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G enera to r n e u tra l  e a r th in g  i s  only one a sp ec t o f th e  invo lved  is su e  

o f  power system  n e u tra l  e a r th in g  and has heen d e a l t  w ith  f u l ly  in  th e  

l i t e r a t u r e  by au th o rs  l i k e  Wilhelm and H aters [1 ]  Mort"lock [2 ] and e th e r s .

In t h i s  r e p o r t th e  b a s ic  ph ilosophy which r e la te s  to  v arious ea r th in g  
p ra c t ic e s  i s  summarised and d isc u sse d . A survey  o f c u r re n t e a r th in g  p ra c t ic e s  

f o r  g e n e ra to rs  was undertaken  and th e  r e s u l t s  o f th e  q u e s tio n n a ire  a re  

an a ly sed . F in a l ly ,  an ea r th in g  scheme, c u r re n tly  being used fo r  new power 

s t a t i o n s ,  I s  p re sen ted  and ana lysed . In p a r t i c u l a r ,  th e  p o s s ib i l i t y  o f  

n e u tra l  in v e rs io n  due to  fe rrc re so n an ce  i s  in v e s tig a te d  by means o f  a 

d e s c r ib in g  fu n c tio n  tech n iq u e . A p rev io u s ly  p ub lished  c r i t e r io n  f o r  occurrence 

o f n e u tra l  i n s t a b i l i t y  i s  confirm ed although  c e r ta in  a sp ec ts  o f  th e  m in ia tu re  

system  approach used a re  q u estioned .
The a u th o r  would l ik e  to  exp ress  h is  s in c e re  ap p re c ia tio n  and thanks 

to  P ro fe s so r  W. Connack fo r  th e  a s s is ta n c e  o ffe re d  du ring  th e  co u rse  o f 

t h i s  p r o je c t .
The a u th o r  would a lso  l ik e  to  ex tend  h is  thanks to  th e  E le c t r i c i t y  

Supply Commission f o r  t h e i r  perm ission  to  conduct t h i s  resea rch  p r o je c t  and 

i""'”  a ls o  to  th e  U n iv e rs ity  o f S te llen b o sch  fo r  th e  computing f a c i l i t i e s  made
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a v a i la b le .
F in a l ly  a word o f  thanks fo r  Mrs Kay fo r  ty p ing  th e  s c r ip t .
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o p e ra to r  = eJ {
am plitude o f in p u t to  n o n - l in e a r i ty  ;

am plitude o f second in p u t to  n o n - l in e a r i ty  

cap ac itan ce

o u tp u t from n o n - lin e a r  elem ent :

ap p lied  vo ltag e  ( e .m .f .)  (phase to  n e u tr a l)  :

in s tan tan eo u s  e .m .f .

frequency  e = 2 , 7183
frequency  t r a n s f e r  fun c tio n
c u r re n t :

in s tan tan eo u s  c u r re n t

norm alised  c u r re n t . ,

polynom ial c o e f f ic ie n ts
inductance

d e sc r ib in g  fu n c tio n  (DF) w ith  in p u t A 
dual in p u t DF w ith  in p u ts  A and 8 

o rd e r  o f  harmonic

norm alised  Laplace o p e ra to r  '

r e s is ta n c e
norm alised  r e s is ta n c e  

Laplace o p e ra to r

vo ltag e  drop j

norm alised  v o ltag e  drop 
in s tan tan eo u s  v o ltag e  drop 

reac tan ce
norm alised  reac tan ce  
e a r th in g  c o e f f ic ie n ts  

impedance

phase angles •

flu x  l in k a g e s  ;

norm alised  f lu x  linkages '

ang u la r frequency  (rad ian s /seco n d  o r p . u . )
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S u b sc rip ts

A -  r e la t in g to phase A
B -  r e la t in g to phase B
C •• r e la t in g to phase C
c -  r e la t in g to cap ac itan ce
d -  r e la t in g to a d e l ta  winding
E - r e la t in g to e a r th  (cap ac itan ce )
e -  r e la t in g to e a r th  ( U u l t )
F -  r e la t in g to f a u l t
G -  r e la t in g to g en e ra to r
h -  r e la t in g to £ fundam ental frequency
L - r e la t in g to inductance

-  r e la t in g to m agnetising

n -  r e la t in g to n eu tra l

P -  r e la t in g to phase ( f a u l t )
r -  r e la t in g to re fe re n c e  values

t -  r e la t in g to a t r a n s ie n t  change ( in  c u rre n t)

T - r e la t in g to q u a n t i t i e s  measured a t  th e  g en e ra to r te rm in a ls
The •- Th&venin

X -  r e la t in g to e x tin c t io n  vo ltag e

0 -  r e la t in g to zero sequence q u a n t i t ie s

1 -  r e la t in g to p o s i t iv e  sequence q u a n t i t ie s  o r th e  fundamental

2 -  r e la t in g to n eg a tiv e  sequence q u a n t i t ie s

3 -  r e la t in g to th e  th i r d  harmonic
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C H A P T E R  1

BASIC O B J E C T IV E S  O F  SFNCRATOR NEUTRAL EARTHING 

1-1 In tro d u c tio n

The o b je c tiv e s  of power system n e u tra l e a r th in g  ahe tw ofo ld  : On low 

v o ltag e  d i s t r i b u t io n  networks th e  major o b je c tiv e  i s  th e  s a f e ty  o f  persons 

w h ile  on th e  M in  h igh  vo ltag e  d i s t r ib u t io n  networks th e  s a f e ty  o f th e  

equipm ent i s  th e  d ec id ing  f a c to r .

G enera to r n e u tra l  e a r th in g  ' a l l s  in to  th e  l a t t e r  ca teg o ry . In  small 

power system s where d i s t r ib u t io n  tak es  p lace  a t  g en e ra to r  v o ltag e  th e  

g e n e ra to r  e a r th  in  f a c t  rep re se n ts  th e  system e a r th .  As o u tlin e d  in  

APPENDIX A th e  so -c a l le d  u n i t  connected schema has gained  u n iv e rsa l accep tance  
fo r  a p p l ic a t io n  to  powef- s ta t io n s  o f  an 'in te rconnec ted  power system . In 

such a system  th e  s t a t o r  w indings o f g en e ra to rs  and t h e i r  connec tions up to  
and in c lu d in g  th e  low vo ltag e  w indings o f th e  a s so c ia te d  g en e ra to r  tran sfo rm ers  

a re  i s o la te d  e l e c t r i c a l l y  from th e  r e s t  o f  th e  system  as f a r  as s ta to r  

f a u l t s  in v o lv in g  e a r th  a re  concerned. When d ec id ing  on a valu-j o f  n e u tra l 

e a r th in g  impedance i t  i s  th e re fo re  a v a lid  assum ption to  d is re g a rd  th e  
r e s t  o f  th e  system . This r e p o r t ,  th e r e fo re ,  focusses on u n i t  connected 

g e n e ra to rs  -  th e  general p r in c ip le s  o f power system  ea r th in g  f a l l i n g  somewhat 

o u ts id e  th e  scope o f  th e  p re se n t re p o r t .
The o b je c tiv e s  d e a l t  w ith in  th e  fo llo w in g  se c tio n s  a r e  c o n f l ic t in g  in  

a  c e r ta in  se n se  in  t h a t ,  as w ill  be shown, low f a u l t  c u rre n ts  le ad  to  high 

o v e rv o lta g e s  and v isa  ve rsa .

1-2 L im ita tio n  o f  S ta to r  E arth  F a u lt  C urrent

C onsider a g en e ra to r  w ith  i t s  n e u tra l  connected to  e a r th  th rough an 

impedance Z_ ohm as shown in  FIGURE 1-2-1 ( a ) .  A s in g le  phase to  e a r th  f a u l t  

o ccu rs  on one o f  th e  phases a t  o r near a phase term inii't o f th e  s t a t o r  w inding. 

In  FIGURE 1-2-1 (b ) th e  co rresponding  in te rco n n ec ted  sequence netw orks a re  

shown f a r  t h i s  f a u l t  co n d itio n .



FIGURE 1-2-T fa )  : S in g le  phase f a u l t  to  e a r th  a t  g en e ra to r  te rm in a ls

FIGURE 1-2-1 (b ) ; Sequence networks fo r  FIGURE 1 -2 -t  fa)



Tha f a u l t  c u r r e n t  i s

" " "
For a th re e  phase f a u l t  a t  th e  same p o s itio n  th e  co rresponding  f a u l t  c u r r e n t  

would be

.  E —  n - z - 2 )
1G

From (1 -2 -1 )  and (1 -2 -2 )

i =  _  3 _ _ _ _ _ _ _ _ _ _ _ _ _ _  ( 1 - 2 - 3 )

'p  "  i  +

h
For a synchronous machine th e  n eg a tiv e  sequence im pedance, although  

somewhat low er than  th e  p o s i t i  . sequence im pedance, i s  s t i l l  o f  th e  same 

o rd e r  o f  m agnitude. The zero  sequence impedance o f  ? n e ra to r ,  however, 
i s  much low er than  th e  p o s i t iv e  sequence impedance 67 ]. The reason

i s  t h a t ,  due to  th e  sym m etrical arrangem ent o f  th  le  phases o f  th e  s t a t o r  

w ind ing , th e  magnetomotive fo rc e s  a s so c ia te d  w iin  zero  sequence c u r re n ts  
add up to  zero  in  th e  a i r  gap o f  th e  machine.

I t  i s  th e r e fo re  c le a r  th a t  in  th e  case o f  a g en e ra to r  which is  s o l id ly  

e a r th e d  (Zn = 0) th e  r a t i o  can become la r g e r  than  1. The dynamic c u r re n t

!P

r a t in g  o f  a system  i s  u su a lly  has ,n  th e  th r e e  phase f a u l t  le v e l and i s  

t h e re fo re  n ecessary  to  l im i t  the  t  :h  f a u l t  c u r re n t to  a value equal to  o r 

l e s s  th an  th e  th re e  phase f a u l t  c u rre n t.

In g e n e ra l , however, i t  i s  ad v isab le  to  l im i t  th e  e a r th  f e u l t  c u rren t  
t o  much lower v a lu e . The type  o f  s te to r  e a r th  f a u l t  t h a t  u su a lly  occurs 

i s  a p unc tu re  from th e  s t a to r  w indings to  th e  surrounding  s t r  •;! lam in a tio n s 

in  th e  s t a t o r  s lo t s .  Such a f a u l t  causes burning o f th e  s t a : v  lam ina tions 
and w elding to g e th e r  o f  a d ja c e n t la m in a tio n s . I t  i s  obviou; 1 hr.t both th e  

m agnitude and d u ra tio n  o f  th e  f a u l t  c u rre n t have an e f f e c t  no degree o f  
damage a t  th e  p o in t o f  f a u l t .

P o b l[3 ] pub lish ed  r e s u l t s  o f  t e s t s  in  1930 to  in d ic a t r- v i- i t ,  p rov id ing  

e a r th  f a u l t  c u r re n t i s  l im ite d  to  l e s s  than 10 A, th e  dama > • th e  s t a to r

w i l l .b e  l im ite d  to  lo c a l burning o f th e  i ro n .  This type  o, tfv.age i s  e a s i ly  

r e p a ire d  by re p la c in g  th e  f a u l ty  c o i l  and removing t r a c e s  c f  . /c in g  on th e



iro n .  For a c u r re n t o f 5 A th e  a rc in g , which causes n o s t damage, a c tu a l ly  
ceases  a f t e r  4 t o t  6 m inutes. These t e s t s  were done on t e s t  samples 

u t i l i s i n g  bonded mica f la k e s  as in s u la t io n  which i s  s im ila r  to  in s u la t io n  

used in  modern machines. The t e s t  vo ltag e  was 6 000 .V.

W estphal [4 ] in  a more re c e n t p u b lic a tio n  a lso  supported  th e  i j e a  th a t  

e x te n s iv e  damage of th e  s ta to r  iro n  on ly  occurs f o r  c u r re n ts  in  excess o f  
20A and he in d ic a te d  th a t  fo r  a 7 ,5  A f a u l t  c u r re n t th e  damage do th e  s t a to r  

lam in a tio n s  i s  s t i l l  very lo c a l is e d  d e sp ite  f a u l t  d u ra tio n s  as long as

10 m inutes. Sustained  e a r th  f a u l t s  however cause breakdown o f th e

in s u la t io n  in  th e  s lo t s  and could  lead  to  damaging in te r tu r n  and phase

S ta ld e r [5 ]  rep o rted  th a t  w elding o f a d ja c e n t s t a to r  lam in a tio n s occurs 

fo r  f a u l t  c u r re n ts  as low as 6 A and d u ra tio n s  as s h o r t  as 0 ,5  s .  Me 

s t r e s s e d  th e  im portance o f ra p id  d e -e x c ita tio n  fo llow ing  e a r th  f a u l t s  and 
in d ic a te d  t h a t  th e  amount o f damage to  t h r  s ta to r  iro n  i s  q u ite  accep tab le  

even fo r  f a u l t  c u rre n ts  as high as 40 A.

