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S y n o p s i s

The ease  w ith  which t r a n s i s t o r  com para to rs  f o r  d i s t a n c e  r e l a y s  can 
be designed  f o r  h ig h -sp eed  o p e ra t io n  must be tempered w i th  c o n s i 
d e r a t io n  of o v e r a l l  perform ance and i n t e g r i t y  of o p e r a t io n .  Opera
t i n g  speed must be d e f in e d  over th e  whole of th e  working range  of 
th e  r e l a y ,  and n e i t h e r  th e  speed nor th e  m easuring accu racy  should  
be unduly  a f f e c t e d  by th e  sev e re  t r a n s i e n t s  g e n e ra te d  by modern 
e . h .v .  n e tw orks .  The co m p ara to r ,  as  w e l l  a s  be in g  p ro o f  a g a in s t  da
maging v o l t a g e  s u rg e s , ,  must o p e ra te  a c c u r a te l y  in  th e  p re sen ce  of 
lo n g -d u ra t io n  o f f s e t  t r a n s i e n t s  a c c e n tu a te d  by lo w -lo ss  raodern-plant 
param eters  and th e  random po in t-on-w ave  in c e p t io n  of f a u l t s  due to  
n a t u r a l  h azard s  and c lo s u r e  or r e c l o s u r e  of .modern p re s su re -h e a d  
c i r c u i t  b r e a k e r s .  The a t ta in m e n t  of h ig h -sp eed  o p e r a t io n  under t h e 
se p r a c t i c a l  c o n d i t io n s  p re c lu d e s  th e  ad o p t io n  of many, a p p a r e n t ly  
p r a c t i c a l  t r a n s i s t o r - c o m p a r a t o r  c i r c u i t s  and fa v o u rs  th e  ad o p t io n  of 

c i r c u i t s  w i th  w e l l  d e f in e d  dynamic perfo rm ances .
E x ten s iv e  l a b o r a to r y  i n v e s t i g a t i o n  has shown t h a t  th e  b lo c k -a v e 

rage comparison p r i n c i p l e  i s  amenable t o  p r e c i s e  d e s ig n  i n  a l l  r e s 
p e c ts ,a n d  p r a c t i c a l  f a s t - o p e r a t i n g  r e l a y s  can be des igned  withgood 
t r a n s i e n t - f r e e  c h a r a c t e r i s t i c s .  The r e s u l t s  o b ta in ed  on such a prac
t i c a l  r e l a y  a r e  p re s e n te d  i n  th e  paper f o r  a phase com parator w i th  
a po la r ised -m ho  c h a r a c t e r i s t i c .  I t  i s  shown t h a t  a minimum inherent
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o p e r a t in g  time of one h a l f c y c l e  o f  th e  power f req u en cy  can  be de
f in e d  f o r  t h i s  com parator arrangem ent and t h a t  bo th  th e  s t a t i c  and 
dynamic o p e r a t in g  c h a r a c t e r i s t i c s  a r e  p r e d ic t a b l e  over th e  whole 
w orking ra n g e .  E q u iv a len t  perform ance f o r  th e  am pli tude -com para to r  
c o u n te r p a r t  i s  j u s t i f i e d  in  an append ix ,  and u n d e r l in e s  e a r l i e r  
work.

R elays u s in g  th e  b lo ck -a v e ra g e  comparison p r i n c i p l e  have been 
used s u c c e s s f u l l y  i n  f i e l d  t r i a l s  s in c e  1957, and t h i s  p r i n c i p l e  
now forms th e  b a s i s  f o r  v a r io u s  p ro d u c tio n  d e s ig n s .  S u f f i c i e n t  f ie ld  
ex p e r ien ce  i s  now a v a i l a b l e  to  j u s t i f y  th e  t h e o r e t i c a l  a n a ly s i s  and 
l a b o r a to r y  t e s t  r e s u l t s  g iv en  in  th e  pap e r .

LIST 0? PRINCIPAL SYMBOLS

V1 , V2 -  in p u t  s i g n a l s  t o  a 2 - in p u t  r e l a y  comparator
0  -  phase d isp lacem en t between V1 and V2

-  p h a se - to -p h a se  v o l t a g e  
I L -  l i n e  c u r r e n t
V81. Vg2 -  l e v e l - d e t e c t o r  v o l t a g e  s e t t i n g s

S  ̂ -  p .u .  in p u t  1 r e l a t e d  to  s e t t i n g
S2 -  p .u .  in p u t  2 r e l a t e d  t o  s e t t i n g
V , V -  p a r t i c u l a r  l e v e l s  of v o l t a g e  i n  a l e v e l  d e t e c t o r ,x y

co r re sp o n d in g  to  time i n t e r v a l s  Tx and T , r e s p e c 
t i v e l y

Vp -  p o l a r i s i n g  v o l t a g e
T -  system p e r io d ic  time
CC -  phase -com para to r  an g u la r  s e t t i n g

ZL= V j / 1!  “ p ro te c te d  impedance of a s e c t i o n  of power system
Zp -  re la y in g - s y s te m  impede nee s e t t i n g
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1. I n t r o d u c t io n

U n t i l  a decade ago, r e l a y  d e s ig n  was dominated by th e  use of 
e le c t ro m e c h a n ic a l  e lem en ts .  Such an e lem ent,  o f  w ha tever b a s ic  cha- 
r a c t e r i s t i s ;  e , g .  sq u are - law  in d u c t io n  e lem en t,  has  a dynamic b e 
h av io u r  s p e c i a l  t o  t h a t  e lem en t,  and d e s ig n  freedom i s  consequen
t l y  r e s t r i c t e d  by f a c t o r s  such as  th e  c o n f l i c t i n g  re q u ire m e n ts  of 
s e n s i t i v i t y  and m echan ica l  r o b u s tn e s s .  The same p e r io d  saw th e  emer
gence of a method f o r  a s s e s s in g  th e  dynamic perform ance of d i f f e 
r e n t  r e l a y i n g  systems by d i s p l a y in g  t im in g  c o n to u rs  under p r a c t i 
c a l  c o n d i t io n s  of sw itch in g  [ 5 ] .  The r e l a t i v e  d e f i c i e n c i e s  of s e 
v e r a l  ty p e s  of r e l a y  could  th u s  be exposed, and c r i t e r i a  f o r  dyna
mic perform ance be e s t a b l i s h e d .  F u rtherm ore ,  i t  became p o s s ib le  t o  
e s t a b l i s h  c o r r e l a t i o n  between o p e ra t in g  t im e ,  sw itched  m easuring 
accu ra cy  and o v e r a l l  i n t e g r i t y  u n d e r ,  p r a c t i c a l  o p e ra t in g  c o n d i 
t i o n s .  Over th e  l a s t  t e n  y e a r s ,  r e l a y s  u s in g  t r a n s i s t o r s  have been 
shown to  be p r a c t i c a l  a l t e r n a t i v e s  to  r e l a y s  u s in g  c o n v e n t io n a l  oo 
components P-4] and b o th  phase and am pli tude  com para to rs  have been 
used w i th  double and m u l t ip le  i n p u t s .  Although th e  r e l a t i o n s h i p s  
of g eo m e tr ic a l ,  d u a l i t y  between p h ase -  and am p li tu d e -co m p ara to rs  in  
th e  s te a d y  s t a t e  a r e  w e l l  e s t a b l i s h e d  [7l th e  r e s p e c t i v e  dynamic per
formances have no t  been a d e q u a te ly  r a t i o n a l i s e d .

The t r a n s i s t o r  com parator a f f o r d s  g r e a t  freedom of d e s ig n  f o r  
s p e c i f i c  laws of o p e ra t io n  a n d /o r  c h a r a c t e r i s t i c s }  t h i s  has no coun
t e r p a r t  in  th e  e le c t ro m e c h a n ic a l  r e l a y ,  where th e  b a s i c  c h a r a c t e 
r i s t i c s  a r e  p re s c r ib e d  by  th e  b eh av io u r  of th e  e lem ent i t s e l f . T h i s  
freedom of d e s ig n  embraces bo th  s t a t i c  c h a r a c t e r i s t i c s  and dynamic 
perfo rm ance .  R a t i o n a l i s a t i o n  beyond e lem en ta ry  r e p ro d u c t io n  o f  con
v e n t i o n a l  dynamic perform ance becomes p o s s i b l e ,  d e s ig n  procedure  i s  
c l a r i f i e d ,  and th e  r e l a t i v e  assessm en t of com para to rs  o p e ra t in g  t o  
d i f f e r e n t  p r i n c i p l e s  i s  f a c i l i t a t e d .

The t r a n s f o r m a t io n  of in p u t  q u a n t i t i e s  d e f in in g  i d e n t i c a l  s t e a 
d y - s t a t e  o p e r a t in g  c h a r a c t e r i s t i c s  u s in g  phase or am pli tude  compa
r a t o r s  i s  shown below to  have extended s i g n i f i c a n c e  i n  r a t i o n a l i 



s in g  com para to r perfo rm ance ,  e s p e c i a l l y  i n  th e  ca se  o f  c i r c u i t s  u -  

s in g  t r a n s i s t o r s .

2 .  D esign  p r i n c i p l e s  o f  t r a n s i s t o r  d i s t a n c e  r e l a y s

2 . 1 .  B as is  f o r  d e s ig n

A t r a n s i s t o r  r e l a y  may be des igned  t o  have a wide range  of d i f 
f e r e n t  c h a r a c t e r i s t i c s .  These in c lu d e ,  on th e  one hand ,a  c lo s e  ap
p ro x im a tio n  t o  an e le c t ro m a g n e t ic  sq u are - law  com parato r [6 ]such  as  
th e  in d u c t io n  cup or balanced-beam  type  o r ,  on th e  o th e r  hand, a 
c h a r a c t e r i s t i c  no t  n o rm ally  o b ta in a b le  by c o n v e n t io n a l  means, such 
a s  an  in v e r s e  r e l a t i o n s h i p  between o p e ra t in g  t im e and com parator 
o u tp u t .  S q u a l ly ,  n o n l in e a r  t im in g  r e l a t i o n s h i p s  can be o b t a i n e d . l t  
i s ,  i n  any c a s e ,  i l l o g i c a l  t o  emphasise th e  re p ro d u c t io n  o f  convex  
t i o n a l - r e l a y  c h a r a c t e r i s t i c s  w i th o u t  r e c o n s i d e r a t i o n  based on th e  
newly a v a i l a b l e  d e s ig n  freedom u s in g  t r a n s i s t o r s .  Both in v e r s e  and 
in v e r s e - s q u a re  t im in g  c h a r a c t e r i s t i c s  a r i s e ,  in  c o n v e n t io n a l  r e l a y s ,  
because  th e y  a r e  in h e r e n t  t o  th e  e le c t ro m e c h a n ic a l  e lem en ts  used 
and n o t  because  th e y  a r e  « n e c e s s a r i ly  d e s i r a b l e  in  a f u n c t i o n a l  sen
s e .  R eproduc tion  of e x i s t i n g  c h a r a c t e r i s t i c s  in  t h i s  way can lead  
t o  unw arranted  c i r c u i t  co m p lex i ty ,  w i th o u t  le a d in g  t o  t im ing  or o 
t h e r  c h a r a c t e r i s t i c s  which a r e  s p e c i a l l y  s u i t e d  to  povver-systempro
t e c t i o n  re q u ire m e n ts .  Prom broad  c o n s id e r a t i o n  of th e s e  p r o t e c t iv e  
re q u ir e m e n ts ,  i t  i s  th e  a u t h o r s ’ o p in io n  (and a view which ap p ea rs  
t o  have m a jo r i ty  s u p p o r t  among th o se  e n g in e e rs  in im a te ly  concerned 
w i th  p r o t e c t i o n  d e s ig n  and a p p l i c a t i o n ) ,  t h a t  a d e f i n i t e  time cha

r a c t e r i s t i c  i s  th e  most d e s i r a b l e  one.
F in a lly ,  however, i t  i s  n ecessary  to  a s s e s s  a r e la y  design  be

yond the p h ilo so p h ica l fa c to r s  d iscu ssed  above. Purely te ch n o lo g i
c a l  d esign  a s p e c ts ,  such a s long-term  c ir c u i t  s t a b i l i t y ,  s u s c e p t i
b i l i t y  to  damaging tr a n s ie n t  su rg es , economic f e a s i b i l i t y  and per
formance under nonideal system  co n d it io n s  have in f lu e n c e s  which of
te n  r e d ir e c t  d esig n  th in k in g  away from the arrow requirem ents of 
the laboratory  p rototype.
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2 . 2 .  P hase-com parison  and am p li tude -com parison

N o tw ith s tan d in g  th e  f a c t  t h a t  E l l i s  [ 7 ,8 ] e s t a b l i s h e d  t h a t  th e r e  
were no fu ndam en ta l  d i f f e r e n c e s  between th e s e  two p r i n c i p l e s ,  un
founded com parisons have been  made. For example, Mathews and Nel- 
l i s t  [ 9]  p re se n te d  an a n a l y s i s  of th e  d i f f e r e n t i a l  r e c t i f i e r - b r i d g e  
com para to r  and mentioned i t s  i n f e r i o r  t r a n s i e n t  re sp o n se  r e l a t l v e l  
t o  th e  t r a n s i s t o r  phase com para to r d e s c r ib e d  by Adamson and Wede- 
p o h l  [ 2 ] -  I n  o rd e r  to  c l a r i f y  t h i s  p o i n t ,  i t  i s  e s t a b l i s h e d  in  Ap
pend ix  9 t h a t  w i th  b o th  a b a s i c  phase and an am p li tu d e  compara
t o r ,  each w i th  s p e c i f i e d  o p e r a t in g  c r i t e r i a ,  th e  o u tp u t  s i g n a l s  
a r e  i d e n t i c a l ,  i n s t a n t  by i n s t a n t ,  p rov ided  t h a t  th e  c o r r e c t  in p u t  
r e l a t i o n s h i p s  s p e c i f i e d  by E l l i s  [7 ]  a r e  observed .  Thus, th e  on ly  
way in  which d i f f e r e n c e s  in  dynamic perform ance in  th e  rtwo c a s e s  
can  occur i s  i f  t h e r e  a r e  d i f f e r e n c e s  i n  th e  p a s s iv e  networks p ro 
c e s s in g  th e  in p u t  s i g n a l s ,  or i n  th e  c i r c u i t s  connected  to  th e  com
p a r a t o r  o u tp u t .

