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ABSTRACT 

This paper   discusses   the  need  for   the  methods 
of  accomplishing  out-of-step  protection  of  generators.  
The report   describes  the  loss-of-synchronism  impedance 
c h a r a c t e r i s t i c s  o f   l a r g e   g e n e r a t o r s   i n  a  modern EW sys- 
tem. It i s  demonstrated  that   conventional  out-of-step 
r e l ay ing  schemes a s   a p p l i e d   t o   t r a n s m i s s i o n   l i n e s   c a n  
a l so   be   u sed   t o   de t ec t   t he   ou t -o f - s t ep   cond i t ion   a t   t he  
genera tor .  

I. INTRODUCTION 

I n   t h e   a f t e r m a t h  of the   1965  Nor theas t   Pmer  
Fa i lure   and   o ther   subsequent  power system  dis turbances,  
a t t e n t i o n  was focused more acu te ly   t han   eve r  on such 
system  problems as low vo l t age  and  frequency,  and 
generators  operating  out-of-synchronism. The need   for  
pu rpose fu l   au tomat i c   s ec t iona l i z ing   o f   sys t ems   i n to  
s e l f - s u s t a i n i n g   i s l a n d s  was recognized as being  
des i rab le   for   severe   sys tem  swings   for   which   recovery  is 
not   possible .   Al though  out-of   -s tep  protect ion  systems 
were ava i lab le   before   1965,  more soph i s t i ca t ed   s chenes  
have  been  developed f o r   a p p l i c a t i o n   t o   t r a n s m i s s i o n  
systems.   These  schemes  provide  l ine  re lays   with  sensing 
e l emen t s   and   con t ro l   l og ic   t o   de t ec t   t he  
out-of-synchronism  condition,  the  objective  being  the 
open ing   o f   ce r t a in   t r ansmiss ion   l i nes   o r   t he   i nh ib i t i ng  
of t r i p p i n g   o f   t h e s e   t i e s   t o   e f f e c t   t h e  m a x i m u m  
p re se rva t ion  of the  system. 

In 1970 the  Rotating  Machinery  Subcommittee  of 
t h e  IEEE Power  System  Relay  Cormclttee  became aware t h a t  
some relay  engineers  were  becoming more concerned  with 
sens ing   t he   ou t -o f - s t ep   cond i t ion   e l ec t r i ca l ly  a t  the  
gene ra to r   t e rmina l s   o r   t he   h igh   vo l t age   t e rmina l s   o f   t he  
associated  s tep-up  t ransformer.  It was recognized   tha t  
sensing  elements were no t   gene ra l ly   app l i ed   t o   cove r   t he  
gap t h a t  may e x i s t  from the   s t a t ion   t r ansmiss ion   buses  
e l ec t r i ca l ly   back   t h rough   t he   un i t   t r ans fo rmer   and   i n to  
the  generator .   This   gap  usual ly   occurs   because  re lays  
i n   t h e   g e n e r a t o r  zone  such as d i f f e r e n t i a l  and  most tine 
delayed  back-up  relays  cannot  operate  for  an  out-of  step 
condition. This, a long   w i th   t he   poss ib i l i t y   o f   s e r ious ly  
damaging a generator  under  an  out-of-step  condition, 
prompted t h e  Subcommittee t o  form a  Working  Group t o  
s t u d y   t h i s  problem. The assignment of the  Ilorking Group 
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W a s  def ined  as "To i n v e s t i g a t e   t h e   n e e d   f o r  and t h e  
methods  of  accomplishing  out-of-step  protection of  gen- 
e ra to r s . "  The r e s u l t s  of t h i s   s t u d y   i n c l u d i n g  a survey 
le t ter  of i nqu i ry  are p r e s e n t e d   i n   t h i s   r e p o r t .  

11. LOSS OF  SYNCHRONISM  CIIARACTERISTICS 

General 

The convent ional   re laying  approach  to  
v i sua l i ze   and   de t ec t  a l o s s  of synchronism  condition i s  
to   analyze  apparent   impedance  var ia t ion as viewed a t   t h e  
terminals   of  a l i n e   o r   g e n e r a t o r .   T h i s   v a r i a t i o n  i s  a 
func t ion  of the  system  vol tages   and  the  angular  
separation  between  the  systems. The apparent  impedance 
locus  also  depends on the  type  of  governor  and  voltage 
cont ro l ,   and   the   type   o f   d i s turbance   which   in i t ia ted   the  
swing.  Depending on t h e   r a t e   o f   s l i p   t h i s   v a r i a t i o n   i n  
impedance  can  usually  be  detected by distance-type 
relaying,   and  the  systems  or   generator   separated  before  
the  complet ion  of   one  s l ip   cycle .  

Simplif ied  graphical   procedures   have  been 
developed (2) and  used t o   d e t e r m i n e   t h e   v a r i a t i o n   i n  
apparent  impedance  during a loss of  synchronism 
condition. These procedures  derive  an  impedance  locus 
which  can  be  plot ted  for   s tudy  purposes   with  the  system 
c h a r a c t e r i s t i c  on an  R-X diagram.  Typical  impedance 
l o c i   o b t a i n e d   w i t h   t h i s   p r o c e d u r e   a r e   i l l u s t r a t e d   i n  
Figure 1. The t h r e e  impedance l o c i  shown a r e   p l o t t e d  as 
a func t ion  of t h e   r a t i o  of the   sys tem  vol tages  U/EB 
which i s  assumed t o  remain constant   during  the  swing.  
Moreover, i n  th i s   s imp l i f i ed   approach ,   t he   fo l lowing  
assumptions  are  made: i n i t i a l   t r a n s i e n t s   ( d c   o r  60 Hz 
components)  and e f f e c t s  o f   gene ra to r   s a l i ency   a r e  
neg lec t ed ;   t r ans i en t   changes   i n  impedance  due t o  a f a u l t  
o r   c l ea r ing   o f  a f a u l t   ( o r  due t o  any o ther   d i s turbance)  
have  subsided;   effects   of   shunt   loads  and  shunt  
capac i t ance   a r e   neg lec t ed ;   e f f ec t s  of r egu la to r s  and 
governors  are  neglected;  and  the  voltages EA and Eg 
behind  the  equivalent   impedances  are   balanced  s inusoidal  
voltages  of  fundamental   frequency. 

When t h e   v o l t a g e   r a t i o  EA /EB = 1, t h e  imped- 
ance  locus i s  a s t r a i g h t   l i n e  PQ which is  the  perpen- 
d i c u l a r   b i s e c t o r   o f   t h e   t o t a l   s y s t e m  impedance  between A 
and B. On this   diagram,  the  angle   formed  by  the  in-  
t e r s e c t i o n   o f   l i n e s  AP and BP on l i n e  PQ i s  the   angle  of 
s epa ra t ion  (6) between  the  systems.   I f   system B(EB) is  
t aken   a s   r e f e rence ,   and   i f  i t  i s  assuned EA advances i n  
phase  angle  ahead  of EB, t h e  impedance  locus moves from 
po in t  P toward Q and t h e   a n g l e  (6) increases .  When t h e  
l o c u s   i n t e r s e c t s   t h e   t o t a l   i m p e d a n c e   l i n e  AB the  systems 
are 180 degrees  out  of  phase.   This  point is bo th   t he  
e l e c t r i c a l  and  impedance  center  of  the  system. As t h e  
locus moves t o   t h e   l e f t  of  the  system  impedance  l ine,  
the  angular   separat ion  increases   beyond 180 degrees and 
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W I I 
Ten t o  twenty  years  ago,  system  and  generator 

impedance c h a r a c t e r i s t i c s  were s u c h   t h a t '   t h e   e l e c t r i c a l  

B 

II 
Fig. 1 Typ ica l  Out-of-Step  Impedance  Loci  Using Sim- 

p l i f i ed   Graph ica l   P rocedures  

even tua l ly   t he   sys t ems  w i l l  reach a point   where  they 
w i l l  be   in   phase   aga in .   I f   the   sys tems  a re   no t  
separa ted ,   sys tem A can   cont inue   to  move ahead  of B 
again  and  the  whole  cycle  may r e p e a t   i t s e l f .  When t h e  
locus   reaches   the   po in t   where   the   swing   s ta r ted ,   say  at  
point   P ,   one  s l ip   cycle   has   been  completed.  