Berman, Kripmly and Skalka [ 5 ] ,  a t  a recen t C1GRE confe ren ce , 

d e sc rib ed  a th e o re t ic a l  and experim o-ta l in v e s t ig a t io n  which lead  to  th e  
co n c lu sio n  t h a t  i f  re p a ir s  on th e  m agnetic c i r c u i t  a re  to  be avoided e a r th  

f a u l t  c u r re n t should be l im ite d  to  a value as low as 1 A o r  1 ,5  A. They 

a lso  show t h a t  such low c u r re n ts  may flow  fo r  ex tended p e rio d s w ith o u t 
causing  d e te r io r a t io n  o f th e  s t a to r  in s u la t io n ,  In o rd e r to  ach ieve f a u l t  

c u r re n ts  as low as th e se  and to  p reven t a rc in g  a t  th e  p o in t o f  f a u l t  re so n sn t
e a r th in g  i s  proposed by th e se  au th o rs . Resonant ea r th in g  Viill be d iscu ssed

in  d e ta i l  in  Chapter 2.

Summarising, i t  can be s a id  th a t  low valued e a r th in g  impedances lead  

to  h igh  f a u l t  c u rre n ts  and e x ten s iv e  damage to  iro n  c i r c u i t s ,  e s p e c ia l ly  
where f a u l t  d u ra tio n s  a re  long. R epairs w ill  be e x ten s iv e  and outages 

p ro longed . For la rg e  gen e ra to rs  i t  i s  th e re fo re  e s s e n t ia l  to  l im i t  th e  

f a u l t  c u r r e n t  to  such a small value as p r a c t ic a b le .

1-3 l im i ta t io n  o f  fundamental frequency  overv o lta g e s  during  e a r th  f a u l t s

C onsider again  th e  case o f  a s in g le  phase to  e a r th  f a u l t  a t  th e  g e n e ra to r  
te rm in a ls  as shown in  MGURE 1 -2 -1 , I f  th e  f a u l t  i s  on phase A, th e  v o ltag es  

o f  th e  sound phases to  e a r th  a re  determ ined by th e  s o -c a lle d  ea r th in g  
c o e f f ic ie n ts .  These a re  defined  as 

m = x<? and y  = ^o



tL = 0,(10 W E

Sca le : SOiimi = 100% 
phase to  
n e u tra l  v o lta g e

FIGURE 1-3- 1 i S teady  s t a t e  o v ervo ltage  on phases 11 oncl C d u ring  a s in g le  

phase to  e a r th  f a u l t  on phase ft.



In  APPENDIX B i t  i s  shown th a t  th e  sound phase to  e a r th  v o ltag es  can 

be o b ta in ed  from a c h a r t  such as th a t  shown in  FIGURE 1 -3 -1 . For th e  s p e c i f ic  

ca se  where # = ^ o  = 0  and y = %  = 2  the* vo ltag es  o f phases B and C to  e a r th

* 7  * 7
a re  re p re se n te d  by OB' and OC re s p e c t iv e ly ,  th e  vo ltag e  o f phase A to  ground 

i s  z e ro ; th e  f a u l t  being on phase A. The h ig h e s t phase to  e a r th  vo ltag e  

w il l  occui- on phase C as in d ic a te d  by OC . I f  th e  g en e ra to r  n e u tra l  is  no t 

e a r th e d  fu>l l i n e - to - l i n e  vo ltag e  (vT"’ E) w ill  appear on each o f  th e  sound 
p h ases . These vo ltag es  a re  OB" and OC".

The v a lu e  o f  th e  phase to  e a r th  vo ltag es  on phase C w ill  be l e s s  than  
80% o f  th e  r a te d  l i n e - to - l i n e  vo ltag e  (/3 ” ’ E x 0 ,8 ) ,  provided < 1 and ^o < 3 .

X1 X1
These co n d itio n s  a re  in d ic a te d  by th e  shaded a rea  in  FIGURE 1 -3 -1 . A system 

o f  t h i s  ty p e  i s  termed an e f f e c t iv e ly  ea rth ed  system [7 ] .  I t  i s  im portan t 

to  know w hether a system i s  e f f e c t iv e ly  ea rth ed  o r  n o t as l ig h tn in g  a r r e s te r s  

w ith  a lower vo ltag e  r a t in g  (80S l i n e - to - l i n e  v o ltag e )  can be a p p lied  on 

e f f e c t iv e ly  e a r th ed  system s. On n o n -e f fe c tiv e ly  ea rth ed  systems lig h tn in g  
a r r e s t e r s  cap ab le  o f w ith stan d in g  100% l i n e - to - l i n e  vo ltag e  a re  re q u ire d .

The in s u la t io n  le v e l on e f f e c t iv e ly  ea rth ed  system s is  lower and ap p rec iab le  

sav in g s in  c a p i ta l  c o s t e n su e .[ 8] .

In sp e c tio n  o f  FIGURE 1-3-1 in d ic a te s  t h a t  e a r th in g  r e s i s to r s  cause h igher 
fundam ental frequency  o v ervo ltages  than ea r th in g  r e a c to r s .  As w ill  be shown 

in  CHAPTER 1 -4 , r e s is ta n c e  ea r th in g  i s  favoured f o r  g en e ra to rs  due to  the 

improved damping o f  t r a n s ie n t  o v e rv o ltag es . C onsequently , u n it  connected 

g e n e ra to rs  a re  u su a lly  n o n -e f fe c tiv e ly  ea rth ed  and in s u la t io n  and surge d iv e r to rs  

m ust be r a te d  fo r  l i n e - to - l i n e  v o ltag e .
A lthough s in g le  phase to  e a r th  f a u l t s  a re  considered  here i t  can be 

shown t h a t  two phase to  e a r th  f a u l t s  cause overv o ltag es o f  a s im ila r  o rd e r  

o f  m agnitude.

1-4 Suppression  o f  t r a n s i e n t  vo ltag es

T ra n s ie n t v o ltag es  may occur as a r e s u l t  o f  e i t h e r  l ig h tn in g ,  sw itch ing  

o r  a rc in g . In  th e  u n i t  connected arrangem ent th e  g en e ra to r tra n sfo rm e r a id s  

damping o f  su rg es  t h a t  o r ig in a te  as a r e s u l t  o f sw itch ing  o r  l ig h tn in g  on 

th e  high v o lta g e  system . In a d d i t io n ,  l ig h tn in g  a r r e s to r s  a re  provided  on 

th e  high v o lta g e  s id e  o f  th e  g en e ra to r  tran sfo rm er.



1-4-1 Surges due to  sw itch ing

In th e  v e rs io n  o f  th e  u n i t  connected scheme which employs a g en e ra to r 

c i r c u i t  b reak e r sw itch ing  surges can pose problems and surge d iv e r to r s  near 

th e  g e n e ra to r  te rm in a ls  a re  a n e c e s s ity .

C onsider a g en e ra to r w ith  a s in g le  phase to  e a r th  f a u l t  a t  one o f  i t s  

te rm in a ls  as shown in  FIGURE 1 -4 -1 . In te r ru p tio n  o f  th e  f a u l t  c u r re n t 
ta k e s  p la c e  a t  o r near a normal c u r re n t ze ro . In th e  case o f reac tan ce  

e a r th in g  th e  f a u l t  c u r re n t w il l  lag  behind th e  v o ltag e  o f th e  fa u l te d  phase 

by about 9 0°. As in d ic a te d  in  FIGURE 1-4-2 (a ) .a n eg a tiv e  s o -c a l le d  e x t in c t io n  

v o ltag e  p u lse  (uK) w ill  develop ac ro ss  th e  c i r c u i t  b reaker i f  th e  c u r re n t 
i s  in te r ru p te d  s l i g h t ly  befo re  a n a tu ra l c u r re n t z e ro . T his i s  due to  th e  

in d u c tiv e  energy L ^ 2 ) being .converted to  c a p a c itiv e  energy ( K m ^ )•

T his n e g a tiv e  peak is  fo ’ lowed by a p o s i t iv e  going recovery  v o lta g e . I t  i s  
c l e a r  t h a t  a la rg e  vo ltag e  peak i s  p o s s ib le .  In FIGURE 1-4-2 (b) the 

t r a n s i e n t  recovery  vo ltag e  i s  shown fo r  a r e s is ta n c e  e a r th ed  g e n e ra to r , i t  
w ill  be no ted  th a t  th e  e x tin c tio n  vo ltag e  i s  now follow ed by a small 

recovery  v o lta g e . The s ig n if ic a n c e  o f  t h i s  i s  th a t  r e s i s t i v e  ea r th in g  

reduces sw itch ing  overv o ltag es  -  f i r s t l y  by improving th e  power f a c to r  and 
th u s  reduc ing  th e  recovery vo ltag e  and secondly  by v ir tu e  o f in c reased  

damping. E a rth ing  through r e a c to r s ,  on th e  o th e r  hand , le ad s  to  la rg e  
t r a n s i e n t  o v e rv o ltag es .

W ittke [9 , p . 381] conducted a s e r ie s  o f  t e s t s  on an a l te r n a t in g  c u r re n t 
model network and concluded th a t  *o_ should n o t exceed 4 ,0  i f  th e  t r a n s i e n t

v o ltag es  a r e  to  be l im ite d  to  250 p e r  cen t normal l in e - to - t ie u tr a l  peak 

v o lta g e .

1 -4-2  Surges due to  a rc in g  f a u l t s

An e a r th  f a u l t ,  such as th a t  shown in  FIGURE 1 -4 -1 , can a lso  be c le a re d  

by th e  s e l f - c le a r in g  a c tio n  o f th e  a r c ,  e sp e c ia l ly  i f  e a r th  f a u l t  c u r re n ts  

a re  low as i s  th e  case  when la rg e  ea r th in g  impedances are  used, Under c e r ta in  

co n d itio n s  th e se  a rc s  r e ig n i te  in te rm it te n t ly  and e x c e s s iv e ly  high ov erv o ltag es  
a re  p o s s ib le .

When th e  f i r s t  th re e  phase d i s t r ib u t io n  systems were p u t in to  o p e ra tio n  

th ey  in v a r ia b ly  opera ted  w ith  is o la te d  n e u tra l  p o in ts .  Such arrangem ents
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FIGURE 1-4 -1 : S ing le  phase to  e a r th  f a u l t  -  eq u iv a le n t diagram  fo r  t r a n s ie n t  
a n a ly s is

FIGURE c 4 - 2  (a ) : Recovery  vo ltag e  acro ss  c i r c u i t  b reak e r fo r  r e a c to r  e a r th in g

A  A

FTKiiRF i - a - ?  (h), : Recov-arv voltage ac ro ss  c i r c u i t  b reak e r fo r  r e s i s t i v e  oarthinci



allow ed con tinued  op era tio n  during  e a r th  f a u l t s .  As systems became la rg e r  

t ro u b le  was soon experienced  as th e  a rc  c u r re n t was su s ta in e d  by th e  system 
cap a c ita n c e  to  e a r th .

C onsider a s in g le  phase to  e a r th  f a u l t  on a th r e e  phase g e n e ra to r  as 

shown in  FIGURE 1-4-3 ( a ) .  Applying T hevenin 's theorem to  t h i s  c i r c u i t ,  

re p la c in g  th e  p a r t  o f th e  c i r c u i t  which excludes th e  a rc  ( f a u l t )  by an 

e q u iv a le n t vo ltag e  so u rce , FIGURE 1-4-3 (b) i s  o b ta ined .

I t  i s  c le a r  t h a t ,  in  th e  case where Rn i s  i n f in i t e ly  la rg e ,  th e  e a r th  
f a u l t  c u r r e n t  i s  su s ta in e d  only by th e  capac itan ces C. th e se  capac itan ces  

a re  u su a lly  f a i r l y  sm all and th e  r e s u l t in g  f a u l t  c u r re n t on an unearthed  

system  i s  consequently  a lso  sm all. I f  th e  f a u l t  i s  an a rc  i t  i s  ex tin g u ish ed  
and r e ig n i te s  in te rm it te n t ly .  Very high t r a n s ie n t  vo ltag es  a re  p o ss ib le  

due to  th e  in te rm it te n t  a rc in g .
P e te rs  and S lep ian  [10] proposed sev era l th e o r ie s  o f in te r m i t te n t  

a rc in g  ( a ls o  c a lle d  a rc in g  g rounds). In a l l  th e se  th e o r ie s  r e s t r i k in g  o f 

th e  a rc  occu rs  a t  a fundamental c u r re n t ze ro  and t h i s  leads to  high frequency 
o s c i l l a t i o n s .  M u ltip le  r e s t r ik in g  i s  p o ss ib le  and th e  th e o r ie s  d i f f e r  only 

w ith  r e s p e c t  to  th e  exact in s ta n t  o f  a rc  e x tin g u ish in g .

Nowadays w ith  th e  advent o f  so l id ly  ea rth ed  tran sm issio n  s.1 

s u b je c t  o f  a rc in g  grounds has l o s t  some o f i t s  im portance. While .ed
and high re a c ta n c e  e a r th ed  system s were s t i l l  in  use a c o n s id e rab le  .in fe re n c e  

o f  op in io n  e x is te d  as to  w hether a rc in g  f a u l t s  a c tu a l ly  cause such high 
o v e rv o lta g e s  as claim ed [ 1 , p . 115].