2 .3 .  U se fu l  c h a r a c t e r i s t i c s  o b ta in ed  u s in g  t r a n s i s t o r  com para to rs

There i s  l i t t l e  doubt t h a t  some o f  th e  p a s t  u n c e r t a i n t i e s  con
c e rn in g  e le c t ro m e c h a n ic a l  r e l a y s  have r e s u l t e d  from i l l - c o n s i d e r e d  
a t te m p ts  to  compare th é  i n h e re n t  perform ance of phase com para to rs  
and am p li tu d e  com para to rs  w i th  fu n d am en ta l ly  d i f f e r e n t  o u tp u t  cha
r a c t e r i s t i c s ,  e . g .  a l i n e a r  m o v in g -co i l  element compared w i th  a 
s q u a re - law  in d u c t io n -c u p  e lem en t.  With t r a n s i s t o r  r e l a y s ,  s i m i l a r  
m isco n cep tio n s  can a r i s e ,  and i t  i s  im p o rtan t  t o  r e c o g n is e  th a t  the  
number o f  b a s i c a l l y  d i f f e r e n t  methods of o b ta in in g  u s e f u l  c h a r a c te 
r i s t i c s  from a com parator c i r c u i t  i s  c o n f in e d  t o  th e  fo l lo w in g :

a)  Block in s ta n ta n e o u s  com parison [1 ]  in  which th e  d u ra t io n  of po
l a r i t y  c o in c id e n c e  d e te rm in es  th e  o u tp u t .  The t r i p p i n g  c r i t e 
r i o n  i s  t h a t  th e  d u r a t io n  o f  th e  f i r s t  c o in c id e n c e  should exceed 
a s p e c i f i e d  t im e ,  u s u a l l y  one q u a r te r  o f th e  pow er-frequency  pe
r i o d .
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b) B lock ave rage  com parison , a development of ( a ) ,  i n  which th e  du
r a t i o n  of p o l a r i t y  co in c id e n ce  i s  measured on b o th  h a l f c y c l e s  of 
th e  in p u t  s i g n a l s ,  and the  average v a lu e  i s  determ ined  in  an in 
t e g r a t i n g  c i r c u i t , a  t r i p  s i g n a l  be in g  produced i f  a s p e c i f i e d  
average  v a lu e  i s  m ain ta ined  f o r  more than  a p re s c r ib e d  dura tion . 
The p r i n c i p l e s  of t h i s  form of comparison have a l r e a d y  been des- 

c r i b e d [ 2 ,3 ,1 0 ]  .

c )  P u lse  com parison C O . in  which th e  p o l a r i t y  of one s i g n a l  i s  mea
su red  d u r in g  a s h o r t  i n t e r v a l  in  th e  c y c le  o f  th e  second s i g n a l ,  
u s u a l l y ,  bu t  no t  n e c e s s a r i l y ,  a t  the l e t t e r ’ s peak.

Whether a p r a c t i c a l  t r a n s i s t o r  com parator i n  c a t e g o r i e s  a) or (b )  
i s  based  on phase or am plitude  com pararison  has been shown to  be 
im m a te r ia l .  To d a t e ,  p r a c t i c a l  com parators  f a l l i n g  i n t o  category(|c) 
a r e  of  th e  phase-com parison  type  o n ly ,  even though e q u iv a le n t  am
p l i t u d e  v e r s io n s  can be co n ce iv ed .  T h u s , th e  r e l a t i v e  m e r i t s  ef prac
t i c a l  com para to rs  o f  each c a te g o ry  a r e  c o n v e n ie n t ly  compared by con
s i d e r i n g  p h ase -an g le  com para to rs  o n ly ,  in  d e t a i l .  This cho ice  has  
p r a c t i c a l  s i g n i f i c a n c e  in  t h a t  th e  in h e re n t  c h a r a c t e r i s t i c s  of t r a n  
s i s t e r s  lend them selves  most r e a d i l y  to  phase-com pare to r p r i n c i 
p l e s .

2 . 4 .  Fundamental p r i n c i p l e s  of o p e ra t io n  o f  t r a n s i s t o r  com parators

C o n s id e r in g  phase com para to rs  i n  th e  t h r e e  c a te g o r i e s  of S ec tion
2 . 3 ,  th e  o p e r a t in g  c r i t e r i o n  i s  expressed  in  th e  eq u a tio n :

-cX^<t>^+ oC (1 )

where <t> i s  th e  phase d i f f e r e n c e  between th e  two in p u t  s i g n a l s  and 
(K i s  th e  p h ase -an g le  s e t t i n g ,  u s u a l ly  31/2. For th e  b lo ck  compa

r a t o r s  o f  c a t e g o r i e s ( a )  a n d (b ) ,  th e  o p e ra t in g  limitoCmay by p r e s e t  
between 0 and 31 to  g iv e  o v e r a l l  c h a r a c t e r i s t i c s  com pris ing  sec to rs  
o f  c i r c l e s  and s t r a i g h t  l i n e s  in  th e  complex ’ lan eQ j,  1 .  The ca se  
of an o p e ra t in g  l i m i t  o f 31/2 y i e l d s  c h a r a c t e r i s t i c s  which c o n p r i -
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se e i t h e r  s t r a i g h t  l i n e s  or c i r c l e s [ l ] .  Thus, in  th e  s te a d y  s t a t e ,  
th e r e  a r e  no b a s ic  d i f f e r e n c e s  between th e  t h r e e  co m p ara to rs ,  bu t 
i t  can be observed t h a t  th e  b lock-com parison  p r i n c i p l e  a l lo w s  fo r  
g r e a t e r  v e r s a t i l i t y .

C o n s id e ra t io n  of r e l a t i v e  dynamic performance d i s c l o s e s  sh a rp e r  
c o n t r a s t s ,  however. Comparators in  the  f i r s t  and l a s t  c a te g o ry  a re  
i n h e r e n t ly  s u s c e p t ib l e  t o  system  t r a n s i e n t s  and o th e r  s p u r io u s  s i g 
n a l s  by v i r t u e  of t h e i r  n ea r  in s ta n ta n e o u s  o p e r a t io n a l  ,2 } .  U nless  
a l l  unwanted su rg es  and t r a n s i e n t s  a r e  e f f e c t i v e l y  removed from th e  
s ig n a l  i n p u t s ,  t h e i r  measuring accu racy  cannot be m a in ta ined  under 
dynamic c o n d i t i o n s  w ith o u t  s a c r i f i c e  in  o p e ra t in g  sp eed .  A compro
mise s o l u t io n  has been proposed 2 w here in  two i d e n t i c a l  compara
t o r s  a r e  a r ranged  to  compare s ig n a l s  on a l t e r n a t e  h a l f c y c l e s ,  and 
t h e i r  o u tp u ts  a r e  g a ted  so t h a t  t r a s i e n t  o v e r reach  i n  one element 
i s  b locked  by th e  o th e r .  Other arrangem ents  u s e " f i r s t - b l o c k - r e ; ) a c 
tion"  c i r c u i t s  [11] or "g ap - t im in g "  c i r c u i t s .  A l l  such a t te m p ts  t o  
p re se rv e  dynamic measuring accu racy  s a c r i f i c e  speed of o p e r a t io n ,  
because th e  form of com parator w ith  which th ey  a r e  a s s o c ia te d  have 
no in h e re n t  t r a s i e n t - f r e e  c h a r a c t e r i s t i c s .

The b lo ck -a v e ra g e  co m p ara to r ,  however, has  u s e f u l  in h e re n t  t r a n  
s i e n t - f r e e  c h a r a c t e r i s t i c s ,  and i t  i s  shown in  th e  fo l lo w in g  Sec
t i o n s  t h a t  a r e l a y  can be designed  to  a t h e o r e t i c a l  minimum opera
t i n g  tim e of one h a l f  of th e  pow er-frequency  p e r io d  w ith o u t  i n c u r 
r in g  t r a n s i e n t  o v er reach  and w ith o u t  r e s o r t i n g  to  s p e c i a l  f i l t e 
r i n g  c i r c u i t s  in  th e  in p u t  s i g n a l  p a th s .  The o p e r a t in g  tim e i s  no t 
s i g n i f i c a n t l y  a f f e c te d  by th e  i n s t a n t  of f a u l t  i n i t i a t i o n  or de
gree  of th e  d . c .  o f f s e t  t r a n s i e n t  in  th e  in p u t  s i g n a l s ,  and can be 
p r e c i s e l y  d ef in ed  fo l lo w in g  th e  p rocedure  d e s c r ib e d  in  S e c t io n  3 . 
Timing over th e  f u l l  working range  approaches th e  i d e a l  d e f i n i t e 
time c h a r a c t e r i s t i c ,  b u t  as  th e  c r i t i c a l  phase an g le  cf(usually>C/ 2) 
i s  approached , th e  t im in g  te n d s  to  i n f i n i t y  a t  th e  boundary of ope
r a t i o n .  This c o n t r o l l e d  t i m i n g - c h a r a c t e r i s t i c ,  and th e  use  of b o th  
h a l f c y c l e s  f o r  measurement, c o n t r i b u t e  most s i g n i f i c a n t l y  t o  th e  
dynamic a c c u ra c y ,  and c o n t r a s t s  w i th  th e  o th e r  two ty p e s  of compa
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r a t o r  w ith  t h e i r  v a r i a t i o n  in  t i n i n g  depending on th e  p o in t-o n -w a-  
ve i n s t a n t  of f a u l t  i n i t i a t i o n  and th e  u n c o n t ro l le d  t im ing  c h a ra c 
t e r i s t i c  a t  or n ea r  th e  boundary of o p e r a t io n .  This l a t t e r  p ro p e r 
t y  l a r g e l y  acco u n ts  f o r  t h e i r  poor dynamic m easuring p ro p e r t ie s  and 
f o r  t h e i r  s u s c e p t i b i l i t y  to  m a lo p e ra t io n  r e s u l t i n g  from sp u r io u s  
su rg es  and t r a n s i e n t  s i g n a l s ;  th e  com parators  in  c a te g o r ie s (a )  and 

(c) a r e  p ro b ab ly  of lowest m e r i t  in  th e s e  r e s p e c t s .

3 .  B lock ave rage  comparison

3 . 1 .  S p e c i f i c a t io n  of d e s ig n  req u irem en ts

The fo l lo w in g  a r e  th e  f a c t o r s  of  most s i g n i f i c a n c e  in  r e l a t i n g  
in h e re n t  com parator performance t o  th e  c o n ju n c t iv e  performance of 
any p r a c t i c a l  d is ta n c e -m e a su r in g  r e l a y  and, a s  such , th e y  a r e  used 
a s  th e  b a s i s  f o r  s p e c i fy in g  th e  b lo ckave rage  system;

a )  M easuring a c c u ra c y ; The s p e c i f i e d  accu racy  should  be m ain ta ined  
over th e  f u l l  working range  when measured under r e a l i s t i c  dyna
mic c o n d i t io n s  w ith  o f f s e t  d . c .  t r a n s i e n t s  and o th e r  sp u r io u s  
s i g n a l s  superimposed on th e  in p u t  q u a n t i t i e s .  long-term  s t a b i 
l i t y  o f  m easuring accu racy  r e q u i r e s  t h a t  th e  com parator d e s ig n  
l e v e l s  be such t h a t  a l l  v e c t o r i a l  s i g n a l  mixing should  be done 

i n  p a s s iv e  c i r c u i t s  b e fo re  th e  s ig n a l s  a r e  compared.

b )  Timing c h a r a c t e r i s t i c ; The t im in g  c h a r a c t e r i s t i c  should be of 
th e  defin ite -m in im um  ty p e  f o r  a l l  f a u l t s  w i th in  th e  p ro te c te d  zo
n e ,  a l low ance  b e in g  made f o r  c o n t r o l l e d  performance in  th e  .imme
d i a t e  v i c i n i t y  of th e  o p e ra t in g  boundary . An o p e ra t in g  tim e of 
the  o rd e r  of  1 cy c le  of  power f req u en cy  i s  co n s id e red  d e s i r a b le  
over th e  m a jo r i ty  of the  p r a c t i c a l  working ra n g e .

o) S t a b i l i t y : The com parator should have in h e re n t  r e s i s t a n c e  to  
h ig h -am p li tu d e  s h o r t - d u r a t io n  sy s tem -g en e ra ted  s u rg e s ,b o th  w ith  
r e g a rd  to  m a lo p e ra t io n  and t o  su rge  damage.
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I t  i s  o f fundam ental  im portance in  deve lop ing  a sound r e l a y in g  
philosophy to  c o n s id e r  in  c lo s e  d e t a i l  th e  in h e re n t  perform ance as 
s e t  out above, b e a r in g  in  mind t h a t  modern h ig h -sp ee d  r e l a y s ,  a re  
req u ired  t o  o p e ra te  c o r r e c t l y  in  th e  presence ' o f  lo n g -d u ra t io n  o f 
f s e t  d . c .  t r a n s i e n t s .  The major p a r t  of any d i s c u s s io n  on p e r f o r 
mance must th u s  c e n t r e  on th e  dynamic re sp o n se  of th e  r e l a y  and on 
i t s  o p e ra t in g  mechanism in  th e  p resence  of o f f s e t  d . c .  components, 
w ith  the  c l e a r  u n d e rs ta n d in g  t h a t  th e  3 t e a d y - s t a t e  re sp o n se  i s  me
r e ly  a p a r t i c u l a r  ca se  o f  th e  dynamic re s p o n se .  I t  i s  on t h i s  b a 
s i s  t h a t  r e l a y s  u s in g  th e  p r i n c i p l e  of  b lo ck -a v e ra g e  comparison a -  
r e  a t  an advantage over s im p le r  a d n /o r  f a s t e r  a r rangem ents  in which 
design i s  based on s t e a d y - s t a t e  c o n s id e r a t i o n s  on ly .

3 .2 .  Basic c o n s id e r a t io n s

Big. 1 shows a schem atic  diagram of a b a s ic  r e l a y  u s in g  th e  pha- 
se-com para tor p r i n c i p l e ;  th e  d e f i n i t i v e  eq u a tio n s  can be d e r iv e d

measuring 
and mixing 

circuits

coincidence leve!