I f   sys t em A slows down w i t h   r e s p e c t   t o  B 
(decreases  in  phase  angle),   the  impedance  locus w i l l  
move i n   t h e   o p p o s i t e   d i r e c t i o n   f r o m  Q t o   t h e   r i g h t   t o  P. 

When t h e   v o l t a g e   r a t i o  E /E i s  more than or 
less than  one (l), t h e  impedance l o u  w i l l  b e   c i r c l e s  
w i t h   t h e i r   c e n t e r s  on e x t e n s i o n s   o f   t h e   t o t a l  impedance 
l i n e  AB. For t he   ca se   o f  EA/EB>l ,  t h e   e l e c t r i c a l   c e n t e r  
w i l l  be   above  the  impedance  center   of   the   system  and  for  
EA / E B < l ,  t h e   e l e c t r i c a l   c e n t e r  w i l l  be  below  the 
impedance cen te r .  

A. B 

It s h o u l d   b e   n o t e d   t h a t   t h e   e l e c t r i c a l   c e n t e r s  
of t h e   s y s t e m   a r e   n o t   f i x e d   p o i n t s .  The l o c a t i o n  of 
t h e s e   c e n t e r s  w i l l  vary  as   the  system  impedances  behind 
t h e   l i n e   t e r m i n a l s   v a r y  and t h e   e q u i v a l e n t   i n t e r n a l  
genera tor   vo l tages   vary .   Therefore ,  when determining 
t h e  impedance  locus  for a system i t  w i l l  be   necessa ry   t o  
cons ider   changes   in   sys tem  condi t ions   ( tha t  i s ,  va r i -  
a t i o n s   i n  ZA and ZB of   Figure 1) and  determine a locus 
for   each   condi t ion .  

The r a t e  of s l i p  between  the two systems i s  a 
func t ion  of t h e   a c c e l e r a t i n g   t o r q u e   a n d   i n e r t i a s   o f   t h e  
systems. An estimate of   the   s l ip   can   be   ob ta ined   f rom 
t r ans i en t   s t ab i l i t y   s tud ie s   where   angu la r   changes  of t h e  
sys tem  vol tages  may b e   p l o t t e d  as a function  of  t ime. 
From these   p lo t s ,   an   ave rage  rate of s l i p   e i t h e r   i n  
degreesfsec.  or cyclesfsec.   can  be  determined. The r a t e  
of s l i p  between  the  systems w i l l  no t   be   cons tan t   dur ing  
any g i v e n   s l i p   c y c l e .  However, t h e   g e n e r a l   p r a c t i c e   i n  
s i m p l i f i e d   s t u d i e s  i s  t o  assume a c o n s t a n t   r a t e  of s l i p  
f o r   t h e   p o r t i o n   o f   t h e   f i r s t   s l i p   c y c l e   w h i c h  i s  of 
in t e re s t ;   name ly ,   t he   s t a r t i ng   po in t   o f   t he   swing   l ocus  
and the  point   of   180  degrees   separat ion  between  systems.  

cen ter   dur ing  a loss   of   synchronism  condi t ion  general ly  
occurred   ou t   in   the   t ransmiss ion   sys tem.  The impedance 
loc i   gene ra l ly   i n t e r sec t ed   t r ansmiss ion   l i nes   and   cou ld  
readi ly   be   sensed  by l i n e   r e l a y i n g   o r   o u t - o f - s t e p  re- 
l ay ing  schemes  and the  system  could  be  separated  without  
t he   need   fo r   t r i pp ing   gene ra to r s .  

With  the  advent  of EHV sys tems,   l a rge  con- 
duc tor -cooled   genera tors ,   wi th   fas t   response   vo l tage  
regula tors   and   wi th   the   expans ion   of   t ransmiss ipn   sys-  
tems, system  and  generator   impedance  character is t ics  
have  changed  appreciably.  Generator  and  step-up  trans- 
former  impedances  have  increased  in  magnitude  while 
systems  impedances  have  decreased. As  a r e s u l t ,  on many 
systems  today,  the  system  impedance  center  and  the 
e lec t r ica l   cen ter   dur ing   swings   can   and   does   occur   in  
t he   gene ra to r  or i n   t h e   g e n e r a t o r   s t e p - u p   t r a n s f o r w r .  

I n   g e n e r a l ,   t h e   l o s s  of synchronism  impedance 
l o c i ,  as viewed at  the   gene ra to r   t e rmina l s ,   f o l lows   t he  
swing   cha rac t e r i s t i c   where   t he   r a t io   o f   gene ra to r   t o  
system  vol tage (EA/EB) i s  less   than   one   (EA/EB<~) .  This 
is  due t o   t h e   f a c t   t h a t   f o r  most  machine  loadings,  the 
e q u i v a l e n t   i n t e r n a l  machine vo l t age  w i l l  be   l e s s   t han  
1.0 pe r   un i t   and  less than   the   equiva len t   sys tem 
vol tage.   This  w i l l  g e n e r a l l y   b e   t r u e   f o r   l e a d i n g ,   u n i t y  
and  even f o r   s l i g h t l y   l a g g i n g  power f ac to r   l oad ings .  
Most g e n e r a t o r s   a r e   o p e r a t e d   i n   t h i s  power fac tor   range  
today. 

Figures  2 t o  4 i l l u s t r a t e   t h e   t y p e  of loss of 
synchronism  impedance l o c i   t h a t  may be   encoun te red   fo r  
both  tanden  and  cross-compound  generators.  The 
impedance l o c i  shown a re   g iven  as a function  of  system 
impedance  and  were  determined i n  a d i g i t a l  computer 
s tudy  using a comprehensive  dynamic  model  of a t u rb ine  
genera tor .   Representa t ions   o f   the   exc i ta t ion   sys tem and 
governor  response were inc luded ,   bu t  i t  was assumed t h e  
v o l t a g e   r e g u l a t o r  was out   o f   se rv ice .  With the  omission 
o f   vo l t age   r egu la to r   r e sponse ,   t he   i n t e rna l  machine 
voltages  remain low dur ing   the   d i s turbance ,   and  
the re fo re ,   t he   e l ec t r i ca l   cen te r   o f   t he   swings   a r e  more 
l i k e l y   t o   f a l l   w i t h i n   t h e   g e n e r a t o r   z o n e .  

I n  a l l  cases ,  i t  w a s  assumed t h a t   t h e   d i s t u r -  
bance  and i n s t a b i l i t y  were  caused by the  prolonged 
c lear ing   of  a nearby   th ree   phase   fau l t  on the   h igh  
vol tage   s ide   o f   the   genera tor   s tep-up   t ransformer .  A l l  
impedances  given  are   in   per   uni t  on gene ra to r  TNA base  
and a l l   i n i t i a l   l o a d i n g s  and  system  vol tages   are  shown 
for   each  case.  