As p o in ted  o u t in  s e c tio n  1-2 i t  i s  a d v isab le  to  l im i t  g en e ra to r  s t a to r  

e a r th  f a u l t  c u r re n t to  a small v a lu e  and r e l a t i v e ly  high n e u tra l e a r th in g  

impedances a re  necessary . On gen e ra to rs  a rc in g  f a u l t s  a re  th e re fo re  a 

p o s s ib i l i t y .
C onsider th e  case o f  r e s is ta n c e  ea r th in g  as shown in  FIGURE 1 -4 -3 .

The to t a l  e a r th  f a u l t  c u r re n t i s  l im ite d  by th e  p a r a l le l  com bination o f  th e  

phase to  e a r th  cap ac itan ces  and th e  ea r th in g  r e s i s to r  and th e re fo re  leads 
th e  d r iv in g  v o ltag e  as shown in  FIGURE 1 -4 -4 . At p o in t A th e  c u r re n t is  

e x tin g u ish e d  a t  a normal c u r re n t zero thus le av in g  a “trapped  v o ltag e"  equal 
to  AB on th e  c a p ac itan ces . This vo ltag e  w il l  th e o r e t ic a l ly  remain co n s tan t 

f o r  an unearthed  system b u t fo r  a r e s i s t i v e ly  ea rth ed  g en e ra to r t h i s  v o ltag e  

w ill  decay e x p o n e n tia lly  as shown. At p o in t C th e  system  vo ltag e  reaches 
a maximum and th e  vo ltag e  acro ss  th e  a rc  i s  CO.- I f  th e  a rc  were to  r e ig n i te  

a t  t h i s  in s ta n t  a high frequency t r a n s ie n t  would be e s ta b lish e d .
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FIGURE 1 -4 -3  (b ) :  ThSvenin e q u iv a le n t c i r c u i t  f o r  c u r re n t it. and vo ltag e  
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FIGURE 1 -4 -5  : T ra n s ie n t y o ltag o s fo r  any number o f r e s t r ik e s  in  f a u l t  a rc  
o r  c ro ss  c i r c u i t  b reak e r co n tac ts
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In  o rd e r  to  m inim ise th e  p ro b a b i l i ty  o f  r e l a t i o n  o f  th e  arc th e  

r e s i s t o r  shou ld  be o f  such a low value t h a t  th e  "trapped  v o ltag e"  decays 

to  a sm all value befo re  th e  g en e ra to r  vo ltag e  reaches i t s  peak. I f  th e  

tim e  c o n s ta n t 3R^C i s  made tim es th e  period  o f  a h a lf  cycle  ^

can  be shown t h a t  th i s  vo ltag e  decays to  e '*  = 0,0432 o f  th e  
i n i t i a l  v a lu e  w ith in  h a lf  a cyc le .

3RnC . 1 I 1
T  /l T r  "  2r F  =

  (1 -4 -1 ) .
This In e q u a l i ty  i s  a lso  known as P e te rs o n 's  r u le  [1 ,  p . 209] and can 

be a l t e r n a t iv e ly  s ta te d  : " th e  kW lo s s  in  th e  r e s i s t o r  during  a s in g le  phase 

t o  ground f a u l t  should be equal to  o r le s s  than  th e  c a p a c itiv e  kVA o f th e  

t o t a l  c a p a c ita n c e s  to  ground."
M arter and Johnson [ 11] - e p o r t  on t e s t s  conducted by means o f  a mode! 

netw ork from which th e  curve shown in  FIGURE 1 -4-5  r e s u l te d .
From t h i s  curve i t  i s  c le a r  th a t  th e  t r a n s i e n t  vo ltag e  i s  n o t s u b s ta n t ia l ly  

reduced i f  th e  r a t i o  o f kW lo s s  in  th e  r e s i s t o r  to  c a p a c itiv e  kVA exceeds 
u n i ty .  In  f a c t  i t  appears th a t  u n ity  i s  an optimum value fo r  t h i s  r a t i o .

The kW lo s s  in  th e  r e s i s t o r  i s  th e re fo re  made equal to  th e  c a p a c itiv e  kVA 

which can a ls o  be s ta te d  in  term s o f  P e te rs o n 's  ru?e  :

R = 1
n TC P — -  (1 -4 -2 ) .

1-5 P revent io n  o f  Ferro resonance  Phenomena 

1-5-1 S e rie s  F erroresonance

C onsider a g en e ra to r  e a r th ed  a t  i t s  n e u tra l  p o in t th rough a n o n - lin e a r  

re a c ta n c e .  I f  th e  thi*ee phase c i r c u i t  co n ta in s  an asymmetry such as a 

broken phase conductor a Thevenin e q u iv a le n t c i r c u i t  can be deriv ed  as shown 

in  FIGURE 1-5-1 (a )  and (b ) .
I f  th e  s e r ie s  raac tan ce  o f th e  g en e ra to r i s  n e g lig ib le  compared to  th e  

n e u tra l  imped? ce th e  e q u iv a le n t c i r c u i t  can be s im p lif ie d  to  t h a t  shown in  

FIGURE 1 -5 -2 .
RUdcnberg [1 2 , p. 642] proposed a g rap h ica l method o f  a n a ly s is  o f  c i r c u i t s  

o f  t h i s  ty p e . This method c o n sid e rs  only th e  fundamental component o f  c u r re n ts  

and v o lta g e s .
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FIGURE 1-5-1 (a )  : Broken phase conductor on g e n e ra to r : ( i ) C i r c u i t  diagram
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FIGURE 1 -5 -3  : Phasor d i agram fo r  F IG U R E  1 -5 -g
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The ph aso r diagram  fo r  above c i r c u v  s shown in  FIGURE 1 -5 -3 , C onsidering 
only  th e  m agnitudes o f  th e  v o ltag e  drops ic  <■> p o ss ib le  to  w r ite  down the 
fo llo w in g  eq u a tion

:  -  - W T T T i . T T g r

T h is  eq u a tio n  can be analysed  g ra p h ic a lly . C onsider f i r s t l y  th e  case  o f 

Rn «= 0 when eq u a tion  (1 -5 -1 ) reduces to

U, » +E + ^n 
L "" 3T  ( 5 )

As s ta te d  p re v io u s ly ,  U, is  a n o n - lin e a r  fu n c tio n  o f  I and can be rep re sen ted  

by th e  m ag netis ing  curve of th e  r e a c to r .

FIGURE 1 -5-4  i s  a g rap h ica l re p re se n ta tio n  o f  equa tion  ( B ) .  As 

p o in ted  o u t by RUdonbcrg only  p o in ts  A and C a re  s ta b le .  As in d ic a te d  by 
th e  d o tte d  l in e s  sm all capac itan ces  (s te e p  s lo p e s)  perm it only a s in g le  

o p e ra tin g  p o in t  C  a t  a low v a lue  o f v o ltag e  acro ss  th e  n e u tra l  impedance.

I f  a s im i la r  g rap h ica l a n a ly s is  i s  c a r r ie d  o u t fo r  th e  general case 

where F?n ?? 0 th e  term  under th e  square ro o t in  equa tion  ( A ) can be shown 

to  re p re s e n t  an e l l i p s e  as shown in  FIGURE 1 -5 -5 .'
From FIGURE 1 -5 -5  i t  i s  c le a r  th a t  two s ta b le  o p e ra tin g  p o in ts  A and C 

a re  p o s s ib le .  However, i f  Rn i s  made la rg e r  only one s ta b le  o p e ra tin g  

p o in t  A1 a t  a low value o f v o ltag e  i s  p o s s ib le .  Such a case  i s  given by 

th e  d o tte d  e l l i p s e .  As po in ted  o u t by Piirienberg th e  ad d itio n  o f  mors 

r e s i s ta n c e  to  th e  c i r c u i t s  e lim in a te s  th e  h igher o p e ra tin g  p o in t .  Under 

c e r ta in  co n d itio n s  a c i r c u i t  w ill  a lso  "jump" from th e  lower o p e ra tin g  p o in t 

to  th e  h ig h e r  one.
From th e  p reced ing  a n a ly s is  i t  appears th a t  th e  c i r c u i t  o f FIGURE 1-5-1 

can go in to  s e r ie s  fe rro re so n an ce  i f  a c i r c u i t  phase unbalance such as an 

open phase were to  occu r. The p o s s ib i l i t y  of an open s t a to r  phase on a 

la r g e  g e n e ra to r  i s  remote but unbalance may bo caused by a r e lu c ta n t  c i r c u i t  

b re a k e r  in  one phase.



FIGURE 1 -5 -4  : Graphical A nalysis o f c i r c u i t  w ith  ^n = 0

FIGURE 1 -6- G : G raphical a n a ly s is  fo r Rn /_ 0



1-5-2  P a ra l le l  Ferroresonance : N eutral I n s t a b i l i t y

S h o tt  and Pe te rson  [13] po in ted  o u t t h a t  ^ r a l l e l  fe rro re so n an ce  is  

p o s s ib le  in  a symmetrical c i r c u i t  such as t h a t  sho'-m In  FIGURE 1 -5 -6 . Here 

th e  a c tu a l n e u tra l  p o in t i s  n o t ea rth ed  b u t th e  phases a re  t i e d  to  e a r th  
by means o f  th re e  vo ltag e  tra n s fo rm e rs , th e  secondary b ind ings o f  which are  

o f te n  connected in  open d e i ta  fo r  p ro te c tio n  and in d ic a tio n  pu rp o ses . The 
c a p ac itan ces  C a re  th e  capac itan ces  to  e a r th  o f  th e  s t a to r  w inding, b u sb a rs , 

e t c .  f o r  each phase.

In  each phase the cap ac itan ce  C is  in  p a ra l le l  w ith  th e  m agnetising  

re a c ta n c e  o f th e  vo ltag e  tran sfo rm er of th a t  phase. The vo lt/am pere 

c h a r a c t e r i s t i c  o f  th e  p a r a l le l  com bination can be deriv ed  as in d ic a te d  in 

FIGURE 1 -5-7  ( a ) .
From th i s  diagram i t  i s  c le a r  th a t  f o r  vo ltag es below IT th e  r e s u l t in g  

c u r r e n t  i s  le ad in g  w hile  fo r  v a lues of U above U1 th e  r e s u l ta n t  c u r re n t is  

la g g in g . Suppose fo r  example th a t  a tem porary d is tu rb an ce  in  th e  v o ltag es  

o f  th e  system shown in  FIGURE 1 -6-6  e s ta b l is h e s  a vo ltag e  le s s  than  IT across 

th e  c a p a c ito r  and v o ltage  tran sfo rm er o f one phase (A) w hile  th e  co rresponding  
v o ltag es  on th e  o th e r  two phases a re  in  excess o f  IT . The requ irem en t is  

thus t h a t  th e  c u r re n t i ft must be lead ing  w hile  th e  c u r re n ts  IB and I c must 
be lag g in g  w ith  re sp e c t to  th e  co rresponding  v o lta g e s . From in sp e c tio n  o f 

th e  phaso r diagram  o f  th e  c i r c u i t  i t  i s  c le a r  th a t  t h i s  requ irem en t can 

only  be m et i f  th e  n eu tra l p o in t o f  th e  system  becomes in v e rte d  as shown 

in  F IG U R E  1 -5-7  (b ).
The above an a ly s is  i s  an o v e rs im p lif ic a tio n  o f a very complex problem 

b u t se rv e s  th e  purpose o f i l l u s t r a t i n g  t h a t  under c e r ta in  c ircum stances very 
h igh  fundam ental frequency  o v ervo ltages  a re  p o s s ib le . S h o tt and P e te rson  [13] 

i l l u s t r a t e d  by means o f  t e s t s  on a m in ia tu re  system  t h a t ,  a p a r t  from th e  

fundam ental frequency n eu tra l disp lacem ent v o ltag o , th i rd  harmonic and one 
h a l f  fundam ental frequency ferro reso n an ce  modes a re  a lso  p o s s ib le .  T he ir 

recommendations can be summarised as fo llow s:

For l i n e - to - l l n e  r a te d  vo ltag e  tran sfo rm ers  connected l in e - to -n e u t^ a t  

co rresponding  to  general p ra c tic e  in  th e  a p p lic a tio n  o f such dev ices  the 

range o f  abnorm ality  i s  defined  approxim ately  by 0,012 < * c  < 0 ,6  where Xc 
y ^m

is  th e  c a p a c itiv e  reac tan ce  to  ground and m i s  th e  r a t i o  o f vo ltag e  to  

m agnetis ing  c u r re n t o f th e  v o ltag e  tran sfo rm er measured a t  r a te d  v o ltag e .

I f  a g iven  c i r c u i t  i s  found to  f a l l  w ith in  t h i s  ran g e , normal behaviour can



FIGURE 1 -5 -6  : C ir c u i t  f o r  a n a ly s is  o f n e u tra l i n s t a b i l i t y

C ap ac itiv e  c u r re n t ( c ) ^ \ f  In d u c tiv e  c u r re n t ( L)

FIGURE 1 -5-7  (a ) : P a ra l le i  com bination o f  cap ac itan ce  and induc tance  o f 

one phase

FIGURE 1 -5 -7 (b) : Phaser d'lugr.im f or th e  c i r c u i t  o f  HfllRE 1 - 5 - 6



be ensured  by connecting  a r e s i s to r  o f  value equal to  th a t  o f in across 

th e  open d e l ta .