V?

circuit integrator detector

P ig .  1. B asic  b lo ck  ave rage  comparison r e l a y

and performance w i l l  be i d e n t i c a l  f o r  an e q u iv a le n t  am plitude  com
p a r a to r .  Two in p u t  q u a n t i t i e s  V'1 and V2 , d e r iv e d  from in p u t  vo l
tage  and c u r r e n t  VL and I L i n  a measuring and mixing c i r c u i t ,  
a re  compared in  a co in c id e n ce  c i r c u i t  p roduc ing  s tan d a rd  o u tpu t  
p u ls e s ,  which a r e  p o s i t i v e  when V1 and V2 a re  of th e  same p o la 
r i t y  and n e g a t iv e  when th ey  a r e  of o p p o s i te  p o l a r i t y .  The p u ls e s  
a re  a p p l ie d  t o  an i n t e g r a t i n g  c i r c u i t  whose o u tp u t  i n c r c a s  s l i n e 
a r l y  d u r in g  th e  time when th e  p u lse  i s  p o s i t i v e  and f a l l s  a t  the 
same r a t e  when th e  p o l a r i t y  r e v e r s e s .  The f i n a l  e lem ent i n  the  r e 
lay  i s  a l e v e l  d e t e c t o r  which sw itch es  when the  i n t e g r a t o r  ou tput
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a

n n n n

( i ii)

 /
c

P ig .  2 . Relay  waveforms ( )
a -  In p u t  s i g n a l s  to  c o in c id e n ce  c i r c u i t ,  b -  Output from c o i n c i 
dence c i r c u i t  ( i )  -  Upper l i m i t ,  ( i i )  S e t  l e v e l ,  ( i i i )  -  Reset l e 

v e l ,  c -  I n t e g r a t o r  ou tput

P ig s .  2 and 3 show th e  r e l e v a n t  waveforms in  th e  s te a d y  s t a t e  
f o r  phase d isp lace m e n ts  0  >  JT/2 and < fxft/2t r e s p e c t i v e l y .  I t  i s  
e v id e n t  t h a t  th e  ou tpu t  s i g n a l  from th e  i n t e g r a t o r  i s  sawtooth in  
n a t u r e ,  and t h a t  th e r e  i s  an e f f e c t i v e  g a in  in  o u tp u t  only f o r  th e  
c o n d i t i o n  0 < J I / 2 .  The r i s e  and f a l l  r a t e s  in  th e  i n t e g r a t o r  a re  
a t  th e  d e s i g n e r ’ s d i s p o s a l ,  so t h a t  th e  c r i t i c a l  phase ang le  may 
be s e t  t o  any d e s i r e d - v a lu e .  Both th e  l e v e l - d e t e c t o r  s e t  and r e s e t ;  
l e v e l s  a r e  c r i t i c a l  in  r e l a t i o n  t o  the  t o t a l  e x c u rs io n  l i m i t  o f  i n 
t e g r a t o r  l i n e a r i t y  and a l s o  to  th e  s lo p e  of th e  o u tp u t .C o n s id e r in g  
f i r s t  th e  s e t t i n g ,  i t  may be seen t h a t  t h i s  should a t  l e a s t  exceed 
a v a lu e  which would be reached  a f t e r  one q u a r te r  o f  th e  system p e-
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I '

(i)

P ig . 3* Relay waveforms ((fi < 31/2}
a -  Input s i g n a l s  t o  c o in c id e n ce  c i r c u i t ,  b -  Output from c o i n c i 
dence c i r c u i t , - ( i )  -  Upper l i m i t ,  ( i i )  -  S e t  l e v e l ,  ( i i i )  -  R ese t 

l e v e l ,  c -  I n t e g r a t o r  o u tpu t

r i o d i c  t im e .  I f  t h i s  were no t so ,  th e  output would sw itch  a t  tw ice  
system f req u en c y ,  even i f  th e  d isp lacem en t between in p u t  s i g n a l s  
was g r e a t e r  than  th e  c r i t i c a l  v a lu e .  The d i f f e r e n c e  between set and 
r e s e t  l e v e l s  should  a l s o  exceed t h i s  same v a lu e  i n  o rd e r  t h a t  cy
c l i c  sw itch in g  does n o t  occur f o r  m arg in a l  phase d isp lace m e n ts  when 
th e  n e t  r a t e  of change of i n t e g r a t o r  o u tpu t  i s  v e ry  s m a l l |  t h i s  i s  
i l l u s t r a t e d  in  P ig .  4 .  F i n a l l y ,  th e  upper l i m i t  of l i n e a r i t y  should 
n o t  be e x c e s s iv e ,  o th e rw ise  th e  r e s e t  time w i l l  be poor .

I f  a l l  th e se  fa c to r s  are taken in to  accoun t, to g e th er  w ith  the  
problem o f d esig n in g  a tr ig g e r  c ir c u i t  to  operate to  a sp e c if ie d  
l e v e l ,  i t  i s  found th a t the optimum le v e l-d e te c to r  s e t t in g  i s  two
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t h i r d s  o f  th e  i n t e g r a t o r  ex cu rs io n  l im i t  and r e s e t  one t h i r d  o f  the 
same l i m i t ,  a s  in d ic a te d  in  P ig .  4 .

O

P i g .  4 . Relay waveforms f o r  m arg in a l  o p e ra t io n  ( 4>=Jl/2)
a -  Inpu t s i g n a l s  t o  co in c id e n ce  c i r c u i t ,  b -  Output from c o i n c i 
dence c i r c u i t  ( i )  Upper l i m i t ,  ( i i )  Set l e v e l ,  ( i i i )  R eset l e v e l ,

o -  I n t e g r a t o r  ou tpu t

3 «3» Response time

The b a s i c  t im e - re sp o n se  c h a r a c t e r i s t i c  i s  o f  fundam enta l  impor
t a n c e .  S ince th e  re sp o n se  i s  d i r e c t l y  r e l a t e d  t o  the  : co in c id en ce  
t im e ,  i t  i s  a s im ple m a t te r  to  d e r iv e  th e  eq u a tio n  r e l a t i n g  t h i s  t i 
me (w hich , in  t u r n ,  i s  p r o p o r t i o n a l  to  th e  complement of phase d i s 
p lacem en t,  31- 0 ,  in  t h e  s te a d y  s t a t e )  t o  th e  time of o p e ra t io n .T h e  
re sp o n se  t im e i s  d i r e c t l y  r e l a t e d  t o  th e  tim e tak en  f o r  th e  i n t e 
g r a t o r  to  produce a s i g n a l  which a c tu a t e s  th e  l e v e l  d e t e c t o r  under 
c o n d i t io n s  of con tinuous  c o in c id e n c e .  Under c o n d i t io n s  of maximum
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d . c .  o f f s e t  t r a n s i e n t  in  one s i g n a l ,  o p e ra t io n  can be delayed  s l ig h 
t l y  as  shown i n  P ig .  5 , where th e  tim e of p o s i t i v e  co in c id e n ce  has 
been re d u c e d ,  and o f  n e g a t iv e  c o in c id e n c e  i n c r e a s e d ,  over the t r a n 
s i e n t  p e r io d .  The com pensatory a c t i o n  r e s u l t i n g  from th e  use of an 
i n t e g r a t o r  re s p o n s iv e  t o  bo th  p o l a r i t i e s  i s  a p p a re n t .

n  I I I  I f "
b

(i )

P i g .  5» R elay waveforms w i th  d . c .  o f f s e t  i n  Vg
a -  In p u t  s i g n a l s  t o  c o in c id e n c e  c i r c u i t ,  b -  Output from c o i n c i 
dence c i r c u i t ,  ( i )  Upper l i m i t ,  ( i i )  S e t  l e v e l ,  ( i i i )  R ese t  l e v e l ,

c -  I n t e g r a t o r  o u tp u t

I t  i s  c l e a r l y  advan tageous  t o  have t h e  re sp o n se  tim e a s  f a s t  as 
p o s s ib le s  however, th e  minimum w i l l  be r e l a t e d  t o  th e  sp u r io u s  ou t
pu t d u r in g  c o n d i t io n s  of maximum d . c .  o f f s e t  t r a n s i e n t .  Under con
d i t i o n s  o f  maximum d . c .  o f f s e t  t r a n s i e n t  i n  Vg, Vg w i l l ,  i n  th e  l i 
m i t ,  have one p o l a r i t y  o n ly ,  and i t  i s  p o s s ib le  t o  produce a c o in 
c id en c e  p u lse  of e x a c t ly  one h a l f  of a system p e r io d  i n  w id th ,  and 
t h i s  w i l l  be independent of phase s h i f t .  I t  i s  e s s e n t i a l  t h a t  t h i s
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should  no t  a c tu a t e  th e  l e v e l  d e t e c t o r  and hence p o s s ib ly  i n i t i a t e  
a sp u r io u s  t r i p p i n g  p u ls e .T h is  very  simple s t a b i l i s i n g  criterion sets 
a l i m i t  on minimum o p e ra t in g  time} from i t  th e  in h e re n t  o p e ra t in g  
c h a r c t e r i s t i c  may be r e a d i l y  d e r iv e d .

This d e s c r ib e s  th e  performance of th e  r e l a y  w ith  a d . c .  o f f s e t  
i n  one in p u t  only to  th e  com para to r;  th e  more g e n e r a l  ca se  of t r a n 
s i e n t s  i n  both  in p u ts  w i l l  be covered l a t e r .

P ig .  6 . I n t e g r a t o r  o u tpu t  waveform used to  de term ine  o p e ra t in g  time

R e fe r r in g  to  P ig .  6, showing th e  r e l a t i o n s h i p  between time and 
i n t e g r a t o r  o u tp u t ,  Vg i s  the  s e t t i n g  of th e  l e v e l  d e t e c to r  which, 
i t  i s  assumed, would be reached  in  T/2 under c o n d i t io n s  of c o n t i 
nuous e n e r g i s a t i o n ,  where T i s  th e  power-system p e r io d .  Using cp 
f o r  th e  phase d isp lacem en t between in p u t  s i g n a l s  V1 and V2 , th e  fo l” 
lowing b a s ic  e q u a t io n s  app ly :

Tx = (1 -<*>/JT)T/2 ( 2 )

(3)

Vy = 2 Vg Ty/T (4)

Tx + Ty = T/2 (5)
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For zero phase d isp lacem en t  between com para to r i n p u t s ,  p o in t " a "  
in. F ig .  6 c o in c id e s  w ith  th e  t r i g g e r  l e v e l  V , i . e .  V = V andS X  s
th e  o p e ra t in g  time i s  T /2 .  When th e  p o in t  '"b" c o in c id e s  w ith  Vg,
th e  change in  i n t e g r a t o r  o u tp u t  i s  g iv e n  by

and t h i s  change ta k e s  p la c e  in  time

t  = T/2 + Tx (7 )

I f ,  however, p o in t  "b"  f a l l s  j u s t  below Vg ,

t  = T + T
J

g iv in g  r i s e  to  a d i s c o n t i n u i t y  i n  th e  o p e ra t in g - t im e  c h a r a c t e r i s t i c .
The n ex t  d i s c o n t i n u i t y  o ccu rs  when

$  :  . ■ • •

V = 3 V -  2 V (8 )s x y v '

and
1 = T + Tx (9a)

o r  3T/2 + T ( (9 b )
«/

F ig .  7 .  shows th e  t h e o r e t i c a l  re sp o n se - t im e  curve  of th e  .compare-' 
t o r  d e r iv ed  on t h i s  b a s i s .  Two c u rv e s  a r e  shown, th e  upper g iv in g  
th e  u n c e r t a i n t y  which occu rs  when measurement s t a r t s  d u r in g  a non
co in c id e n c e  p e r io d .  The time d e la y  due to  th e  u n c e r t a i n t y  i s  p o r -  
p o r t i o n a l  to  phase d isp lacem en t  and has a maximum of T/2 a t  th e  6_
p e r a t i n g  th re s h o ld  <f> = J I / 2 .  The o p e r a t in g  t im e i s  v i r t u a l l y  con-

os t a n t  f o r  phase s h i f t s  o f  l e s s  t h a n  60 . T h e r e a f t e r ,  th e  tim e i s  de
lay ed  p r o g r e s s iv e ly  u n t i l  i t  becomes i n f i n i t e  a t  th e  o p e r a t in g  tiier- 
s h o ld •
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ol--------1--------1_____ 1_____LOL------- 1--------1--------1--------1_____ 1_____ i
-90* -60* -30* O 30“ 60" 90*

P ig . 7« Operating time as a fu n ctio n  o f phase displacem ent 
a -  minimum tim in g , b -  maximum tim ing

The v ir tu e  o f th is  type o f c h a r a c te r is t ic  i s  th a t i t  combines 
the advantages o f very  high speed o f operation  w ith very accurate  
measurement a t the th resh o ld . This c h a r a c te r is t ic  i s  a d ir e c t  coir 
sequence o f the fa c t  th a t the d esign  i s  based on th e tr a n s ien t r e s 
ponse as d iscu ssed  e a r l ie r .  In th e authors* v iew , i t  i s  fundamen
t a l  th a t ,  i f  th e  tr a n s ie n t  response i s  to  be s a t is fa c to r y ,  a gra
ded response time i s  an in e v i t a b i l i t y .

4 . P r a c t ic a l co n sid era tio n s

4 .1 .  Helay s e n s i t i v i t y

The inh eren t dynamic response was derived above on the assump
t i o n  th a t the comparator was i n f i n i t e ly  s e n s i t iv e ,s in c e  i t  was a s -

th a t measurement took p lace during co in cid en ce w ithout re^ rd  
to  em plitu de.T h is i s  u nd esirab le in  p r a c t ic e ,s in c e  the co n d itio n  cf 
on e,or b o th , inp u ts b eing  zero should be a p o s it iv e  r e s tr a in t  con
d it io n .T h is  i s  achieved in  p ra c tice  by arranging th a t coincidence) 
outputs are only in i t ia t e d  when both input s ig n a ls  sim ultaneously  
exceed some minimum va lu e known as the s e t t in g ,  which need not ne
c e s s a r i ly  be the same fo r  the two in p u ts .
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The e f f e c t  of s e t t i n g  on perform ance i s  r e a d i l y  ta k e n  i n t o  ac 
count. I t  i s  merely n e c e s s a ry  t o  compute th e  a p p a re n t  phase s h i f t  
as seen by the  i n t e g r a t o r ,  t h i s  b e in g  r e l a t e d  to  th e  t r u e  phase 
s h i f t  and to  th e  r a t i o  of each s i g n a l  in p u t  t o  i t s  s e t t i n g .  For e -  
xample, i f  th e  two s i g n a l s  a r e  in  p hase ,  th e  peak , v a lu e  of each 
should be t im es  th e  s e t t i n g  in  o rd e r  t h a t  th e  ap p a re n t  phase
s h i f t  i s  90°. This  p ro v id es  th e  u s e f u l  c r i t e r i o n  t h a t  th e  r . r a . s  in- 
put a t  the th re s h o ld  should be eq u a l  to  th e  s e t t i n g .  F u rth erm o re ,  
fo r  t h i s  in -p h ase  c o n d i t i o n ,  th e  s m a l le s t  in p u t  s i g n a l  w i l l  d e t e r 
mine o p e ra t io n .