Figure 2 demonst ra tes   the   loss  of  synchronism 
impedance l o c i   f o r  a tandem genera tor   for   sys tem  inpe-  
dances of .05, .2  and . 4  p e r   u n i t ,   r e s p e c t i v e l y .  It 
shou ld   be   no ted   t he   c i r c l e  formed by t h e  impedance  locus 
inc reases   i n   d i ame te r ,  and t h e   e l e c t r i c a l   c e n t e r   s h i f t s  
from w i t h i n   t h e  machine  out i n t o   t h e   s t e p - u p   t r a n s f o r n e r  
a s   t he   sys t em irnpedance inc reases .   Th i s   i nc rease   i n  
c i r c l e   d i ame te r  and s h i f t  i s  due t o   t h e   f a c t   t h a t   a s  
system  impedance i s  inc reased ,  a h i g h e r   i n t e r n a l  machine 
vo l t age  and inc reased   r eac t ive  power output   a re   requi red  
t o  compensate for t he   i nc reased   l o s ses  and t o   m a i n t a i n  
1.0 p e r   u n i t   v o l t a g e  on t h e  machine  terminals  and  system 
bus. A l l  of t h e s e   l o s s  of synchron i sm  cha rac t e r i s t i c s  
u sua l ly  can be   de tec ted  by ava i lab le   ou t -of -s tep  
re lay ing   schemes ,   as   d i scussed   in   Sec t ion  I V .  
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Fig. 2 Loss of  Synchronism  Characterist ic - Tandem Unit 

Figures  3 through 4 show t h e  loss of  synchro- 
nism  impedance l o c i   f o r  a t y p i c a l  cross-compound gen- 
e r a t o r  as a function  of  system  impedance. Figure 3 
gives  the  impedance  loci  as viewed at the   t e rmina l s  of 
h igh   pressure  (HP) and low p res su re  (LP) u n i t s   f o r  a 
system  impedance  of .05 p e r   u n i t .   I n   t h i s  case the  
impedance l o c i   a r e  similar t o   t h o s e   f o r  a tandem 
generator .  The h igh   p re s su re   un i t   w i th  its lower 
ine r t i a   has   comple t ed   one   s l i p   cyc le   wh i l e   t he   h igh  
i n e r t i a  locr pressure  uni t   has   only  completed a small 
p o r t i o n  of t h e   s l i p   c y c l e .  

Figure 4 shows t h e   p a t t e r n   f o r   t h e  impedance 
l o c i  when the   sys t em  impedance   f a l l s   i n   t he   r ange   o f  .2 
t o  .4 p e r   u n i t .   I n   t h i s   c a s e   b o t h   l o c i ,  as viewed  from 
t h e  machine t e d n a l s ,   a r e  above t h e  R ax i s .  Because  of 
t h e   i r r e g u l a r i t y  of t h e s e   l o c i ,  i t  would b e   d i f f i c u l t   t o  
de t ec t  a l o s s  of  synchronism a t   t h e   t e r m i n a l s   o f   e i t h e r  
un i t   wi th   convent iona l   re lays .  However, Figure 4 a l s o  
shows the  composi te   impedance  locus  for   this   case,  as 
viewed at t h e  low voltage  terminals  of  the  step-up 
transformer.  The impedance  locus at  t h i s   p o i n t   f o l l o w s  
t h e  same p a t t e r n  as f o r  tandem generators   and  could  be 
used t o   d e t e c t  a l o s s  of  synchronism. 

As noted  previously,   the   above loss of syn- 
chron i sm  cha rac t e r i s t i c s  do n o t   i n c l u d e   t h e   e f f e c t  of 
v o l t a g e   r e g u l a t o r s .   I f  a slow  response  voltage  regu- 
l a t o r  is  i n   s e r v i c e ,   t h e   i n p e d a n c e   l o c u s   c i r c l e  w i l l  b e  
l a r g e r   i n   d i a m e t e r   b u t  w i l l  s t i l l  f a l l  below t h e  R axis. 
The i n c r e a s e   i n   c i r c l e   d i a m e t e r  is  due t o   t h e   i n c r e a s e  
i n  machine in te rna l   vo l tage   p roduced  by the   vo l t age  
r egu la to r .  While t h e   e f f e c t  of f a s t   r e s p o n s e   v o l t a g e  
r egu la to r s   has   no t   been   s tud ied ,  i t  is p o s s i b l e   t h a t   t h e  
r a p i d   i n c r e a s e   i n   i n t e r n a l   v o l t a g e   p r o d u c e d  may s h i f t  
t h e   e l e c t r i c a l   c e n t e r   o u t  of t h e   g e n e r a t o r   z o n e   i n t o   t h e  
sys  tem. 

The advent   of   the  modem gene ra to r   and   t he  Mv 
t r a n s m i s s i o n   s y s t e m   h a s   a l s o   r e s u l t e d   i n   s i g n i f i c a n t  
changes i n  the s l i p   c h a r a c t e r i s t i c s   o f   t h e   g e n e r a t o r  
during  swing  condi t ions.   For   the tandem genera tor ,   the  
average rate o f   s l i p   d u r i n g   t h e   f i r s t   h a l f   s l i p   c y c l e  
w i l l  usua l ly   be   in   the   range   of  250 t o  400 
degrees / second   wh i l e   fo r   t he  cross-compound units, t h e  
a v e r a g e   i n i t i a l   r a t e   o f   s l i p  w i l l  b e  400 t o  800 
degrees/second.   For   both  types of  gene ra to r s ,   t he  
ave rage   r a t e  of s l i p   du r ing   t he   r ema inde r   o f   t he   s l i p  
cyc le  w i l l  f a l l   i n   t h e  range  of  1200 t o  1600 de- 
grees / second.   These   ra tes   o f   s l ip ,  i t  should   be   no ted ,  
are  approximate  values.  The a c t u a l   r a t e  of s l i p  w i l l  
be a func t ion   o f   t he  machine i n e r t i a s ,  machine  load, 
type of f a u l t  and t h e   l e n g t h  of time i t  t a k e s   t o   c l e a r  
t h e   f a u l t .   I n   g e n e r a l ,   t h e   l o n g e r   t h e   f a u l t   c l e a r i n g  
time, t h e   h i g h e r   t h e   i n i t i a l  rate o f   s l i p .  
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Fig. 3 Loss of   Synchronism  Character is t ic  - 
Cross Compound Unit 

111. EFFECT ON GENERATORS  OPERATING 
I N  OUT-OF-STEP CONDITION 

With the   i nc reased   p robab i l i t y   o f   i ncu r r ing   an  
out-of-step  operating  condition  with  the  modem  machine,  
the  problem  of  possible damage t o   s u c h  a u n i t   n e e d s   t o  
be  examined. 

During  an  out-of-step  condition as the  swing 
angle   between  the  generated  vol tage  of  a machine  changes 
w i t h   r e s p e c t   t o   t h a t   o f   o t h e r   u n i t s   i n   t h e   s y s t e m ,   t h e  
c u r r e n t   i n  any   such   un i t   var ies   in   magni tude .  The cur- 
r e n t   s u r g e s   t h a t   r e s u l t   a r e   c y c l i c a l   i n   n a t u r e ;   t h e   f r e -  
quency  being a f u n c t i o n   o f   t h e   r e l a t i v e   r a t e   o f   s l i p  of 
t he   po le s   i n   t he   mach ine .  The resu l t ing   h igh   peak   cur -  
r e n t s  and  off-frequency  operation  can  cause  winding 
stresses, and pulsa t ing   to rques   which   can   exc i te  mech- 
an ica l   r e sonances   t ha t   can   be   po ten t i a l ly  damaging t o  
t h e   g e n e r a t o r   a n d   t o   t h e   t u r b i n e   g e n e r a t o r   s h a f t s .  
Therefore ,  i t  i s  recommended tha t   fo r   an   ou t -o f - s t ep  
cond i t ion   t he   gene ra to r   be   t r i pped   w i th   no   i n t en t iona l  
d e l a y   w i t h i n   t h e   f i r s t   s l i p   c y c l e .  
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.I' of   detect ing  an  out-of-s tep  condi t ion  that   appears   e lec-  
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The d o  element  scheme i s  t h e   s i m p l e s t  method 

M t E :  TIE (1 )  IN s m  t r i c a l l y   i n  a genera tor   o r   the   s tep-up   t ransforner .  The 
ALL IMk- tN concept as i l l u s t r a t e d   i n   t h e  R-X d i ag ran  of Figure 6 
PER Uwn AT 475 r equ i r e s   t he  use of  an  impedance  element  sensing  current 
YVA and  vol tage a t  the  high-side terminals of t he  unit 

Fig.  4 LOSS, of Synchronism  Charac te r i s t ic  - t r ans fo rmer ,   and   r each ing   e l ec t r i ca l ly   i n to   t he   l oca l  
Cross Compound Uni t   gene ra to r .   I f   f o r  a loss  of  synchronism,  the  swing 

impedance c h a r a c t e r i s t i c   s h o u l d   e n t e r   t h e   c i r c l e ,  im- 
media te   t r ipp ing  w i l l  occur.  Without  any  supervision 
t h i s  scheme may well r e s u l t   i n   t r i p p i n g   f o r   r e c o v e r a b l e  
s w i n g s   u n l e s s   t h e   S e t t i n g   s e n s i t i v i t y  is  r e s t r i c t e d   t o  
detect ing  swings i n  excess  of 120'. 

