s h o r t -c i r c u i t  i m p e d a n c e ,  c o n s i d e r e d  f o r  d y n a m i c  c h a n g e s  
c o n d i t i o n  u p  t o  t h e  f i x e d  v a l u e  c h a r a c t e r i s t i c  f o r  n o r m a l  o p e r a t i o n  
s t a t e  o f  p o w e r  s y s t e m .  S h o r t -c i r c u i t  i m p e d a n c e  v a l u e  i s  t h e  b a s e  t o  
d e t e r m i n e  t h e  s h o r t -c i r c u i t  c u r r e n t s .  T h e  s h o r t -c i r c u i t  c u r r e n t s  i n  
n e t w o r k s  d e p e n d  o n  m a n y  f a c t o r s ,  i . e . :  t h e  n u m b e r  o f  n o d e s  
f e e d i n g  t h e  n e t w o r k s ,  t h e  p o w e r  a n d  t h e  s h o r t -c i r c u i t  r e a c t a n c e  o f  
a u t o t r a n s f o r m e r s ,  t r a n s f o r m e r s  a n d  t h e  g e n e r a t o r s  f e e d i n g  
p a r t i c u l a r  n o d e s ,  t h e  n u m b e r  o f  l i n e s  c o n v e r g i n g  i n  p a r t i c u l a r  
n o d e s ,  t h e  l e n g t h s  o f  t h o s e  l i n e s  a n d  d o u b l e -t r a c k  l i n e s  
c o n t r i b u t i o n .  S o m e  p e r f o r m a n c e  e x p e r i m e n t s  h a v e  p r o v e d  t h a t  
s h o r t -c i r c u i t  c u r r e n t s ,  a n d  s i m u l t a n e o u s l y  t h e  s h o r t -c i r c u i t  p o w e r  
a r e  t i m e  v a r y i n g  v a l u e s .  C o n s i d e r i n g  t h o s e  c h a n g e s  f o r  f e w  y e a r s  
t i m e  p e r i o d  t h e  i n c r e a s i n g  n a t u r e  o f  t h e m  c a n  b e  o b s e r v e d ,  s i n c e  
t h e y  a r e  c o n n e c t e d  w i t h  t h e  i n c r e a s e  o f  t o t a l  p o w e r  i n s t a l l e d  o f  a l l  
t h e  d e v i c e s  m e n t i o n e d .  T h e  c o m m o n  w o r l d w i d e  t r e n d  i s  t o  c r e a t e  
s o m e  s t a n d a r d  l e v e l s  o f  s h o r t -c i r c u i t  c u r r e n t s .  T h e  s t a n d a r d s  r e s u l t  
f r o m  t e c h n i c a l  a n d  e c o n o m i c a l  a n a l y s i s .  D i f f e r e n t  m e d i a  a r e  u s e d  
( m a i n l y  n e t w o r k  s e c t i o n i n g )  t o  a v o i d  e x c e e d i n g  t h e  l i m i t s .  E x c e p t  
f o r  c u r r e n t  i n c r e a s e  t e n d e n c y  f o r  f e w -y e a r s  t i m e  p e r i o d  t h e  
c h a n g e s  o f  s h o r t -c i r c u i t  c u r r e n t  v a l u e s  f o l l o w i n g  s y s t e m  c h a n g e s  
m a y  b e  o b s e r v e d .   

T h e  d e s i g n  p h a s e  c o n s i d e r s  m o s t  o f t e n  t h e  m a x i m u m  s h o r t -
c i r c u i t  c u r r e n t  v a l u e s  t h a t  m a y  o c c u r  i n  g i v e n  s y s t e m  p o i n t .  I t  
f r e q u e n t l y  c a u s e s  r e d i m e n s i o n i n g  t h e  d e v i c e s  r e s u l t i n g  i n  
a d d i t i o n a l  e x p e n s e s .  T h e  t e s t s  c a r r i e d  o u t  i n  U S A  [ 1 ]  h a v e  p r o v e d  
t h a t  a n  a v e r a g e  s h o r t -c i r c u i t  c u r r e n t  v a l u e  w a s  3 6 %  o f  t h e  
m a x i m u m  v a l u e  w h e r e a s  t h e r e  w e r e  n o  v a l u e s  h i g h e r  t h a n  8 5 %  o f  
m a x i m u m  o b t a i n e d .  A m o n g  t h e  o t h e r s  i t  a r i s e s  f r o m  t h e  f a c t  t h a t  
m o s t  s h o r t -c i r c u i t s  o c c u r  a l o n g  t h e  l i n e s  a n d  m o s t l y  t h e y  a r e  t h e  
g r o u n d  a n d  t w o -p h a s e  s h o r t -c i r c u i t s .  O n  t h e  o t h e r  h a n d  t h e  
q u e s t i o n  t h a t  f o l l o w s  i s  h o w  t h e  m a x i m u m  p e r m i s s i b l e  s h o r t -
c i r c u i t  c u r r e n t  v a l u e  c h a n g e s  i n  p a r t i c u l a r  s y s t e m  n o d e  i n  r e a l  
o p e r a t i n g  c o n d i t i o n s ?  

