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An American National Standard 

IEEE Guide for 
Protective Relaying of 

Utility - Consumer Interconnections 

1. Introduction 

T h e p h y s i c a l m e a n s b y w h i c h e lec t r ic ener­
gy is r ece ived f rom the e lec t r ic u t i l i ty is k n o w n 
as an e lec t r ic i n t e r c o n n e c t i o n . T h e p r i m a r y 
e l e m e n t s i n c l u d e t r a n s m i s s i o n or d i s t r ibu t ion 
c i r cu i t s , t r ans fo rmers , a n d s w i t c h i n g dev i ce s 
in t he f o r m o f c i r cu i t breakers , fuses, a n d 
i so la t ing d i s c o n n e c t i n g sw i t ches . T h e s e c o n d ­
a ry e l e m e n t s i n c l u d e sens ing dev i ce s to o b t a i n 
i n f o r m a t i o n t o o p e r a t e the p r i m a r y e q u i p ­
m e n t in te l l igen t ly , a n d re lays t o in i t ia te re­
m o v a l o f e q u i p m e n t f r o m s e r v i c e a u t o ­
m a t i c a l l y a n d q u i c k l y w h e n an e lec t r ic fault 
o r d i s t u r b a n c e o c c u r s . 

It is i m p o r t a n t t o r e m e m b e r t ha t t he phys i ­
ca l l aws o f na tu re w h i c h g o v e r n t h e o p e r a t i n g 
b e h a v i o r o f an e lec t r ic s y s t e m d o n o t r e cogn i ze 
de f ined l ines o f e lec t r ic fac i l i ty o w n e r s h i p . 
T h u s for a we l l - eng inee red i n t e r c o n n e c t i o n it 
is m a n d a t o r y tha t p r o b l e m s in e l ec t r i c - sys tem 
p r o t e c t i o n be s tud ied a n d a n a l y z e d c r i t i ca l ly 
w i t h o u t regard to o w n e r s h i p . 

F r o m the v i e w p o i n t o f se rv ice re l iabi l i ty a n d 
serv ice c o n t i n u i t y , it is bas ic t o u n d e r s t a n d 
tha t the best c o n c e i v e d , best i m p l e m e n t e d 
re lay ing s y s t e m is n o subs t i tu te for an ad­
e q u a t e l y des igned p o w e r sys t em; and , indeed , 
i n a d e q u a t e l y a p p l i e d p ro t ec t i ve r e l ay ing wil l 
c o n t r i b u t e t o i n a d e q u a t e a n d unsa t i s f ac to ry 
p e r f o r m a n c e o f an o t h e r w i s e we l l -des igned 
e lec t r ic s y s t e m . In c o n s i d e r i n g a n e w instal la­
t ion , o r c h a n g e s to an ex i s t ing a r r a n g e m e n t , it 
is ve ry i m p o r t a n t t ha t p r o t e c t i v e r e l ay ing a n d 
safety be g iven careful a t t en t i on in t he ear ly 
s tages o f p l a n n i n g . 

2. Scope and Purpose 

T h i s gu ide has b e e n p repa red to aid in the 
effect ive a n d u n i f o r m a p p l i c a t i o n o f fuses, 
re lays , a n d thei r a s soc ia t ed s w i t c h i n g e q u i p ­
m e n t l o c a t e d at the p o i n t o f i n t e r c o n n e c t i o n 
b e t w e e n the u t i l i ty a n d the c o n s u m e r e lec­
t r ical sys tems . 

D e s c r i p t i o n s o f t he va r ious dev i ce s , def ini­
t i o n s o f t e rms , a n d re fe rences t o o t h e r t echn i ­

ca l p u b l i c a t i o n s h a v e been i n c l u d e d t o m a k e 
t he gu ide useful n o t o n l y t o re lay engineers , 
bu t a l so t o o the r t e c h n i c a l p e o p l e w h o m a y 
n o t be i n t i m a t e l y fami l ia r w i t h the art o f 
r e lay ing , bu t w h o never the less h a v e a respon­
s ibi l i ty for the ins t a l l a t ion a n d o p e r a t i o n o f 
s u c h i n t e r c o n n e c t i o n s . It i n c l u d e s e x a m p l e s 
for r e l ay ing o f t y p i c a l ins ta l l a t ions , b o t h w i t h 
a n d w i t h o u t c o n s u m e r gene ra t i on , a n d wi th 
se rv ice f r o m u t i l i ty radia l or l o o p feeders, 
e i ther d i r ec t ly f r o m the ut i l i ty subs ta t ion bus 
or f r o m a t r a n s m i s s i o n l ine . It is e x p e c t e d tha t 
t he gu ide wil l be used b y c o n s u l t i n g engineers , 
u t i l i ty re lay a n d sales engineers , a n d b y c o n ­
s u m e r e n g i n e e r i n g a n d m a i n t e n a n c e pe r son­
nel . 

T h e s c o p e o f th i s gu ide d o e s n o t i n c l u d e t he 
sub jec t o f l i g h t n i n g p r o t e c t i o n for e lec t r ica l 
sys t ems as p r o v i d e d b y sh ie ld ing o r l i gh tn ing 
arrester dev i ce s . L i g h t n i n g is, o f cou r se , of ten 
t he cause o f shor t c i rcu i t s o n p o w e r sys tems , 
bu t o n l y t he c l ea r ing o f these shor t c i rcu i t s 
t h r o u g h the use o f p ro t ec t i ve dev i ce s is w i th in 
t he s c o p e o f th is gu ide . R e f e r e n c e mate r i a l 
pe r t a in ing to l i g h t n i n g p r o t e c t i o n m a y be 
f o u n d in 

(1) I E E E S t d 28 -1972 , S u r g e Arres ters for 
A C P o w e r C i rcu i t s ( A N S I C62 .1 -1971 ) 

(2 ) A N S I C62 .2 -1969 , G u i d e for A p p l i ­
c a t i o n o f V a l v e - T y p e Arres te rs for A C Sys ­
t e m s 

T h i s gu ide d o e s n o t es tabl ish s t anda rds or 
r e c o m m e n d a t i o n s w i t h regard t o pe r sonne l 
safe ty at t he i n t e r c o n n e c t i o n area wi th re­
spec t to g round-vo l t age - r i se , t ransfer red-po­
tent ia l , s t ep -po ten t i a l , a n d t o u c h - p o t e n t i a l 
c o n s i d e r a t i o n s for faults o n t he ut i l i ty s y s t e m 
or o n the c o n s u m e r ' s sy s t em. R e f e r e n c e ma te ­
rial pe r t a in ing to g r o u n d i n g a n d safety m a y 
be f o u n d in the f o l l o w i n g : 

(1) I E E E S td 80 -1961 , G u i d e for Sa fe ty in 
A C S u b s t a t i o n G r o u n d i n g 

(2) A N S I C2 .2 -1960 , N B S H 8 1 - 1 9 6 1 , Safe ty 
R u l e s for the Ins t a l l a t ion a n d M a i n t e n a n c e o f 
E l ec t r i c S u p p l y a n d C o m m u n i c a t i o n L i n e s 

(3) A N S I C l - 1 9 7 1 , N F P A 70-1971 , N a t i o n ­
al E lec t r i ca l C o d e 

5 
Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 17:40:20 UTC from IEEE Xplore.  Restrictions apply. 

Full document details: IEEE C37.95-1973

http://www.avadocuments.com/doc/ieee-c37-95-1973
http://www.avadocuments.com/doc/ieee-c37-95-1973


IEEE Std 
357-1973 GUIDE FOR PROTECTIVE R E L A Y I N G OF 

6 

r e d u c e d v o l t a g e a n d wi l l , therefore , d r o p o u t 
o n a n y faul t t ha t r educes t he v o l t a g e suf­
f i c i en t ly . S y n c h r o n o u s m o t o r s w i t h ac field 
a n d l ine c o n t a c t o r s wi l l requi re res tar t ing for 
the s a m e c o n d i t i o n . O n the o t h e r h a n d , syn­
c h r o n o u s m o t o r s w i t h d c c o n t r o l s o r s tabi l ized 
ac c o n t r o l wi l l n o t pu l l o u t for several cyc l e s , 
a n d so t he p roces s c a n be m a i n t a i n e d if re­
m o t e faul ts are c l ea red fast e n o u g h . In s o m e 
cases , s u c h as air c o m p r e s s o r dr ives , un­
l o a d i n g o f t he c o m p r e s s o r , r e m o v a l o f field, 
r e a p p l i c a t i o n o f f ie ld , a n d r e l o a d i n g t he c o m ­
pressor c a n be a c c o m p l i s h e d a u t o m a t i c a l l y 
w i t h o u t d i s c o n n e c t i n g t he m a c h i n e f rom the 
l ine , a n d w i t h o u t n o t i c e a b l y in te r rup t ing the 
c o n s u m e r ' s p roces s s h o u l d t he s y s t e m fault or 
v o l t a g e d i p last for m o r e t h a n several cyc l e s . 
C o m p r e h e n s i v e e n g i n e e r i n g l i a i son b e t w e e n 
t he u t i l i ty a n d t he c o n s u m e r wi l l result in a 
c o o r d i n a t e d r e l a y i n g s y s t e m p r o v i d i n g in­
c reased re l iab i l i ty a n d m i n i m u m d u p l i c a t i o n 
o f e q u i p m e n t . It s h o u l d be stressed tha t syn­
c h r o n o u s m o t o r s , in par t icu la r , requi re pro­
t ec t ive dev i ce s for a va r i e ty o f faults , and the 
t r i p p i n g o f m o t o r faul ts s h o u l d be left to these 
p r o t e c t i v e dev i ce s a n d n o t t o t he s tar t ing a n d 
r u n n i n g c o n t r o l e q u i p m e n t . 

C o m p u t e r s r epresen t a spec ia l c r i t i ca l l o a d 
w h i c h is suscep t ib l e t o va r i a t i ons in sys t em 
v o l t a g e and , s o m e t i m e s , f r e q u e n c y tha t c a n 
o c c u r d u r i n g b o t h faul ts a n d n o r m a l swi t ch ­
ing. T h i s area is d i s cussed m o r e ful ly in S e c ­
t i o n 3.3. 