IV.  RELAYS FOR  OUT-OF-STEP 
TRIPPING OF GElERATORS 

General - The 1200 c r i t e r i o n  i s  t h e   t y p i c a l  maximum an- 

me basic  schemes t h a t  are a v a i l a b l e   t o   t h e  gular   separa t ion   of   machines   in  a power  system  which is  
relay engineer to d e t e c t   l o c a l l y   t h e   g e n e r a t o r  l ikely  to   occur   without   loss   of   synchronism.  The scheme 
out-of-step condi t ion are e s s e n t i a l l y   t h e  s a w  as those h a s   t h e  added  didadvantage  that   t r ipping  can  occur  when 
u t i l i z e d  to d e t e c t   t h i s   c o n d i t i o n   a t   t r a n s n i s s i o n   l i n e  the  angle   approaches 180° . T h i s   s u b j e c t s   t h e   C i r c u i t  
terminals. me as d i scussed   he re ,   a r e   app l i ed  b r e a k e r   t o  a m a x i m u m  recovery  Voltage  during  inter-  
t o   o b t a i n  a t r ipp ing   func t ion .   rup t ion .  

Loss-Of-Field  Relaying It shou ld   be   no ted   t ha t   t he  mho c i r c l e   e l emen t  
is somet imes   appl ied   to   sense   cur ren t   and   vo l tage   a t   the  
terminals  of t h e   g e n e r a t o r  and b e   d i r e c t i o n a l l y   o r i e n t e d  
to   l ook   t h rough   t he   t r ans fomer   i n to   t he   sys t em.  With 

Al though  loss -of - f ie ld   re lay ing  is  app l i ed  some r e v e r s e   o f f s e t ,   e l e c t r i c a l l y   i n t o   t h e   g e n e r a t o r ,  
p r i m a r i l y   t o   p r o t e c t  a g e n e r a t o r   f o r  a loss -of - f ie ld   the   re lay   can   be  set t o   p r o v i d e  a c h a r a c t e r i s t i c   s i m i l a r  
cond i t ion ,   t he   convea t iona l   d i s t ance   r e l ays   u sed   t o  t o  t h a t  shown itl Figure 6 .  IIowever, t o  prevent  
de tec t   such  a l o s s  may provide LI measure  of  generator  misoperation  for  faults  or  swings  appearing  beyond  the 
out-of-s tep  protect ion.  The t y p i c a l   s e t t i n g   h i g h   s i d e   t e r m i n a l s   o f   t h e   t r a n s f o r m e r   e i t h e r   t h e   r e a c h  
c h a r a c t e r i s t i c s   o f  two d i f f e r e n t   r e l a y s  commonly used m u s t  be s e t   s h o r t   o f   t h e s e   t e r n i n a l s   o r   t r i p p i n g  m u s t  b e  
fo r   l o s s -o f -exc i t a t ion   r e l ay   p ro t ec t ion   a r e  shown i n  time delayed.  This may n u l l i f y   t h e   u s e  of the  schepe.  
Figure 5. It is  apparent   tha t   t r ipp ing   of   the   genera tor  
can   on ly   occur   for   ou t   o f   s tep   condi t ions   tha t   appear  An example  of  the nho c i r c l e  scheme a p p l i e d   a t  
e l e c t r i c a l l y   i n   t h e   g e n e r a t o r ,  i .e . ,  swing   the   h igh   s ide   t e rmina ls   o f  a generator  step-up 
c h a r a c t e r i s t i c s   t h a t   p a s s   e l e c t r i c a l l y   t h r u   t h e   t r a n s f o r m e r   i n  a typ ica l   sys t em i s  shown i n   F i g u r e  7. 
gene ra to r  step-up  transformer  would  not  be  sensed by The s e t t i n g   o b j e c t i v e  is  t o   p r o v i d e   r e l a y   o p e r a t i o n   f o r  
t hese   r e l ays .  It should  be  noted that because of t h e  any o u t - o f - s t e p   c h a r a c t e r i s t i c   t h a t   p a s s e s   e l e c t r i c a l l y  
t i n e   d e l a y   i n   t h e   p r o t e c t i o n  scheme, t r i p p i n g  w i l l  occur  through  the  generator  or  step-up  transformer  and  which 
only   for   swings   tha t   dwel l   wi th in   the   charac te r i s t ics   cannot   be   sensed  by a loss -of -exc i ta t ion   re lay .  The 
f o r  a s u f f i c i e n t   p e r i o d   o f  time. angle  of  swing (6 ) , in   the   sample   in   F igure  7 i s  
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Fig. 6 Mho C i r c l e  Scheme 

approximately 112O a t  the   po in t   where   the   swing  
impedance c h a r a c t e r i s t i c  comes i n t o   t h e  mho c i r c l e  
c h a r a c t e r i s t i c .  A t  t h i s   a n g l e  of  swing,  recovery may b e  
p o s s i b l e   f o r .  some system  disturbances.  This d i c t a t e s  
t h a t   t h e   s e t t i n g   s e n s i t i v i t y  m u s t  b e   c a r e f u l l y   s t u d i e d  
t o   i n s u r e   t h a t   o p e r a t i o n   o f   t h e  mho element w i l l  n o t  
occu r   fo r   s t ab le   swings .  As t h e  mho c i r c l e  is  made 
s m a l l e r   i n   s i z e ,  however, i t  is  appa ren t   t ha t   t r i pp ing  
w i l l  occur at  a l e s s   f a v o r a b l e   a n g l e   t o   e f f e c t  
i n t e r r u p t i o n  of the   swing   cur ren t .   The   ra te   o f   angular  
change  a lso becomes more c r i t i c a l   f o r   o u t - o f - s t e p  
sensing.  

I 0.3 
p.u. 

0.1 
p.u. 

0.14 
p.u. 

SYSTEY kl\ 

\ 

Fig. 7 Applicat ion  of  Mho C i r c l e  Scheme 

A l s o   n o t e   i n   F i g u r e  7 t h a t  LOF #1 Relay  would 
not   opera te   and   tha t  LOF 1 2  Relay  would t r i p ,   o n l y  i f  
the  swing  impedance  character is t ic   remains  within  the 
r e l a y   c h a r a c t e r i s t i c   f o r   t h e   t i m e   d e l a y   i n h e r e n t   i n   t h e  
s cheme . 

To min imize   t he   p robab i l i t y   o f   f a l se   t r i pp ing  
of a g e n e r a t o r   f o r  a loss-of-potent ia l   condi t ion,  some 
users may p r e f e r   t o   i n s t a l l  an o v e r c u r r e n t   f a u l t  de- 
t e c t o r   i n  series t r i p   l o g i c   w i t h   t h e  mho re l ay .  This 
app l i ca t ion   necess i t a t e s   ca re fu l   sys t em  swing   s tud ie s   t o  
i n su re   t ha t   f a s t   ope ra t ion   o f   t he   ove r -cu r ren t   e l emen t  
will occur   for   nonrecoverable   swings.  