F ig .  8. C o n s tan t  phase an g le  cu rv es» d eg re es  in d ic a te d  between S.
and

_______t h e o r e t i c a l
oo p r a c t i c a l

F ig .  8 shows th e  r e l a t i o n s h i p  between th e  r a t i o s  S1 = V ^/V ^  and 

S2 * V2^Vs2 0  a s  a p a ram e te r ,  where Vg1 and Vg2 a r e  compara
t o r  v o l t a g e  s e t t i n g s .  The s a l i e n t  f e a t u r e s  of th e  t h r e s h o ld  c h a ra c 
t e r i s t i c s  a r e :
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a) Por 0 = 0 ,  th e  c h a r a c t e r i s t i c  com prises two i n t e r s e c t i n g  straight 
l i n e s ,  V1/Vg1 = 1 and Vg/Vs2 = 1.

b )  Por O<0<J¡/4, the  c h a r a c t e r i s t i c  i s  d iv id ed  i n t o  t h r e e  r e g io n s j
i . e .  a s t r a i g h t  l i n e  V1/Vg1 = 1,a co n tin u o u s  curve andla s t r a i g h t  
l i n e  Vg/Vg2 = 1• I t  has been shown [3] t h a t  t r a n s i t i o n  p o in ts  
from th e  s t r a i g h t  l i n e s  to  th e  curve a re  d e sc r ib ed  by the  equa
t i o n

V Ts i  ■ ' / { ' F  cos ( 0 +  S I /4 )}  (10)

The same e x p re s s io n  a p p l i e s  f o r  V2/Vg2 because  of th e  symmetry.

c )  Por SI/4 <  0<JÇ/2 ,  th e  c h a r a c t e r i s t i c  i s  a co n t in u o u s  cu rv e ,  the 
e q u a tio n  f o r  which has  been shown [ 3 ]  to  be

co s20  = ^ —  + S i n 0 / ( s . . s  ) (11)
25* 23* 1 *

Sqn. I I  a l s o  d e s c r ib e s  th e  curved p o r t io n  of th e  d isco n t in u o u s  
c h a r a c t e r i s t i c  in  P ig .  8 f o r  th e  ca se  o f 0 < J T / 4 .  The asym ptotes
a re  determ ined  by a l lo w in g  one of th e  s ig n a l s  to  approach i n f i 
n i t y ;  e . g .  S1 = 1 / (  costp).
The d i s c o n t i n u i t i e s  f o r  c a se s  a) and b) r e p r e s e n t  th e  t r a n s i t io n  

from th e  c o n d i t i o n  where one s i g n a l  alone d e te rm in es  th e  c h a ra c te 
r i s t i c  ( s t r a i g h t  l i n e )  to  th e  c o n d i t io n  where b o th  s ig n a l s  determ i
ne th e  c h a r a c t e r i s t i c  (co n tin u o u s  c o u rv e ) .  I n  p a r t i c u l a r , t h e s e  cur
ves  a r e  u s e f u l  f o r  d e r iv in g  th e  more f a m i l i a r  p o la r  c h a r a c t e r i s t i c  
a f a m i ly  of which i s  shown in  P ig .  9, drawn f o r  c o n s ta n t  v a lu e s  of 
S1 so t h a t  th e  cu rv es  r e l a t e  S2 t o 0 .  Again, bo th  t h e o r e t i c a l  and 
p r a c t i c a l  cu rv es  a r e  shown and th e  e f f e c t  of th e  com parator s e t t in g  
i s  e v id e n t ,  where i t  i s  shown to  produce a d is c o n t in u o u s  c h a ra c te 
r i s t i c  made up of s t r a i g h t  l i n e s  and th e  a rc  of  a c i r c l e  w ith  r a 
d iu s  Sg = I and c e n t r e  a t  th e  o r i g i n .  The p o la r  cu rv es  of P ig .  9, 
a r e  u s e f u l  in  a s s e s s in g  p r a c t i c a l  r e l a y  performance and app lica tion
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s u i t a b i l i t y  in  a power system ; i n  t h i s  c o n t e x t , t h e  f e a t u r e s  of th e  
d i r e c t i o n a l  c h a r a c t e r i s t i c  a r e  w e l l  known.

P ig .  9. P o la r  c h a r a c t e r i s t i c  of d i r e c t i o n a l  r e l a y
  t h e o r e t i c a l

oo p r a c t i c a l

P ig .  10 i l l u s t r a t e s  th e  p l a i n  impendance c h a r a c t e r i s t i c  o b t a i 
ned w ith  th e  same kind of com parator u s in g  th e  a p p r o p r i a t e  in p u t  
t r a n s f o rm a t io n .  This  c h a r a c t e r i s t i c  i s  drawn u s in g  param ete rs  of  
impedance in  th e  complex p la n e ,  th e  b roken  l i n e  d e f in in g  th e  high- 
l e v e l  ( i d e a l )  c h a r a c t e r i s t i c .  The f u l l - l i n e  c h a r a c t e r i s t i c  i s  ob
ta in e d  a t  lower s i g n a l  l e v e l s ;  i t  can be shown t h a t  th e  two semi
c i r c u l a r  in d e n ts  red u ce  in  s i z e  a t  more p r a c t i c a l  in p u t  s i g n a l  l e 
v e l s  a s  th e  c i r c l e  expands tow ards th e  b r o k e n - l in e  c h a r a c t e r i s t i c .

The s e n s i t i v i t y  a t t a i n a b l e  u s in g  " t r a n s i s t o r s  u s u a l l y  reduces  
such im p e r fe c t io n s  in  c h a r a c t e r i s t i c s  to  v e ry  sm a l l  p ro p o r t io n s  and.
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in  any c a s e , a f u l l e r  a n a ly t ic a l  treatm ent i s  warranted when com
p ensation  u sing  nonlinear elem ents i s  used .

X

P ig . 10. Im pedance-relay c h a r a c te r is t ic
a -  id e a l  impedance c h a r a c te r is t ic ,  b -  lo w -s ig n a l- le v e l  impedan

ce  c h a r a c te r is t ic

4 .2 .  P r a c t ic a l d er iv a tio n  of the input q u a n tit ie s  o f a comparator

In ev ita b ly  the p h a se -sh if t in g  requirem ents in  the measuring and 
mixing, c ir c u it  of P ig . 1 w i l l  in flu en ce  the dynamic performance of 
the f i n a l  scheme, and the tr a n s ie n t response of t h is  c ir c u i t  must 
be c a r e fu lly  a ssessed  even when tr a n s ie n t- fr e e  comparator c ir c u i t s  
are being used . Mimic impedances in  the current c i r c u i t  are gene
r a l ly  p referred ,, and two w e ll  known arrangements are i l lu s tr a te d  
in  P igs 11a and b . Under id e a l co n d it io n s , the true mimic-impedan- 
ce arrangement o f P ig . 11a r e s u lt s  in  the o f f s e t  d .c .tr a n s ie n t  com
ponents in  th e  measuring input to  the comparator being e lim in a ted . 
In p r a c t ic e , however, the not unusual mismatch of an gle between the 
mimic and the p rotected  l in e  may r e s u lt  in  tr a n s ie n t  c mponents of 
the same p o la r ity  on both in p u ts , and fo r  t h is  reason the imper-
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f e e t  mimic impedance or t r a n s a c t o r  of P ig .  11b i s  p r e f e r r e d .  The 
s t e a d y - s t a t e  re sp o n se s  of th e  two a rrangem ents  in  P ig .  11 a r e  Ü- 
d e n t i c a l ,  b u t  f o r  a l l  p r a c t i c a l  l i n e  a n g le s  th e  t r a n s a c t o r  i s  a 
t r a n s i e n t  f i l t e r ,  so t h a t  a sym m etr ica l  in p u ts  ¡to th e  com parator 
a re  due to  v o l t a g e  t r a n s i e n t s  o n ly .  Thus, when t r a n s i e n t  compo
nen ts  e x i s t  i n  b o th  in p u t s  to  th e  com para to r ,  th e y ,  w i l l  be of 
o p p o s i te  p o l a r i t y  and th e  c r i t i c a l  minimum o p e r a t in g - t im e  of 10ms

F ig .  11. A l t e r n a t iv e  mimic impedance a rrangem en ts  
a -  True mimic, b -  t r a n s f o r m e r - r e a c t o r

can be p re s e r v e d .  Other p r a c t i c a l  advan tages  of th e  t r a n s a c t o r  i n 
c lude  th e  f a c t  t h a t  on ly  one i ro n -c o re d  element i s  r e q u ir e d  and 
t h a t  th e  t r a n s i e n t  f l u x  l e v e l s  in  th e  co re  a r e  much l e s s  onerous 
than  th o s e  encounte red  in  th e  a u x i l i a r y  c u r r e n t  t r a n s fo rm e r  of 
P ig .  11a. A l l  th e s e  p o in t s  were f u l l y  e x p lo i t e d  in  th e  development 
of  th e  p r a c t i c a l  p ro to ty p e  r e l a y  d isc u s se d  in  S e c t io n  5 . The p rac 
t i c a l  a s p e c t s  of d es ig n  of th e  m easuring c i r c u i t  in c lu d e  th e  r e -  
quirm ent f o r  good surge  p ro o f in g ,  which i s  c o n v e n ie n t ly  ach ieved  
by s c re e n in g  th e  t r a n s a c t o r  and v o l t a g e  t r a n s f o rm e r  u n i t s »  th e s e  
u n i t s  in c lu d e  th e  n e c e s s a ry  means f o r  a d j u s t i n g  th e  p h ase -an g le  
and r e l a y  impedance s e t t i n g s .
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5« Dynamic perform ance of th e  p r a c t i c a l  p ro type  r e l a y

Dynamic t e s t i n g  of a p ro to ty p e  r e l a y  was done under c o n t r o l l e d  
c o n d i t io n s  on a t e s t  bench , one phase of which i s  shown in  schema
t i c  form i n  P ig .  12. The l i n e  impedance o f  t h i s  a p p a ra tu s  i s  v a r i a 
b l e  i n  m agnitude, th e  X/R r a t i o  b e ing  c o n s ta n ts  th e  source  impe
dance i s  a l s o  v a r i a b l e  w ith  th e  X/R r a t i o  b e in g  n om ina lly  30 bu t  
v a ry in g  somewhat w ith  th e  magnitude s e t t i n g .  .The ' c h a r a c t e r i s t i c s  
p re sen ted  h e re  were ob ta ined  from th e  r e l a y  ar ranged  to  g ive  a po- 
la r ised -m h o  c h a r a c t e r i s t i c ,  w i th  the  w e l l  known v ec to r -m ix in g  r e 
l a t i o n s h i p s :

V, -  I t  ZB -  VL (14)

' ¡ ■ ' l *  Vp <’ 5)

electronic
switching

and timing
unit

start

test 1
relay

line impedance

P ig .  12. S in g le -p h ase  r e p r e s e n t a t i o n  of t e s t  bench

C h a r a c t e r i t i c s  were measured in  o rd e r  to  confirm  th e  h igh  speed 
of o p e ra t io n  and in h e re n t  a ccu racy  of measurement under t r a n s i e n t  
f a u l t  c o n d i t io n s !  i t  was a r ranged  t h a t  th e  minimum o p e ra t in g  time 
of th e  com parator under t e s t  should  be 15 ms. P ig .  13 shows r e l a y  
accu racy  p l o t t e d  a g a in s t  system impedance r a t i o  ( s . i . r )  w i th  opera* 
t i n g  tim e a s  a param eter  and f o r  z e r o - o f f s e t  d . c .  t r a n s i e n t  in  the 
p r im ary  c i r c u i t ;  t h i s  curve t h e r e f o r e  d e s c r ib e s  t h e  ; rform ance of 
b o th  r e p l i c a  impedance and t r a n s a c t o r  s in c e  t h e i r  s t e a d y - s t a t e  p e r -
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fornances  a r e  i d e n t i c a l .  In P ig .  13 accu racy  i s  d e f in e d  as  th e  r a 
t i o

2
I  impedance to  p o in t  o f  f a u l t  

ZR = impedance s e t t i n g  of r e l a y

and s . i . r .  i s  d e f in ed  as

2
S system  source  impedance

y ZD = impedance s e t t i n g  of r e l a yK

P ig . 13» Measured tim ing and accuracy c h a r a c te r is t ic  o f p o la r ise d -  
mho r e la y j  no o f f s e t  d .c .  tr a n s ie n t

---------- co n sta n t-tim in g  con tou rs, -  -  -  co n sta n t-v o lta g e  contours

P ig . 14. shows the corresponding curves p lo tte d  fo r  maximum o f f 
se t  d .c .  tr a n s ie n t  in  the primary c ir c u i t :  comparison o f the cur
ves d efin in g  the boundary o f operation  in  P ig s . 13 and 14 shows 
there to (b e  no tr a n s ie n t  overreach and c le a r ly  i l lu s t r a t e s  the
tr a n s ie n t- fr e e  nature o f the com parator. In sp ectio n  o f th e s e ■ 
curves shows th a t the v a r ia t io n  in  operating  time i s  not s i g n i f i 
cant in  the two extreme o a s e s . As an a l t e r n a t iv e ,  th e t e s t  r e s u lt s  
are presented in  the form o f co n sta n t-v o lta g e  contours superimpo
sed on the co n sta n t-o p era tln g -tim e con tou rs. These are shown as bio 
k en -lin e  curves in  P ig . 13 . When th e se  curves are p lo tte d  in  the
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form o f  o p e ra t in g  time a g a in s t  r e l a y  ac cu ra cy ,  as  in  F ig .  15, th e  
d e f i n i t e - t i m e  c h a r a c t e r i s t i c  i s  c l e a r l y  shown} i . e .  th e  c h a r a c t e 
r i s t i c  i s  f l a t  over a h ig h  p ro p o r t io n  of th e  l i n e  l e n g th ,  even f o r  

low o p e ra t in g  v o l t a g e s .