A com plete p ic tu re  o f S h o tt and P e te rso n 's  fin d in g s  i s  given in  
FIGURE 1 -5 -8 .

A nalysis  o f a system :such as t h i s  i s  a form idable  ta s k  s in c e  th re e  
n o n - l in e a r i t i e s  t h a t  op e ra te  under d i f f e r e n t  vo ltag e  co n d itio n s  a re  involved .

I t  i s  th e re fo re  im possib le  to  d eriv e  an e q u iv a le n t s in g le  phase c i r c u i t  fo r  

th e  a n a ly s is  o f  th e  problem. In th e  fo llow ing  th e  method o f d esc rib in g  

fu n c tio n s  w ill  be used.

1 -5-3  Method o f  D escrib ing  Functions a p p lied  to  p a r a l le l  fe rro re so n cn ce

phenomena

1-5-3-1  In tro d u c tio n

In gen e ra l th e  method o f  d escr ib in g  fu n c tio n s  can be ap p lied  to  a 

system  w ith  a b lock  diagram as shown in  FIGURE 1 -5 -9 . The necessary  
c o n d itio n s  f o r  th e  ap p lic a tio n  o f th i s  method i s  th a t  a t  th e  frequency  under 

c o n s id e ra tio n  (u) th e  l in e a r  p a r t  o f  th e  open loop t r a n s f e r  fu n c tio n  

.G.,(joi)G2 (ji>)) must be o f  such a high o rd e r th a t  a l l  harmonics a re  f i l t e r e d  
o u t. I r r e s p e c t iv e  o f th e  harmonic co n ten t o f th e  o u tpu t (y) o f  th e  non- 

l i n e a r i t y ,  th e  in p u t to  th e  n o n - l in e a r i ty  th e re fo re  la rg e ly  c o n s is ts  o f a 

s ig n a l o f  th e  fundamental frequency (to).
The d e sc r ib in g  fu n c tio n  (DF) o f a n o n - l in e a r i ty  i s  defined  as th e  r a t i o  

between th e  fundamental frequency components o f  th e  o u tp u t and in p u t s ig n a ls  

o f  th e  n o n - lin e a r  elem ent.

. --
At th e  frequency  w th e  n o n -lin ea r  elem ent i s  th e re fo re  rep laced  by a gain N(A).

A l i m i t  cyc le  is  a s e lf - s u s ta in e d  o s c i l la t io n  a t  frequency  w and am plitude 
A and w il l  occur in  FIGURE 1-5-8 i f  th e  in p u t i s  zero when

y  = ( 0  -  y s 2 t j « ) ) G 1 (3« jN (A )

= -  yG^(iw)G2(jw)N(A)

= “ W  ------(1-5-2)

-1
. ' .  G(jiti) = G1(jw)G2 (jw) = H W  -------- (1-5-3)

The method o f d e sc rib in g  fu n c tio n s  c o n s is ts  o f p lo t t in g  G(jiu) and -  TTTAJ 

in  th e  complex p lan e  and f in d in g  th e  value o f A which corresponds w ith  th e  

r e q u ire d  frequency  w.
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FIGURE 1 -5 -8  : Regions o f  p o s s ib le  n e u tra l i n s t a b i l i t y  fo r  th e  c i r c u i t  
o f  FIGURE 1-5-6

+ h igher 
harmonics

N on-linear 
fu n c tio n  -

FIGURE 1 -5-9  : Block diagram o f  system fo r  OF a n a ly s is



W est, r- jc e  and L ivesley  [14] developed th e  concept o f d e sc r ib in g  

fu n c tio n s  to  apply in  th e  case where th e  in p u t to  th e  n o n - l in e a r i ty  tak es  

th e  form ft ̂  s in  (wt + 4, ) +An s in  (n u t) .  The low frequency  dual in p u t DF
i s  d e fin ed  as

M A -B) = j l  I 6-1 ~ t 1' 5"4 )

and th e  high frequency dual in p u t DF as

N.(A,B) -  Dn l 6n — -  (1 -5 -5 )

where Dj and o a re  th e  am plitudes o f th e  components o f frequency  u and nu 
r e s p e c t iv e ly .  o1 and 0 a re  th e  phase s h i f t s  a s so c ia te d  w ith  th e  components 

o f  th e  two fre q u e n c ie s  r e s p e c tiv e ly .

There have been v arious a ttem p ts  to  use th e  method o f  d e sc rib in g  

fu n c tio n s  f o r  th e  a n a ly s is  o f  fe rro re so n an ce  phenomena. Several au tho rs  
ana lysed  s e r i e s  fe rro sonance  c i r c u i t s  u sing  some o r o th e r  form o f  DF method 

[1 5 ,1 6 ] . S w ift [17 ] and Kumar e t  a l [18 ] analysed  p a r a l le l  fe rro re so n an ce  

o f  a s in g le  phase c i r c u i t  by means o f an increm ental DF method and in d ic a te d  

t h a t  jump resonance can occur.

In  most o f above m entioned ana lyses only s in g le  phase c i r c u i t s  are  

co n sid e red  and th e  e f f e c t  o f h y s te re s is  and eddy c u r re n t lo s se s  a re  neg lec ted  

o f te n  w ith o u t being m entioned a t  a l l .

1 -5 -3 -2  DF a n a ly s is  o f n e u tra l  in v e rs io n

In  th e  p re se n t a n a ly s is  an a ttem p t is  made to  v e r ify  th e  n eu tra l 

s t a b i l i t y  c r i t e r i a  o f  S h o tt and Peterson  [13] by means o f a DF method.

The th re e  phase c i r c u i t  diagram  i s  shown again  in  FIGURE 1-5-10.

In  Appendix C th e  b a s ic  eq u a tio n s fo r  t h i s  c i r c u i t  a re  d eriv ed  to g e th e r  

w ith  th e  b lock  diagram  fo r  zero  sequence q u a n t i t ie s  shown in  FIGURE 1-5-11 . 

The t r a n s f e r  fu n c tio n  o f  th e  open loop i s

I t  i s  c l e a r  t h a t  th e re  a re  two po les and one z e ro . In o rd e r  to  be ab le  

to  app ly  th e  DF method w ith  reaso n ab le  accuracy i t  i s  p re fe ra b le  t h a t  th e  

m a jo r ity  o f th e  po le s  over th e  zeros should be two, However, in  th e  sp e c ia l
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j  I t  i s  c le a r  th a t  th e re  a re  two po le s  and one ze ro . In o rd e r  to  be ab le

to  app ly  th e  DF method w ith  reaso n ab le  accuracy  i t  i s  p re fe ra b le  t h a t  th e  

m a jo r ity  o f  th e  po les over th e  zeros should be two. However, in  th e  sp e c ia l

L Z

W est, Douce and L iv esley  [14] developed th e  concept o f d e sc r ib in g  

fu n c tio n s  to  apply in  th e  case  where th e  in p u t to  th e  n o n - l in e a r i ty  tak es

th e  formAj s in  (wt +* ) +An s in  (nw t). The low frequency  dual in p u t DF
i s  d e fin ed  as

N,(A ,B) » D1 | el -  * — -  (1 -5 -4 )
' 4

and th e  high frequency dual in p u t DF as

Hn(A,B) .  — - (1 -5 -5 )

where Dj and ^  a re  th e  am plitudes o f th e  components o f frequency  w and m  

r e s p e c t iv e ly ,  e . and on a re  th e  phase s h i f t s  a s so c ia te d  w ith  th e  components 

o f  th e  two freq u en c ie s  r e s p e c tiv e ly .

There have been v a rio u s a ttem p ts  to  use th e  method o f d e sc rib in g  
fu n c tio n s  fo r  th e  an a ly s is  o f  fe rro re so n an ce  phenomena. Several au tho rs  

ana ly sed  s e r i e s  fe rro sonance  c i r c u i t s  using some o r o th e r  form o f  DF method 

[1 5 ,1 6 ] .  S w ift [17 ] and Kumar e t  al [181 analysed  p a r a l le l  fe rro re so n an ce  
o f  a s in g le  phase c i r c u i t  by means o f an increm ental DF method and in d ic a te d  

t h a t  jump resonance can occur.
In  most o f above m entioned ana lyses only s in g le  phase c i r c u i t s  are  

co n s id e red  and th e  e f f e c t  o f  h y s te r e s is  and eddy c u r re n t lo s se s  a re  neg lec ted  

o f te n  w ith o u t being mentioned a t  a l l .

In th e  p re se n t a n a ly s is  an a ttem p t i s  made to  v e r ify  th e  neu tra l 

s t a b i l i t y  c r i t e r i a  o f S h o tt and Pe te rson  [13 ] by means o f a DF method.
The th re e  phase c i r c u i t  diagram  i s  shown again  in  FIGURE 1-5-10.

In  Appendix C th e  b a s ic  eq u a tio n s fo r  th i s  c i r c u i t  a re  derived  to g e th e r  

w ith  th e  b lock  diagram  f o r  zero sequence q u a n t i t ie s  shown in  FIGURE 1-5-11 . 

The t r a n s f e r  fu n c tio n  o f  th e  open loop^is



FIGURE 1-5-10 : Complete th re e  p.iase diagram under a n a ly s is

FIGURE 1-5-11 : Block diagram f o r  zero  sequence ciuant-itjcis
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case  where r  -  0 th e re  a re  two po les and no z e ro s , thus making th e  system 

s u i ta b le  fo r  OF a n a ly s is .  I t  th e re fo re  appears t h a t  th e  system  can be 

analysed  by means o f  th e  9F method bea rin g  in  mind th a t  r  is  u su a lly  f a i r l y  

sm all in  comparison w ith  th e  m agnetising  reac tan ce .

At a frequency  o f w th e  o p e ra to r P can be re p la c e d 'b y  jiu, th u s  g iv ing  

th e  frequency  t r a n s f e r  fu n c tio n  o f th e  l in e a r  p a r t  o f  th e  system :

G (M  = >"0 /x c + l / r E) + 1 & ! 4 f / r E + jw r/xc _____ ( 1- 5- 7 )

* ' / t  -  / A ,  + J

The co n d itio n  fo r  the  ex is te n c e  o f  a s e lf - s u s ta in e d  o s c i l l a t i o n  a t  an 

an g u la r frequency w i s  (from equa tion  1-5-S)

G(ja.) = -  )/N(A,B) (1 -5 -8 )
where A = E /ju  and 8 = 1/3 U^/jw

The n e u tra l  disp lacem ent v o ltage  Un --i,UT = & j #  can under
d i f f e r e n t  circum stances c o n s is t  o f  fundamental frequency , th i rd  harmonic 

o r i  fundamental frequency v o lta g e s . The norm alised voH age ^T can be 

in te rp re te d  as th e  sum o f th e  th re e  phase vo ltag es  ( to  e a r th )  which can be 
o b ta in ed  by m easuring th e  vo ltag e  across th e  open d e l ta  secondary w indings 

o f  th e  e a r th in g  tran sfo rm ers .
The ex is te n c e  o f s e lf - e x c i te d  o s c i l la t io n s  a t  these  freq u en c ie s  can be

v e r i f ie d  in  tu rn  by p lo t t in g  G (jy) fo r  th e  s p e c i f ic  frequency as a fun c tio n

o f  th e  system  param eters and n o tin g  th e  reg ions o f  p o s s ib le  in te r s e c t io n  

w ith  -  VN(A,D),
The only  in form ation  a v a ila b le  reg a rd in g  th e  tran sfo rm ers  used in  th e  

t e s t s  done by S h o tt and Peterson  i s  a m s  m ag netisa tion  curve o f  th e  tra n sfo rm e rs . 

In  th e  p re s e n t a n a ly s is  th e  n o n - l in e a r i ty  o f each phase i s  rep re sen ted  by 

a polynom ial o f  th e  form
t  = k j*  -  k3iji3 -t- kg*5  ( 1 -5 - 9 )

The c o n s ta n ts  k^, k3 and k5 a re  chosen such th a t  under s in u so id a l vo ltago  
e x c i ta t io n  a rms curve as c lo se  as p o ss ib le  to  th a t  given  in S h o tt and 

P e te r s o n 's  paper. In  FIGURE 1-5-1?. th e  m agnetising  curve ob ta ined  which 
co in c id es  w ith  th a t  o f S h o tt and Pe te rson  i s  g iven . In  t h i s  d e r iv a tio n  

th e  e f f e c t  o f  iron  lo sse s  a re  neg lcc ted .

The d e sc r ib in g  fu n c tio n s  fo r  th e  various freq u en c ie s  a re  derived  

a n a ly t ic a l ly  in  APPENDIX 0 and in  TABLE 1-5-1 th e  r e s u l t s  a re  summarised.



Times normal rm s ewiUiic currant

FIGURE 1 -S -O : M agnetisation  curve o f tran sfo rm er derived  from equation
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A i s  th e  am plitude o f th e  fundamental frequency  supply f lu x  lin k ag es and 
B th e  am plitude o f th e  n e u tra l disp lacem ent f lu x  l in k a g e s . The phase ang le  

between th e  n e u tra l  disp lacem ent and th e  supply i s  denoted by 6 .