A n in t e r rup t ion or " o u t a g e " refers t o a 
c o m p l e t e s epa ra t i on o f t he c o n s u m e r sys t em 
f r o m the p o w e r s y s t e m . O u t a g e s c a n last f r o m 
o n e - f o u r t h t o o n e - h a l f s e c o n d if h igh - speed 
r ec lo s ing is used , 1 t o 60 s or m o r e if d e l a y e d 
a u t o m a t i c r e c l o s i n g is used , a n d m a y c o n t i n u e 
for m a n y m i n u t e s o r h o u r s if r e m o t e or m a n u ­
al s w i t c h i n g is used , or if t he fault is s u c h tha t 
a u t o m a t i c r e c l o s i n g is n o t successful . If the 
c o n s u m e r ' s s y s t e m has gene ra t i on , s y n c h r o -
c h e c k re lays are n e c e s s a r y t o b l o c k out-of-
p h a s e a u t o m a t i c r ec lo s ing o f t he u t i l i ty tie. 
T h e loss o f u t i l i ty p o w e r wi l l r equ i re tha t t he 
c o n s u m e r ' s l o a d be r e d u c e d t o the c a p a c i t y o f 
t he i n -p l an t g e n e r a t i o n as is the case w h e n the 
u t i l i t y - c o n s u m e r s tie is o p e n e d . 

T h e des ign o f t h e u t i l i ty sys t em c a n m i n ­
imize serv ice in t e r rup t ions b y p r o v i d i n g cir­
cu i t b reakers ins t ead o f swi t ches , a u t o m a t i c 
c o n t r o l ins tead o f m a n u a l c o n t r o l , a n d l o o p 

3. Consideration of Utility 
and Consumer Requirements 

3.1 System Considerations. B e f o r e a n y de­
c i s i o n s c a n be m a d e c o n c e r n i n g t he inter­
c o n n e c t i o n r e q u i r e m e n t s o f e q u i p m e n t s u c h 
as t ype , ra t ing , a n d t he m a n n e r in w h i c h it is 
t o be c o n n e c t e d , it is n e c e s s a r y t ha t bas ic 
de f in i t i ons be u n d e r s t o o d b y b o t h t he u t i l i ty 
a n d the c o n s u m e r . S i n c e ut i l i t ies va ry , s o m e ­
t imes subs tan t i a l ly , in o p e r a t i n g p rac t i ce s 
a n d s t a n d a r d s r e g a r d i n g i n t e r c o n n e c t i o n , 
c o m p r e h e n s i v e u n d e r s t a n d i n g is essent ia l for 
p r o p e r eng inee r ing . T h e c o n s u m e r s h o u l d , 
w h e r e feasible a n d p rac t i ca l , c o n f o r m to t he 
gu ide l ines e s t ab l i shed b y t he se rv ing u t i l i ty . 

O f great i m p o r t a n c e is a c l ea r unde r ­
s t a n d i n g b y t he u t i l i ty o f t he indus t r i a l p l a n t 
p roces s a n d its s e rv ice r e q u i r e m e n t s . A p r o ­
cess tha t is insens i t ive t o re la t ive ly m i n o r 
v o l t a g e r e d u c t i o n s o f shor t d u r a t i o n , bu t c a n ­
n o t t o l e r a t e a n y i n t e r rup t ion in se rv ice , 
s h o u l d be served d i f fe ren t ly t h a n o n e w h i c h 
requi res e x t r e m e l y c lo se v o l t a g e c o n t r o l a n d 
suffers as m u c h f r o m l o w v o l t a g e as f r o m n o 
v o l t a g e . 

S u c h a r e d u c t i o n , referred t o as " v o l t a g e 
d i p , " results f r o m a t e m p o r a r y faul t o n the 
u t i l i ty s y s t e m w h i c h w o u l d n o t requi re an 
a c tua l o p e n i n g o f t he i n t e r c o n n e c t i o n . T h i s 
r e d u c t i o n wi l l gene ra l l y last f r o m 5 t o 60 
c y c l e s (60 H z bas i s ) , d e p e n d i n g u p o n the re­
l ays a n d s w i t c h i n g e q u i p m e n t used , a n d m a y 
v a r y b e t w e e n t he t w o ex t r emes o f n o r m a l a n d 
zero v o l t a g e . In i t i a l u n d e r s t a n d i n g here is 
v e r y i m p o r t a n t , s i n c e c o n s u m e r p r o c e s s m a l ­
f u n c t i o n s resu l t ing f r o m a v o l t a g e d i p are 
s o m e t i m e s c lass i f ied as ou t ages b y t he c o n ­
s u m e r . 

T h e des ign o f t he indus t r ia l c o n t r o l a n d 
p r o t e c t i o n s y s t e m c a n m i n i m i z e t he effect o f 
v o l t a g e d ip s b y u s i n g m o t o r c o n t r o l s w i t h 
t i m e - d e l a y u n d e r v o l t a g e r e l e a s e s , c i r c u i t 
b reakers ins t ead o f c o n t a c t o r s , r o t a t i ng m a ­
c h i n e r y w i t h its i n h e r e n t iner t ia l effects ( in­
s tead o f s ta t ic e q u i p m e n t ) , r egu la t ed o r s tabi­
l ized c o n t r o l buses , d c ins t ead o f a c c o n t r o l , 
a n d l a t c h i n g re lays t ha t requ i re a reset ope r ­
a t i o n t o d r o p o u t . P a r t i c u l a r ca re s h o u l d be 
exerc i sed in t he s e l ec t ion o f dev i ce s w h i c h 
i n t e r l ock w i t h o t h e r dev i ce s in t he s t a r tup or 
e m e r g e n c y t r i p p i n g p r o c e d u r e s . A c c o n t a c t o r s 
a n d s o l e n o i d s d r o p o u t in o n e t o t w o c y c l e s o n 
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c i rcu i t s ins tead o f radia l feeds . E a c h i m p r o v e ­
m e n t incur s a cos t tha t m u s t be w a r r a n t e d b y 
t he p rocess r e q u i r e m e n t s . It is gene ra l ly p o s ­
sible for t he u t i l i ty t o e s t ima te the n u m b e r o f 
sho r t - t ime a n d l o n g - t i m e o u t a g e s t he c u s t o m ­
er c a n e x p e c t per yea r . T h e user eva lua tes the 
cos t o f a v o i d i n g e i ther or b o t h o f these situ­
a t i ons aga ins t the loss o f p r o d u c t , d a m a g e d 
e q u i p m e n t , ex t ra m a i n t e n a n c e , e tc . T h e s e 
d a t a t h e n f o r m the basis for the des ign o f an 
i n t e r c o n n e c t i o n t ha t wi l l be c o n s i s t e n t w i th 
t he o p e r a t i n g r e q u i r e m e n t s . 

Sho r t - c i r cu i t cu r r en t s are a c c o m p a n i e d b y 
m a g n e t i c forces a n d hea t tha t c a n result in 
e x p l o s i o n o r fire. It is essent ia l , there fore , t ha t 
s w i t c h i n g dev ices o f a d e q u a t e i n t e r rup t ing 
c a p a b i l i t y be used a n d p r o p e r l y m a i n t a i n e d t o 
ensure c l ea r ing a faul t as r a p i d l y a n d re l iab ly 
as poss ib le . T h e m a g n i t u d e o f shor t - c i r cu i t 
cu r ren t s is p r i m a r i l y a f u n c t i o n o f the u t i l i ty 
s y s t e m size, v o l t a g e , a n d c o n f i g u r a t i o n . R e ­
m e d i a l measu re s c a n s o m e t i m e s be t a k e n b y 
t he c o n s u m e r t o r e d u c e th is cu r ren t . T h e 
ins ta l l a t ion o f r eac to r s , spec ia l c i r cu i t ar­
r a n g e m e n t s w h i c h i n t r o d u c e i m p e d a n c e i n t o 
the sys t em, spec ia l o p e r a t i n g in s t ruc t ions 
w h i c h w o u l d p r e v e n t p a r a l l e l i n g t r an s ­
formers , o r i n t e r locks w h i c h w o u l d p reven t 
t r ipp ing o f u n d e r r a t e d c i rcu i t b reakers are all 
spec ia l m e a s u r e s a n d all i n t r o d u c e a risk o f 
n o t o p e r a t i n g as i n t e n d e d . T h u s , fai lure o f 
a n y o f these m e t h o d s w o u l d t h e n sub jec t t he 
s w i t c h i n g d e v i c e s t o serv ice b e y o n d thei r rat­
ing. 

T h e speed w i t h w h i c h a fault s h o u l d be 
c l ea red d e p e n d s p r imar i l y o n t h e n a t u r e o f t he 
indus t r ia l e q u i p m e n t . T h e d a n g e r t o pe r son­
nel is o b v i o u s l y r e d u c e d w h e n the fastest 
re lays a n d c i r cu i t b reakers are used . T h e 
ex ten t o f the e q u i p m e n t d a m a g e m a y or m a y 
n o t be s ign i f i can t ly r e d u c e d b y faster re lays 
s ince the ini t ia l d a m a g e has a l r eady o c c u r r e d 
a n d t he m a j o r cos t s are t h e r e b y es tab l i shed . 
S e c o n d a r y e q u i p m e n t d a m a g e , h o w e v e r , f r o m 
o v e r h e a t i n g o r f r o m fire or e x p l o s i o n wi l l , o f 
cou r se , be m i n i m i z e d b y the faster re lays a n d 
c i rcu i t breakers . 