S ingle   Bl inder  Scheme 

The sens ing   e lements   o f   th i s  scheme cons is t   o f  
two impedance  e lements ,   usual ly   referred  to  as b l i n d e r s ,  
and a superv isory   re lay .  The c h a r a c t e r i s t i c s   a r e  shown 
i n   F i p r e  8 with   the   dashed  circle r e p r e s e n t i n g   t h e  
supervisory  funct ion.  To restrict ope ra t ion   t o   swings  
a p p e a r i n g   i n   t h e   g e n e r a t o r   o r   t r a n s f o r m e r   a n d   t o   p r e v e n t  
ope ra t ion   fo r   r ecove rab le   swings   t ha t   pas s   t h rough   bo th  
b l i n d e r   e l e m e n t s ,   t h e   r e l a y  m u s t  b e   s u p e r v i s e d  by a mho 
e lement .   This   superv is ion   a l so   p rec ludes   t r ipp ing   for  
t he   o sc i l l a to ry   r eac t ive   f l ow  tha t   p redomina te s   a f t e r  
synchronizing of a genera tor   before   load   p ickup.  The 
b l i n d e r  units have   oppos i t e   po la r i ty   such   t ha t  an 
impedance va lue   f a l l i ng   be tween   t he  A and B 
c h a r a c t e r i s t i c s  as a t  N w i l l  c ause   bo th   un i t s   t o   p i ck  
up. The ang le   o f   t he   b l inde r  units can  be  adjusted so 
t h a t   t h e   c h a r a c t e r i s t i c s   c a n   b e  made p a r a l l e l   t o   t h e  
equivalent   system  impedance  represented  by  l ine DC. 

Con t ro l   l og ic  i s  p r o v i d e d   t o   a i d   i n   d e t e c t i n g  
the  out-of-s tep  condi t ion.  The d i f f e ren t i a t ion   be tween  
an in t e rna l   f au l t   and   an   ou t -o f - s t ep   cund i t ion  is  made 
i n   t h e  scheme by sens ing   t he   o r ig in   o f   t he   swing  and 
whether   there  is  a change  from  the +R t o   t h e  -R region 
on t h e  R-X p l o t .   T h i s   v a r i a t i o n   c o r r e s p o n d s   t o   t h e  
a c t u a l  real power r eve r sa l   t ha t   occu r s   du r ing  an 
ou t -o f - s t ep   cond i t ion   bu t   u sua l ly   no t   fo r   t he   f au l t  
period,  i .e. ,   from a few c y c l e s   b e f o r e   t o  a few cycles  
a f t e r   t h e   f a u l t .  

For  the  example i n   F i g u r e  8, when a loss of 
synchronism  occurs,  the  swing  impedance  having  pro- 
g r e s s e d   t o  H w i l l  f i r s t   c a u s e   t h e  mho element t o   p i c k  up 
and w i l l  a l s o   c a u s e   t h e  A b l i n d e r   u n i t   t o   p i c k  up i f  i t  
is not   a l ready  picked up due t o  load. As the   swing 
progresses ,  i t  w i l l  c r o s s   t h e  B u n i t   c h a r a c t e r i s t i c  at  F 
and t h e  B u n i t  w i l l  pickup.  Finally  the  swing  impedance 
w i l l  c ros s   t he  A u n i t   c h a r a c t e r i s t i c  a t  G, f o r  example, 
and t h e  A u n i t  w i l l  d rop   ou t .   I f   t h i s   s equence  is 
f o l l o w e d ,   t h e   b r e a k e r   t r i p   c i r c u i t s  w i l l  be  completed 
when t h e  impedance is a t   p o i n t  G,  o r   fo l lowing   r e se t  of 
the  supervisory  uni t ,   depending on t h e   p a r t i c u l a r  scheme 
being  used.   The  reach  set t ing of t h e   b l i n d e r   u n i t  
con t ro l s   t he  impedance NF and NG and t h u s   f o r  a given 
sys tem  condi t ion   cont ro ls   the   angle ,   such   as  DFC. Since 
t h i s  i s  a measure  of  the  angle  between  the  source 
v o l t a g e s ,   t r i p p i n g   c a n   b e   c o n t r o l l e d   t o   e f f e c t   c i r c u i t  
breaker   opening when the   ang le  is  l e s s   t h a n  a p a r t i c u l a r  
value,   such as 90°. This limits the   vo l tage   appear ing  
across   the   opening   breaker   po les   to  a more f avorab le  
v a l u e   f o r   a r c   i n t e r r u p t i o n .  

It shou ld   be   no ted   i n   F igu re  8 t h a t   t h e  scheme 
can i n i t i a t e   t r i p p i n g   f o r   s w i n g s   p a s s i n g   t h r o u g h   l i n e s  
t e rmina t ing   a t   t he   h igh   vo l t age   t e rmina l s  of t h e  
t ransformer.  A l i n e   d i s t a n c e   r e l a y  w i l l  d e t e c t  a swing 
as soon as it e n t e r s  i t s  c h a r a c t e r i s t i c   w h i l e   t h e  
b l i n d e r  scheme w i l l  no t   p rov ide   t r i pp ing   un t i l   t he   swing  
h a s   l e f t   t h e   s u p e r v i s i n g  nho c i r c l e .   T h i s  w i l l  al low 
l i n e   r e l a y s   t o   c l e a r  on i n s t a b i l i t y  where  these  re lays  
are  not  blocked  by  out-of-step  detection  schemes. 
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The advan tages   o f   t he   b l inde r   r e l ay  scheme, as 
compared t o   t h e  mho element Scheme, f o r   g e n e r a t o r  
pro tec t ion   can   be   seen   by   s tudying   the   se t t ing   examples  
in   F igu res  7 and 9 .  A s  the   d iameter   o f   the  mho C i r c l e  
i n d i c a t e d   i n   F i g u r e  7 is  i n c r e a s e d   t o   p r o v i d e   g r e a t e r  
s e n s i t i v i t y   f o r   o u t - o f - s t e p   s w i n g s   i n   t h e   g e n e r a t o r ,  i t  
is p o s s i b l e   f o r   t r i p p i n g   t o   o c c u r   f o r   t h e   r e c o v e r a b l e  
swing   ind ica ted   in   F igure  9.  With the   add i t ion   o f   t he  
bl inder   e lements ,   however ,   t r ipping  would  not  Occur. 
For  the  out-of-step  condition shown i n   t h i s   f i g u r e ,  i t  is 
c l e a r   t h a t   t h e  scheme w i l l  p rovide   no t   on ly   t r ipp ing   of  
t h e   g e n e r a t o r ,   b u t  w i l l  e f f e c t   i n t e r r u p t i o n   a t  a 
favorable   swing  angle .  The g e n e r a l   a p p l i c a t i o n   o f   t h i s  
scheme to   gene ra to r s ,   however ,   r equ i r e s  a c a r e f u l   s t u d y  
of t h e  mho e l e m e n t   s e t t i n g   t o   p r e v e n t   t r i p p i n g   f o r  
swings  that   cross   both  bl inder   e lements   and  fool   the 
inhe ren t   l og ic   o f   t he  scheme. 