TABLE 1-5-1 D escribing Functions fo r  * = 1.3  and I  s .u .

frequency w 
per u n i t )

1 N,(A,B) = k, -  lk 3A2 -  |k 3B2 -t 15k5A4 + p k g A 2 + | k 5B4 

* -  **

3 N3(A,B) ,

dY*/* -  ^
*  ki ■ M - ty2 A ' r y 4 + * fy4
-  | k 5A3Be + j36

1 Nh(A,B) «

ki " iy2" fy2 4 4 r y Y  +|i<5b4

The lo cu s o f th e  n eg a tiv e  in v e rse  o f  th e  fundamental DF N^(AiB) fo r  fix ed  

v a lues  o f  A and B and v a r ia t io n  o f 6 between 0 and 60° i s  shown to  be a c i r c le  

(See APPENDIX D). The r a d i i  and c en tre s  o f c i r c le s  fo r  A = 1,414 (co rrespond ing  

to  arm s supply  v o ltag e  o f 1 per u n i t )  and v arious values o f  B a re  computed. 

(See APPENDIX E f o r  computer program s). The r e s u l t s  a re  p re sen ted  in  FIGURE
1-5-13  f o r  th e  fundamental DF. On th e  same diagram th e  t r a n s fe r  

fu n c tio n  G(jw) i s  mapped as a fu n c tio n  o f xc } r £ and r .

FIGURE 1-5-13 shows th e  fam ily  o f c i r c le s  fo r  d i f f e r e n t  values o f  £).

I t  i s  c l e a r  th a t  th e  c i r c le s  converge to  th e  o r ig in  fo r  in c re a s in g  values 

o f  Two lo c i  o f  th e  frequency t r a n s f e r  fu n c tio n  are  shown fo r  v a lues  o f 

r £ = 5 and 0 ,3 3 . The value o f 5 re p re se n ts  th e  iro n  lo sse s  o f  th e  tran sfo rm ers  
and i s  based on th e  somewhat a r b i t r a r y  assum ption th a t  th e  numerical value 

o f  th e  iro n  lo s s  re s is ta n c e  in  th e  tran sfo rm er e q u iv a le n t c i r c u i t  is  f iv e
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FIGURE 1-5-14 : C irc u la r  d e sc r ib in g  fu n c tio n  c h a r a c te r i s t ic  and freq u en cy 

t r a n s f e r  fu n c tio n  in  th e  am plitude r a t io /p h a s e  p lane



tim es t h a t  o f th e  m agnetising  impedance. The v a lu e  o f r  = 6,0003 fo r  th e  se ric  

re s i s ta n c e  o f  th e  tran sfo rm er is  given by S h o tt and P e te rson  [1 3 ].

I t  w i l l  be noted th a t  th e re  a re  two p o in ts  o f  in te r s e c t io n  w ith  th e  

frequency  t r a n s f e r  fu n c tio n . C onsider a general case re p re se n te d  on the 

am plitude r a t i o  -  phase p lane as shown in  FIGURE 1-5-14 [1 9 ] .  The two 
p o s s ib le  s ta b le  o p e ra tin g  p o in ts  a re  X and V. The s t a b i l i t y  o f th e se  s t a t e s  

i s  checked by in tro d u c in g  a small p e r tu rb a tio n  when th e  system  i s  o p e ra tin g  

a t  th e se  s t a t e s .  C onsider fo r  example s t a t e  Y. I f  th e  phase i s  in c rea sed  
s l i g h t ly  to  Yl say then  th e  am plitude i s  a lso  in c rea sed . On th e  frequency 

tr a n s f e r  fu n c tio n ,  however, an in c rea se  in  am plitude corresponds to  a d ecrease  

in  frequency  which r e s to r e s  th e  phase ang le . Y i s  thus a s ta b le  o p e ra tin g  

p o in t .  L ikew ise X can be shown to  be an u n s ta b le  s t a t e .  In FIGURE I - IS -M  

only  th e  l e f t  hand in te r s e c t io n s  a rc  th e re fo re  s ta b le .  Note t h a t  fo r  high 

va lues  o f  B no in te r s e c t io n s  are  ob ta in ed . According to  t h i s  diagram  th e  
range o f v a lues  of x where n eu tra l i n s t a b i l i t y  due to  fundamental frequency  

fe rro re so n a n c e  can occur i s  0,048 < xc < 0 ,3 4 . The co rrespond ing  range 
ob ta in ed  by S h o tt  and Pa te rson  (See FIGURE 1 -5 -8 ) i s  0 ,075 < X < 0 ,5 5 . I t

w il l  be no ted  th a t  no s ta b le  o p e ra tin g  p o in ts  a re  o b ta in ed  fo r  = 0 ,33 .

T his i s  in  keeping w ith  S h o tt and P e te rso n 's  suggestion  t h a t  a r e s i s t o r  o f  
va lu e  1 ,0  per u n i t ,  connected ac ro ss  th e  open d e l ta  o f th e  tran sfo rm ers  would 

suppress n e u tra l i n s t a b i l i t y ,  . i
The th i r d  harm onic d e sc rib in g  fu n c tio n  o r r a th e r  TiJpC SJ i s  given in

FIGURE 1 -5 -15 . I t  w ill  be noted th a t  a fam ily  o f skew e l l i p s e s  i s  o b ta in ed .

Once ag a in  on ly  th e  p o in t o f in te r s e c t io n  fu r th e r  from th e  o r ig in  i s  s ta b le .

The d esc r ib in g  fu n c tio n  corresponding  to  a value o f  B between 0 ,2  and 0,3 
has i t s  le f tm o s t p o in t o f in te r s e c t io n  w ith  th e  n eg a tiv e  re a l  s e r ie s  a t  -  » . 

S ince  we a re  d ea lin g  id th  th e  n eg a tiv e  o f  the in v e rse  of th e  DF th e  ac tu a l 
d e sc r ib in g  fu n c tio n  i s  zero fo r  t h i s  value o f  B. The s ig n if ic a n c e  o f  t l i is  

v a lu e  o f B i s  th a t-  th e  th i r d  hem onic o f  the fundamental wave i s  can ce lled  

by th e  th i r d  harmonic s ig n a l (B sin3ut) ap p lied  to  th e  c i r c u i t .  T h is co n d itio n  
in  f a c t  corresponds to  th e  o p e ra tio n  o f th re e  s ta r-co n n ec ted  s in g le  phase 

t ra n sfo rm e rs  w ith o u t th e  cap a c ito rs  where th i r d  harmonic c u r re n ts  can n o t 
flow  in  th e  n e u tra l  connection  and a th i r d  harmonic component appears in  th e  

f lu x  and th e  phase vo ltag es  [9 , p .416].
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The frequency t r a n s f e r  fun c tio n  fo r  w -S is supen'm oosed on th e  d e sc r ib in g  

fu n c tio n . The t r a n s f e r  fun c tio n  i s  drawn fo r  = 2 and = 1. The iro n  lo s se s  

a r e  frequency  dependent and th e  lower value o f r £ used here (compared to  the 

fundamental frequency case) a llow s fo r  t h i s  f a c t .  Again t h i s  value o f r^  g ives 
a range o f  x where p o ss ib le  n e u tra l  i n s t a b i l i t y  can occur. , At high v a lues  

o f  B th e  e l l i p s e s  become so small th a t  no p o in ts  o f  in te r s e c t io n  a re  ob ta in ed .
From TABLE 1-5-1 i t  appears th a t  th  . OF fo r  u = £ con ta in s  on ly  a re a l 

p a r t .  I f  t h i s  were so no p o in ts  o f  in te r s e c t io n  would be p o s s ib le  in  th e  

p resence  o f even th e  s l i g h t e s t  s e r ie s  o r shunt r e s is ta n c e .  T his i s  obv iously  
n o t c o r r e c t  and th e  inaccuracy  is  probably  due to  th e  f a c t  th a t  a component 
o f  frequency  u = - | i s  generated  due to  th e  in p u t o f  frequency u = | .  The

to = - |  component was n o t taken in to  account in  th e  a n a ly s is .  T h is , to g e th e r

w ith  th e  f a c t  th a t  th e  "low pass f i l t e r "  a c tio n  cannot d is t in g u is h  between 

components w = 1 and w = -^ ex p la in s  why th e  DF model developed f o r  u = £ i s
unaccep tab le . A more a ccu ra te  model w ill  have to  be developed in  o rd e r  to

stu d y  th e  & fundamental frequency resonance in  more d e t a i l .

1 -5 -3 -3  Experim ental v e r i f ic a t io n

An experim ental in v e s tig a tio n  o f th i s  phenomenon was c a r r ie d  o u t on a 

c i r c u i t  s im ila r  to  th a t  shown in  FIGURE 1-5-10 . Three s in g le  phase tran sfo rm ers  

were used and a mean m agnetisa tion  curve was derived  from a fam ily  of 

h y s te r e s is  curves which was ob tained  by measurement. In ad d itio n  th e  iron  
lo s s e s  were measured and an average value was ob ta ined  over th e  expected 
range of v c lta g e .

From above measurements and based on a re fe re n c e  volage Ut, -  78,5 V th e  

fo llo w in g  equa tion  fo r  th e  m agnetisa tion  curve was ob ta ined

i = 2 * -  0 ,75*3 + 1 ,9*5 ------ (1-5-10)
During th e se  t e s t s  w ith = 0,506 per u n i t  th i rd  harmonic resonance 

m an ifested  i t s e l f  as a jump resonance which occurred  a t  a supply vo ltag e  o f 

1,67 p .u . (peak ). The r e s u l t in g  th i r d  harmonic n e u tra l d isp lacem ent i s  shown 
in  FIGURE 1-5-16 . A th ird  harmonic peak vo ltag e  o f about 250 V (3 ,2  p .u .)  

was observed.
In FIGURE 1-5-17 th e  th ird  harmonic OF fo r  th e  c i r c u i t  is  shown fo r  

d i f f e r e n t  v a lu es  o f B. On the same diagram p o in t Q i s  in d ica ted  to  re p re se n t 

G(jw) fo r  w = 3 , xc = 0,506 and r^  = 0 ,7 . The value o f  r^  was obj,n ir .’H from 
th e  iro n  lo s s  measurements.



FIGURE 1-5-16 : Third harmonic neutral displacement voltage Un>

V ertica l s c a le  : 1 cm = 1,27 p .u .

H orizontal s c a le  t 1 cm = 5 ms
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FIGURE 1-5-17  : Third  hai-monic OF fo r  experim ental s e t  up. Complex v a lue  of 

G(xc) in d ic a te d  by p o in t Q.
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From t h i s  diagram i t  i s  c le a r  th a t  Q corresponds to  a v a lu e  of B=0,S.

The v o ltag e  a s so c ia te d  w ith t h i s  value o f B  i s  Un = w8 = 3B. The- n e u tra l

d isp lacem en t vo ltag e  i s  th e re fo re  3 x 0 ,8  = 2 ,4  p .u . T his value d ev ia te s

25% from th e  measured 3,2 p .u . The reason fo r  th e  la rg e  e r ro r  can be
sought in  th e  presence o f higherharm onics and in a c c u ra te  m odelling o f  iro n  lo s s e s .

During th ese  t e s t s  fundamental frequency resonance could a lso  be 
e s ta b l is h e d  w ith  some d i f f i c u l ty  w h ils t  i t  was n o t p o ss ib le  to  e s ta b l i s h  th e  

one h a lf  fundamental frequency resonance.
I t  was a lso  e s ta b lis h e d  t h a t  a r e s i s to r  having an ohmic value o f  th e  same . 

o rd e r  o f m agnitude suggested  by Sho tt and Peterson  would ad eq u ate ly  supp ress 

n e u tra l  i n s t a b i l i t y .

1 -5 -3 -4  Concl usions

Although o r ig in a l ly  in tended  as a v e r i f ic a t io n  o f S h o tt and P e te rs o n 's  

n e u tra l s t a b i l i t y  c r i t e r i a  only m oderate success has been ach ieved  a t  t h i s

From th e se  q u a l i ta t iv e  r e s u l t s  and a n a ly s is  i t  does appear th a t  S h o tt 
and P e te rs o n 's  c r i t e r i a  a re  probably  reaso n ab le . I t  does however seem th a t  

iro n  lo s s e s  have an im portan t e f f e c t  on th e  e x te n t b f th e  s t a b i l i t y  reg io n s .
From FIGURE 1-5-13 i t  a lso  appears th a t  th e  winding s e r ie s  r e s i s ta n c e  r  p lays 

an im p o rtan t p a r t  in  e s ta b lis h in g  th e  “low x c " s t a b i l i t y  boundary.