T h e p r i m a r y c o n c e r n in a p p l y i n g p r o t e c t i o n 
for faults is, o f c o u r s e , to m i n i m i z e pe r sonne l 
h a z a r d a n d e q u i p m e n t d a m a g e . H o w e v e r , t he 
effect the p r o t e c t i o n e q u i p m e n t ha s o n p r o ­
d u c t i o n c o n t i n u i t y a n d res tar t ing s h o u l d n o t 
be o v e r l o o k e d . M a n y c o n s u m e r p rocesses suf­
fer o n l y loss o f p r o d u c t i o n t ime w h e r e a s o the r 

c o n s u m e r p rocesses i ncu r spo i l age o f p r o d u c t 
a n d d a m a g e t o p r o d u c t i o n e q u i p m e n t . In 
t h o s e even t s w h e r e fast i n t e r rup t ion is n o t a 
m a j o r f ac to r in l i m i t i n g t he ex ten t o f p r o d u c ­
t i on e q u i p m e n t o r p r o d u c t d a m a g e , t he d a m ­
age t o e lec t r ica l e q u i p m e n t m a y b e c o m e sec­
o n d a r y a n d t r i p p i n g for ce r ta in faul t c o n d i ­
t i o n s m a y be d e l a y e d . A l s o , m a n y p r o d u c t i o n 
l ines o p e r a t e in d i sc re te s ec t i ons w h i l e o the r s 
m u s t ope ra t e in a c o n t i n u o u s f l o w . T h e s e 
f ac to r s m u s t all be c o n s i d e r e d in t he se lec t ion 
o f w h i c h e q u i p m e n t to t r ip a n d w h i c h t o 
rec lose . I n d u c t i o n m o t o r s , in genera l , wil l r ide 
t h r o u g h v o l t a g e d ip s or i n t e r rup t ions w h e r e 
h i g h - s p e e d r e c l o s i n g is e m p l o y e d w i t h o u t a n y 
loss o f p r o d u c t i o n . S y n c h r o n o u s m o t o r s , o n 
the o t h e r h a n d , c a n be m a d e t o r ide t h r o u g h 
v o l t a g e d ip s w i t h t h e p r o p e r c o n t r o l s , bu t 
o f t en c a n n o t be sub j ec t ed t o r ec losure w i t h o u t 
d a m a g e . M a n y large indus t r ia l p l an t s c a n n o t 
to le ra te i n s t a n t a n e o u s r ec losu re o n a rad ia l 
se rv ice f r o m a u t i l i ty for a va r i e ty o f r easons 
o t h e r t h a n t h e p r e s e n c e o f s y n c h r o n o u s 
m o t o r s . C o n v e r s e l y , m a n y p rocesses h a v e suf­
f ic ien t s torage or iner t ia t o r ide t h r o u g h ou t ­
ages u p to several m i n u t e s . 

F o r t h o s e c o n s u m e r p l a n t s w h e r e an o u t a g e 
c a n result in loss o f p r o d u c t i o n faci l i t ies at 
c o n s i d e r a b l e cos t , it is of ten e c o n o m i c a l to 
p r o v i d e s o m e f o r m o f b a c k u p p o w e r . T h i s c a n 
t ake the f o r m o f p u r c h a s e d p o w e r or in -p lan t 
g e n e r a t i o n w i t h m a n u a l or a u t o m a t i c t h r o w -
o v e r faci l i t ies or c o n t i n u o u s dua l s u p p l y . E a c h 
m e t h o d has its a d v a n t a g e s a n d d i s advan t ages 
w h i c h c a n o n l y be eva lua ted for the par t icu la r 
s i tua t ion u n d e r s t u d y . 

3 . 2 Load Considerations. I n d u c t i o n m o t o r in­
s tabi l i ty is a c o n d i t i o n w h e r e b y the m o t o r 
c a n n o t dr ive its c o n n e c t e d l o a d at ra ted speed 
u n d e r s teady-s ta te o p e r a t i n g c o n d i t i o n s . T h i s 
c o n d i t i o n is c a u s e d b y l o w v o l t a g e at the 
m o t o r t e rmina l s a n d c a n result f r o m the effort 
to s tart m a n y m o t o r s s i m u l t a n e o u s l y . B e i n g 
a w a r e t ha t vo l t age d ips t e n d t o p e r m i t m o t o r 
c o n t a c t o r s to d r o p ou t , m a n y users instal l 
l a t c h i n g dev ices o n all o f the m o t o r s in the 
p l an t . H o w e v e r , d u r i n g a v o l t a g e d i p , n o t o n l y 
d o c o n t a c t o r s t e n d to d r o p ou t , bu t all m o t o r s 
s l o w d o w n . T h e resu l t ing m o t o r acce l e r a t i on 
cu r r en t causes t he v o l t a g e to r e m a i n de­
pressed at the m o t o r t e rmina l s d u e t o vo l t age 
d r o p in the sys t em to a p o i n t w h e r e the m o t o r s 
c a n n o t r eacce le ra te . 
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U n l i k e t he i n d u c t i o n m o t o r , t he s y n c h r o ­
n o u s m o t o r is r ead i ly s u b j e c t t o ins tab i l i ty . 
S o m e o f t h e f ac to r s t ha t t e n d t o m a k e a 
s y n c h r o n o u s m o t o r u n s t a b l e are t he f o l l o w ­
ing: 

(1) O v e r l o a d 
(2) L o w iner t ia 
(3) L o w field e x c i t a t i o n 
(4) M o t o r la rge c o m p a r e d t o u t i l i ty s u p p l y 

c a p a b i l i t y 
(5) L o w t e r m i n a l v o l t a g e 
S o m e o f these f ac to r s , s u c h as ine r t i a a n d 

size, are r ig id ly d e t e r m i n e d b y t h e p roces s a n d 
p r o d u c t r e q u i r e m e n t s . T h e o t h e r fac to rs are 
re la t ive ly flexible a n d the i r effects o n ope r ­
a t i o n d u r i n g faul ts s h o u l d be c o n s i d e r e d in t he 
ear ly s tages o f d e s i g n o f t he p l a n t if u n n e c e s ­
sary s h u t d o w n s o r e x p e n s i v e r ev i s ions are t o 
be a v o i d e d . V o l t a g e d r o p s s h o u l d be c a l c u ­
l a t ed u n d e r e x t r e m e l o a d i n g c o n d i t i o n s a n d 
suf f ic ient m a r g i n s h o u l d be p r o v i d e d t o ensu re 
s t a b l e o p e r a t i o n . E x c i t a t i o n a n d l o a d i n g 
s h o u l d n o t be m a r g i n a l d u r i n g n o r m a l ope r ­
a t ing c o n d i t i o n s . 

In a d d i t i o n t o t h e o p e r a t i o n o f the e q u i p ­
m e n t d u r i n g n o r m a l a n d a b n o r m a l s i tua t ions , 
p r o t e c t i o n a n d c o n t r o l e q u i p m e n t m u s t m e e t 
v a r i o u s safe ty a n d i n s u r a n c e c o d e requi re­
m e n t s . T h e s e ra re ly c o n t r a d i c t t h e fac to rs 
c o n s i d e r e d t h u s far. T h e c o d e r e q u i r e m e n t s 
s h o u l d , h o w e v e r , b e k e p t in m i n d w h e n c o n ­
s ide r ing these f ac to r s so tha t t he e q u i p m e n t 
spec i f ied wi l l b e c o m p a t i b l e a n d d u p l i c a t i o n 
wi l l be a v o i d e d . 

3 . 3 Computer Loads. M o d e r n h i g h - s p e e d 
c o m p u t e r sy s t ems are v e r y sens i t ive t o d is tur­
b a n c e s in t he e lec t r i ca l p o w e r s u p p l y s o u r c e . 
V o l t a g e a n d f r e q u e n c y t r ans ien t s , for ex­
a m p l e , c a u s e er rors in t he c o m p u t e r s u c h as 
m e m o r y a l t e ra t ion o r c o m p l e t e m e m o r y loss , 
w o r d s t ruc ture a l t e ra t ion , o r n o n p r o g r a m 
j u m p s . B e c a u s e t h e c o n t i n u i t y o f t he u t i l i ty 
p o w e r s u p p l y is o f t en m i s u n d e r s t o o d , c o m p u t ­
ers as a n e x a m p l e o f c r i t i ca l l o a d are specif i ­
c a l l y m e n t i o n e d . 

T h r e e b r o a d c l a s s i f i ca t ions o f c o m p u t e r sys­
t e m s are gene ra l ly used . E a c h h a s its o w n 
i m p l i c a t i o n s o f re l iab i l i ty a n d se rv ice requi re­
m e n t s . T h e s e c l a s s i f i ca t ions are as f o l l o w s : 

(1) Off - l ine bus iness o r sc ien t i f i c c o m p u t e r s 
w h i c h d o n o t o p e r a t e o n real t ime , t h a t is, t he 
o u t p u t is o b t a i n e d w i t h o u t regard t o a t i m e -

c o n t r o l l e d s e q u e n c e o f even t s . S u c h c o m p u t ­
ers c a n be s h u t d o w n for a f e w s e c o n d s or 
m i n u t e s w i t h o u t se r ious ly a f fec t ing t he oper ­
a t i o n . T h e p r i n c i p a l loss is t he t i m e requ i red 
t o re run the p r o b l e m . F o r m a n y reasons be­
s ides p o w e r s u p p l y d i s tu rbances , t he c o m p u t ­
er p r o g r a m s h o u l d be de s igned t o de tec t a n d 
c o r r e c t for s u c h i n c i d e n t s a n d s h o u l d use 
s to rage tapes , d i sc s , o r d r u m s to p e r i o d i c a l l y 
s ave essent ia l d a t a a n d i n t e r m e d i a t e results. 
M e m o r y c i rcu i t s s h o u l d be d e s i g n e d s o tha t n o 
loss o c c u r s d u r i n g a p o w e r s u p p l y d i s t u r b a n c e . 
C o n s i d e r a t i o n m u s t be g iven , h o w e v e r , t o a 
p r o l o n g e d o u t a g e d u r i n g w h i c h v i ta l aux i l i a ry 
e q u i p m e n t s u c h as fans a n d air c o n d i t i o n e r s 
m i g h t s t o p , l e a d i n g t o fai lure o f t empera tu re -
sens i t ive c o m p o n e n t s . 

(2) O n - l i n e or p r o c e s s c o m p u t e r s w h i c h are 
in c o n t i n u o u s c o n t r o l o f a n ac tua l indus t r ia l 
o p e r a t i o n . In s u c h cases , it is essent ia l t ha t 
n o r m a l o p e r a t i o n c o n t i n u e d u r i n g t he t ran­
s ient o r m o m e n t a r y v o l t a g e d ips . A p r o l o n g e d 
o u t a g e , h o w e v e r , wi l l p r o b a b l y a l so shu t d o w n 
the o t h e r p roces s e q u i p m e n t w h i c h t he c o m ­
pu te r is c o n t r o l l i n g . 

( 3 ) C o m m u n i c a t i o n - b a s e d c o m p u t e r s 
w h i c h o b t a i n i n p u t d a t a f r o m n u m e r o u s dis­
t an t p o i n t s a n d m u s t p roces s th is i n p u t c o n ­
t i n u o u s l y . T h i s t y p e o f c o m p u t e r c a n s t and 
loss o f o u t p u t faci l i t ies for a s h o r t t i m e bu t 
c a n n o t to le ra te m o m e n t a r y l apses in i n p u t or 
ga rb led i n f o r m a t i o n . 