Double  Lens o r  Double  Blinder Schemes 

The double  lens  and  double  blinder  systelns 
p e r f o r n   i n  a manner s i m i l a r   t o   t h e   s y s t e m s   p r e v i o u s l y  
descr ibed.  The supe rv i so ry  mho element i s  i n c l u d e d   i n  
the   doub le   b l inde r   sys t em  to   ob ta in   t he  same s e c u r i t y  
f ea tu res   cove red   i n   t he   d i scuss ion  on t h e   s i n g l e   b l i n d e r  
scheme. Refer r ing   to   F igures   10   and  11, t h e   o u t e r  
e lement   operates  when the  swing  impedance  enters i t s  
c h a r a c t e r i s t i c s ,   a s   a t  F. Note   t ha t   i n   t he   doub le  
b l i n d e r  scheme t h e  &o element w i l l  p ick-up  before   the 
o u t e r   b l i n d e r   e l e m e n t .   I f  now the  swing  impedance 
remains  between  the  outer  and  inner  element 
c h a r a c t e r i s t i c s   f o r   l o n g e r   t h a n  a pre-set  time, i t  is 
recognized as an ou t -o f - s t ep   cond i t ion   i n   t he   l og ic   c i r -  
c u i t r y .  When the  swing  impedance now e n t e r s   t h e   i n n e r  
e l emen t   cha rac t e r i s t i c s ,  a po r t ion   o f   t he   l og ic   c i r cu i -  
try is s e a l e d   i n   a f t e r  a shor t   t ime  de lay .  Then as t h e  
swing   impedance   leaves   the   inner   e lement   charac te r i s t ic ,  
i ts  traverse  time  must  exceed a p re - se t  time befo re  i t  

reaches   t he   ou te r   cha rac t e r i s t i c .   T r ipp ing   does   no t  
occu r   un t i l   t he   swing  impedance passes   ou t  of t h e   o u t e r  
c h a r a c t e r i s t i c ,   o r   f o r   t h e   d o u b l e   b l i n d e r  scheme until 
t h e  reset o f   t he   supe rv i so ry  mho element  depending on 
t h e   p a r t i c u l a r   l o g i c   b e i n g   u s e d .   T h i s  i s  t o   p r o v i d e   f o r  
the   case   where   sequent ia l   c lear ing  of a f a u l t  inad- 
v e r t e n t l y  sets up t h e   f i r s t  two s t e p s   o f   l o g i c  ip  t h e  
scheme. I n   t h e   c a s e   o f  a f a u l t ,   t h e   i n n e r  and o u t e r  
elements reset p r a c t i c a l l y   s i m u l t a n e o u s l y  and  no  in- 
c o r r e c t   t r i p p i n g   r e s u l t s .  

Again,   the  swing  angle DFC i s  con t ro l l ed  by 
t h e   s e t t i n g s   t o  limit the   vo l t age   ac ross   t he   open ing  
poles   o f   the   b reaker ,  Once the   swing   has   been   de tec ted  
and the   impedmce   has   en t e red   t he   i nne r   cha rac t e r i s t i c ,  
the  swing  can now l e a v e   t h e   i n n e r  and o u t e r  
c h a r a c t e r i s t i c s   i n   e i t h e r   d i r e c t i o n  and t r i p p i n g  w i l l  
t ake   p lace .   Therefore ,   the   se t t ing   o f   the   inner   e lement  
must be   such   tha t  i t  w i l l  respond  only t o  swings  from 
which the   sys tem  cannot   recover .   This   res t r ic t ion   does  
n o t   a p p l y   t o   t h e   s i n g l e   b l i n d e r  scheme because   t he   l og ic  
r equ i r e s -   t ha t   t he   appa ren t  ohms enter t he   i nne r   a r ea  
from  one  direction  and exit toward  the  opposite.  The 
s i n g l e   b l i n d e r  scheme may f o r   t h i s   r e a s o n   b e  a b e t t e r  
choice   for   the   p ro tec t ion   of  a g e n e r a t o r   t h a n   e i t h e r   t h e  
mho scheme, t he   doub le   b l inde r  scheme, o r   t h e   c o n c e n t r i c  
c i r c l e  scheme. 

SYSTEM 

@ 345 KV 
KEY: 
0 OPEN 

0 CLOSED 

\BLINDER ELEMENTS 

NOTE: 
I. ALL  IMPEDANCES IN O W S  AS VEWED FROM 345 KV Bus. 
2. ALL TIME VALUES INDICATED 011 SWlNG OURACTEMSTICS 

ARE IN SECOWDS. 

Fig. 9 Example of Bl inder  Scheme f o r  a 
S t a b l e  and an  Unstable  Case 
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Fig. 10 Double  Lens Scheme 

X 

Fig. 11 Double Blinder  Scheme 

Concent r ic   Ci rc le  Scheme 

The c o n c e n t r i c   c i r c l e  scheme uses two d i s t a n c e  
u n i t s  and o p e r a t e s   e s s e n t i a l l y   t h e  same as the   double  
l ens  scheme . 

When t h i s  method i s  employed, p a r t i c u l a r   c a r e  
m u s t  b e   e x e r c i s e d   t o   i n s u r e   t h a t   t h e   i n n e r   s e n s i n g  ele- 
ment responds  only to   non-recoverable   swings .   This  re- 
quirement may well necess i t a t e   t he   u se -   o f   t he   doub le  
l e n s   o r   t h e   d o u b l e   b l i n d e r  scheme when bo th  a f a u l t  
t r i pp ing   func t ion   a s   we l l   a s   ou t -o f - s t ep   p ro t ec t ion   a r e  
des i r ed ,  i.e., t hose   s chemes   a r e   cha rac t e r i s t i ca l ly  
equipped t o   p r o v i d e   f a u l t   s e n s i t i v i t y  more e a s i l y   w i t h  
minimum response  to  swing  conditions.  

T r i p l e  Lens Scheme 

This   ou t -of -s tep   t r ipp ing  scheme uses a r e l a y  
c o n s i s t i n g   o f   t h r e e   l e n s   u n i t s :   a n   o u t e r ,  a middle,  and 
an inner   l ens ,   which   have  a common  maximum reach a t  t h e  
g r e a t e s t   s e n s i t i v i t y   a n g l e .   T h i s  scheme i s  f u n c t i o n a l l y  
more s e c u r e   t h a n   t h e   o t h e r  schemes s i n c e  it uses   four  
s t e p s   i n   t h e   o u t - o f - s t e p   t r i p p i n g   s e q u e n c e   i n   o r d e r   t o  
discr iminate   between  the  out-of-s tep  condi t ion  and 
recoverable  power swings   and   fau l t s .  To obta in   such  
r e l i a b i l i t y ,   t h e   l o g i c   c i r c u i t r y  i s  i n h e r e n t l y  more 
sophis t ica ted   than   wi th   the   o ther   sys tems.  

V. GENERATOR  OUT-OF-STEP 
PROTECTION  PRACTICES 

I n  1970 a survey was eonducted by t h e  Working 
Group to   de t e rmine  what   out-of-s tep  protect ion was be ing  
app l i ed  by r e l ay   eng inee r s   t o   de t ec t   such  a c o n d i t i o n   a t  
t h e  unit loca t ion .  To a i d   i n   t h i s   s t u d y ,  a l e t t e r  of 
i nqu i ry  was s e n t   t o   a l l  members of t h e  Power System 
Relay   Comit tee .   In   1973 a follow-up l e t t e r  was s e n t   t o  
a l l  who responded t o   t h e   s u r v e y   t o   a i d   i n   c l a r i f y i n g  
c u r r e n t   p r o t e c t i o n   p r a c t i c e s .  

The r e p l i e s   t o   t h i s   s u r v e y   a r e   s u n m a r i z e d   i n  
Table I. The t y p e s   o f   p r o t e c t i o n   i n  use o r   a u t h o r i z e d  
can b e   c l a s s i f i e d   a s  a form  of mho o r   b l i n d e r   ( o r   i n  
combination)  scheme. Some place  dependence on t h e  
loss -of - f ie ld   re lay ing   wi th   an  ohmic sens ing   e l emen t   fo r  
out-of-s tep  detect ion.  