In p r a c t ic a l  a p p lic a tio n s  th e  fo llow ing  m easures to  p rec lude  th e  
p o s s ib i l i t y  o f  n eu tra l i n s t a b i l i t y  are  suggested .

i )  Adherence to  S ho tt and P e te rso n 's  c r i t e r i a .
i i )  Choice o f o p e ra tin g  p o in t very low on th e  tran sfo rm er m agn e tisa tio n

1 -6  S e le c tiv e  and S e n s itiv e  S ta to r  E arth F a u lt P ro tec tio n

1-6-1 In tro d u c tio n

In general h igher e a r th  f a u l t  c u rre n ts  should be c lea red  fa s te r  than 

sm a lle r c u r r e n ts .  In th e  case  o f gen era to rs  where th e  e a r th  f a u l t  c u rre n ts  

a re  l im ite d  to  values o f th e  same o rd e r  as th e  phase f a u l t  c u r r e n ts ,  the  
phase f a u l t  p ro te c tio n  such as o v e rcu rren t o r d i f f e r e n t i a l  p ro te c tio n  would 

be adequate  to  c le a r  e a r th  f a u l t s .
•In ca se s  where e a r th  f a u l t  c u r re n t i s  l im ite d  t o  small v a lu e s , however, 

s e n s i t iv e  e a r th  f a u l t  p ro te c tio n  should be provided and s in ce  c u r re n ts  are  
small high speed p ro te c tio n  i s  n o t so im portan t. E arth f a u l t  p ro te c tio n  can 

c o n s is t  o f  e i t h e r  a v o ltage  o p era ted  r e la y  connected p a ra l le l  w ith  th e  ea r th in g



Impedance or a current operated relay in series with the earthing impedance.

• ' 1  , " 6"2 2 "  o f th i r d  harmonic c u rre n ts  on s t a t o r  e a r th  f a u l t

W P ro te c tio n

The p ro v is io n  o f  s e n s i t iv e  e a r th  f a u l t  p ro te c tio n  i s  hampered by th e  

1 | |  p resence  o f  c i r c u la t in g  th i rd  harmonic c u r re n ts .  These c u r re n ts  a re  caused

by th e  th i rd  harmonic vo ltag es  generated  in  th e  s t a to r  winding due to  th e  

• | | | ‘ ' ”  n o n -s in u so id a l f lu x  d is t r ib u t io n  in  th e  a i r  gap o f th e  g e n e ra to r . F ra c tio n a l

- — p i tc h  w indings can be used to  m inimise th e se  vo ltag es b u t s h o r t chording

f  - “  norm ally co n c e n tra te s  on th e  f i f t h  harmonic as th i r d  harmonics v o ltag es  can
— e a s i ly  be e lim in a ted  from th e  system  by s u i ta b le  tran sfo rm er connec tions.

I' „  The th i rd  and m u ltip ly  re la te d  harmonics o f  th e  th r e e  phases form a "zero

I f j  _  sequence" s e t  and th e re fo re  do n o t summate to  ze ro  a t  th e  s t a r  p o in t.  The

■ tendency  i s  th e re fo re  fo r  th e se  harmonic c u r re n ts  to  fo llow  th e  same paths
" H  as genuine f a u l t  c u r re n ts .

; ; '  I f  a g en e ra to r  i s  not connected to  o th e r  equipment w ith  e a r th ed  n e u tra l
"53 *“  p o in ts  th e  flow  o f th i rd  harmonic cur 'e n ts  is  in h ib i te d .  In th e  u n i t -

— connected la y o u t mentioned e a r l i e r  t h t  g en e ra to r  i s  connected to  th e  d e l ta
m  w inding o f  th e  g en e ra to r  transfo rm er-

,,S — When se v e ra l g en e ra to rs  o p e ra te  in  p a r a l l e l , th i r d  harmonic c u rre n ts

]■ ^  w il l  tend to  c i r c u la te  among th e  n e u tra ls  o f th e  p a r a l le l  connected m achines.

J |  Unless th e  th i r d  harmonic v o ltag es  which g ive r i s e  to  th e se  c u rre n ts  happen
: to  be o f  equal phase and m agnitude p ro v is io n  must be made to  e a r th  only one

" 3  g e n e ra to r  a t  a tim e.
!' “  In cases where th e  ea r th in g  impedance has a v a lu e  comparable w ith  th e

‘“| j  c a p a c itiv e  reac tan ce  to  e a r th  o f  th e  s t a to r  w indings, th i rd  harmonic c u r re n ts

w ill  c i r c u la te  through th e  n e u tra l  e a r th in g  impedance and th e  c a p a c itiv e  

«% «= re a c ta n c e s  even i f  th e  machine i s  o p e ra tin g  is o la te d  from th e  system . M oreover,

th e s e  c u r re n ts  w ill  be o f  th e  tame o rd e r  o f  m agnitude as th e  fundamental 

^  frequency  e a r th  f a u l t  c u r re n t.  This p laces  a l im i ta t io n  on the s e n s i t i v i t y
o f th e  e a r th  f a u l t  p ro te c tio n  as th e  s e t t in g  o f the  p ro te c tio n  must be chosen 

above th e  th i r d  harmonic c u r re n t o r vo ltag e , A low pass f i l t e r  i s  o ften  

d  embodied in  th e  e a r th  f a u l t  r e la y  fo r  th e  r e je c t io n  o f  th e  th i rd  harm onics.
I in  th e  rem ainder o f  th i s  s e c tio n  u n i t  connected gen e ra to rs  ea rthed

J  th rough  r e l a t i v e ly  high n eu tra l impedances w ill  be co nsidered . The m agnitude

p * 1®** o f th e  eart.it f a u l t  c u r re n t is  roughly p ro p o rtio n a l to  th e  p o s it io n  o f the
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f a u l t  on th e  s t a t o r  winding r e l a t i v e  to  th e  n e u tra l p o in t.  I f  th e  f a u l t  
i s  near th e  n e u tra l p o in t th e  f a u l t  c u r re n t may be too  small f o r  th e  p ro te c t io n  

re la y s  to  d e te c t  -  th e  r e la y  o f course  having a f i n i t e  s e t t in g .  A c e r ta in  
p o rtio n  o f  th e  s t a to r  winding near the s t a r  p o in t w ill  thus be unp ro tec ted .

A fu r th e r  hazard o f  having such an u n p ro tec ted  zone i s  t h a t  a perm anent f a u l t  

in  t h i s  zone would bypass th e  ea r th in g  impedance and a second f a u l t  on the 
s t a t o r  would cause an ex cess iv e ly  high e a r th  f a u l t  c u r re n t w hile  th e  p ro te c tio n  

r e la y  in  th e  neu tra l c i r c u i t  i s  sh o rt  c i r c u i te d .
Pohl [1 ,  p. 89] suggested  th a t  a fundamental frequency  unbalance vo ltag e  

should be in je c te d  in  o rd e r  to  cause th e  flow  o f f a u l t  c u r re n t a lso  f o r  f a u l t s  

a t  o r near th e  neu tra l p o in t.  Such a scheme is  shown in  FIGURE 1 -6 -1 . In 
t h i s  scheme a d e l ib e ra te  v o ltage  i s  in je c te d  a t  th e  n e u tra l p o in t and the 

c a p a c itiv e  c u r re n t caused by th is  v o ltage  during  normal o p e ra tio n  i s  prevented  
from causing  re la y  o p e ra tio n  by s u i ta b le  compensation d f th e  w a ttm e tric  
r e la y  [5 ] .

O ther schemes have been devised which depend on th e  .th ird  harmonic 
v o lta g e s  generated  w ith in  th e  g en e ra to r to  cause r e la y  o p e ra tio n  fo** f a u l t s  

n ea r th e  n e u tra l p o in t.  Under th e se  circum stances th e  r e la y  should n o t 
suppress th i r d  harm onics. In such schemes an a r t i f i c i a l  n e u tra l  p o in t is  

e s ta b lis h e d  a t  th e  g en e ra to r  te rm ina ls  by means o f  an ea r th in g  tran sfo rm er 
and th e  a c tu a l g en e ra to r  n e u tra l is  l e f t  f lo a t in g  as shown in  FIGURE 1 -6 -2 .

The o p e ra tio n  o f t h i s  scheme depends on th e  th i r d  harmonic co n ten t o f  the  

g ene ra ted  v o ltag e . The th i rd  harmonic co n ten t in  th e  vo ltag e  o f modern g e n e ra to rs  

i s  lew as 2% [4 ]  and th e  ac tu a l th i r d  harm on ic ,vo ltage  v a r ie s  w ith  load  
c o n d itio n s .  In the  scheme shown in  FIGURE 1-6-2 th e  term inal c ap ac itan ces  (C) 

tend to  d iv e r t  some o f th e  th i rd  harmonic c u r re n t away from th e  r e la y .

These te rm in a l capac itan ces  re p re se n t th e  busbar and cab le  c ap ac itan ces  as 

w ell as surge cap a c ito rs  which may be p rovided . Each scheme must th e re fo re  
be analysed  in  d e ta i l  to  ensure th a t  coverage fo r  th e  f u l l  s ta to r  winding 

i s  o b ta in ed .
Berman [ 6 ] and Pazmandi [20] sugges-1 •'d a scheme which is  shown 

d iag ra m n a tic a lly  in  FIGURE 1-6 -3 . In th e se  schemes th e  th i rd  harmonic vo ltag e  

i s  measured both a t  th e  neu tra l p o in t and a t  th e  g en e ra to r  te rm in a ls . As is  

shown in  FIGURE 1-0-3 th e  th i rd  harmonic components o f  th e se  v o ltag es  vary 
w ith  f a u l t  lo c a t io n .  The c r i te r io n  fo r  o p e ra tio n  o f  the  e a r th  f a u l t  r e la y  

i s  th a t  th e  r a t i o  o f  lL(3w) to  Un(3w) should exceed a p re se t v a lue . This 

r e la y  tak es  c a re  o f  f a u l t s  near th e  n e u tra l p o in t and i s  tuned fo r  th e  th ird  

harm onic. For f a u l t s  elsew here on the winding a se p a ra te  fundamental 

frequency  r e la y  is  provided . The advantage o f  th i s  type o f  scheme is  th a t
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S ta to r  E arth F a u lt P ro tec tio n

n e u tra l
s h i f t

tran sfo rm er
compensating 
in p u t_______

ea rth  f a u l t  d e te c tio n  
in p u t to  r e l a y________

FIGURE 1-6-1 : S ta to r  E arth f a u l t  p ro te c tio n  scheme to  ensu re  100% coverage



FIGURE 1 -6-2  : G enerator e a r th  f a u l t  p ro te c tio n  s.neme u t i l i s i n g  th i r d  
harmonic vo ltag e  fo r  100% coverage.

S ta to r  E arth 
F a u lt Relay

FIGURE 1 -6-3  : E arth  f a u l t  p ro te c tio n  u t i l i s i n g  both n e u tra l and te rm ina l 

t h ird  harmonic vo ltag es  fo r  100% s ta to r  fo r th  f a u l t  p ro te c t io n ,



s in c e  s a t i s f a c to r y  o p e ra tio n  depends on th e  r a t i o  o f  th e  th i r d  harmonic 

v o lta g e s  a t  th e  two lo c a t io n s ,  v a r ia tio n s  o f th e  ac tu a l th i r d  harmonic 

v o lta g e  do n o t a f f e c t . t h e  s e n s i t i v i t y  o f th e  p ro te c tio n .
F u rth e r  re fe re n c e  to  p ro te c tio n  schemes w ill  be made in  CHAPTER 2 when 

d i f f e r e n t  ea r th in g  methods a re  d iscussed .
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2-1 In tro d u c tio n  : flpfirat-inn w ith  i s n l a t e i  npntval  -
«• ™ From th e  previous ch ap te r i t  appears t h a t  i t  i s  ad v isab le  to  t i e  th e

"  g e n e ra to r  n e u tra l  down to  e a r th  to  some or o th e r  ex te n t.
lo  tran sm iss io n  systems op era tio n  w ith  is o la te d  n e u tra l has become 

; ^  o b so le te  due to  th e  excessive  o v ervo ltages  produced by a rc in g . The l a t e
T|j Dr Bernard P r ic e  gave th e  fo llow ing account o f  th e  e f f e c t s  o f unearthed

o p e ra tio n  [ 21 , p. 288] :

^  "With an in su la te d  n eu tra l heavy su rg ing  took p lace  whenever a l ig h tn in g

fr '  f la sh o v e r  occu rred  because the system was n o t d e f in i te ly  held down to  e a r th
^*2 p o te n t i a l , The a r r e s te r s  which were o f th e  o ld  fash ioned  horn gap w a te r

it r e s i s ta n c e  ty p e , on th e  occurrence of a f la sh o v e r  to  e a r th  on th e  l i n e ,

fVy «  d isch a rg ed  co n tinuously  u n t i l  a second breakdown to  e a r th  o r  between phases
^ 9  occu rred  in  th e  neighbourhood o f th e  a r r e s t e r s ,  thus causing  th e  sw itches to
« — o p e ra te .  On in sp e c tio n , a fte rw ard s , one s tood  in  awe to  see  what appeared

•Jt . to  be th e  te r r i f y in g  e f f e c ts  o f l ig h tn in g ,  whereas i t  was r e a l ly  the

^  cu lm ina tion  o f  prolonged d ischarg ing  o f a r r e s t e r s ."
.sj "= A f u r th e r  d isadvantage o f unearthed o p e ra tio n  i s  th a t  e a r th  f a u l t s

fr  a re  n o t e a s i ly  and s e le c t iv e ly  d e te c te d . The usual method 0f  f a u l t  d e te c tio n

^  j  ■'* i s  t o  have e i t h e r  a vo ltag e  tran sfo rm er between th e  s t a r  p o in t and e a r th  o r

f j -  ~  th r e e  s in g le  phase v o ltage  transfo rm ers  a t  th e  g en era to r te rm in a ls  w ith
^  »  th e  secondary w indings in  open d e l ta .  The vo ltag e  tran sfo rm ers  a c tu a l ly

r A > . .  se rv e  as e a r th in g  reac tan ces  o f  a high value and such a system  cannot s t r i c t l y

tfc . „  be co n sid e red  unearthed ,
-A x  The absence o f  an in te n tio n a l connection to  e a r th  on a low v o ltag e  s e c tio n

t[  o f  a system  means t h a t  t h i s  sec tio n  can assume a v o ltage  w ith  r e s p e c t to  th e

f t  *  h igh v o ltag e  system  due to  th e  cap a c itiv e  coupling between th e  tran sfo rm er

w indings as shown in  FIGURE 2-1 -1 .
S im ila r ly ,  a f a u l t  on th e  high v o ltage  network would r a i s e  th e  average 

v o lta g e  to  e a r th  o f  th e  high voltage winding ana th e  vo ltag e  to  ground o f  th e  

low v o lta g e  w inding would be determ ined by th e  cap a c itiv e  vo ltag e  d iv id e r

a  -

c o m tiM n g  o f  c ,  and I "  f t "  « f  M # *  " T * " "  <"
-  th o  v o l t a p  : y , t »  oould thoo a u w  w to p o ro U o o  o f t lw  o o r *
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FIGURE 2-1-1 : C apac itive  coupling between high and low v o ltag e  w indings of 

g en e ra to r  tran sfo rm er when HV neu tra l i s  n o t e a r th e d .