P o w e r r e q u i r e m e n t s wi l l , o f cou r se , v a r y for 
e a c h a p p l i c a t i o n . T h e r a n g e o f the o the r para­
mete r s , h o w e v e r , a n d pa r t i cu l a r ly the range o f 
t o l e r ances , is fa i r ly we l l de f ined . M o s t m o d e r n 
c o m p u t e r sy s t ems are des igned for 120/208 V 
th ree -phase four -wi re 60 H z s u p p l y sys tems . 
T h e y c a n s tand , w i t h o u t error, v o l t a g e vari­
a t i o n s o f ± 10 p e r c e n t ( o c c a s i o n a l l y + 1 0 per­
cen t , - 8 p e r c e n t ) a n d f r e q u e n c y va r i a t i ons o f 
± 3 p e r c e n t ( o c c a s i o n a l l y ± 0.5 p e r c e n t ) . I n 
s o m e i n s t ances a spec i f i ca t ion m a y a lso in­
c l u d e an a l l o w a b l e ra te o f c h a n g e o f vo l t age or 
f r e q u e n c y ; t y p i c a l l y 5 V / s o r 1.5 H z / s . 

A l t h o u g h the s teady-s ta te r e q u i r e m e n t s 
are re la t ive ly ea sy t o p r o v i d e , it is n o t pos ­
s ible t o a v o i d t h e t r ans ien t d i s tu rbances tha t 
o c c u r o n a s u p p l y s y s t e m s u b j e c t t o faul ts 
a n d s u b s e q u e n t s w i t c h i n g as d i scussed in S e c ­
t i o n 3 .1 . N o t c o v e r e d in tha t s e c t i o n , bu t o f 
i m p o r t a n c e t o s u c h sens i t ive l o a d s as c o m p u t ­
ers, are t he v o l t a g e t r ans ien t s tha t a c c o m p a n y 
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4. Abnormal System Conditions 

4.1 Short Circuits. T h e p u r p o s e o f a shor t -
c i rcu i t s t udy is t o d e t e r m i n e t he m a g n i t u d e o f 

IEEE Std 
357-1973 

9 

t h e faul t cu r r en t t ha t wi l l b e i m p o s e d u p o n 
e l e m e n t s o f an e lec t r ic p o w e r s y s t e m w h e n a 
shor t c i r cu i t o c c u r s . T h e s o u r c e o f shor t -c i r ­
cu i t cu r r en t is r o t a t i n g m a c h i n e s . A n i m p e d ­
a n c e d i a g r a m based o n the s y s t e m one - l i ne 
d i a g r a m h a s b e e n f o u n d to be the best m e t h o d 
t o p resen t t he a p p r o p r i a t e e lec t r ic e q u i p m e n t 
i m p e d a n c e d a t a r equ i r ed t o c o n d u c t s u c h a 
s tudy . 

T h e bas is for a sho r t - c i r cu i t s t u d y is deter­
m i n e d b y t he p u r p o s e o f the s tudy . It m u s t be 
r e c o g n i z e d fur ther t ha t a n y o n e s t u d y is based 
o n a pa r t i cu la r set o f o p e r a t i n g c o n d i t i o n s . In 
m o s t p o w e r sys t ems , t he o p e r a t i n g c o n d i t i o n s 
c h a n g e c o n s t a n t l y d u e to v a r y i n g degrees o f 
s y s t e m d y n a m i c l o a d i n g or t o o p e r a t i n g p r o c e ­
dures w h i c h resul t in o p e n i n g o r c l o s i n g o f 
c i r cu i t b reakers . T h e r e f o r e , the shor t -c i rcu i t 
cu r r en t at a n y o n e p o i n t in a s y s t e m m a y 
c h a n g e c o n s i d e r a b l y f r o m d a y t o d a y a n d f rom 
t h e resul ts o f a n y pa r t i cu l a r s tudy . 

W i t h regard t o t h e p u r p o s e o f shor t -c i rcu i t 
s tudies , it is essent ia l t o r e c o g n i z e t w o d i s t inc t 
e n d uses: 

(1) T h e s e l ec t i on o f power - in t e r rup t i ng de­
v ices o f a d e q u a t e c a p a b i l i t y s u c h as c i rcu i t 
b reakers a n d fuses. I n these cases , k n o w l e d g e 
o f t he m a x i m u m ava i l ab le shor t -c i rcu i t cur­
ren t va lues is essent ia l . 

(2 ) T h e se l ec t ion a n d ra t ing or se t t ing o f 
shor t - c i r cu i t p r o t e c t i v e dev ices , s u c h as fuses, 
r e lays , a n d d i r ec t - ac t ing tr ips . I n these cases , 
k n o w l e d g e o f n o t o n l y the m a x i m u m , but a lso 
t he m i n i m u m ava i l ab le shor t - c i r cu i t cu r r en t 
v a l u e is essent ia l . T h e lat ter va lues are re­
q u i r e d t o eva lua t e p r o t e c t i v e d e v i c e o p e r a t i o n 
d u r i n g s y s t e m o p e r a t i n g c o n d i t i o n s w h i c h are 
l ike ly t o p r o d u c e t he m i n i m u m shor t -c i rcu i t 
cu r ren t s ( tha t is, gene ra to r s a n d / o r m o t o r s o u t 
o f se rv ice ) . 

In so l i d ly g r o u n d e d sys tems , shor t -c i rcu i t 
s tudies for re lay pu rposes i n c l u d e the c a l c u ­
l a t i on o f l i ne - t o -g round fault cu r r en t m a g n i ­
tudes . In h igh - o r low- res i s t ance g r o u n d e d 
sy s t ems s u c h s tud ies usua l ly are n o t r equ i red 
b e c a u s e the o h m i c va lue o f t he neu t ra l resistor 
is h i g h re la t ive t o t h e o t h e r c i r cu i t i m p e d a n c e s 
e n c o u n t e r e d b y t he faul t cur ren t ; thus , the 
o h m i c v a l u e o f t he resis tor ef fec t ive ly deter­
m i n e s the m a g n i t u d e o f the g round- fau l t cur­
rent . Indus t r i a l h i g h - v o l t a g e sy s t ems usua l ly 
are res i s tance g r o u n d e d . 

4.1 .1 Short-Circuit Studies to Determine 
the Duty on Interrupting Devices. T h e pu rpose 

n o r m a l s w i t c h i n g . T h e v o l t a g e " s p i k e s " ac ­
c o m p a n y i n g c a p a c i t o r s w i t c h i n g a n d t he vo l t ­
age " d i p s " a c c o m p a n y i n g m o t o r s ta r t ing are 
felt t h r o u g h o u t t he e lec t r ica l s u p p l y s y s t e m t o 
a degree d e p e n d e n t u p o n the ex t en t a n d c o n ­
f igura t ion o f t he s y s t e m . S imi l a r l y , t h e effect 
o f we lders , a rc fu rnaces , e l eva to r or air c o n d i ­
t ione r m o t o r s , fi l ter p rec ip i t a to r s , a n d o t h e r 
c o m m o n off ice a n d i n d u s t r y e q u i p m e n t are all 
re f lec ted t o s o m e degree in t he s u p p l y t o t he 
c o m p u t e r . 

3 . 4 Effect of Ownership and Responsibilities. 
V e r y ear ly in t he n e g o t i a t i o n s b e t w e e n a uti l i­
t y a n d a c o n s u m e r , t he l ine o f o w n e r s h i p is 
v e r y c lea r ly de f i ned . T h e effect o f th i s o w n ­
e r sh ip o n t he respons ib i l i t i e s i n v o l v e d as far as 
p r o t e c t i o n a n d c o n t r o l is c o n c e r n e d is n o t 
nea r l y so c lear cu t . T h e e q u i p m e n t wi l l per­
f o r m p r o p e r l y o n l y if ins ta l led p r o p e r l y a n d 
ca l ib ra t ed a n d m a i n t a i n e d regu la r ly . T h e 
n e e d for a n d t he de ta i l s o f m a i n t e n a n c e , ope r ­
a t ing, a n d tes t ing p r o c e d u r e s s h o u l d be dis­
cussed a n d f o r m a l l y agreed u p o n . T h e spec i f ic 
respons ib i l i t i es for e a c h p i ece o f e q u i p m e n t 
s h o u l d be c l ea r ly o u t l i n e d wel l in a d v a n c e o f 
the se rv ice da te . 

F o l l o w i n g the ins t a l l a t ion o f an inter­
c o n n e c t i o n a n d its a s soc i a t ed p r o t e c t i v e de ­
v ices , the s y s t e m m u s t be a c c e p t a n c e tes ted. 
T h i s i n c l u d e s t he f u n c t i o n a l t e s t ing o f c i rcu i t 
b reakers a n d d i s c o n n e c t o r s , p r o p e r o p e r a t i o n 
a n d ca l ib ra t i on o f re lays , me te r s , a n d instru­
m e n t s , a n d c h e c k i n g for c o r r e c t o u t p u t o f 
cu r r en t a n d p o t e n t i a l t r ans fo rmers . C o n t r o l 
sy s t ems m u s t be c h e c k e d a l o n g w i t h thei r 
p o w e r sources , s u c h as s t a t ion ba t te r ies a n d 
s t a t ion se rv ice t r ans fo rmers . I n shor t , t he 
en t i re s y s t e m m u s t be tes ted as a w h o l e t o 
ensure its ab i l i ty t o m a i n t a i n se rv ice c o n t i n u ­
i ty u n d e r n o r m a l c o n d i t i o n s a n d t o p r o t e c t 
e q u i p m e n t a n d i so la te t r o u b l e u n d e r a b n o r ­
m a l c o n d i t i o n s . T h e s y s t e m s h o u l d be de ­
s igned for e c o n o m i c a l p e r i o d i c m a i n t e n a n c e . 
A m a i n t e n a n c e p r o g r a m m u s t be ca r r i ed o u t 
t o ensure t ha t t he i n t e r c o n n e c t i o n wi l l func­
t i on as de s igned t h r o u g h o u t its l ife. 

Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 17:40:20 UTC from IEEE Xplore.  Restrictions apply. 

Full document details: IEEE C37.95-1973

http://www.avadocuments.com/doc/ieee-c37-95-1973
http://www.avadocuments.com/doc/ieee-c37-95-1973


IEEE Std 
357-1973 GUIDE FOR PROTECTIVE R E L A Y I N G OF 

10 

o f these s tud ies is to d e t e r m i n e t he f i r s t -cycle 
d u t y a n d t he i n t e r rup t ing d u t y o n faul t -cur­
ren t in te r rupters s u c h as h i g h - v o l t a g e c i r cu i t 
breakers , cu r r en t - l im i t i ng fuses, a n d l o w - v o l t ­
age c i r cu i t b reakers . 