F ig .  14. Measured t im in g  and accu ra cy  c h a r a c t e r i s t i c  of p o l a r i s e d -  
-mho re la y }  maximum o f f s e t  d . c .  t r a n s i e n t

relay accuracy, x

F ig .  15. P o la rised-m ho c o n s t a n t - v o l t a g e  co n to u rs
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P ig. 16 serv es to  i lú s t r a t e  dynamic performance in  terms of o s c i l
lograms of the output waveforms o f th e  in teg ra to r  and l e v e l  d e te c 
tor . The waveform at"a" d e fin e s  the inherent op eratin g  tim e, b ein g  
for the c lo s e - in  fa u l t  c o n d it io n . The w avefors at"V' and "6" are 
for operation 2% in s id e  and ou tsid e  the op eratin g  boundary,respec- 
t iv e ly .  The s t a b i l i t y  under the onerous t e s t  co n d it io n s  isp e c ified  
i s  ev id en t, the e f f e c t s  of the a lte r n a te  wide and narrow p u lses  
driving the in teg ra to r  during the tr a n s ien t period  being apparent.

- V - ’,

/- J
IJ

A A/V /V / V /V
|/Vl

I1

/" kV i A/ A/i\M AN

P ig . 16. P r a c t ic a l r e la y  in teg ra to r  and t r ip  waveforms» s . i . r .  y a 
10, X/R = 2 8 ,6 , g r a t ic u le  l in e s  a t 20 ms in te r v a ls

a )x  a 0 b>x -  0 .9 8  c) x  a 1.02

6 . C onclusions

For comparators based on the p r in c ip le  o f b lock  com parison ,the  
g en era lised  a n a ly s is  g iv en  in  th e Appendix 9 e s ta b l is h e s  the c o r -



re sp o n d in g  i n d e n t i t y  of o u tp u t  waveform from th e  b a s i c  measuring 
c i r c u i t  f o r  a g iv en  t r a n s f o rm a t io n  p ro ced u re .  Thus, f o r  p a r t i c u l a r  
c h a r a c t e r i s t i c s ,  b lock -com parison  com parators  u s in g  e i t h e r  phase 
or am pli tude  comparison can be designed  t o  have i d e n t i c a l  dynamic 
perfo rm ance ,  and th e  s i g n i f i c a n c e  of c la im s p u rp o r t in g  to  d i s t i n 
g u ish  i n h e r e n t ly  between them a re  shown to  be unfounded.

The broad g e n e r a l  r e q u irem en ts  of s t a t i c  r e l a y s  have been con
s i d e r e d ,  and i t  i s  c l e a r  t h a t  t h e r e  a re  a number of f i rm  reaso n s  
f o r  u s in g  th e  p r i n c i p l e  of b lo ck -av e rag e  com parison . The p r i n c i p a l  
r e a s o n s  a r e  th e  fo l low ings

a) Such r e l a y i n g  system s a r e  co m ple te ly  p r e d i c t a b l e |d e s i r a b l e  t r a n 
s i e n t ,  and hence s t e a d y - s t a t e ,  c h a r a c t e r i s t i c s  can be d e f in e d ,  
th e  e q u a t io n s  fo rm ula ted  and p r a c t i c a l  c i r c u i t s  r e a l i s e d .

b) The c o n t r o l l e d  time c h a r a c t e r i s t i c  has the  v i r t u e  t h a t  minimum 
o p e r a t in g  t im es  approach ing  one h a l f  of the  system p er iod  can be 
a t t a i n e d  w i th o u t  s a c r i f i c i n g  s t a b i l i t y  under m arg in a l  c o n d i 
t i o n s .

c) As a consequence of b) t r a n s i e n t ,  and s t e a d y - s t a t e ,  o p e ra t in g
b o u n d a r ie s  c o in c id e  so t h a t  th e r e  i s  no tendency  f o r  t r a n s i e n t
ove r reach  to  occu r .

d) Owing t o  th e  p r i n c i p l e  of av e rag in g  com parator s ig n a l s  on b o th  
h a l f - c y c l e s  of  th e  p rim ary  waveforms, th e  degree  of prim ary  tran
s i e n t  d . c .  o f f s e t  has no s i g n i f i c a n t  e f f e c t  on the  speed of ope
r a t i o n .

S t a t i c  and dynamic performance cu rv es  a re  p re sen ted  in  t h i s  pa
p e r  f o r  a p r a c t i c a l  r e l a y  of a type  which has seen  c o n s id e ra b le  
f i e l d  s e r v ic e » F ig s .  13-16 a r e  in  c lo s e  agreement w i th  th e  p e r f o r 
mance o r i g i n a l l y  s p e c i f i e d .  F u r th e r  in fo rm a tio n  on th e  performance 
of such system s in  t h e  f i e l d  i s  becoming a v a i l a b l e ,  and a l l  r e s u l t s
to  d a te  j u s t i f y  th e  co n f id en ce  r e s u l t i n g  from l a b o ra to ry  t e s t s .
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9 .  Appendix

R e la t io n s h ip  between am plitude  and phase com para to rs

Consider two r e l a y  d ev ice s  in d ic a te d  in  P ig s .  17a and b.The one 
in d ic a te d  in  P ig .  17a i s  a d i f f e r e n t i a l  b r id g e  in  which

3out = I 3al ~ l 3bl i n s t a n t a n e o u s ly  (15)

The dev ice  in  P ig .  17b i s  b a s i c a l l y  a co in c id e n ce  c i r c u i t  and 
has th e  fo l lo w in g  o p e r a t in g  law:

a) S . » + out l 3 x l i f 13=c 1 <  13yl * and Sx / S y  >  0 '

b) 3 . => — ou t l 3 x l i f |S x l < | 3 y | , and S / S  <  0
J

o) 3out = + |S y | i f N . M S y l . and Sx / S y > 0

d) 3 out |S , I i f K l > l s , l> and 3x/ S y <  0^

The second dev ice  e f f e c t i v e l y  produces an o u tpu t  s i g n a l  which i s  
e q u a l  i n  magnitude t o  th e  s m a l le r  o f th e  two in p u t  s i g n a l s ,  i s  po
s i t i v e  in  s ig n  when th e  in p u t  s ig n a l s  have th e  same p o l a r i t y ,  and 
i s  n e g a t iv e  i n  th e  a l t e r n a t i v e  c a s e .

I f  th e  fo l lo w in g  s u b s t i t u t i o n  i s  made in  eqn. 15:

s„ -  ( s ,  ♦ Sy ! /2  

^  ■ r s i -  Sy )/2

and th u s
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th en  th e  fo u r  c a se s  l i s t e d  i n  eqns. 16, a ) - d )  i n c l u s i v e  need to  be 
c o n s id e re d :

a )  | s x | > | 3 y | a n d  Sx/ S y > 0

th u s  2Sout = Sx  + Sy "  (Sx '  Sy>

and Sout = Sy

b) |3 x | >  | s y | and 3x/S y <  0

th u s  2Sout * Sx -  Sy -  (Sx + Sy )

and Sout = "Sy

c )  ISx l < |Sy | and Sx/ 5 y >  0

thus 2Sout = Sx + Sy -  (3y -  Sx )

and Sout “ Sx

d) |Sx | < | S y | a n d  3x/ 3 y < 0

th u s  2Sout = Sy -  Sx -  (3 x +  Sy )

and Sout “  "  Sx

I t  can  be seen t h a t  th e  o p e ra t in g  law of th e  arrangem ent in  P ig .  
17a i s  th e  same as  t h a t  of P ig .  17b under th e  s p e c i f i e d  t r a n s f o r 
m ation .  The t r a n s f o rm a t io n  , i s  r e v e r s i b l e ,  so t h a t  nb* would have 
th e  same c h a r a c t e r i s t i c  a s  »a" i f

s „  = s„ + Sbx a

3 = S
y a

S.. = S„ -  Sh
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P ig .  17. T h e o r e t i c a l  com parator b lo ck  schem atics  
a -  Amplitude com para to r,  b -  phase  com parator

S ince  th e  equ iva lence  i s  based on in s ta n ta n e o u s  v a lu e s ,  i t  f o l 
lows t h a t  th e  r e s u l t  i s  p e r f e c t l y  g e n e r a l .  C onsequen tly ,  th e  p e r 
formance of one dev ice  w i l l  be i d e n t i c a l  w i th  t h a t  of th e  o th e r ,
prov ided  t h a t  th e  ou tpu t s ig n a l s  a re  su b jec te d  to  th e  sane con -
s t r a i n t s ,  i . e .  am plitude l i m i t i n g ,  i n t e g r a t i o n  e t c .

I t  i s  w e l l  known t h a t  th e  dev ice  of P ig .  17a has a mean o u tpu t
v o l t a g e  of zero  when and S2 a re  s i n u s o id a l  v o l t a g e s  of equa l
am pli tude  i r r e s p e c t i v e  of phase ,  w h ile  b has a mean output v o l t a 
ge of ze ro  when en e rg ised  w ith  s i n u s o id a l  s i g n a l s  d isp lace d  in  pha
se by 90° i r r e s p e c t i v e  of am p li tu d e .  I t  fo l lo w s  t h a t  th e  f o r 
mer p r i n c i p l e  forms th e  b a s i s  f o r  am plitude  comparison! th e  l a t t e r
f o r  b lo ck  phase com parison .

In  p r a c t i c e , i t  i s  custom ary to  in t ro d u c e  am plitude  l im i t i n g  in  
a ,  i . e .  th e  r e c t i f i e r - b r i d g e  m ov ing-co il  system , and in  b ,  i . e .  th e  
s t a t i c  p h ase -co m p ara to r , as  d e s c r ib e d .

I t  i s  p o s s ib le  t o  r e p e a t  th e  argument f o r  com parato rs  w ith  non
l i n e a r  o p e ra t in g  c r i t e r i a ,  e . g .  a square-law  oeam r e l a y ,  and t h e -
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reby  d e r iv e  th e  r e l a t i o n s  f o r  e q u iv a le n c e .  I t  i s  e q u a l ly  e v id e n t  
t h a t  i t  i s  no t p e rm is s ib le  to  compare th e  perform ance of d e v ic e s  
which have n o n eq u iv a le n t  laws of o p e r a t io n .  This in c lu d e s  a n c i l l a 
ry  d ev ice s  such as v o l t a g e  l i m i t e r s , i n t e g r a t o r s  and so on .For exam
p l e ,  th e  performance of a r e c t i f i e r / m o v i n g - c o i l  system, i s  m od if ied  
very, c o n s id e r a b ly  by th e  i n t r o d u c t i o n  of v o l t a g e  l i m i t e r s .

The im p o rtan t  c o n c lu s io n  t o  be drawn from th e  a n a ly s i s  here  i s  
t h a t ,  i f  am pli tude  and phase -com para to rs  have i d e n t i c a l  o p e r a t in g  
law s, th e r e  i s  no need t o  c o n s id e r  t h e i r  dynamic c h a r a c t e r i s t i c s  
s e p a ra te ly »  any remarks which a p p ly  t o  one ap p ly  to  th e  o th e r .T h i s  
i s  p a r t i c u l a r l y  th e  ca se  i n  t h i s  paper where a d e s i r e d  o p e ra t in g  
p r i n c i p l e  o f  s i g n a l  p ro c e s s in g  i s  d e f in ed  and a p p l i e s  t o  b o th  com
p a r a to r  p r i n c i p l e s .

FIGURES DESCRIPTIONS

F ig .  1 . B asic  b lo c k  ave rage  com parison r e l a y
F ig . 2 . Relay waveforms ($> 3 1/2).

a -  In p u t  s i g n a l s  to  c o in c id e n ce  c i r c u i t ,  b -  Output from 
c o in c id e n c e  c i r c u i t  ( i )  -  Upper l i m i t ,  ( i i )  -  S e t  l e v e l ,  
( i i i )  -  R eset l e v e l ,  c -  I n t e g r a t o r  ou tput

F ig .  3* Relay waveforms {$< 31/2)
a -  In p u t  s i g n a l s  t o  c o in c id e n ce  c i r c u i t ,  b -  Output from 
c o in c id e n c e  c i r c u i t ,  ( i ) -U p p e r  l i m i t ,  ( i i )  -  S e t  l e v e l  , 
( i i i )  -  R eset l e v e l ,  c -  I n t e g r a t o r  ou tpu t

F ig .  4 . Realy waveforms f o r  m arg in a l  o p e r a t io n  ( $-JC/Z)
a -  Input s i g n a l s  to  co in c id e n ce  c i r c u i t ,  b -  Output from 
c o in c id e n c e  c i r c u i t  ( i )  -  Upper l i m i t ,  ( i i )  S e t  l e v e l , ( i i i )  
R ese t l e v e l ,  c -  I n t e g r a t o r  ou tput

F ig .  5 . R elay  waveforms w ith  d . c .  o f f s e t  i n  V«
a -  Inpu t  s i g n a l s  to  c o in c id e n ce  c i r c u i t ,  b -  Output from 
c o in c id e n ce  c i r c u i t ,  ( i )  Upper l i m i t ,  ( i i )  S e t  l e v e l , ( i i i )  
R ese t l e v e l ,  c -  I n t e g r a t o r  ou tpu t

F ig .  6 . I n t e g r a t o r  o u tpu t  waveform used t o  de term ine  o p e ra t in g  t i 
me

F ig .  7 .  O pera t ing  time as  a f u n c t io n  of phase d isp lacem en t 
a -  minimum t im in g ,  b -  maximum tim ing
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P ig .  8 . C o n s tan t  phase an g le  c u rv e s ;  d eg rees  in d ic a te d  between S. 
and Sg
  t h e o r e t i c a l

oo p r a c t i c a l
P ig .  9 .  P o la r  c h a r a c t e r i s t i c  of  d i r e c t i o n a l  r e l a y

  t h e o r e t i c a l
oo p r a c t i c a l

P ig .  10. Im p ed aace -re lay  c h a r a c t e r i s t i c
a -  i d e a l  impedance c h a r a c t e r i s t i c ,  b -  l o w - s ig n a l - l e v e l  
impedance c h a r a c t e r i s t i c
A l t e r n a t iv e  mimic impedance arrangem ents  
a -  True mimic, b -  t r a n s f o r m e r - r e a c to r

mho r e l a y ;  no o f f s e t  d . c .  t r a n s i e n t
  c o n s t a n t - t im in g  c o n to u r s ,
— -----  c o n s t a n t - v o l t a g e  co n to u rs

Measured t im in g  and accu racy  c h a r a c t e r i s t i c  of p o l a r i s e  
mho r e l a y ;  maximum o f f s e t  d .o .  t r a n s i e n t
Po la r ised -m ho  c o n s t a n t - v o l t a g e  co n to u rs
P r a t i c a l  r e l a y  i n t e g r a t o r  and t r i p  waveforms; s . i . r .  y 
10, X/R = 2 8 ,6 ,  g r a t i c u l e  l i n e s  a t  20 ms i n t e r v a l s  

a ) x  a 0 .  b )x  = 0 ,9 8  c) x = 1.02
P ig .  17. T h e o r e t i c a l  com parator b lo ck  schem atics

a -  Amplitude com para to r ,  b -  phase com parator

P ig . 11.