' 2 2 0 V 11 kV

T i

FIGURE 2--1-2 : High re s is ta n c e  ea r th in g  schcrce f o r  g en e ra to r  d i s t r ib u t io n

tran sfo rm er e a r th in g .



f a u l t  p ro te c t io n  r e la y s .  This i s  a p a r t ic u la r  hazard i f  th e  high vo ltag e  
system  i s  n o t e f f e c t iv e ly  ea rth ed .

2-2  D ire c t Earth ing

Whereas s o l id  e a r th in g  has become th e  accepted method o f  e a r th in g  high 

v o ltag e  tran sm iss io n  systems th e  s u s c e p t ib i l i ty  o f g en e ra to rs  to  damage due 

to  high e a r th  f a u l t  c u rre n ts  n e c e s s i ta te  th e  use o f  some o r o th e r  form o f 
n e u tra l  im pedance. On G enerators th e  advantages o f reduced in s u la t io n  le v e ls  

w ith  e f f e c t iv e ly  ea r th e . : 's tem s a re  o f f s e t  by th e  r i s k  o f high f a u l t  c u rre n ts  

w hich, due to  th e  tim e co n s tan t o f  th e  f i e ld  c i r c u i t ,  cannot be in te r ru p te d  

q u ic k ly . In  ad d itio n  fu r th e r  problems a re  experienced  w ith c ir c u la t in g  th i r d  

harm onic c u r re n ts  on d i r e c t1, narthed  g en e ra to rs .

S o lid  ea r th in g  i s  t h e . • . a only used on small low vo ltag e  g e n e ra to rs  
due to  th e  sm a lle r  investm ent and lower vo ltag e  and f a u l t  c u r re n t l e v e ls .

2 -3  R es is tan ce  E arthing

R esis tance  ea r th in g  i s  probably th e  most popular type o f g e n e ra to r  

e a r th in g .  As poin ted  o u t in  s e c tio n  1-4 th e  main advantage o f re s is ta n c e  
e a r th in g  i s  th e  f a c t  th a t  t r a n s ie n ts  a re  suppressed ,

When th e  ac tu a l ohmic value o f e a r th in g  r e s is ta n c e  i s  co n s id e re d , two 
main schoo ls  o f  thought e x is t  : a) 1 w re s is ta n c e  and b) high re s is ta n c e  

e a r th in g .
In low r e s is ta n c e  ea r th in g  a re s is ta n c e  "%lue i s  chosen such th a t  e a r th  

f a u l t  c u r re n t i s  l im ite d  to  200-300 A [2 2 , p . 31], In la rg e r  power s ta t io n s  

an e a r th  f a u l t  c u rre n t o f t h i s  magnitude n e c e s s i ta te s  Immediate shutdown o f 

th e  g en e ra to r  and d isconnec tion  o f th e  f i e l d .  Although used e x te n s iv e ly  
on u n i t  connected gen e ra to rs  i t  i s  th e  a u th o r 's  op in ion  t h r t  th e  value of 

f a u l t  c u r re n t i s  excessive  and no rea l advantages accrue due to  t h i s  low 

value o f  r e s i s t o r ,  The low r e s is ta n c e  scheme is  however p a r t ic u la r ly  s u i ta b le  

fo r  busbar connected gen e ra to rs  which feed  d i r e c t ly  in to  a d i s t r ib u t io n  
system  as th e  r e la t iv e ly  high value o f  f a u l t  c u r re n t f a c i l i t a t e s  grad ing  of 

each f a u l t  re la y s  on th e  system.

Another f a c to r  to  be taken in to  account when choosing th e  ea r th in g  
r e s i s t o r  i s  th a t  tho  power lo s s  in  th e  r e s i s to r  should  not be too la rg e  in 

r e la t io n  to  tho  generated  power on th e  system as excessiv e  power swings 

could be i n i t i a t e d  [23 , p . 523].
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In high re s is ta n c e  ea r th in g  th e  f a u l t  c u r re n t i :  l im ite d  to  5-15 A. I t  

has been shown in  s e c tio n  1-2 th a t  c u rre n ts  as low as th e se  cause damage o f  

a l im ite d  e x te n t to  th e  s ta to r  i ro n .  Bearing in  mind th a ;  th e  g en e ra to r  

v o ltag es  under c o n s id e ra tio n  range from 11 -  20 kV i t  i s  c le a r  t h a t  a f a i r l y  

high ohmic value o f r e s is ta n c e  is  re q u ire d . In  p ra c t ic e  a r e s i s t o r  o f  a 

value 2 OOO a  to  3 000 n is  requ ired . A lthough high  vo ltag e  r e s i s to r s  o f 

t h i s  v a lu e  ra te d  a t  5-15 A are  a v a ila b le  [2 4 ] ,  a convenien t way o f  r e a l i s in g  

such a r e s i s t o r  i s  to  connect th e  prim ary winding o f  a s in g le  phase 

" d is t r ib u t io n  transfo rm er"  between th e  g e n e ra to r  n e u tra l and e a r th .  The low 

v o ltag e  secondary winding i s  loaded w ith  a low valued m e ta l l ic  r e s i s t o r ,  

having a r e l a t i v e ly  high c u rre n t r a t in g .  A ty p ic a l arrangem ent o f  t h i s  
ty p e  i s  shown in  FIGURE 2 -1 -2 . E ith e r  a vo ltag e  opera ted  r e la y  in  p a ra l le l  

o r a c u r re n t opera ted  re la y  in  s e r ie s  w ith  th e  r e s i s to r  i s  used f o r  s t a t o r  

e a r th  f a u lc  p ro te c tio n .

In o rd e r to  ensure  th a t  o v ervo ltages  due to  a rc in g  e a r th  f a u l t s  and 
sw itch ing  su rges a re  suppressed i t  i s  n ecessary  to  choose a v a lu e  o f  r e s i s ta n c e  

such th a t  th e  r e s is ta n c e  re fe rre d  to  th e  HV winding o f th e  d i s t r ib u t io n  

i n  nsform er (R^) U  in  accordance w ith P e te rso n ’s r u le  (See s e c tio n  1 -4 -2 ) .

High r c i i s t a r c e  or d i s t r ib u t io n  tran sfo rm er ea r th in g  as d e sc rib ed  here  

has been used ex ten s iv e ly  in  th e  U nited S ta te s  o f  America, Canada and a lso  

i r  th e  R epublic o f South A fr ic a . The C entral E l e c t r ic i ty  G enerating  Board 

ias "ece;,'tly  decided to  abandon i t s  p rev ious p ra c t ic e  of low r e s i s ta n c e  
e a r n  j .':j in  favour o f  high r e s is ta n c e  ea r th in g  when ea r th in g  o* 500MW 

g e n e ra to rs  is  considered .

2-4 Reactance Earth ing

As shown in  s e c tio n  1-2 a re a c to r  could be used to  l im i t  th e  e a r th  f a u l t  

c u rren t tu  a s u i ta b le  v a lu e . The s teady  s t a t e  o v ervo ltages would be le s s  
than  thosi a s so c ia te d  w ith  a corresponding  r e s is ta n c e  w hile  t r a n s i e n t  v o ltag es  

would be worse on a re a c to r  [9 , p . 381].
advantage o f re a c to r  ea r th in g  is  th a t  th e re  i s  only a small 

power d i s s ip a t io n  in  th e  re a c to r  and a cheaper and more compact e a r th in g  

in s t a l l a t i o n  i s  o b ta in ed . Cost is  however n o t an im portan t f a c to r  i f  the  
im portance of i r e l i a b l e  ea r th in g  scheme i s  r e la te d  to  th e  c o s t o f a la rg e  

g e n e ra to r .
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2-5 Resonant ea rth in g

Resonant ea r th in g  i s  a form o f re ac tan ce  ea r th in g  where t ke re a c to r  is  

chosen such th a t  e a r th  f a u l t  c u rre n ts  a re  suppressed . Consider t i e  reac tan ce  

e arthed  g en e ra to r shown in  FIGURE 2-1-3 ( a ) .  The corresponding  in te rco n n ec ted  

sequence networks fo r  a s in g le  phase to  e a r th  f a u l t  on one o f th e  phases a re  
shown in  FIGURE 2-1-3 (b ) . In th e  zero sequence network th e  zero  sequence 

cap ac itan ce  i s  equal to  th e  capac itance  to  e a r th  (C) o f one phase and the 

ea r th in g  inductance is  m u ltip lied  by a f a c to r  o f 3 [9 , p. 11 ]. I t  i s  c le a r  
t h a t ,  provid ing  Z0 is  n eg lig ib ly  sm a ll, 3Ln and C are  in  p a r a l l e l .  I f  l n 

i s  chosen such th a t  p a ra l le l  resonance is  ob tained  between 3Ln and C in  

th e  zero sequence network a t  system frequency , e a r th  f a u l t  c u r re n t w ill  
be suppressed . In a p ra c tic a l c i r c u i t  f u l l  compensation o f  th e  e a r th  f a u l t  
cu r re n t w ill n o t be p o ss ib le  due to  th e  re s is ta n c e  o f  th e  c i r c u i t .  However, 

th e  f a u l t  c u r re n t i s  lim ited  to  such an e x te n t th a t  th e  a rc  become u n s ta b le  

and i s  ex tin g u ish ed . The so -c a lle d  a rc  suppression  co il (a lso  c a lle d
ground f a u l t  n e u t r a l i s e r  and Peterson c o i l )  was invented  by W. P e te rson  in

1916. The th e o ry , p r in c ip le s  and a p p lic a tio n s  have been thoroughly  in v e s tig a te d
by v arious au tho rs  [ 1].

On tran sm iss io n  systems reso n an t ea r th in g  has been used ex ten s iv e ly  w ith 

c o n s id e rab le  success in  Europe, l e s s  f re q u e n tly  in  th e  U nited S ta te s  o f 

America and a lso  in  South A frica  by th e  V ic to r ia  F a l ls  and Transvaal Power 
Company in  th e  pre-w ar yea rs  [2 1 ]. For ex ten siv e  and ra p id ly  growing and 
changing systems p e r io d ic  re tun ing  o f  th e  c o i ls  a re  n ecessary  and th i s  to g e th e r  
w ith  o th e r d isadvan tages d e tra c ts  from th e  ap paren t idea l perform ance of 

th e  c o i l . For th i s  reason resonan t grounding has been la rg e ly  superseded , 

e s p e c ia l ly  on EHV system s.
The g en e ra to r  s t a t o r  w inding, the  connections to  the  g en e ra to r tran sfo rm er 

and th e  low vo ltag e  winding o f  th e  g en e ra to r tran sfo rm er forms an is o la te d  

subsystem  as f a r  as e a r th  f a u l t s  a re  concerned. The cap ac itan ce  to  e a r th  
o f  th i s  subsystem  remains con stan t and th e  ca p a c itiv e  e a r th  f a u l t  c u r re n t can 

e a s i ly  be n e u tra lis e d  by means o f a Peterson  c o i l .  I t  i s  th e re fo re  s u rp r is in g  

th a t  t h i s  type o f ea r th in g  i s  seldom used as i t  would seem an idea l a p p l ic a t io n .
In 1953 Tomlinson [25] described  two in s ta l la t io n s  in  America fo r  u n it  

connected g en e ra to rs . Among th e  advantages claim ed a r e  e a r th  f a u l t  c u rre n ts  
as low as 0 ,3  A and suppression  o f t r a n s ie n t  v o ltag es . One in te r e s t in g  a sp ec t 

mentioned in th e  d iscu ssio n  o f t h i s  paper is  th a t  s e r ie s  resonance i s  p o ss ib le  

in  th e  zero sequence network, should an u n in ten tio n a l ze ro  sequence generated



FIGURE 2 -1-3  (a )  : Resonant ea rth in g  o f  g en e ra to r -  S ing le  phase to  e a r th
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FIGURE 2-1-3 (b) : In terconnected  sequence diagram f o r  FIGURE 2 -1-3  ( a ) .



v o ltage  e x i s t ,  e .g .  oecause o f  phase unbalance. An a p p rec iab le  v o lta g e  can 

th e re fo re  appear ac ro ss  th e  ea rth in g  re a c to r  during  normal o p e ra tio n  o f th s  

g e n e ra to r . This vo ltag e  can cause se rio u s  problems un less th e  X/R r a t i o  
(Q f a c to r )  o f  th e  c o il  i s  c a r e fu l ly  chosen. Another exped ien t i s  to  use an 

iro n  cored r e a c to r ,  o p e ra tin g  near i t s  knee p o in t.  During ove rv o ltag e  

co n d itio n s  th e  re a c to r  goes in to  p a r t ia l  s a tu r a t io n  and th e  consequent 

detun ing  suppresses  the s e r ie s  resonance.