A number of  companies are   employing  the simple 
mho element  scheme to  provide  both  high-speed  out-of- 
s t ep   p ro t ec t ion   and  a measure  of  back-up  protection  for 
t r ans fo rmer   f au l t s .  As gene ra l ly   app l i ed ,  a mho element 
sens ing   cur ren t   and   vo l tage   on   the   h igh   s ide  of t h e   u n i t  
t ransformer i s  d i r e c t i o n a l l y   o r i e n t e d   t o   e l e c t r i c a l l y  
look in to   and   th rough  the   un i t   t ransformer .  The reach 
of t h e   r e l a y  i s  set to   ob ta in   ove r l ap   w i th   t he  impedance 
o r  mho element.   with  which  these  companies  obtain 
loss -of -exc i ta t ion   p ro tec t ion .  The reach is  l i m i t e d   t o  
preclude  pick-up  during  recoverable  system  swings.  This 
a c h i e v e s   t h e   o b j e c t i v e   o f   e l e c t r i c a l l y   b r i d g i n g   t h e  gap 
between the   phase   re lays  of t h e   l i n e s   t e r m i n a t i n g  on t h e  
high  s ide  bus  with  the.   uni t   t ransformer  and  the ohmic 
cha rac t e r i s t i c   o f   t he   l o s s -o f -exc i t a t ion   r e l ay .  

Seve ra l  firms o f   t h e   b l i n d e r  scheme a r e   i n   u s e  
by a n u d e r  of  companies. Most of t h e s e   f e a t u r e  mho 
s u p e r v i s i o n   o f   t h e   b l i n d e r   u n i t s  and a r e   a p p l i e d   t o  
func t ion   on ly   as   ou t -of -s tep   t r ip   p ro tec t ion .  

A major i ty   o f   the   companies   tha t   rep l ied   to  
t h i s   i nqu i ry   a r e   u s ing   conven t iona l   l o s s -o f - f i e ld   r e -  
l ay ing   t o   p ro t ec t   fo r   bo th   l o s s -o f -exc i t a t ion   and  loss- 
of - synchronism  conditions.  Several users i n d i c a t e d  
t h e i r   l o s s - o f - f i e l d   r e l a y s   a r e   s e t  so a s   n o t   t o   o p e r a t e  
for   recoverable   swings.  A number o f   t he   r epor t ing  
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companies were among those   exper ienc ing   loss -of - f ie la  
r e l ay   ope ra t ions   fo r   ou t -o f - s t ep   cond i t ions   t ha t  deve- 
loped   dur ing   the   course   o f   the   Nor theas t  Power F a i l u r e  
of 1965. 

It is  a l s o   o f   i n t e r e s t   t o   n o t e   t h a t  a number 
of  companies  switch a g e n e r a t o r   e l e c t r i c a l l y   f r o m   t h e  
system,  but do n o t   s h u t  i t  down comple te ly   for   an   ou t -of -  
s t ep   cond i t ion .  

Seve ra l  companies i n d i c a t e d  a p re fe rence   fo r  
manual c o n t r o l   t o   b e   e x e r c i s e d  by o p e r a t o r s   f o r  a l o s s  
of  synchronism  condition. One company s t a t e d   t h a t   o u t -  
o f - s t ep   p ro t ec t ion  is  not  used . because   loss  of exci-  
t a t i o n   p r o t e c t i o n  and automatic   speed  and  vol tage con- 
t r o l   a r e   a p p l i e d   t o   g e n e r a t o r s  i n  t h e i r   s y s t e m   t o  
minimize  the  probabi l i ty  of incu r r ing   t he   ou t -o f - s t ep  
condi t ion.  

TABLE I 

Sunrmary of R e p l i e s   t o  1970  and  1973 
L e t t e r s  of Inquiry 

A. 

B. 

C. 

Number of  companies  responding 
t o   l e t t e r  of i nqu i ry .  . . . . . . . . . . . . . 25 
Number of  companies not  employing 
out -of -s tep   p ro tec t ion   for   genera tors  
(other   than  loss-of-f ie ld) .  . . . . . . . . . . 9 

Nuinber of  companies tha t   apply   var ious  
impedance r e l a y  schemes for   the   p ro-  
tect ion  of   generators :  

Type of Scheme e] Mho Element  Loss-of-Field 

Note:  E-existing;  P-planned 

Remarks : 

1. Number of  companies employingout-of-steppro- 
t e c t i o n   f o r   g e n e r a t o r s   ( o t h e r   t h a n  loss-of- 
f i e   I d )  

B l inde r   r e l ay   on ly  . . . . . . . . . . . . 1 
Mho r e l ay   on ly  . . . . . . . . . . . . . . 2 
Bl inder   re lay   wi th  

B l inde r   r e l ay   w i th  mho 
overcur ren t   superv is ion .  . . . . . . . . 2 

element   supervis ion.  . . . . . . . . . . 3 

2. FQur  of  the  reporting  companies use mho e l e -  
schemes p r i m a r i l y   a s   f a u l t   p r o t e c t i o n  -- out  
- o f - s t e p   p r o t e c t i o n   f o r   t h e   g e n e r a t o r  is  in- 
c idental .   Three of t h e   f o u r  companies  use 
no i n t e n t i o n a l  time d e l a y   i n   t h e  scheme. 

V I .  CONCLUSIONS 

Although  the  1970  opinion  survey  conducted by 
t h e  Working Group i n d i c a t e s   l i g h t   i n t e r e s t   i n   l o c a l  
ou t -of -s tep   p ro tec t ion   for   genera tors ,  some r e l a y  
engineers   apparent ly   regard  this   zone of coverage  as 
v i t a l   t o   s y s t e m   p r o t e c t i o n .  

The p e r t i n e n t   p o i n t s   t o   b e   c o n s i d e r e d   i n   t h e  
a p p l i c a t i o n  of  out-of-step  relaying  to a generator   can 
be sunrmarized  from t h i s   s t u d y  as follows: 

1. There  are  some o u t - o f - s t e p   c h a r a c t e r i s t i c s   t h a t  w i l l  
p a s s   e l e c t r i c a l l y   t h r u  a gene ra to r  or i ts  as soc ia t ed  
s tep-up   t ransformer .   This   t ends   to   occur  when a 
genera tor   pu l l s   ou t   o f   synchronism  in  a r e l a t i v e l y  
t ight   system. Such a c h a r a c t e r i s t i c  w i l l  a l s o   e x i s t  
due t o  a low e x c i t a t i o n   l e v e l  on a generator .  

2.  The ou t -o f - s t ep   cha rac t e r i s i t i c s   can  be  most  simply 
sensed by r e l a y  schemes  with a mho type of d i s t a n c e  
e l emen t   o r i en ted   t o ,   l ook   e l ec t r i ca l ly   i n to   t he  gene- 
r a t o r  and i t s  associated  s tep-up  t ransformer.  

It is  recommended t h a t   n o   i n t e n t i o n a l  time delay  be 
used i n   t h e  schemes o t h e r   t h a n   t h a t   r e q u i r e d   t o  
log ica l ly   sense   the   ou t -of -s tep   condi ton .  
Otherwise,  the  swing may go t h r u   t h e   d i s t a n c e  
cha rac t e r i s t i c   be fo re   t r i pp ing   can   occu r .  The nho 
element   can  be  connected  to   sense  current   and 
v o l t a g e   q u a n t i t i e s  on e i t h e r   t h e   h i g h   v o l t a g e   s i d e  
or t h e  machine s ide   o f   t he   t r ans fo rmer .  The s e t t i n g  
shou ld   no t   r each   i n to   t he   h igh   vo l t age   t r ansmiss ion  
s y s t e m   t o   a v o i d   t r i p p i n g   f o r   s y s t e m   f a u l t s  and  swing 
condi t ions   tha t   should   be   de tec ted  by o t h e r   r e l a y  
sys  tens. 