T h e spec i f ic c a l c u l a t i o n p r o c e d u r e for the 
pa r t i cu la r e q u i p m e n t is d e t e r m i n e d by t he 
a p p r o p r i a t e e q u i p m e n t s t a n d a r d a n d appl i ­
c a t i o n gu ide a n d s h o u l d be f o l l o w e d . 

4 . 1 . 2 Short-Circuit Studies to Determine 
Relay Operating Currents. T h e se t t ing o f re­
l ays a n d d i r e c t - a c t i n g t r ips o n l o a d b r a n c h 
c i rcu i t s requ i res c o n s i d e r a t i o n o f t he c h a r a c ­
ter is t ics o f the e q u i p m e n t for w h i c h t h e y m u s t 
p r o v i d e p r o t e c t i o n . O n t r a n s m i s s i o n , d is t r ibu­
t i on , a n d t ie c i rcu i t s , re lay se t t ings requi re 
a d d i t i o n a l c o n s i d e r a t i o n s o f b o t h e q u i p m e n t 
cha rac te r i s t i c s a n d s y s t e m p r o t e c t i v e requi re­
m e n t s . 

A p r i m a r y p u r p o s e o f c i r cu i t p r o t e c t i v e de­
v ices is t o separa te a fau l ted c i r cu i t suf­
f ic ien t ly fast t o a l l o w the r e m a i n d e r o f t he 
s y s t e m i n c l u d i n g o t h e r l o a d s t o r ide t h r o u g h 
the d i s t u r b a n c e . A n a d d i t i o n a l p u r p o s e o f 
c i r cu i t p r o t e c t i v e d e v i c e s is t o furn ish r ap id 
i n t e r rup t ion o f fau l ted c i r cu i t s in o rde r to 
l imi t d a m a g e t o c i r cu i t s a n d e q u i p m e n t a n d t o 
m i n i m i z e h a z a r d s t o p e r s o n n e l . C o o r d i n a t i o n 
b e t w e e n p ro t ec t i ve dev i ce s is r equ i red so tha t 
t h e y wi l l se lec t ive ly r e m o v e o n l y t he smal les t 
poss ib le s e g m e n t o f the s y s t e m . T o a t ta in 
p r o p e r c o o r d i n a t i o n o f p r o t e c t i v e dev i ce s , a 
k n o w l e d g e o f t he d i s t r i bu t ion a n d m a g n i t u d e 
o f shor t - c i r cu i t cu r r en t s is essent ia l . 

T h e m a x i m u m levels o f s y m m e t r i c a l rms 
shor t - c i r cu i t cu r r en t are gene ra l ly used t o 
es tab l i sh t he bas i c re lay se t t ing c o o r d i n a t i o n 
r e q u i r e m e n t s . In a d d i t i o n , t he a s y m m e t r i c a l 
va lues s h o u l d be used , or a l l o w e d for, for 
i n s t a n t a n e o u s re lay se t t ings . A l l se t t ings 
s h o u l d t h e n be c o n f i r m e d us ing m i n i m u m 
faul t -cur ren t va lues t o assure p r o p e r ope r ­
a t i o n u n d e r these c o n d i t i o n s a l so . 

M i n i m u m fault cu r ren t s c a n a p p r o a c h the 
m a g n i t u d e o f m a x i m u m l o a d cur ren t s . T h u s it 
is a lso neces sa ry t o c o n f i r m tha t sens i t ive 
re lay se t t ings as i n d i c a t e d b y m i n i m u m fault 
c o n d i t i o n s wil l n o t c a u s e undes i r ab l e t r ipou t s 
u n d e r m a x i m u m l o a d o p e r a t i o n s . 

M i n i m u m fault cu r ren t s exist d u r i n g peri­
o d s o f m a x i m u m s y s t e m i m p e d a n c e . T h e s e 
c o n d i t i o n s m a y i n c l u d e 

(1) M i n i m u m g e n e r a t i o n 
(2) E q u i p m e n t o u t a g e s 

(a) o n the s u p p l y i n g ut i l i ty 
(b) w i t h i n the indus t r ia l p l an t 

(3) M i n i m u m l o a d pe r iods d u r i n g w h i c h 
i n d u c t i o n a n d s y n c h r o n o u s m a c h i n e s are dis­
c o n n e c t e d f r o m the l ines 

(4) H i g h - i m p e d a n c e t y p e o f faults s u c h as 
m a y o c c u r o n l o w - v o l t a g e sys t ems or as turn-
to - tu rn faults in m o t o r s or t r ans fo rmers . 

In a d d i t i o n to m i n i m u m faul t -cur ren t c o n ­
s ide ra t ions , p r o p e r c o o r d i n a t i o n o f sys t em 
p r o t e c t i v e dev i ce s a l so requi res c o n s i d e r a t i o n 
o f c h a n g e s in t he fau l t -cur ren t d i s t r ibu t ion 
t h r o u g h o u t the n e t w o r k w h e n there is a n y 
c h a n g e in the n e t w o r k or c o n n e c t e d loads . 
T h i s a spec t o f c o o r d i n a t i o n is pa r t i cu la r ly 
pe r t i nen t in d e t e r m i n i n g b a c k u p se t t ing re­
q u i r e m e n t s . F o r e x a m p l e , m i n i m u m fault cur­
ren t m i g h t be , say , 50 p e r c e n t o f its m a x i m u m 
v a l u e . I f th i s c o m e s a b o u t t h r o u g h d i s c o n n e c t ­
i o n o f l o c a l g e n e r a t i o n w h i c h m a y n o r m a l l y 
s u p p l y 60 p e r c e n t o f the m a x i m u m fault cur­
rent , t hen the faul t cu r r en t be ing p r o v i d e d 
f r o m the u t i l i ty c o n n e c t i o n m a y ac tua l ly in­
c rease b y 25 p e r c e n t for th i s m i n i m u m fault 
c o n d i t i o n re la t ive to to ta l cu r r en t in a feeder 
fault . P r o t e c t i v e d e v i c e se lec t iv i ty based o n l y 
o n m a x i m u m faul t c o n s i d e r a t i o n s m a y thus 
f a i l u n d e r m i n i m u m c o n d i t i o n s . I n ­
s t a n t a n e o u s re lays , so des i rab le in l imi t ing 
faul t d a m a g e , m a y aggrava te these k inds o f 
m i n i m u m fau l t -cur ren t s i tua t ions . W h e n the 
i n s t a n t a n e o u s re l ay m u s t be set to ope ra t e 
o n l y at nea r l y m a x i m u m faul t c o n d i t i o n s , 
c o o r d i n a t i o n m a y be di f f icul t t o es tabl ish at 
o the r t imes w h e n the i n s t a n t a n e o u s re lay 
d o e s n o t p i c k u p . S i m i l a r l y an i n s t a n t a n e o u s 
re lay a s soc i a t ed w i t h a c i rcu i t b reake r w h i c h 
a lso ha s a b a c k u p func t i on , m a y p i c k u p 
i n c o r r e c t l y d u r i n g m i n i m u m fault c o n d i t i o n s 
b e c a u s e o f the inc rease in cu r ren t t h r o u g h 
tha t spec i f ic b r a n c h o f the n e t w o r k . 

4 . 1 . 2 . 1 Calculation of 0-3 Cycle Max­
imum Short-Circuit Current. T h e pu rpose o f 
these s tudies is t o d e t e r m i n e t he m a x i m u m 
cur ren t s t o w h i c h i n s t a n t a n e o u s , ex t remely 
sho r t - t ime re lays or d i r ec t - ac t ing tr ips s h o u l d 
r e s p o n d . 

T h e c a l c u l a t i o n p r o c e d u r e to d e t e r m i n e 
these re lay o p e r a t i n g fault cu r r en t s cal ls for 
t he r ep resen ta t ion o f all ro ta t ing e q u i p m e n t s 
(genera to r s a n d m o t o r s ) by their equ iva len t 
sub t r ans i en t r e a c t a n c e X¿ . Pass ive sys t em 
c o m p o n e n t s ( t r ans formers , r eac tors , cab les , 
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e ra tors a n d m o t o r s ) as wel l as the c o n t r i b u ­
t i o n o f i n d u c t i o n m o t o r s , w h i c h is d e t e r m i n e d 
b y t he sub t r ans i en t r e a c t a n c e o f the i n d u c t i o n 
m o t o r s (or l o c k e d ro to r i m p e d a n c e ) . 

T h e r e a c t a n c e o f a s y n c h r o n o u s m a c h i n e 
var ies f r o m the l o w va lue o f sub t rans ien t 
r e a c t a n c e t o t he h i g h va lue o f s y n c h r o n o u s 
r e a c t a n c e X d in a c c o r d a n c e w i t h a shor t -
c i r c u i t d e c r e m e n t c u r v e . F r o m the sub-
t rans ien t r e a c t a n c e va lue , r e a c t a n c e increases 
r ap id ly in t he first f ew c y c l e s t o a va lue 
ident i f ied as t r ans ien t r e a c t a n c e . T h e c o m ­
pos i t e effect o f t h e i nd iv idua l d e c r e m e n t s o f 
t he s y n c h r o n o u s m a c h i n e s is suf f ic ien t ly c o m ­
p lex t o p r e c l u d e a s imp le a n a l y t i c a l s tudy . 
Suf f i ce it t o say t ha t for c a l c u l a t i n g t he 3 - 60 
c y c l e shor t - c i r cu i t faul t cu r r en t a r e so lu t ion 
us ing sub t rans ien t gene ra to r r e ac t ances X d 
a n d t rans ien t s y n c h r o n o u s m o t o r r eac t ances 
X¿ wi l l resul t in a conse rva t ive / rea l i s t i c va l ­
ue . St i l l a n o t h e r a spec t a c c o u n t s for a further 
r e d u c t i o n in shor t - c i r cu i t cur ren t . A r u n n i n g 
i n d u c t i o n m o t o r wi l l , w h e n a fault is app l i ed 
at its t e rmina l s , d i s s ipa te the e lec t r ica l ene rgy 
s to red in its m a g n e t i c field i n t o t he fault in 
a c c o r d a n c e w i t h t he shor t -c i rcu i t t ime c o n ­
s tan t o f t he m o t o r a n d the ex te rna l sys t em 
i m p e d a n c e b e t w e e n the m o t o r a n d the fault . 
I n d u c t i o n - m o t o r shor t - c i r cu i t t i m e c o n s t a n t s 
b y t hemse lves are shor t ( 1 - 3 c y c l e s ) . T y p i ­
ca l l y ex te rna l s y s t e m i m p e d a n c e results in 
overa l l t ime c o n s t a n t s o f less t h a n e ight 
c y c l e s . C o n s e q u e n t l y , i n d u c t i o n m o t o r s are 
n o t c o n s i d e r e d in the c a l c u l a t i o n o f shor t -
c i rcu i t fault cu r r en t s for t ime-ove rcu r r en t re­
lays w h i c h ope ra t e in th ree c y c l e s or m o r e . It 
s h o u l d be n o t e d t h a t these cu r r en t va lues o f 
shor t -c i rcu i t cu r r en t are expressed in s y m ­
me t r i ca l a m p e r e s a n d that , after th ree c y c l e s , 
a n y d c t rans ien t cu r r en t h a s d e c a y e d t o zero . 