P ig . 12.

P ig . 13.

P ig . 14.

P ig . 15.
P ig . 16.
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S t r e s z c  z e n i e

P rzekaźn ik i  z t ranzysto row ym i komparatorami am p li tu d y  i  f a z y  są  
z powodzeniem stosowane od roku  1957 i  na p r z e s t r z e n i  l a t  wykazały 
swoją wyższość nad p rzek aźn ik am i o e lem entach e lek trom echan icznych . 
Można konstruować komparatory  t ran zy s to ro w e  o c h a ra k te r y s ty k a c h  t a 
kich j a k ie  p o s ia d a ją  kom paratory  e lek trom agne tyczne  lub indukcy jne  
a le  można t e ż  uzyskać c h a r a k t e r y s ty k i  n ie d o s tę p n e  d la  e lementów kon- 
wencjonalnych.

Konstrukcje  komparatorów am pli tudy  i  f a z y  mogą być o p a r te  na 
t rzech  odmiennych zasadach: porównywania b ezp o śred n ieg o  w a r to ś c i  
chwilowych przebiegów , porównywania w a r to ś c i  chwilowych z z a s to s o 
waniem n a s tę p n ie  cz łonu  c a łk u ją c e g o  do wytworzenia sygna łu  z a d z ia 
ła n ia ,  oraz na za sa d z ie  im pulsow ej.  N a jb a rd z ie j  p rzy d a tn e  z uwagi 
na swoje w łasn o śc i  dynamiczne okazu ją  s i ę  kom paratory  z cz łonam i 
ca łku jącym i.

V7 a r ty k u le  zamieszczono dowód t e z y ,  że kom paratory  am pli tudy  i  
fazy o p a r te  na t e j  samej z a sad z ie  d z i a ł a n ia  w ytw arza ją  id en ty cz 
ne chwilowe sygnały  w yjściow e, oczyw iście  pod warunkiem, że obwo
dy zewnętrzne p rz e tw a rzan ia  sygnałów wejściowych s ą  id e n ty c z n e ,p o 
dobnie ja k  obwody przy łączone  do w yjść  obydwóch komparatorów. Dy
namika odpowiednich komparatorów am pli tudy  i  f a z y  . j e s t  więc tak a  
sama, wobec czego a u to r z y  p o p r z e s t a l i  na ro z p a try w a n iu  w y łączn ie
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komparatorów f a z y ,  zw łaszcza ,  że t r a n z y s to r y  jako  t a k i e  b a r d z ie j  
n a d a ją  s i ę  do k o n s t r u k c j i  komparatorów fa z y .

7/ kom paratorze fa z y  z członem całkującym sygna ły  wejściowe n a 
pięciow e przetw orzone odpowiednio z n a p ię c ia  i  prądu o b c iążen ia  l i 
n i i  d o s ta rc z a n e  są  do cz łonu  pomiarowego k o in cy d en cy jn eg o ,k tó ry  wy
tw arza  im pulsy  o jednakowej a m p l i tu d z ie ;  d o d a tn ie  przy  jednakowych 
i  ujem nie p rzy  przeciwnych znakach obydwóch n a p ię ć .  77 p rz ec iw ień 
s tw ie  do zwykłego komparatora w a r to ś c i  chwilowych n a s tę p u je  t u t a j  
porównywanie sygnałów wejściowych w obydwóch p ó ło k re s a c h ,p rz y  czym 
im pulsy  będące wynikiem porównania sygnałów wprowadzane są  do c z ło  
nu c a łk u ją c e g o ,  na k tórego  w y jśc iu  otrzymuje s i ę  sy g n a ł  o w a r to 
ś c i  szczytowej z a le ż n e j  od sz e ro k o śc i  impulsów. Szerokość t a  z a le 
ży z k o l e i  od czasów trw an ia  zgodności znaków porównywanych n ap ięć  
c z y l i  od p r z e s u n ię c ia  fazowego między n im i.  Pobudzenie elementu wyj
ściowego n a s tę p u je  z ch w ilą  gay na w y jśc iu  cz ło n u  c a łk u ją ceg o  po ja
wi s i ę  sy g n a ł  o am p l i tu d z ie  p rz e k ra c z a ją c e j  n as taw io n ą  w a r to ś ć .  
Zachodzi t o  w przypadku gdy k ą t  p rz e s u n ię c ia  fazowego pomiędzy oby
dwoma n a p ię c ia m i  j e s t  m nie jszy  od 31/2 . Dla kątów większych od 31/2 
c z ło n  c a łk u ją c y  wytwarza sygnały  o am p li tu d z ie  m n ie jsze j  od p oz io 
mu pobudzenia elem entu wyjściowego.

Tfyżs zość komparatorów z cz łonam i ca łku jącym i nad komparatorami 
zwykłymi w a r to ś c i  chwilowych lub komparatorami impulsowymi wynika 
s t ą d ,  że dwa o s t a t n i e ,  z uwagi na porównywanie w prost w a r to ś c i  
chwilowych narażone s ą  na wpływ zak łóceń  wywołanych przebiegam i 
p rze jśc iow ym i.  Aby un iknąć fa łszyw ych z a d z ia ła ń  teg o  ro d z a ju  kom
parato rów  n a le ż y  zw iększać ic h  czasy  z a d z ia ła ń  lub stosować spe
c j a l n e  uk łady  f i l t r u j ą c e  na w e jś c iu .  W przypadku komparatorów z 
cz łonam i ca łku jącym i układy  t a k i e  s ą  zbędne, n a to m ias t  czasy  za 
d z i a ł a n i a  tych  komparatorów mogą być rzędu połowy okresu  c z ę s t o t l i 
w ości s i e c io w e j .  Nie i s t n i e j e  n ieb ezp ieczeń s tw o  zak łóceń  p racy  kom
p a r a to r a  w wyniku przebiegów p rze jśc iow ych  nawet d łu g o trw a ły c h jd o -  
k ładność  pomiaru p o z o s ta je  prawie bez zmian w szerokim  z a k re s ie  pra
cy .  Na czas  z a d z ia ła n ia  n ie  ma i s to tn e g o  wpływu chw ila  w y s tą p ie 
n ia  u szkodzen ia  w s i e c i .  Komparator z członem całkującym  po s iad a
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c h a ra k te r y s ty k ę  bardzo  z b l iż o n ą  do czasowo n ie z a le ż n e j  w całym za
k r e s ie  p racy ,  z tym, że w p o b l iżu  ką ta  kry tycznego  X /2  czas  za 
d z i a ł a n i a  zdąża do n ie sk o ń c z o n o śc i .

D z ię k i  wymienionym za le tom  komparatory z cz łonam i ca łk u jący m i 
mogą być z powodzeniem stosowane jako  elem enty  członów pomiarowych 
zabezp ieczeń  o d leg łośc iow ych . Z a le ty  t e  z n a la z ły  p o tw ie rd zen ie  w 
wynikach pomiarów ja k ic h  dokonano w la b o ra to r iu m  d la  komparatora 
f a z y  o c h a r a k te r y s ty c e  im pedancyjno-kierunkow ej fmho). Porównanie 
c h a r a k te r y s ty k  dynamicznych tego  komparatora p rzeds taw ionych  jako  
z a le ż n o ś c i  d o k ład n o śc i  pomiaru od im pedanc ji  u k ład u  d la  różnychcza- 
sów z a d z ia ła n ia  w dwóch różnych  przypadkach , a m ianow ic iesprzy  c i ą 
głym s ta łym  p rz eb ieg u  zakłóceniowym oraz w s t a n i e  bezzakłóceniowym 
w skazu je ,  że za k łó c e n ia  n ie  mają i s t o tn e g o  wpływu na dokładność po
miaru komparatora w szerokim  z a k r e s i e .  Można o s iąg n ąć  c z a sy  z a d z ia 
ł a n i a  rzędu  połowy okresu  c z ę s t o t l i w o ś c i  s i e c io w e j .C h a r a k te r y s ty k i  
s t a ty c z n e  i  dynamiczne s ą  o k re ś lo n e  d la  c a łe g o  zak resu  p racy  kom
p a r a to r a .

Należy zaznaczyć ,  że n a j k r ó t s z y  czas  z a d z i a ł a n i a  komparatora z 
członem ca łkującym  w y s tą p i łb y  w przypadku gdyby jeden  z porównywa
nych sygnałów p rz y b ra ł  w a r to ść  n iezm ienną co do znaku w wyniku n a 
ło ż e n ia  s i ę  nań p rzeb ieg u  zakłóceniowego o c h a r a k te r z e  s ta ły m .  Za
d z i a ł a n i e  komparatora by łoby  wówczas fa łszy w e i  n a le ż y  s i ę  od t a 
k iego przypadku o d s t r o i ć  p rzez  dobór odpowiedniego minimalnego cza
su  z a d z i a ł a n i a .

Podobnie w przypadku bardzo  małych w a r to ś c i  sygnałów w e jś c io 
wych cz ło n u  pomiarowego koincydencyjnego nawet przy  p r z e s u n ię c iu  
fazowym równym ze ro ,  n ie  powinno d o jś ć  do p o jaw ien ia  s i ę  sygna łu  
wyjściowego te g o  c z ło n u .  O d s t ro je n ie  s i ę  od b łędnego  z a d z ia ła n ia  
polega t u t a j  na do b ran iu  odpowiednich minimalnych w a r to ś c i  sygna
łów wejściowych powodujących z a d z i a ł a n i e  c z ło n u  koincydencyjnego .
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OPISY

Rys.

Rys.

Rys.

Rys.

Rys.

Rys.

Rys.

Rys.

RYSUNKÓW

1. P rzek aźn ik  z komparatorem z członem całkującym
VL -  n a p ię c ie  międzyfazowe, 1^ -  prąd o b c ią ż e n ia ,  V1 ,Vg -
sygnały  wejściowe 2 wejściowego kom paratora*measuring and 
mixing c i r c u i t s  -  c z ło n  rozruchowy; co in c id e n ce  c i r c u i t  -  
c z ło n  koincydencyjny  ( pomiarowy); l i n e a r  i n t e g r a t o r  -  cz ło n  
c a łk u ją c y  liniowy; l e v e l  d e t e c t o r  -  element wyjściowy (wy
łą c z a  jący ) ;  t r i p  -  w yłączen ie

2 .  P rz e b ie g i  czasowe sygnałów członów przekaźn ika  ( p r z e s u 
n i ę c i e  fazowe pomiędzy V1 i
a) Sygnały wejściowe cz łonu  koincydencyjnego t pomiarowe
g o ) ,  b) P rzeb ieg  wyjściowy cz ło n u  koincydencyjnego (pomia
rowego), ( i )  Górny poziom, ( i i )  W artość n a s t a w io n a , ( i i i )  
W artość powrotu, c) P rzeb ieg  wyjściowy cz łonu  ca łk u jąceg o

3 .  P r z e b ie g i  czasowe sygnałów członów p rzekaźn ika  ( p r z e s u 
n i ę c i e  fazowe pomiędzy V1 i  V2 0 < f .
P o z o s ta łe  o p isy  t e  same co pod r y s .  2 .  r e l a y  o p e ra t io n  -  
z a d z i a ł a n i e  p rzekaźn ika

4 . P rz e b ie g i  czasowe sygnałów członów przekaźn ika  d la  w a r to 
ś c i  k ry ty cz n e j  ką ta  p rz e s u n ię c ia '  fazowego pomiędzy V i  
V2 <f> = JT/2
P o zo s ta łe  o p isy  t e  same co pod r y s .  3*

5 . P rz e b ie g i  czasowe sygnałów członów przekaźn ika  p rzy  zakłó
c e n iu  o c h a ra k te r z e  s ta łym  w sygnale  wejściowym Vg. 
P o z o s ta łe  o p isy  t e  same co pod r y s .  3«

6. O k re ś len ie  czasu  z a d z i a ł a n i a  na podstaw ie  p rzeb iegu  wyj
ściowego cz łonu  c a łk u ją c e g o
I n t e g r a t o r  o u tp u t  v o l t a g e  -  n a p ię c ie  wyjściowe cz łonu  c a ł 
ku jącego , t im e ,  ms -  c z a s ,  ms, Vg -  nastaw iona w artość  na 
p ię c ia  cz łonu  wyjściowego, Vx , V -  w a r to ś c i  nap ięć  c z ło 
nu wyjściowego odpowiadające przedzia łom  czasowym Tx i

7 .  Czas z a d z ia ła n ia  jako  fu n k c ja  p rz e s u n ię c ia  fazowego¡opera- 
t i n g  t im e ,  ms -  czas  z a d z i a ł a n i a ,  msjphase d isp lace m e n t,  
<p- p rz e s u n ię c ie  fazowe, a) czasy  minimalne, b )  czasy  ma
ksymalne

8 .  Krzywe s t a ł e g o  k ą ta  fazowego; k ą t  między sygnałami S1 i S 2  
V , Vs2 -  n a s taw ie n ia  napięciow e cz łonu  wyjściowego, V'1 , 
V2 -  sygnały  wejściowe 2-wejściowego kom para tora , , S2 -  
w a r to ś c i  względne w ejść  1 i 2  (o d n ie s io n e  do n as taw ień  V̂  
i  Y ) (   -  krzywa te o re ty c z n a

2 o ooo -  krzywa rz e c z y w is ta
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Rys.