3. The simple mho c i r c l e  scheme provides   bo th   ou t -of  
s t e p   p r o t e c t i o n  and f a s t  back-up r e l a y i n g   f o r   m u l t i -  
phase   l ead   f au l t s  on the  generatcu  and  t ransformer.  
It h a s   t h e   d i s a d v a n t a g e   o f   c i r c u i t   i n t e r r u p t i o n   a t  
an unfavorable   angle '   of   swing,   and is  s u b j e c t   t o  
tr ipping  f .or  recoverable  swings.  The more 
s o p h i s t i c a t e d  schemes  such  as   the  bl inder  and l e n s  
types   min imize   the   p robabi l i ty   o f   t r ipp ing  for 
recoverable  swings  and  permit  controlled  switching 
of t h e   g e n e r a t o r   a t  a p re fe r r ed   ang le  of  swing. The 
convent iona l   loss -of - f ie ld   re lay   p rovides   l imi ted  
out-of-s tep  protect ion  because  the  associated time 
delay may prec lude   t r ipp ing   for   swings   pass ing   th ru  
i ts  c h a r a c t e r i s t i c s .  

4 .  It shou ld   be   emphas ized   t ha t   t he   da t a   p re sen ted   i n  
Sect ion I1 - LOSS OF SYNCHRONISM  CHARACTERISTICS a r e  
t h e   r e s u l t s   o f   g e n e r a l i z e d   s t u d i e s   t h a t  do not  con- 
s i d e r   t h e   e f f e c t s   o f   a l l   c o m b i n a t i o n s   o f   g e n e r a t o r  
des igns ,   vo l t age   r egu la to r   cha rac t e r i s t i c s ,   sys t em 
parameters or t h e   i n t e r a c t i o n   e f f e c t  of o t h e r  gene- 
ra tors .   These  effects   can  only  be  completely  deter-  
mined by the   s tudy   of  a gene ra to r   connec ted   t o  a 
spec i f i c   sys t em.  It is  s t rongly   recornended   tha t  
the  user   determine  the  actual   loss-of-synchronism 
impedance loc i   fo r   each   gene ra to r   cons ide r ing   t he  
o v e r a l l   e f f e c t s   o f   t h e   s y s t e m   b e f o r e   s e l e c t i n g  a 
p r o t e c t i o n  scheme.  These  loss-of-synchronism 
cha rac t e r i s t i c s   can   r ead i ly   be   ob ta ined   w i th  a high 
degree of accuracy  using  available  computer 
programs. 
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Discussion 

F. H. Birch (Central  Electricity  Generating Board, keds ,  England); 
After four years study  of this subject  a  CIGRE Working Group, of 
which  I have been Convenor, has completed  a report which will be pub- 
lished in ELECr‘RA early in 1977. The  report reaches the following 
main conclusions. 

through  the transmission system, out-of-step blocking and out-of-step 
If out-of-step operation occurs with the electrical centre passing 

tripping relays can be used to prevent undesired tripping of lines and 
sectionalise the system into self-sustained islands. However, as system 
designs differ  considerably,  studies  are necessary in each case in order  to 
determine  optimum relaying strategy.  Generators  should not be tripped, 
except where the local load (including the power station auxiliaries) is 

transmission  connections have been broken. In this case the load  would 
insufficient to allow the generators to operate satisfactorily after  the 

be secured by maintaining the transmission connections  and  tripping 
the generators. 

If, on the  contrary,  the electrical centre is liable to pass through 
one  or  more large generators or their stepup transformers, there is a 
growing opinion in Europe in favour  of the addition of out-of-step pro- 
tection, capable of disconnecting the affected units  without delay. Such 
protection would be justified for  the reasons stated by  the  authors  and 
also because there is the risk of losing the auxiliaries before automatic 
re-synchronising takes place. Furthermore, fast removal from  the sys- 
tem of  a large generator  running out of step avoids the risk of loss of 
auxiliaries to other generators which remain in  step and minimises dis- 
turbance to  other system loads. Out-of-step protection of large pumped- 
storage units is definitely  recommended, because these  are  particularly 
prone to fall out  of  step when  operating  underexcited in the pumping 
mode. 

A fast three pole  overcurrent  relay is a simple and  effective  means 
for  protecting a  generator against damage during very severe out-of-step 
conditions,  such as may  occur  after slow clearance of a nearby three- 

exceeds, for example, 85% of the a.c. subtransient value for a three 
phase fault. A  relay set to operate when the  current in all three phases 

phase short-circuit at  the  stator terminals, would be stable with H.V. 
faults  beyond the step-up transformer  and  under  the more likely out-of- 
step  conditions associated with  low  system  infeeds through long trans- 
mission lines. 

Manuscript received February 9 ,1977.  

Joseph A. Imhof, Chairman: The  authors wish to thank Mr. Birch for his 
summary  of the conclusions reached in the  report of his CIGRE Work- 
ing Group on out-ofstep relaying for  generators. 

Although the  authors did not address such problems as the need 
for sectionalizing a  system into self-sustaining islands or  the tripping of 
generators  for  a case of partial load rejection, they are in agreement with 
the CIGRE Working Group  that in-depth  studies are necessary to de- 
termine  the  optimum relaying strategy. 

Our Working Group concurs  with Mr.  Birch’s comments concerning 
fast  tripping of generators to minimize the risk of losing auxiliary sys- 
tems  for  a loss-of-synchronism condition. This  philosophy  of relatively 

tended  for out-of-step  characteristics that appear electrically in the 
fast tripping to maintain the auxiliary power  systems can also be ex- 

transmission lines connected to  the  station bus. This approach obviously 
necessitates more  sophisticated sensing schemes that inhibit line tripping 
via the line relays and permit  generator  tripping via the generator OUtQf- 
step relays. 

The use of a fast three-pole  overcurrent relay to  detect an out-of- 
step condition is certainly  a simple and effective means of protecting a 
modem generator. However, to effectively discriminate  between  a three 
phase fault close to the  station high voltage bus  and  a severe out-of-step 
condition  it appears that this  application would be limited to systems 
that are electrically very potent.  The  statement  by Mr. Birch that such  a 
relay would be stable  for high voltage faults in a relatively long-line sys- 
tem environment tends to invalidate the application, Le.,  in obtaining 
security for system  faults, relay sensitivity for a loss-of-synchronism 
condition is unduly  compromised.  Perhaps the relay scheme as visioned 
by Mr. Birch is somewhat more sophisticated than his  remarks seem to 
indicate. 

Manuscript received April 1 1 ,  1977. 

REFERENCES 

[ 1 ]  “The  Art  and Science of  Protective Relaying,” (book) by C. R. 

[2] “Impedances Seen By Relays During Power Swings With and With- 
Mason, John Wiley and Sons, New York, N. Y. 

out Faults,” by  Edith Clarke, AIEE Transactions, Vol. 64,  1945, 
pp. 372-384. 

[3]  “Circuit Analysis of A€ Power Systems, Volume II,” (book) by 

[4] “Electrical Transmission and Distribution  Reference Book,” Chap 

] “A Power Swine  Relav for Predicting  Generation Instabilitv.” 

Edith Clarke, John Wiley and Sons, New York, N. Y. 

ter 13. Westinghouse Electric  Corp., E.  Pgh.,  Pa. 

1 
1 

I 

Brown & McClGont,  iEEE Transactions, Power Apparatus &d 
Systems 1965, pp. 219-294. 
“A Modem View of Out-of-SteD Relavine.” bv G. D. Rockefeller 
and W. A. Elmore,  IEEE  Conference Papey3 1 t P  66-34. 
“Effects  zf  Future  Turbine  Generator Characteristics on Transient 
Stability, by H. E. Lokay and P. 0. Thoits,  IEEE  Transactions, 
Power Apparatus  and  Systems 197 1, pp. 2427-243 1. 
“The  Fundamentals of Out-of-Step Relaying,” by W. A. Elmore, 
1974 Georgia Institute of Technology  Protective Relaying Con- 
ference. 

[9] “Application of Out-of-Step Blocking and Tripping Relays,” by 
J. Berdy, 1967 Texas A & M Conference of Protective Relay 

[ 101 “Loss of Synchronism Protection for  Modem Synchronous Genera- 
Engineers. 

tors,” by J. Berdy, IEEE  Transactions, Power Apparatus  and Sys- 
tems 1975, Number  5, pp. 1457-1463. 

-. .~ 

1564 