T h e  p a p e r  p r e s e n t s  a  m e t h o d  o f  o n -l i n e  e s t i m a t i o n  o f  e q u i v a l e n t  
p o w e r  s y s t e m  i m p e d a n c e .  T h e  m e t h o d  i s  b a s e d  o n  t h e  n a t u r a l  
v a r i a b i l i t y  o f  t h e  v o l t a g e  l e v e l  i n  t h e  n e t w o r k  n o d e s .  T o  f i n d  t h e  
v a l u e  o f  e q u i v a l e n t  p o w e r  s y s t e m  r e s i s t a n c e  a n d  r e a c t a n c e  t h e  
L y a p u n o v  e x p o n e n t s  a r e  u s e d .  T h e  s t a t i s t i c  a n a l y s i s  i s  l e d  u s i n g  
t h e  c o r r e l a t i o n .  

 2 .  Met hod of  det ermin in g t he eq uiv alen t  p ow er s y s t em imp edan ce 
 

M o s t  m e t h o d s  p r o v i d i n g  d e t e r m i n a t i o n  o f  e q u i v a l e n t  p o w e r  
s y s t e m  i m p e d a n c e  u s i n g  i n t e r m e d i a t e  m e a s u r e m e n t s  a r e  b a s e d  o n  
f o r c e d  v o l t a g e  c h a n g e  a n d  e n a b l e  d e t e r m i n i n g  t h e  t r a n s i e n t  
p r i m a r y  p o w e r  v a l u e s  [ 2 ] .  E s t a b l i s h i n g  s y s t e m  i m p e d a n c e  m a y  
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also be based on measuring little voltage and current changes, 
enabling obtaining the value ref erred to normal op erating 
conditions of  the sy stem show n at F ig. 1. 

 
 

  
F i g .  1 .   P o w e r  s y s t e m  w i t h  m e a s u r i n g  p o i n t  P  
R y s .  1 .   S y s t e m  e l e k t r o e n e r g e t y c z n y  z  p u n k t e m  p o m i a r o w y m  P  

 
T he record of  stochastic voltage changes caused by  stochastic 

current changes is made during normal sy stem p erf ormance. T he 
main ef f ort w ith this method is transf erred f rom the measuring 
op erations to elaboration w ork s over the voltage and current 
recordings. I t may  be assumed that p rocesses of  p ow er sy stem in 
short time p eriods (2 0 s) are of  stationary  nature. M oreover, w hen 
sy stem op erational stability  is concerned then the linearity  of  the 
sy stem may  be also assumed. 

I n the tests suggested in this p ap er the dy namic characteristics 
of  imp edance is not considered as imp ortant as its mean value Zk, 
f or p articular p eriod of  time eq ual to time of  measurements of  n 
series. B asing on imp edance value Zk the ap p rox imate short-circuit 
p ow er can be evaluated. I t is assumed that during that p eriod the 
sy stem imp edance Zk is constant and the voltage changes result 
f rom load current changes. T hen the analy sis of  static current and 
voltage distributions can be brought to calculate mean values, 
variances, covariances and correlation coef f icient. 

T he voltmeter and ammeter readings f or netw ork  node P  show n 
at F ig. 1 are the f ollow ing: 
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A f ter the change of  load imp edance  ∆Zo the readings are the 
f ollow ing:  
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T hus:  
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V oltage and current measurements p rovided inside the transmission 
sy stem enable calculating the imp edance tow ards the source.  

T he created sof tw are enables to record the ef f ective current and 
voltage in selected  netw ork  node measurements in a disk  f ile. F or 
an arbitrary  series of  n measurements the n values of  ef f ective 
current and voltage are recorded. T o avoid the req uirement of  
determining the p ow er coef f icient value the low  voltage sy stem 
has been loaded w ith an active p ow er. T he calculation of  average 
values f or the relevant series f ollow ed as:  
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N ex t the variance values of  voltage σ2(U) and current σ2(I) have 
been calculated:  
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and covariance cov(U, I): 
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T o establish the interrelation betw een the current and voltage 

values the correlation coef f icient R (U, I) has been calculated, 
def ined as:  
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T he values of  current and voltage should show  negative 
correlation: R (U, I)∈(-1, -0 .5 ). U sing the least sq uares method it 
can be ex p ressed as f ollow s:  