Rys. 1

Rys. 1 

Rys. 1

Rys. 1
i

Rys. 1

Rys. 1 

Rys. 1

9 . C h arak te ry s ty k a  biegunowa p rzekaźn ika  kierunkowego 
-----------  t e o re ty c z n a
0 o o -  r z e c z y w is ta
S.|, Sg -  w a r to ś c i  względne w ejść  1 i  2 (o d n ie s io n e  do na
s taw ień  V1 i  V2 )

0 .  C h a ra k te ry s ty k a  p rzek aźn ik a  impedancyjnego
a -  Id ea ln a  c h a ra k te r y s ty k a  im pedancyjna, b -  C h a ra k te ry 
s ty k a  impedancyjna p rzy  n iskim  poziomie sygnału

1. A lternatyw ne u k ład y  im pedanc ji  wyrównawczych
a -  wyrównanie d o k ładne ,  b -  t r a n s f o r m a to r  -  d ław ik

2. S tanowisko pom iarow e-połączenia  d la  je d n e j  f a z y ;  e l e c t r o - '  
n ic  sw itch in g  and t im ing  u n i t  -  uk ład  e le k t r o n ic z n y  w łą
c z a ją c y  i  m ierzący  czas
v a r i a b l e  r a t i o  c . t .  -  p rz e k ła d n ik  prądowy o zmiennej prze-! 
k ł a d n i ,  v a r i a b l e  r a t i o  v . t .  -  p rz e k ła d n ik  napięciow y o 
zmiennej p r z e k ła d n i ,  Source impedance -  impedancja źródła» 
l i n e  impedance -  impedancja l i n i i ,  t e s t  r e l a y  -  badany 
p rz ek aź n ik .

3« R zeczyw iste  c h a r a k t e r y s ty k i  zmierzone czasów z a d z ia ła n ia
1 d o k ład n o śc i  p rzek aźn ik a  ^‘spo laryzow anego ; impedancyjno- ' 
kierunkowego (mho); bez  przebiegów zakłóceniowych p r z e j 
ściowych o c h a r a k te r z e  s ta ły m , r e l a y  a c cu ra cy  -  d o k ład 
ność p rz e k a ź n ik a ,  system impedance r a t i o  -  s to su n ek  impe- 
d a n c j i  ź ró d ła  systemu do w a r to ś c i  im pedanc ji  n a s taw io n e j  
na p rz e k a ź n ik u ,boundary  of o p e r a t io n  -  g ra n ic a  d z i a ł a n i a  
-----------  krzywe s t a ł e g o  czasu
-  -  -  -  krzywe s t a ł e g o  n a p ię c ia

4 .  Rzeczyw iste  c h a r a k t e r y s ty k i  zmierzone czasów z a d z i a ł a n i a  
i  do k ład n o śc i  p rzek aźn ik a  spolaryzowanego im pedancyjno- 
kierunkowego (mho) p rzy  maksymalnym zakłóceniowym p rz eb ie  
gu przejściowym o c h a ra k te r z e  s ta łym *
r e a l y  accu ra cy  -  dok ładność p rz ek aź n ik a ,  system impedance 
r a t i o  -  s to su n ek  im pedanc ji  systemu do w a r to ś c i  impedan -  
c j i  n as taw io n e j  na p rz e k a ź n ik u ,boundary  of o p e ra t io n  -  g ra 
n ica  d z i a ł a n i a

5 .  Krzywe s t a ł e g o  n a p ię c ia  d la  spolaryzowanego p rzekaźn ika  
impedanoyjno-lkierunkowego (mho)
r e l a y  o p e r a t in g  t im e ,  ms -  czas  z a d z i a ł a n i a  p rz e k a ź n ik a ,  
ms, r e l a y  accu ra cy  -  dokładność p rz e k a ź n ik a ,  v o l t a g e  -  na
p ię c i e

6. P r z e b ie g i  ca łkow ania i  w yłączen ia  d la  badanego p rz e k a ź n i 
ka
s . i . r  -  s to su n e k  im p ed an c ji  ź ró d ła  systemu do w a r to ś c i  im 
p e d a n c j i  n a s taw io n e j  na p rzek aźn ik u ,  g r a t i c u l e  ' . l in e s  ■ a t  
20 ms i n t e r v a l s  -  l i n i e  s k a l i  czasu  w ods tępach  20 ms
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Rys. 17» T eoretyczne schematy blokowe komparatorów
a -  Komparator am p li tu d y ,  b -  Komparator f a z y ,  S -  syg
n a ł  wyjściowy, c o in c id e n ce  c i r c u i t  -  c z ło n  koincydencyjny  
( pomiarowy)«
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Æ. JíiiEKCüH, E . IIAlTkKCOH, Jl.id . iiEfillOJIb 
I Ip e ^ n p H H T i ie  C T p o e H H H  o j ie K T p o a n n a p a T y p b i
A. REYROLLE a n d  C o . L t d .
JlaficpaTopna 3jieKTpo3HepreTimecKHX c hctsu
yHHBepcHTeT B KlaHyecTep 
HayUHHW HHCTMTyT T eXHHKH

CT ATENEO iOuE ¿(OiuIlAPATOPŁi, lIPEiáErlaEbiiE 3 ÄLCTAiibEOHHLiX 
SAjJIí TAX -  OlITŁ.i.iAJIbHAn AGHCTpyKLE/i, 3G3HL KAU4AA 
h £  Äl.HAi.Ü'iECKliX yCJI03bn

K o p o T K o e  c o ^ e p x a H w e

P e j ie  c  aunjiwTyflHfciMH u qpa3HbiMn TpaH3MCTopHKMii KOM napa-  

TopaMü c  y c n e x o u  npwMeHHioTCH c  1ÖÖ7 r .  u Ha npoTHxeHHH a -  

Thx jieT n oxa 3 a J iH  c a o w  n p e n a y m e c T B a  no  cpaBHeHWB c  3JiexTpo-  

uexaHHvecKHUH p e j i e .  C y isecT B yeT  b o s m o x h o c t b  H3roTOBJieHHii 

T paH3MCTO pHHX KOUnapaTOpOB HUeUIitHX XapaK T epHCTHKM CXOÄHbie 

C XUpaKT epHCTHKaUH 3JI eKTpO UarHHT HhlX HJIH HHJtyKUHOHHHX KOM— 

n a p a T o p O B ,  ho uoxho  T o s e  n o x y m iT b  xapaKTepHCTHKM H e ^ o c T y n  

Hbie ÄJIH KO HB eHUHO HaJI LHHX 3JieUeHTOB.

KoHCTpyKUMM aMnjiMTyflHHX h ipa3Hhoc KOMnapaTopoB uoryT  
6bitb o c h o BaHtj Ha Tpex pa3JiHHHbtx npHHUHnax: HenocpeflCTBeH- 

Horo cpaBHeHHH Mr ho b eHHboc 3Hay eHHii n p o u e c c o B ,  cpaBHeHna 
MrHob eHHBDC sHBweHKH c npHueHeHKeu hhterpw pyum ero axeufeHTa 
AJia noJiyneHHfl HcnoaHHTexbHoro cwrHaJia, a  Taxsce Ha MMnyxbC- 
HOM npHHUHne. HanßoJiee npuroAHbie, ymiTUBaa AHHaMHuecKwe 
CBOiicTBa, 0Ka3biBas3TCH KOMnapaTopbi c HHTerpHpyumKMH ajieMeH 
TaMH .

3  C T a T b e  n p H B e A O H o  x o x a 3 a T e j i b C T B O  T e s w c a ,  h t o  a u n j i H T y j  

H u e  u  y a s H b i e  K O M n a p a T o p u  o c H o a a i m  H a  t o m  s e  n p H H y w n e  A e H -  

CT B U H ,  C 0 3 A a » T  H A 6 H T M H H H e  MrHOB e H H b i e  B X O A H H e  C M T H a j I b l ,  K O -



330 JI. JjaceKcoH, Ep llaTpHKCoH, JI.Ü . B n ąnoab

H e q H o  n p n  y c a o B H H , h t o  B H e m H H e  p e n n  n p e o 6 p a 3 0 B a H H a  B x o a -  

HKX C H r H a J I O B  H f l e H T H U H H  H MeilM B K J i m e H H H e  H a  BIDCOfle 3TMX 

k o M n a p a T o p o B  -  c x o ä h h .

Ä H H a M H K a  C 0 0 T B 6 T C T B  e H H H X  a M n j I H T y f l H H X  M $ a 3 i i u x  K o M n a p a -  

T o p o B  o K a s H B a a T C H  o f t H H a K O B o i i  B C B H 3 H  c  y e M  a B T o p b i  o r p a i i H -  

H  MB a i O T CH  p a C C M 0 T p e H H 6 M  HC KJIIOHHT e X b H O  ( J a 3 H U X  K O M I i a p a T O p O B  

r j i a B H H M  o 6 p a 3 0 M  n o T O M y ,  h t o  T p a H 3 H C T o p n  K a K  T a K O B b i e  6 0 J i e e  

n p H r o ^ H H  ä j i h  K O H C T p y K y i i H  $ a 3 H H X  K O M n a p a T o p o B .

ß  4> a 3 HOM K O M n a p a T o p e  c  h h t  e r p H p y i o m H M  s a e M e H T O M  b x o s h h c  

C H T H a j i H  H a n p a a c e H H H ,  n o a y y a e M b i e  b p e 3 y J i b T a T e  c o o T B e T C T B e H -  

H o r o  n p e o 6 p a 3 0 B a H M H  H a n p a x e H H a  m T O K a  H a r p y 3 K H  jihhmh n o -  

a a j D T c a  H a  b x o ä  c o B n a f l a m n i e r o  H 3 M e p M T e a b H o r o  a j i e M e H T a ,  c o 3 -  

x a c m H H  H M n y j i b C H  o a w H a K O B O H  a M n j i H T y x b i :  n o a o x M T e a b H b i e  n p n

OJ lHHaKOBbDC H O T p H U , a T  e j I b H H S  n p H  n p O T H B O n O J I O X H b O C  3 H a K a X  0 6 0 - 

H x  H a n p a a c e H H H .

ß  n p O T H B O n O J I O K H O C T b  K  0  ÖhlKHO B e H H O M y  K O U n a p a T O p y  MTHO —

b e H H H x  3 H a n e H H H  3 f l e c b  n p o H c x o a H T  c p a B H e H w e  C H m a a o B  b  0 6 0 -  

HX n o a y n e p H O f la x ,  npw n e u  KMnyabCbi, i io a y y a e M H e  b  p e 3 y a b T a -  

T e cp aB H eH n a  c u r H a J io B ,  n e p e a a œ T c a  Ha HHTerpMpyumwü aaeMeHT 

Ha B H X ose  K O T oporo c o s a a e T c a  c a r H a j i ,  MaKCMMujibHoe 3 H a y e -  

HH e  KO Toporo 3 a B H C H T  OT EIHPHHH HM nyibCOB. WHpHHa 3 T a ,  B 

c b o d  o n e p e j b ,  b b b h c m t  c t  npoaoaacH T eabH ocT H  c o o t b eTCT b m h

3HaK0B cpaBHHBaeMbix HanpaxeHHM, T . e .  o t  CflBwra <pa3 MeKay  

HHUH. IlycK BbixoÄHoro 3aeM eH Ta n p oH C xoan T  b  m o m c h t ,  K o r a a  

H a  B u x o f le  HHTerpH pyDm ero aaenaeHTa n o a B a a e T c a  CHTHaa c  aM-  

n a n T y a o H  npeBNiuaœmeii ycT aH O B aeH H oe 3HayeHHe<, IlpoMCxoaKT 

3TO b  c a y y a e ,  K o r a a  y r o a  c a B H r a  $ a 3  Mejicay flsyM a H a n p a ss e -  

HHaMH MeHbme i l / 2 .  f la a  y r a o B  6 o a b m e  n / 2  nHTerpnpy»mwH 3 -  

aeMeHT C 0 3 a a e T  CHTHaan c  aMnaHTyaoii HHSce yp oB H a n y c x a  b h -  

x o f l H o r o  a a e M e H T a 0
I I p e H u y m e c T B a  K O M n a p a T o p o B  c  H H T e r p w p y m i U H M K  s a e M e H T a M M  

n e p e a  o 6 h k h o b 6 H H h u h  K O M n a p a T o p a M H  m t h o b e H H b i x  3 H a y e H H M  H a w  

H i i n y a b C H b i M H  K O M n a p a T o p a M H  c o c t o h t  b t o m ,  h t o  a B a  n o c a e a -  

H H x ,  b B H a y  H e n o c p e a c T B e H H o r o  c p a B H H B a H H f l  m t h o b e H H H x  3 H a -



y e H M Ä  n o s B e p r H y T H  b j i h h h h i o  n o M e x ,  b o 3 H H K a j Q i n n x  o t  n e p e x o x -  

HHX n p o M e c c o B .  d o  H 3 6 e a c a H H H  J i o x H b i x  n e i i c T B H H  3 T o r o  p o * a  k c ^  

n a p a T o p o B  c j i e s y e T  y B e j i H U H B a T b  b p c m h  h x  . n e n c T B i i a  h j i h  n p i i — 

M e H H T b  H a  B b o c o f l e  c n e p w a J i b H H e  c h c t &m h  O h j i b t p o b .  B  c j i y u a e  

K O M n a p a T o p O B  c  H H T e r p H p y m i U H M H  3 j i  e M e H T s m h  b t h  c h c t c m h  q j h j i » -  

T p O B  H3J IHDl HbI ,  HO B p  6 MH  Â e i Î C T B H H  M O X e T  Ö H T b  n c p H f l K a  n O J I C -  

b h h u  n e p w o ^ a  n p o M b i u u i e H H O H  u a c T O T b u  O t c y T c t  b  y e T  o n a c H O C T b  

n o M e x  b  p a Ô O T e  K O M n a p a T o p a  b  p e 3 y j i b T a T e  n e p e x o ^ H b i x  n p o u e o -  

C OB f l J I H T e j I b H b I X ;  T O U H O C T b  H 3 M e p e H H H  O G T a e T C H  n O H T H  CE3

H 3 M 6 H 6 H H H  B I UHpOKOM , H H a n a 3 0 H e  p a Ö O T b l .  Ha B p G M H  f l e i l C T B K H  

H e  w u e e T  c y m e c T B e H H o r o  b j i h h h h h  m o m g h t  B 0 3 H H K H O B e H H H  n o a p e -  

a c ^ e H H H  b  c e T H .  K o M n a p a T o p  c  H H T e r p H p y m i U H M  a j i e a e H T O M  a u e e i  

x a p a K T e p H C T H K y  o u e H b  n p H ó J i H x e H H y j a  k  B p e M e H H o  H e 3 b b h c h ü c «  

x a p a K T e p H C T H K e  b  n o J i H O M  f l w a n a 3 0 H e  p a ß O T H ,  c  T e u ,  u t o  b  C j i h -  

3 H  K p w T H H e c K o r o  y r j i a  3 1 / 2  B p e M H  f l e i i c T B H a  C T p e u H T c a  k  6 e c -  

K O H e U H O C T H .