4 . 1 . 2 . 3 Calculation of 0-3 Cycle Minimum 
Short-Circuit Current. T h e p u r p o s e o f these 
s tud ies is t o d e t e r m i n e t he m i n i m u m shor t -
c i r cu i t fault cu r r en t s t o w h i c h i n s t an t aneous , 
e x t r e m e l y sho r t - t ime re lays or d i r ec t - ac t ing 
t r ips s h o u l d r e s p o n d . T h e c a l c u l a t i o n p r o c e ­
dure is t he s a m e as tha t in S e c t i o n 4 .1 .2 .1 , 
e x c e p t tha t m i n i m u m s y s t e m o p e r a t i n g c o n d i ­
t i o n s m u s t b e a s s u m e d ( m a x i m u m i m p e d ­
a n c e ) . 

4 . 1 . 2 . 4 Caluclation of 3-60 Cycle Min­
imum Short-Circuit Current. T h e pu rpose o f 
these s tudies is t o d e t e r m i n e the m i n i m u m 
shor t -c i rcu i t fault cu r ren t s t o w h i c h t ime-

regula tors , b u s w a y s ) are r ep resen ted b y e i ther 
the i r r e a c t a n c e s or i m p e d a n c e s , d e p e n d i n g 
u p o n the c a l c u l a t i n g t e c h n i q u e e m p l o y e d . 
A n a l o g c o m p u t e r s c a n c o n v e n i e n t l y h a n d l e R 
plus jX c o m p o n e n t s ; th is is e q u a l l y t rue for 
d ig i ta l c o m p u t e r s if t h e y are so p r o g r a m m e d . 
In m a n y sys tems , t he effect o f n e g l e c t i n g t he 
resis t ive c o m p o n e n t a n d a s s u m i n g t h a t all t he 
i m p e d a n c e is essen t ia l ly r e a c t a n c e p r o d u c e s 
results n o t s ign i f i can t ly d i f ferent f r o m those 
a c h i e v e d b y i n c l u d i n g t he resis t ive c o m ­
p o n e n t . T h u s a s impl i f i ed p r o c e d u r e us ing 
r e a c t a n c e s exc lu s ive ly is of ten jus t i f ied . 

R e g a r d l e s s o f t he t e c h n i q u e e m p l o y e d , these 
s tud ies result in a set o f t heo re t i ca l cur ren t s , 
expressed in s y m m e t r i c a l ampe re s , w h i c h rep­
resen t t he m a g n i t u d e o f t h e m a x i m u m 0 - 3 
c y c l e shor t - c i r cu i t cu r ren t s . 

I n s t a n t a n e o u s re lays o f t he p lunge r a n d 
c l a p p e r des igns r e s p o n d to d c as we l l as ac 
cu r ren t . It, there fore , is n e c e s s a r y t o a c c o u n t 
for t he d c t r ans ien t cu r r en t w h i c h is u sua l ly 
p resen t w h e n an ac fault is in i t i a ted . T h e 
t e r m " a s y m m e t r i c a l c u r r e n t " is u sed t o de ­
scr ibe th i s in i t ia l cu r r en t va lue . 

T h e a s y m m e t r i c a l cu r r en t va lues are de ­
r ived b y a p p l y i n g an a p p r o p r i a t e mu l t i p l i e r t o 
t he c a l c u l a t e d s y m m e t r i c a l a c a m p e r e s . T h i s 
p r o c e d u r e a c c o u n t s for t he d c offset o f the a c 
shor t - c i r cu i t cu r ren t , w h i c h is a f u n c t i o n o f 
t he X/R ra t io o f t he s y s t e m a n d t he p o i n t o n 
t he v o l t a g e w a v e at w h i c h t he sho r t c i rcu i t is 
app l i ed . T h u s " t o t a l " sho r t - c i r cu i t cu r r en t 
c a n be c o n s i d e r e d as c o m p r i s e d o f a d e c r e a s i n g 
d c c o m p o n e n t a n d a s y m m e t r i c a l ac c o m ­
p o n e n t o f f u n d a m e n t a l f r e q u e n c y . 

T h e to ta l r m s f i r s t -cycle cu r r en t v a l u e o f a 
c o m p l e t e l y offset w a v e (X/R r a t io = <*>) is 1.73 
t imes t he r m s s y m m e t r i c a l shor t - c i r cu i t cur ­
ren t . T y p i c a l mu l t i p l i e r s t o c a l c u l a t e t h e m a x ­
i m u m ini t ia l a s y m m e t r i c a l cu r r en t are gener­
a l ly a s s u m e d to be 1.5 t o 1.6, w h i c h a l l ows for 
the fac t t ha t in p r a c t i c a l s y s t e m s a s ign i f i can t 
d e c r e m e n t in t he d c c o m p o n e n t d o e s o c c u r . 

4 . 1 . 2 . 2 Calculation of 3~60 Cycle Max­
imum Short-Circuit Current. T h e p u r p o s e o f 
these s tudies is t o d e t e r m i n e t he m a x i m u m 
cur ren t s t o w h i c h t i m e o v e r c u r r e n t re lays 
o p e r a t i n g in a p p r o x i m a t e l y 3 c y c l e s (0 .05 sec ­
o n d ) or m o r e s h o u l d r e s p o n d . 

It s h o u l d be n o t e d tha t the m a g n i t u d e o f t he 
0 - 3 c y c l e sho r t - c i r cu i t cu r ren t , c a l c u l a t e d 
p rev ious ly , is c o n t r o l l e d by t he sub t r ans i en t 
r eac t ances X'¿ o f s y n c h r o n o u s m a c h i n e s (gen-
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N e g a t i v e - s e q u e n c e i m p e d a n c e s o f pass ive sys­
t e m c o m p o n e n t s ( t r ans fo rmers , reac tors , ca ­
b les , b u s w a y s , t r a n s m i s s i o n a n d d i s t r ibu t ion 
c i rcu i t s , a n d c a p a c i t o r s ) are t he s a m e as their 
p o s i t i v e - s e q u e n c e va lues . Z e r o - s e q u e n c e val ­
ues o f pass ive c o m p o n e n t s are c o n s t a n t w i t h 
respec t t o t i m e , a n d usua l ly are di f ferent t h a n 
the i r pos i t ive - a n d / o r n e g a t i v e - s e q u e n c e val ­
ues . T h e c o r e c o n s t r u c t i o n a n d c o n n e c t i o n s 
used o n th ree -phase t r ans fo rmer b a n k s are o f 
pa r t i cu la r s i g n i f i c a n c e . 1 

It is o f p r i m e interest to n o t e tha t g r o u n d 
re lays d o n o t sense l o a d cu r r en t s p r o v i d e d 
t ha t s ing le -phase a n d th ree -phase l o a d s are 
c o n n e c t e d b e t w e e n p h a s e c o n d u c t o r s . O n a 
fou r -wi re g r o u n d e d neu t ra l s y s t e m where 
l o a d s m a y be c o n n e c t e d p h a s e t o neut ra l , 
c o n s i d e r a t i o n m u s t be g iven for l o a d un­
b a l a n c e a n d s ing le -phase s i tua t ions w h e r e 
l o a d cu r ren t s c a n appea r in the g round-cu r ­
ren t ( z e r o - s e q u e n c e ) c i rcu i t . 

4 . 1 . 2 . 7 Relay Settings Versus Load. P r o ­
t ec t ive re lays r ece ive the i r i n f o r m a t i o n c o n ­
c e r n i n g p r i m a r y s y s t e m v o l t a g e a n d cur ren t 
a n d thei r p h a s o r r e la t ion b y m e a n s o f p o t e n ­
t ial t r ans fo rmers a n d cur ren t t rans formers , 
r espec t ive ly . 

M o s t cu r ren t t r ans fo rmers h a v e l i t t le or n o 
c o n t i n u o u s o v e r l o a d capab i l i t y ; t h e y m u s t be 
s ized t o ca r ry t he e s t ima ted des ign or peak 
l o a d o n t he c i rcu i t . 

T h e ma t t e r o f l o a d versus re lay set t ings is 
u sua l ly i n v o l v e d o n l y w i t h p h a s e re lays . 
W h e r e t he c o n s i d e r a t i o n appl ies , p ro t ec t ive 
p h a s e re lay se t t ings m u s t be set h i g h e n o u g h 
so t ha t t h e y i m p o s e n o l im i t a t i ons for n o r m a l 
o r e m e r g e n c y s y s t e m l o a d i n g for t he e q u i p ­
m e n t or c i r cu i t ry i n v o l v e d . In indus t r ia l sys­
t e m s , s ing le -phase a n d / o r th ree -phase l oads 
are c o n n e c t e d b e t w e e n p h a s e wires . T h e r e are 
usua l ly n o s ing le -phase l o a d s c o n n e c t e d phase 
to neut ra l . L o a d cu r ren t does n o t need to be 
c o n s i d e r e d w h e n se t t ing g r o u n d re lay taps . O n 
so l id ly g r o u n d e d sys tems , h o w e v e r , g r o u n d 
re lay taps l o w e r t h a n 1.0 s h o u l d usua l ly be 
a v o i d e d d u e t o t he h igh cur ren t - t r ans fo rmer 
b u r d e n c a u s e d b y ve ry l o w t ap set t ings . T h e 

o v e r c u r r e n t re lays o p e r a t i n g in a p p r o x i m a t e l y 
o n e s e c o n d o r less s h o u l d r e s p o n d . T h e c a l c u ­
l a t i on p r o c e d u r e is t he s a m e as t ha t in S e c t i o n 
4 .1 .2 .2 , e x c e p t t ha t m i n i m u m s y s t e m ope r ­
a t ing c o n d i t i o n s m u s t be a s s u m e d ( m a x i m u m 
i m p e d a n c e ) . 