 
∑
=

=∆−∆
n

i
iIi IZU

1

2 min)(  or  ∑
=

− =∆−∆
n

i
iUi UZI

1

21 min)( .   (8 ) 
 

T he ex p ressions (8 ) allow s to obtain:  
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M ultip ly ing these tw o eq uations (9 ) the third relation is obtained 
as:  

                     UIk ZZZ =                                    (10 ) 
 

W hen R (U, I) ≈ -1,  then Zk ≈ ZI ≈ ZU (the subscrip ts “ U ”  and “ I ”  let 
to recogniz e the w ay  of  calculation). T he measurement series have 
been carried out p eriodically  to determine the time variability  of  
sy stem imp edance value. D uring testing some p arameters f or 
single series w ere being established, i.e. number of  measurements 
n, single measurement duration τ and series duration T, to obtain 
the most reliable results. T he algorithm controlling comp uter w ork  
allow ed an arbitrary  suitable selection of  the above p arameters. 
T his method is usef ul f or low  voltage netw ork , w here imp edance 
of  sy stem f ulf ill the relation Zk ≈ Rk [ 3 ] . T his method ap p lied in 
medium voltage and high voltage netw ork  w ould introduce too 
high error. I n order to determine Rk and Xk this method should be 
moderniz ed.  

 
3. M e t h o d  o f  d e t e r m i n i n g  t h e  e q u i v a l e n t  

p o w e r  s y s t e m  i m p e d a n c e  u s i n g  L y a p u n o v  
e x p o n e n t s  

 
L y ap unov ex p onents are a generaliz ation of  the eigenvalues at 

an eq uilibrium p oint and of  characteristic multip liers. T hey  are 
used to determine the stability  of  any  ty p e of  steady -state behavior 
including q uasi-p eriodic and chaotic solutions [ 4 , 5 ] . 

T w o nearby  p oints ( 0X  and 00 xX ∆+ ) in a sp ace (F ig. 2 ) w ill 
generate orbits in that sp ace using some eq uation or sy stem of  
eq uations. T he L y ap unov ex p onent can be def ined as f ollow s:  
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),(ln1lim
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x
tXx
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=λ
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∞→
.                           (11) 

 
I t w ork s f or both discrete and continuous sy stems. L y ap unov 

ex p onent is usef ul f or distinguishing among the various ty p es of  orbits: 
• 0<λ  - the orbit attracts to a stable f ix ed p oint or stable 

p eriodic orbit, 
• 0=λ  - the orbit is a neutral f ix ed p oint or an eventually  f ix ed 

p oint, 
• 0>λ  - the orbit is unstable and chaotic. 
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F i g .  2 .   G r a p h i c  i n t e r p r e t a t i o n  o f  t h e  L y a p u n o v  e x p o n e n t  
R y s .  2 .   G r a f i c z n a  i n t e r p r e t a c j a  w y k ł a d n i k ó w  L y a p u n o w a  

 
T h e r e  a r e  a s  m a n y  L y a p u n o v  e x p o n e n t s  a s  d i m e n s i o n s  o f  t h e  

s y s t e m . If  t h e  s y s t e m  h a s  m o r e  t h a n  o n e  L y a p u n o v  e x p o n e n t s , f o r  
a n  a t t r a ct o r , co n t r a ct i o n  m u s t  o u t w e i g h  e x p a n s i o n  s o  

 
0

1
<λ∑

=

n

i
i .                                      ( 1 2 )  

 
T h e  s y s t e m  ca n  b e  d e s cr i b e d  b y  t h e  f o l l o w i n g  f o r m u l a  

 
)sin( tEiR

dt
diL ω=+ ΣΣ .                           ( 1 3 )  

 
It  ca n  b e  s h o w n  [ 4 ]  t h a t  t h e  s u m  o f  L y a p u n o v  e x p o n e n t s  o f  s y s t e m  
( 1 3 )  i s  a s  f o l l o w s  

Σ

Σ

=
−=∑λ
L
Rn

i
i

1
.                                   ( 1 4 )  

 
T h e  m e t h o d s  o f  ca l cu l a t i n g  t h e  L y a p u n o v  e x p o n e n t s  f r o m  a  t i m e  
s e r i e s  a n d  s y s t e m s  o f  e q u a t i o n s  a r e  w e l l  k n o w n  [ 6 , 7 ] . 