E J i a r o a a p a  y n o u a H y T H U  n p e n u y m e c T B a M  K O M n a p a T o p a  c  h h t e — 

r p w p y i o m H M H  3  j i  e M e H T  a i m  a o r y r  c y c n e x o M  n p H M e H H T b c a  b  s a -  

a e c T B e  u 3 M e p n T e j i b h b i x  s j i e u e H T O B  Æ H C T a H L t f i O H H a x  3 a q n T .  l l p e -  

H M y m e c T B a  H a m j i n  n o s T B e p x a e H H e  b  p e 3 y j i b T a T a x  J i a ß o p a T o p H H X  

H c n H T a H H H  K O M n a p a T o p a  ç > a 3 a ,  H M e i o m e r o  H M n e s a H C H o - H a n p a B J i e H  

HyiD x a p a K T e p H C T M K y .  C p a B H e H H e  . n H H a M H u e c K H X  x a p a K T e p u c T u K  

3 T o r o  K O M n a p a T o p a ,  n p e s c T a B J i e H H b i x  K a K  3 a B n c n M o c T b  t o u h o -  

c t h  M 3 M e p e H n a  o t  H M n e ^ a H c a  c h c t c m h  « J i a  p a 3 J i H U H a x  B p e i i e n  

s e ü c T B H a  b  f l B y x  o T , n e j i b H a x  c j r y u a a x ,  a  H u e H H o :  n p a  ^ a n T e j i b — 

HOM H a j i H H b H  n o M e x  h  b  c o c t o h h h h  6 e 3  n o M e x ,  n O K a 3 b I B a e T  U T O  

n o M e x «  H e  H Me i oT  c y m e c T B e H H o r o  b j i h h h h h  H a  t o u h o c t b  H 3 u e p e -  

H H H  K O M n a p a T o p a  b  h i h p o k o m  , n H a n a 3 0 H e .  w o x h o  a o f i H T b c a  B p e -  

M e H H  R e i i c T B H H  n o p H Ą K a  n o J i o B H H H  n e p n o . u a  n p o M a n u i e H H O H  u a c T o -  

T H ,

G t a T H u e c K H e  h  j H H a M i w e c K H e  x a p a K T e p n c T H K H  o n p e ^ e a e H H  

f l j i a  Bceii o ß J i a c T H  p a ß o T H  K O M n a p a T o p a .

H e O Ö X O Ä H M O  O T M e T HT b ,  U T O  C a M O e  K O p O T K O e  B p e M H  n e M C T B H H  

K O M n a p a T o p a  c h h t  e r p H p y a m H M  s j i e M e H T O M  M o x e T  B H C T y n n T b  b
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c j i y u a e ,  K o r n a  o b m h  h s  c p a B H H B a e M t i x  c u r H a j i o B  n o J i y v H T b  n o -  

C T o a H H o e  no 3 H a K y  3 H a u e H i i e  b  p e 3 y J i b T a T e  H a j i o x e H n a  c u m a J i a  

n o M e x n  o n o c T O H H H o M  x a p a K T e p e  n p o n e c c a .  i i e n c T B n e  K O M n a p a 

T o p a  C y s e T  T o r j a  o u i h Oo u h h m  h  c j i e n y e T  o T C T p o n T b c a  o t  t u k h x  

c j i y u a e B  n o , n < 5 o p O M  c o o T B e T C T B y x i i n e r o  M H H H M a J i b H o r o  B p e M e r a i  a e a  

C T B l i a ,

A H a J i o r w u H O ,  b  c j i y u a e  o u e H b  M a J i t a c  3 H a u e H H H  c n r H U J i c B  H a  

B x o j e  c o B n a s a i o i n e r o  M 3 M e p i i T e j i b H o r o  s j i e a e H T a  n a x e  n p H  H y n e -  

b o m  c f l B w r e  <J»a3,  H e  .h o j i x h o  6 b i T b  c n r H a j i a  H a  B x o ^ e  s t o t o  3 J i e -  

M e H T a .  O T C T p o i i K a  OT  J IOXHbIX f l e H C T B H H  C O C T O H T ,  B 3 T 0 M  c j i y -  

u a e ,  H a  n o f l C o p e  c o o t b c t c t b y m m K X  M H H H M a j i b H n x  3 H a v e H H i i  b x o ,h- 

Hb i x  c w r H a j i o B ,  B 0  3 6 y x , n a i o m H X  c o B n a n a i o i n H M  h  3 M e p n T e j i b h k h  s j i e -  

MeHT .

352____________________ JI. flxeKcoH, E . HaTpuKcoH, JI.M. BujnoJib

o m o m . E  PidcyHKoa

P h c .  1 .  P e a e  c K O M n a p a T c p o M  c h h t e r p M p y i o i H H M  a j i e M e i i T O M

“ JiHHeiiHoe HanpaxeHHe
I l _ tok Harpy3KH

j V g  -  B x o f l H a e  C H T H a J i u  2 -B x o ^ H o ro  K O M n a p a T o p a

measuring and mixing c ir c u i t s  -  nycKOBoii 3 j i  eMeHT coincidence o ir c u it  -  coBnâ aiomMM sjieMeHT l in ear  in tegrator  -  jiHHeiiHHM MHTerpHpymmnH vjieH l e v e l  detector -  b h x o , h h o h  ^Hcnc j i h h t e j i b H H H  ) s j i e -  
M eH Tt r ip  -  otkjikueHHe

P h c .  2 .  3peMeHHbie u n a r p a M M H  cnrH ajioB  sjieueHTOB p e a e  tpaso- BOH CflBHT M eXfly V 1 H V 2  0 > ^ j
a )  J X O f l H H e  CHTHaJIbl  K O H H U H f l e H U H O HH O r O  ( H 3 M e p H T e j I f r -  

h o t o )  s j i  e M e H T  a

6 ) 3 h x o s h o h  n p o C e r  k o h h l , h a € h u h o h h o ro  ^H3MepHTejiir 
h o t o )  ajieMeHTa
( i }  b epxHHH ypoBenb
( i i )  SHaueHHe ycTaBKH( i i i )  aHaueHHe bo3bpaTa

b ) U p o u e cc  Bbixofla HHTerpHpymmero 3JieM"eHTa.
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3 .  JpeM eHHue ^ n a r p a u u H  cnrH aJioB  ajieweHTOB p e j i e

30BHH CJBHr MejKfly V1 H Vg ^
O cTajitH H e cn n caH H fl  Kax  p,an p n e .  2 .  
r e l a y  o p e r a t i o n  -  c p a f i a T H B a H H e  p e a e

. JpeMeHHbie .nHarpaMMbi cnrHaJioB sjieMeHTOB p e a e  Rjia 
KpHTHuecKHX 3HaHeHHH y rJ ia  c jB H r a  (pa3 Mex^y V h 
V2 0  = 31/2 .  1
OcTajiBHbie onncaHHH xaK a n a  p n c .  3 .

b .  B p e M e H H n e  a n a rp a M m b i cnrH ajioB  sjieweHTob p e j ie  n p n  
HajiHHHH bo b x o jh o m  CHrHajiB V2 n o a e x H ,  HMecmen no- 
c to h h h h h  x a p a K T e p .
OcTajibHbie cnHcaHHH ksk  ,hjih p h c ,  3 .

6 .  O n p e a e j ie H n e  BpeMeHH jeKCTBHii Ha ocH csaH H H  n p o u e o  
c a  B bixo^a HHTerpHpymutero bjieMeHTa

i n t e g r a t o r  o u t p u t  w o l t a g e  -  BH xojiH oe H an p axeH H e  
H H T erpn pyiom ero  ajieMeHTa  

t i m e ,  ms -  BpeMH u ceK
Vs -  y c T a B K a  HanpaxeHHH BbixoAHoro 3JieMeHTa

V  t  V  -  3 H a H e n H H  H a n p a x e H H H  B t i x o f l a o r o  s j i  e M e H T  a  
* c o o t b e T C T a y io iH H e  h h t e p B a jia M H  B p e u e H H  T

H T y
7 .  J p e M H  ie i iC T B H H  k u k  cpyH KUHH <pa3 0 B o r o  c j B K r a

o p e r a t i n g  t i m e ,  m s  _  BpeMH a e H C T B H H ,  C e x  
p h a s e  d i s p l a c e m e n t  0  — t p a s o B H H  c j b h t

а )  waKCHMajibHbie BpeMeHa
б )  MHHHMajibHbie B p eM en a

8 .  K p H B n e  n o c T O H H H o r o  <pa3 0 B o r o  y r j i a ;  yroJ i M ex^ y  c h -  
r H a j ia M H  S1 h  S2

Y s  1 * Vs 2  “  y C T a B K M  HanpaxeHHVi B b ix o f lH o r o  aaeM eH Ta
V1 ,  Vg _  BxoAHbie cnrHaJibi f lB y x o s H o r o  KOMnapaTcpa

S . ,  S _  o t h o c h t ejiBHbie sHaueHHfl b x o a o b  1 h  2 
^ o t h b c eHHbie k  ycTaBKaM V h  V  )

  -  TeopeTKHecKan KpHBaa
o o o  -  f len cT B H T ejjb H aa  KpHBaa

9 .  UoJiMCHaa xapaK TepH CT H K a H anpaB JieH H oro p e j ie

 —  -  T e o p e T H H e c a a a
o o o  -  fleiicTBHTejibHaa 

8 1 f  S 2  -  0THOCHT SJI b H b i e  3HUH eHHH BXOROB 1 H 2  
^OTHeceHHbie k y cT a B K a u  V h  V )

I M
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1 0 .  X a p a K T e p n c T H K a  H M n e a a H C H o r o  p e a e
а )  H f l e a j i b H a a  H M n e a a H C H a a  xapaKTepncTHKa
б )  H M n e a a H C H a a  x a p a K T e p n c T H K a  n p n  h h 3 Kom y p o B H e  

CHmajia
1 1 .  A j i b T e p H a T H B H h i e  CHCTeuu y p a B H H T e a b H H x  H M n e f l a H C o b

а )  TouHoe ypaBHHBaHHe
б ) T p a H c ^ o p M a T o p  -  p e a K T o p

1 2 .  I r i 3 M e p H T e a i > H H H  C T e H j  -  c o e f l H H e H H e  f l j i a  o f l H o i i  < p a 3 H

e l e c t r o n i c  s w i t c h i n g  a n d  f i m i n g  u n i t  -  s a e K T p o H -  
Haa c h c t e i ia  BKamveHHH h  h 3M ep e H n a  BpeMeHH  

v a r i a b l e  r a t i o  c . t . - _  T paH c ipopM aTop  c t o k s  io u e H -  
acmHMCa KO 3<p(pHUHeHT0M TpaHCtpopMaUHH  

v a r i a b l e  r a t i o  v . t .  _  T p aH cyo p M aT o p  H anpaxeH H a  c  
H3MeHHiJlHHMCa KOStjKpHUHeHTOM TpaHC(|>opMaHHH  

S o u r c e  im p e d a n c e  -  H M n e a a H c  HCTovHHKa  
l i n e  im p e d a n c e  -  HM neaaHc j i h h h h  
t e s t  r e l a y  -  H cnnTH B aeM oe  p e a e

1 3 .  J l e i i C T B H T  e  J i b  H u e  H S M e p e H H H e  x a p a K T  e p H C T H K H  b  p  e w e H  
x e i i C T B H a  h  t o v h o c t h  n o J i a p H 3 0 B a H H o ro  H M n e f l a H C H o -  
H a n p a B a e H H o r o  p e a e  ( m h o ) ;  6 e 3  H a a n v n a  n e p e x o a n o -  
r o  n p o n e c c a  n o u e x  n o c T o a H H o r o  x a p a K T e p a )

r e l a x  a c c u r a c y  -  t o v h o c t b  p e a e
s y s t e m  i m p e d a n c e  r a t i o  -  o T H o m e H H e  H M n e a a H c a  c h c  

TeMH k  3 H a v e H H K  H M n e j a a c a  y c T u b k h  p e a e  
b o u n d a r y  o f  o p e r a t i o n -  n p e a e a  a e n c T B n a
--------------- K p H B H e  n o c T o a H H o r o  B p e M e H H

-----------KpHBHe nocToaHHoro HanpaxeHHa
1 4 .  J l e i i c t b h t eaBHue xapaKTepncTHKH H3MepeHHHX BpeMeH 

j^eHCTBHa h  t o v h o c t h  i io a a p n 3 0 baHHoro HMneaaHCHo-Ha 
npaB aeH H oro  p e a e  ( m h o )  n p n  MaKCHMaatHOM n e p e x o a -  
h o m  n p o y e c c e  n o u ex  nocT oaH H oro  x a p a K T e p a
r e l a y  a c c u r a c y  -  t o v h o c t b  p e a e
s y s t e m  i m p e d a n c e  r a t i o  -  O T H o m e H H e  H M n e a a H c a  c h o - 

t 6 m h  k  3 H a v e H H B  H M n e a a H c a  y c T a B K M  p e a e  
b o u n d a r y  o f  o p e r a t i o n  -  n p e a e a  a e i i c T B H a

1 5 .  KpHBHe nocToaHHoro HanpaxeHHa a-««- noaapu3CBaHHo- 
ro  HMneaaHCHo-HanpaBaeHHoro p e a e  ( m h o )
r e l a y  o p e r a t i n g  t i m e ,  m s  _  B p e u a  a e n c T B H a  p e a e ,

M C e K
r e l a y  a c c u r a c y  -  t o v h o c t b  p e a e  
v o l t a g e  -  H a n p a x e H n e
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Phc. 16. Ilpouecc MHTerpMpoBaHwa h oTKJimeHHH McnHTHBaeMo- 
ro pejie s . i . r .  _ oTHonieHHe HMneaaHca chctsmh k 
3HayeHMJD HMneflaHca ycTaBKH pejie
g r a t ic u le  l in e s  a t  20 ms in te r v a le  _ aejieuMH 

BiKanbi BpeMeHH b h h te p B a j ia x  20 Mceic
Phc. 17. TeopeTHuecKHe <5jioic-cxeMH kcunapaTopob

а) AMnjiHTŷ HHii KOMnapaTop
б) ffia3HHH KounapaTop
SOUt -  BHXOflHHH CHTHaJI
coinc idence  c i r c u i t  _ kohhuha^huhohmuh sreMeHT

^H 3 M e p H T  e j l  bHbl i l  )