4 . 1 . 2 . 5 Calculation of Extended-Time 
Short-Circuit Current. T h e p u r p o s e o f these 
s tudies is t o d e t e r m i n e the m i n i m u m cur ren t s 
t o w h i c h l o n g - t i m e o v e r c u r r e n t t r ips , re lays , 
or fuses s h o u l d r e s p o n d . O n indus t r ia l p o w e r 
sy s t ems s u p p l i e d b y a u t i l i ty , t he e x t e n d e d -
t i m e shor t - c i r cu i t cu r r en t is essen t ia l ly t h e 
s a m e as in S e c t i o n 4 .1 .2 .2 . 

W h e n l oca l gene ra to r s c o n t r i b u t e a large 
f r ac t ion o f t he shor t - c i r cu i t cu r r en t , h o w e v e r , 
a severe d e c r e m e n t o f sho r t - c i r cu i t cu r r en t 
m a y o c c u r . A n e x t e n d e d - t i m e shor t - c i r cu i t 
s t udy m a y be pa r t i cu l a r l y useful in e v a l u a t i n g 
t he o p e r a t i o n o f gene ra to r o v e r c u r r e n t re lays 
w i t h v o l t a g e res t ra int . 

In m a g n i t u d e , t he e x t e n d e d - t i m e shor t -c i r ­
cu i t cu r r en t is the s teady-s ta te c u r r e n t after 
all t r ans ien ts h a v e d i s appea red a n d is a func ­
t ion o f the gene ra to r exc i t a t i on ce i l i ng vo l t ­
ages a n d t he gene ra to r s y n c h r o n o u s reac­
t ances . 

4 . 1 . 2 . 6 Line-to-Ground Fault Current Cal­
culations. T h e p u r p o s e o f these s tudies is to 
d e t e r m i n e t he d i s t r ibu t ion a n d m a g n i t u d e o f 
g round- fau l t cu r ren t s t o w h i c h g r o u n d re lays 
s h o u l d r e s p o n d . 

T h e s e c a l c u l a t i o n s are s imp les t o n resist­
a n c e - g r o u n d e d sy s t ems in t ha t the res i s tance 
o f the resis tor(s) in e a c h d i s t inc t zero-se­
q u e n c e z o n e essen t ia l ly d e t e r m i n e s t he m a x ­
i m u m ground- fau l t cur ren t , the o n l y r equ i red 
b e n c h m a r k . 

O n so l id ly g r o u n d e d sy s t ems these c a l c u ­
l a t i ons requi re t ha t t he pos i t ive , nega t ive , a n d 
ze ro - sequence c i rcu i t s be c o n s i d e r e d . C a l c u ­
l a t ions us ing the m e t h o d o f " s y m m e t r i c a l 
c o m p o n e n t s " p e r m i t t he g round- f au l t cur­
rents t o b e d e t e r m i n e d m o s t eas i ly . 

In genera l , the p h i l o s o p h y a n d t he s y s t e m 
c o n d i t i o n s c o n s i d e r e d t o d e t e r m i n e m a x i m u m 
a n d m i n i m u m ground- fau l t va lues a n d distri­
b u t i o n f o l l o w the s a m e log i c a n d c o n s i d ­
e ra t ions as d i scussed he re to fo re for three-
p h a s e faults . It is t o be n o t e d tha t un l ike the 
pos i t i ve - s equence va lues o f m a c h i n e s w h i c h 
c h a n g e w i t h respec t t o t ime , t he nega t ive- a n d 
ze ro - sequence i m p e d a n c e s r e m a i n c o n s t a n t . 
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p e r f o r m a n c e o f cu r r en t t r ans fo rmers o n in­
rush cur ren t s t o m o t o r s a n d t r ans fo rmer s c a n 
result in a cu r r en t in the g r o u n d re l ay c i r cu i t 
a n d is o f pa r t i cu la r in teres t w i t h r e spec t t o t h e 
use o f an i n s t a n t a n e o u s g r o u n d re lay . In fact , 
v e r y l o w (less t h a n 8 - 1 0 A ) g r o u n d re l ay 
i n s t a n t a n e o u s se t t ings m a y c a u s e i n c o r r e c t 
t r i p p i n g o f a feeder w h e n a m o t o r is s tar ted . I n 
a de l t a s y s t e m , s i m u l t a n e o u s p h a s e - t o - g r o u n d 
faul ts i n v o l v i n g di f ferent p h a s e s o n separa te 
feeders wi l l resul t in a c u r r e n t in t he C T 
neu t r a l r e l ay c i r cu i t o f the feeders i n v o l v e d . 

In genera l , p r o t e c t i v e re lay se t t ings are de ­
t e r m i n e d a n d c o o r d i n a t e d to i so la te t he fault­
ed s e g m e n t o f t he s y s t e m as fast as poss ib le to 
p e r m i t t he u n f a u l t e d pa r t o f t h e s y s t e m t o 
c o n t i n u e t o o p e r a t e sa t i s fac tor i ly . S u c h p r o ­
t ec t ive re lay se t t ings m a y n o t necessa r i ly al­
w a y s p r o v i d e sa t i s fac to ry t h e r m a l o v e r l o a d 
p r o t e c t i o n for t he c i r cu i t . In s u c h cases , add i ­
t i ona l t h e r m a l o v e r l o a d dev i ce s wi l l b e re­
qu i red in spec i f i c cases . S i n c e the O c c u p a t i o n ­
al Sa fe ty a n d H e a l t h A d m i n i s t r a t i o n o f t he 
D e p a r t m e n t o f L a b o r ha s a d o p t e d t he N a t i o n ­
al E lec t r i ca l C o d e in its en t i re ty , c o m p l i a n c e 
w i t h its rules are n o w m a n d a t o r y for n e w 
e lec t r ica l i n s t a l l a t ions o n c o n s u m e r p remises . 
H o w e v e r , t h e N E C is n o t m a n d a t o r y for uti l i­
ty ins ta l l a t ions . 

I n s t a n t a n e o u s p h a s e re lay se t t ings are de ­
t e r m i n e d b y us ing spec i f ic fau l t -cur ren t da t a . 
F o r e x a m p l e , i n s t a n t a n e o u s p h a s e re lays o n a 
feeder t o a t r a n s f o r m e r are set n o t t o ope ra t e 
for a faul t o n t h e l o w - v o l t a g e s ide o f the 
t r ans fo rmer . S u c h resu l t an t se t t ings t y p i c a l l y 
are m a n y t i m e s h i g h e r t h a n p r a c t i c a l m a x ­
i m u m l o a d s . 

I n a c c o r d a n c e w i t h the N a t i o n a l E l e c t r i c a l 
C o d e ( A N S I C l - 1 9 7 1 ) , t he h igh - s ide over -
c u r r e n t p h a s e r e l ays o n a d e d i c a t e d feeder t o 
an askera l o r o i l i n su la t ed t r ans fo rmer m a y be 
set for n o t m o r e t h a n 250 p e r c e n t (125 p e r c e n t 
for d r y - t y p e ) o f t h e t r ans fo rmer se l f - coo led 
ra t ing w h e n the re is n o m a i n l o w - s i d e ove r -
cu r ren t d e v i c e . I f the re is a m a i n l o w - s i d e 
o v e r c u r r e n t d e v i c e , a n d it is set for n o t m o r e 
t h a n 250 p e r c e n t (125 p e r c e n t for d r y - t y p e ) o f 
t he t r ans fo rmer b a n k se l f - coo led ra t ing, t he 
h igh-s ide o v e r c u r r e n t p h a s e re lays m a y be set 
for n o t m o r e t h a n 6 t imes t he t r ans fo rmer self-
c o o l e d ra t ing , p r o v i d e d t he t r ans fo rmer i m ­
p e d a n c e is n o t m o r e t h a n 6 p e r c e n t ; a l so , i f t h e 
t r ans fo rmer i m p e d a n c e is greater t h a n 6 per­
c e n t bu t less t h a n 10 p e r c e n t t he h igh - s ide 

o v e r c u r r e n t p h a s e re lays m a y be set for n o t 
m o r e t h a n 4 t imes t he t r ans fo rmer se l f - coo led 
ra t ing . I f there is m o r e t h a n o n e t r ans fo rmer 
o n t h e s u p p l y c i r cu i t , the l i m i t a t i o n s s ta ted 
a b o v e a p p l y to t he smal les t t r ans fo rmer . T h u s 
the n u m b e r a n d m i x o f t r ans fo rmer sizes o n 
o n e s u p p l y c i r cu i t is l imi t ed . T h e sub jec t o f 
t r ans fo rmer p r o t e c t i o n is c o v e r e d in I E E E S td 
273-1967 , G u i d e for P r o t e c t i v e R e l a y A p p l i ­
c a t i o n s t o P o w e r T r a n s f o r m e r s ( A N S I 
C 3 7 . 9 1 - 1 9 7 2 ) . 

I n genera l , t i m e - o v e r c u r r e n t p h a s e re lays 
app l i ed t o m u l t i p u r p o s e feeders o r buses in 
s i m p l e - o v e r c u r r e n t o r p a r t i a l d i f f e r e n t i a l 
s c h e m e s are set for 1.5 - 2.0 t imes the esti­
m a t e d p e a k l o a d . 

O n g e n e r a l - p u r p o s e m o t o r c i rcu i t s , in­
s t a n t a n e o u s p h a s e re lays are set a b o v e the 
e s t ima ted largest m o t o r - s t a r t i n g cu r ren t b y a 
fac to r t y p i c a l l y o f 1.5 - 2.0 t imes the l o c k e d 
ro to r cu r r en t v a l u e . T h e p h a s e t ime-ove r -
cu r r en t re lays u sua l ly are set for a b o u t 1.5 -
2.0 t i m e s the e s t ima ted p e a k l o a d w i t h a t ime-
d e l a y se t t ing suff ic ient to r ide t h r o u g h the 
l o a d p lus the s ta r t ing t i m e o f t he largest 
m o t o r . T h e N E C requi res o v e r l o a d p r o t e c t i o n 
for e a c h p h a s e o f th ree -phase m o t o r s . O n large 
m o t o r s w h i c h h a v e the i r o w n d e d i c a t e d cir­
cu i t s , m o r e spec i f i c t ypes o f m o t o r re lay p r o ­
t e c t i o n are requ i red . T h e s e r e l ay ing require­
m e n t s are c o v e r e d in c o m p l e t e de ta i l in I E E E 
S t d 288-1969 , G u i d e for I n d u c t i o n M o t o r P r o ­
t e c t i o n ( A N S I C37 .92 -1972) a n d I E E E S td 
329-1971 , G u i d e for S y n c h r o n o u s M o t o r P r o ­
t e c t i o n ( A N S I C 3 7 . 9 4 - 1 9 7 2 ) . 