Fo r  l o a d  i m p e d a n ce  111 jXRZ +=  t h e  v o l t a g e  U1, cu r r e n t  I1, 
a ct i v e  p o w e r  P1 a n d  s u m  o f  L y a p u n o v  e x p o n e n t s  1λ  a r e  
m e a s u r e d . L i k e w i s e  f o r  a n o t h e r  l o a d  i m p e d a n ce  222 jXRZ +=  
t h e  v o l t a g e  U2, cu r r e n t  I2, a ct i v e  p o w e r  P2 a n d  s u m  o f  L y a p u n o v  
e x p o n e n t s  2λ  a r e  m e a s u r e d . N o w  t h e  f o l l o w i n g  f o r m u l a s  ca n  b e  
w r i t t e n : 
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T h e  m o d e l  o f  a  p o w e r  s y s t e m  i n  Fi g . 1  i s  d e s cr i b e d  b y  t h e  f o r m u l a  
( 1 3 ) . T h e  s u m s  o f  L y a p u n o v  e x p o n e n t s  a r e  a s  f o l l o w s : 
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U s i n g  ( 1 5 )  a n d  ( 1 6 )  t h e  r e a ct a n ce  a n d  r e s i s t a n ce  o f  t h e  p o w e r  
s y s t e m  ca n  b e  o b t a i n e d : 
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T o  l e a d  t h e  s t a t i s t i c a n a l y s i s  a  l a r g e  n u m b e r  o f  m e a s u r e m e n t s  

m u s t  b e  m a d e . A f t e r w a r d s , u s i n g  t h e  l e a s t  s q u a r e s  m e t h o d , i t  ca n  
b e  s h o w n , t h a t  t h e  r e s i s t a n ce  a n d  r e a ct a n ce  o f  t h e  p o w e r  s y s t e m  
a r e  a s  f o l l o w s : 
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w h e r e : ( )yx,cov  - co v a r i a n ce  v a l u e s  o f  x a n d  y, ( )x2σ  - v a r i a n ce  
v a l u e s  o f  x. 

S y s t e m  o f  e q u a t i o n s  ( 1 8 )  e n a b l e s  t o  d e t e r m i n e  e q u i v a l e n t  
i m p e d a n ce  o f  p o w e r  s y s t e m  Zk =  Rk +  j Xk. T h i s  i m p e d a n ce  ca n  b e  
u s e d  f o r  ca l cu l a t i o n  o f  s h o r t -ci r cu i t  cu r r e n t  Ik“ a n d  s h o r t -ci r cu i t  
p o w e r  Sk”: 
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T h e  f u r t h e r  m o d e r n i z a t i o n  o f  t h i s  m e t h o d s  ca n  b e  a p p l i ca t i o n  o f  

a r t i f i ci a l  n e u r a l  n e t w o r k  ( A N N )  t o  q u i ck  i d e n t i f i ca t i o n  o f  
e q u i v a l e n t  i m p e d a n ce  [ 8 ] . A s  i n p u t  o f  A N N  m o d u l e s  a n d  
a r g u m e n t s  o f  b u s  v o l t a g e  a n d  cu r r e n t  f r o m  t w o  s a m p l i n g  cy cl e s  
a r e  g i v e n . B u s  e q u i v a l e n t  i m p e d a n ce  ca n  b e  o b t a i n e d  f r o m  t h e  
o u t p u t . 
 
4. C o n c l u s i o n s  
 

P r e s e n t e d  m e t h o d s  m a k e  p o s s i b l e  t o  d e t e r m i n e  t h e  e q u i v a l e n t  
i m p e d a n ce  o f  p o w e r  s y s t e m . T h e  f i r s t  m e t h o d , w h i ch  u s e s  o n l y  
m o d u l e s  o f  b u s  v o l t a g e  a n d  cu r r e n t  i s  u s e f u l  o n l y  f o r  t y p i ca l  l o w  
v o l t a g e  n e t w o r k . 

T h e  m e t h o d , w h i ch  u s e s  L y a p u n o v  e x p o n e n t s  i s  m o r e  u n i v e r s a l . 
It  ca n  b e  u s e d  i n  l o w  v o l t a g e , m e d i u m  v o l t a g e  a n d  h i g h  v o l t a g e  
i n s t a l l a t i o n s . 

E q u i v a l e n t  i m p e d a n ce  o f  t h e  p o w e r  s y s t e m  i s  t h e  b a s e  t o  
d e t e r m i n a t i o n  t h e  s h o r t -ci r cu i t  cu r r e n t s  a n d  s h o r t -ci r cu i t  p o w e r . 
O n -l i n e  co n t r o l  o v e r  t h e  s h o r t -ci r cu i t  p o w e r  i n  k e y  n o d e s  o f  t h e  
p o w e r  s y s t e m  m i g h t  p r o v i d e  s y s t e m  d i s p a t ch e r s  w i t h  a n  i m p o r t a n t  
p i e ce  o f  i n f o r m a t i o n .  
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