4 . 2 O p e r a t i n g A b n o r m a l i t i e s 
4 . 2 . 1 System Swings. I n t he usua l c o n t e x t , 

the t e r m " s y s t e m s w i n g " refers t o the behav ­
ior o f s y s t e m v o l t a g e a n d t h e e x c h a n g e o f 
wa t t s a n d vars b e t w e e n s y n c h r o n o u s m a ­
c h i n e s a n d i n d u c t i o n m o t o r s d u r i n g a n d fol­
l o w i n g a s y s t e m d i s t u r b a n c e . T h e s teady-s ta te 
a spec t dea ls w i t h t he effects o f re la t ive ly smal l 
s y s t e m l o a d c h a n g e s , w h e r e a s t he t rans ient 
a spec t dea ls w i t h t he effects o f m o r e abrup t 
c h a n g e s in s y s t e m l o a d s , o r s y s t e m faults , or 
large c h a n g e s in s y s t e m i m p e d a n c e ( swi tch­
ing) b e t w e e n m a c h i n e s o r m a c h i n e g roups . 

T h e c r i t i ca l s w i t c h i n g t i m e o f a n y m a c h i n e 
is t he m a x i m u m t i m e the m a c h i n e c a n s t and a 
d i s t u r b a n c e a n d c o n t i n u e t o o p e r a t e sat isfac­
to r i ly w h e n the d i s t u r b a n c e is r e m o v e d . In the 
usua l s i tua t ions for indus t r ia l s , t he cr i t ica l 
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In a t w o - m a c h i n e s y s t e m ( o n e m a y be an 
inf in i te bus ) t he i m p e d a n c e f r o m t h e inf ini te 
b u s t o t he " e l ec t r i c a l c e n t e r " m a y be de f ined 
as t h e to ta l i m p e d a n c e b e t w e e n sou rces di­
v i d e d b y 2 . W h e n s y n c h r o n o u s m a c h i n e s are 
180 degrees apar t , t he v o l t a g e at t he e lec t r ica l 
c en t e r is ze ro . It is i m p o r t a n t t o n o t e tha t in 
m a n y cases , w h e r e t he indus t r ia l s y s t e m has 
i n -p l an t g e n e r a t i o n , t h e e lec t r ica l cen te r is 
nea r t he t e r m i n a l o f t he gene ra to r w h i c h is 
a l so t he l o a d bus . I f t he gene ra to r goes o u t o f 
s tep b e c a u s e o f a l o n g fault c l ea r ing t ime , 
regardless o f t he t y p e o f fault , t he ent i re 
s y s t e m wi l l be sub j ec t ed t o essent ia l ly a bo l t ed 
th ree -phase ze ro -vo l t age faul t effect for m a n y 
c y c l e s . S u c h an effect wi l l be m o r e severe t h a n 
the o r ig ina l faul t as far as r u n n i n g m o t o r s are 
c o n c e r n e d . A u x i l i a r y c o n t a c t o r s wi l l d r o p ou t . 
L i g h t s wi l l e x p e r i e n c e " d i p s " a n d e q u i p m e n t 
s u c h as c o m p u t e r s a n d s ta t ic p o w e r suppl ies 
wi l l m a l f u n c t i o n . T h e s e c o n s e q u e n c e s c a n be 
e l i m i n a t e d o r m i n i m i z e d b y t he a p p l i c a t i o n o f 
h i g h - s p e e d p r o t e c t i v e r e l ay ing t o an ad­
e q u a t e l y de s igned p o w e r sy s t em. 

I t is u sua l ly neces sa ry t o c o n d u c t s tudies in 
s y s t e m l o a d flow a n d s y s t e m s tabi l i ty t o o b ­
t a in the i n f o r m a t i o n requ i red t o eva lua te 
p r o b l e m s i n v o l v i n g these ma t t e r s . 

4 . 2 . 2 System Transient Frequency Os­
cillation. Faul t s , c h a n g e s in l o a d , or s w i t c h i n g 
o p e r a t i o n s o n an e lec t r ic p o w e r s y s t e m pro ­
d u c e d y n a m i c fo rces t ha t resul t in p h a s e ang le 
o sc i l l a t i ons b e t w e e n m a c h i n e s un t i l equi l i ­
b r i u m is res tored . D u r i n g s u c h pe r iods o f 
o s c i l l a t i o n , the re is a m o m e n t a r y d e v i a t i o n in 
t he s y s t e m f r e q u e n c y t h r o u g h o u t t he sys tem, 
a n d t h e i n s t a n t a n e o u s f r e q u e n c y at a g iven 
p o i n t in t he s y s t e m is a f u n c t i o n o f t he re la t ive 
i m p e d a n c e s t o t he ro t a t i ng sou rces o f vo l t age 
w h i c h p r o d u c e s t h e p h a s e ang le o sc i l l a t i on . 

T h i s c o n s i d e r a t i o n deserves m o r e a t t en t ion 
in indus t r ia l s y s t e m s . It is i m p o r t a n t t o un­
de r s t and th is b e h a v i o r b e c a u s e o f the f o l l o w ­
i n g reasons . 

(1) U n d e r f r e q u e n c y re lays used for load­
s h e d d i n g s c h e m e s m a y o p e r a t e undes i r ab ly if 
t h e y are set t o o h i g h a n d / o r h a v e ins tan­
t a n e o u s or sho r t - t ime de l ays . In t he usua l sit­
u a t i o n in indus t r ia l sys tems , in -p lan t gen­
era tors a n d large m o t o r s are d i r ec t ly c o n ­
n e c t e d t o l o a d buses . T h e m o m e n t a r y fre­
q u e n c y d e v i a t i o n o r p h a s e ang le o f the l o a d 
b u s is re la t ive ly greater he re b e c a u s e distur­
b a n c e s in t he indus t r ia l s y s t e m are o c c u r r i n g 

s w i t c h i n g t i m e o f in teres t is t ha t o f a th ree-
p h a s e faul t at t he t e rmina l s o f t he m a c h i n e . 
Indus t r i a l s y n c h r o n o u s gene ra to r s a n d m o ­
tors are p r a c t i c a l l y a l w a y s c o n n e c t e d t o buses 
t o w h i c h feeder c i r cu i t s are a l so c o n n e c t e d . 
Indus t r i a l feeder c i r cu i t s ( radia l o r l o o p ) are 
genera l ly sho r t a n d are u sua l ly o f c a b l e . T h e i r 
c i r cu i t i m p e d a n c e is l o w . T h u s faul ts any ­
w h e r e in t h e indus t r ia l s y s t e m , for p r a c t i c a l 
pu rposes , a p p e a r t o be faul ts at t h e t e rmina l s 
o f t he m a c h i n e s . 

T h e in t e rna l e lec t r ic p o w e r ang le o f separa­
t i o n b e t w e e n s y n c h r o n o u s m a c h i n e s is a m e a ­
sure o f t he s tab i l i ty . T y p i c a l c r i t i ca l s w i t c h i n g 
t i m e for t h ree -phase faul ts at o r nea r t he 
t e r m i n a l s o f l o a d e d gene ra to r s is in t he o rde r 
o f 12 - 20 c y c l e s (60 H z bas i s ) . 

T y p i c a l c r i t i ca l s w i t c h i n g t i m e for l o a d e d 
s y n c h r o n o u s m o t o r s is in t he o rde r o f 4 - 12 
c y c l e s (60 H z bas i s ) ; t he shaft l o a d iner t ia is 
s ign i f i can t for s y n c h r o n o u s m o t o r s tab i l i ty . 

I n d u c t i o n m o t o r s d o n o t h a v e d c f ields as d o 
s y n c h r o n o u s m o t o r s . A s s u c h , t he c r i t e r ion for 
i n d u c t i o n m o t o r s tab i l i ty is n o t e lec t r ic p o w e r 
ang le ; it is t he m o t o r t e r m i n a l v o l t a g e . W h e n a 
d i s t u r b a n c e r e d u c e s t he v o l t a g e at t he t e rmi ­
na l s o f t he i n d u c t i o n m o t o r , t h e m o t o r t o r q u e 
is r e d u c e d , t h e m o t o r s l o w s d o w n , a n d its s l ip 
inc reases . 

T y p i c a l c r i t i ca l s w i t c h i n g t i m e s for in­
d u c t i o n m o t o r s are m o r e d i f f icul t t o d i scuss 
b e c a u s e t he s y s t e m i m p e d a n c e a n d t he in rush 
cu r r en t t o o t h e r m o t o r l o a d s i n f l u e n c e the 
s y s t e m v o l t a g e f o l l o w i n g t he faul t r e m o v a l . 
A l s o , t he s p e e d - t o r q u e c u r v e cha rac t e r i s t i c s 
o f t he c o n n e c t e d m o t o r shaft l o a d are s t r o n g l y 
in f luen t ia l , s ince s o m e m o t o r s m a y be a p p l i e d 
based o n a n o - l o a d start . In genera l , if t he 
resu l tan t m o t o r v o l t a g e f o l l o w i n g t he dis tur­
b a n c e is at least 8 0 p e r c e n t w i t h a r e a s o n a b l e 
e s t ima te o f in rush for all o f t he m o t o r s , it is 
l ike ly t ha t t he i n d u c t i o n m o t o r ( s ) wi l l r ecove r . 
I f th is fac t c a n be c l ea r ly e s t ab l i shed for the 
w o r s t c o n d i t i o n , t h a t is, all m o t o r s in serv ice , 
t h e n t he n e e d for h i g h - s p e e d faul t c l ea r ing 
t i m e is n o t c r i t i ca l . 

R a p i d faul t c l e a r i n g m i n i m i z e s a n y signif i­
c a n t c h a n g e s in t h e m o t o r l o a d s p e e d - t o r q u e 
cha rac te r i s t i c s . I n r u s h d e m a n d , pa r t i cu l a r ly 
for r eac t ive cu r r en t , is m i n i m i z e d . T h u s sys­
t e m v o l t a g e dep re s s ion f o l l o w i n g t h e faul t is 
m i n i m i z e d . 
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