Gross e t  al ['26] re c e n tly  rep o rted  on th e  o p e ra tio n  o f 16 P e te rso n  c o il  

in s t a l l a t i o n s  on u n i t  connected g e n e ra to rs , th e  la r g e s t  being 667 MVA. Gross 

p o in ts  o u t th a t  a t  resonance th e  p a ra l le l  com bination o f  r e a c to r  and 
c a p a c i to r  can be rep laced  by a very high re s is ta n c e  which re p re s e n ts  th e  

lo s s e s  in  th e  re a c to r  and th e  c a p a c ito rs . An ea r th in g  method s im ila r  to  

th e  d i s t r ib u t io n  tran sfo rm er high r e s is ta n c e  scheme i s  u sed , th e  r e s i s t o r  
being  rep laced  by a r e a c to r .  A very favourab le  account i s  given o f  th e  

perform ance o f  th e  e x is t in g  in s t a l l a t i o n s .  During Iti m illio n  kVA-years o f 
ex p erien ce  no m aloperations occurred  and in  f a c t  no t r i p s  due to  e a r th  f a u l t s  

occu rred . This i s  one o f  th e  main advantages o f Pe te rson  c o il  e a r th in g ,  

i . e .  continued  o p e ra tio n  in  th e  presence o f e a r th  f a u l t s .  In  a d d i t io n ,  

prolonged a rc in g  cannot occur.
During th e  1972 se s s io n  o f  CIGRE Berman e t  a l  [ 6]  rep o rted  on 

C zechoslovakian p ra c tic e  w ith regard  to  reso n an t ea r th in g  o f  g e n e ra to rs .  The 
main reason  fo r  using reso n an t ea r th in g  i s  th e  concern over th e  damaging 

e f f e c t s  o f even low e a r th  f a u l t  cu rre n ts  (See s e c tio n  1 -2 ) . Encouraging 
o p e ra tin g  experience  i s  rep o rted  on s e ts  ar U rg e  as 235 MVA.
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2  3-2 E arth ing  Method

3-1 In tro d u c tio n

A q u e s tio n n a ire  was s e n t to  sev e ra l power g enera ting  a u th o r i t i e s  in  

va rio u s c o u n tr ie s . Some o f th e  p r in c ip a l fin d in g s  o f th e  q u e s tio n n a ire  are  

d iscu ssed  here a lso  tak in g  in to  account in fo rm ation  on ea r th in g  p ra c t ic e s  
o f  power companies no t included on th e  c i r c u la t io n  l i s t  o f th e  q u e s tio n n a ire .

r -  " i The ea r th in g  method i s  o ften  decided by th e  m anufacturer o f  th e  g e n e ra to r .
L j g  J  In o th e r  in s ta n c e s  power a u th o r i t ie s  choose to  design  th e i r  own ea r th in g

^ H !  schemes and to  s ta n d a rd ise  th roughout t h e i r  supply a rea .

£  J  In TABLE 3-1 th e  ea r th in g  methods adopted in  a number' o f  c o u n tr ie s  a re
^ 0  summarised. I t  i s  c le a r  th a t  high re s is ta n c e  (d is t r ib u t io n  tran sfo rm er)

£  J  e a r th in g  is  by f a r  th e  most general scheme. Reactance ea r th in g  i s  n o t used
' a t  a l l  w hile  v o ltage  transfo rm er ea r th in g  has been la rg e ly  superseded  and

re so n a n t ea r th in g  i s  making a comeback.

3-3 Surge A rre s te rs

Only two o f th e  power companies questioned  in d ica ted  th a t  i t  i s  general 

p ra c t ic e  to  provide surge a r r e s te r s  between l in e  and e a r th  a t  the g en e ra to r  

te rm in a ls . Normally th e  g en e ra to r tran sfo rm er a t te n u a te s  incoming surges * 
from th e  system . Surge a r r e s te r s  a re  u su a lly  only provided on th e  high vo ltag e  

s id e  o f th e  g en e ra to r  tran sfo rm er. In lay o u ts  where sw itch ing  tak es  p lace 
a t  g en e ra to r vo ltag e  surge d iv e r to rs  should be provided . In the Republic o f 

South A frica  th e  E le c t r ic i ty  Supply Commission always prov ides surge a r r e s t e r s  
a t  th e  g en e ra to r  te rm in a ls .

3-4 Occurrence o f E arth F au lts

Although s t a to r  e a r th  f a u l t s  a re  claim ed to  be the most common type  o f 

f a u l t  on a g en e ra to r [5 ] they seldom o ccu r. Only one power company rep o rted
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TABLE 3-7 : P r in c ip a l G enerator Earth ing  

Methods in  Various C ountries
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A u s tra lia

Belgium G

Czechoslovakia G

Denmark G

fiemany G

N etherlands G

New Zealand G

Spain N N

South A frica G

U nited Kingdom N G

United S ta te s  of America G S P

Legend : G : General P ra c tic e
3 : Superseded P ra c tic e

N : General P ra c tic e  fo r  new " in s ta l la t io n s

P : General Practic™  in  C e rta in  p a r ts  o f country

t h a t  once in  ten  y e a rs  s t a t o r  iro n  i s  damaged dm  to  e a r th  f a u l t s .

3-5 Abnormal V oltage C onditions

All th e  firm s questioned  confirmed th a t  no d i f f i c u l t i e s  were experienced  

due to  a rc in g  e a r th  f a u l t s ,  n eu tra l in v e rs io n  and sw itch ing  su rg es .



3-6  E arth  F a u lt  P ro tec tio n

Three o f th e  firm s q u estio n ed , a l l  from Europe, in d ic a te d  th a t  sp e c ia l 

measures  a re  taken to  ensure 100% coverage o f  th e  s t a t o r  w inding. These 

measures a p p a ren tly  o r ig in a te  from th e  same European m anufacturers o f 
p ro te c tio n  re la y s .

I t  appears to  be general p ra c t ic e  to  use Relays th a t  e lim in a te  th i r d  

harmonic components from th e  in p u t to  th e  a c tu a l m easuring re la y .

As f a r  a s  tr ip p in g  sequences a re  concerned I t  i s  general p r a c t ic e  to  
t r i p  th e  high vo ltag e  c i r c u i t  b reaker o f  th e  g en e ra to r  tra n s fo rm e r, th e  

f i e l d  sw itch  z..d th e  steam v a lw s .  In  a t  l e a s t  one case  shutdown i s  l e f t  

to  o p e ra to r  a c t io n .  The E le c tr ic  Supply Commission o f South A fr ic a  u sing  
a d i s t r i b u t io n  tran sfo t.iie r ea r th in g  scheme, f i r s t  t r i p s  th e  steam valves 

and a fte rw ard s  th e  high vo ltag e  c i r c u i t  b reak e r.
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C H A P T E R  4

EARTHING SCHEME FOR A UNIT-CONNECTED GENERATOR WITH A 

GENERATOR CIRCUIT BREAKER

4-1 In tro d u c tio n

As mentioned in  APPENDIX A th e re  a re  d e f in i te  advantages in  u sing  a u n i t -  
connected scheme w ith  a c i r c u i t  b reaker in te rp o sed  between th e  g e n e ra to r  and 

g e n e ra to r  tran sfo rm er. Such a scheme i s  shown in  FIGURE 4 -1 .
Being a un it-co n n ec ted  scheme a lo g ic a l choice fo r  an e a r th in g  method 

would be e i th e r  high re s is ta n c e  o r  Pe te rson  c o il  e a r th in g . In th e  fo llow ing  

an ea r th in g  scheme along the l in e s  o f high re s is ta n c e  d i s t r ib u t io n  
tran sfo rm er w ill  be considered .

E a rth ing  o f th e  g en e ra to r n eu tra l p o in t only would leav e  s e c tio n  AS 

unearthed  w h ile  th e  g en e ra to r c i r c u i t  b reaker (CB^) i s  open. As desc rib ed  
in  APPENDIX A th i s  i s  a normal o p e ra tin g  co n d itio n  which occurs p r io r  to  

sy n ch ron ising  o f th e  g en e ra to r. Some or o th e r  method o f e a r th in g  AB during  

t h i s  co n d itio n  i s  e s s e n t i a l . The p ro v is io n  o f an ad d itio n a l e a r th  on th i s  
s e c t io n ,  say a t  th e  u n it  transfo rm er n e u tra l  p o in t ,  would prov ide  a low 

impedance c i r c u i t  f o r  c ir c u la t in g  th i rd  harmonic c u r r c 't s  (See s e c tio n  1 -6 ) .  

A part from th e  lo s s e s  a sso c ia ted  w ith th e se  c u r r e n ts ,  e a r th  f a u l t  p ro te c tio n  

i s  made d i f f i c u l t .
A scheme was th e re fo re  developed fo r  use in  Escom's power s ta t io n s  

whereby d u p lic a te  ea r th in g  systems a re  p rov ided , one on each s id e  o f th e  

g e n e ra to r  c i r c u i t  b reak e r. This scheme i s  shown in  FIGURE 4 -2 . Each ea r th in g  

system  c o n s is ts  o f  th re e  s in g le  phase d i s t r ib u t io n  type  tran sfo rm ers  (T^ to  Tg 
o r T^ to  T g), each transfo rm er having i t s  prim ary connected in  an open d e l ta  

which i s  c lo sed  by means o f a r e s i s to r  R. A vo ltag e  operated  p -o te c t io n  re la y  
i s  connected across each r e s 's t o r .

When th e  g en e ra to r c i r c u i t  b reaker i s  c losed  th e  two ea r th in g  systems 

o p e ra te  in  p a r a l l e l . Since th e  v o ltage  drop acro ss  th e  c irc u i t ,  b reak e r is  
n e g l ig ib le  th e  prim ary te rm in a ls  o f two transfo rm ers  on th e  o p p o s ite  s id e s  

o f  th e  c i r c u i t  b reaker a re  in  f a c t  connected to  o q u ip o tn n tia l p o in ts ,  thus 

exc lud ing  th e  p o s s ib i l i t y  o f c i r c u la t in g  th i r d  harmonic c u r re n ts .  With the 

g en e ra to r  c i r c u i t  b reaker open the two p a r ts  o f  th e  system  a d ja c e n t to  the
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FIGURE 4-1 : Unit connected scheme u t i l i s i n g  a g en e ra to r c i r c u i t  b re a k e r .

FIGURE 4 -2  : Earth ing  scheme fo r  g en e ra to r  w ith  g en e ra to r c i r c u i t  b reaker.



c i r c u i t  b reaker a re  se p a ra te ly  e a rth ed .

4-2 Design C r i te r ia

T his scheme i s  b a s ic a l ly  a high re s is ta n c e  ea r th in g  scheme and th e  

same c r i t e r i a  apply as in  th e  case o f  th e  s t a r  p o in t ea rth ed  g e n e ra to r . 
The value o f th e  r e s i s to r  i s  chosen in  accordance w ith P e te rs o n 's  r u le  

(E quation  1-4 -1 )

where C i s  th e  cap ac itan ce  to  e a r th  per phase and i s  th e  ohmic value 

o f  th e  neu tra l r e s i s to r .  The ru le  i s ,  however, m odified in  t h i s  in s ta n c e .  

Consider one o f  the ea r th in g  systems as shown in  FIGURE 4-3 (a )  to g e th e r  w ith 
th e  re le v a n t  system c a p ac itan ces . A s in g le  phase to  e a r th  f a u l t  occu rs a t  
F. The a p p lic a b le  sequence network in te rc o n n e c tio n s  a re  shown in  FIGURE 4 -3  (b ). 

The r e s is ta n c e  across th e  open d e l ta  (R^) appears in  the zero sequence network 

as i f  we assume a 1:1 r a t i o  fo r  th e  ea r th in g  tra n sfo rm e rs . T hat t h i s  
i s  so can be v e r if ie d  by in je c tin g  a zero  sequence s e t  o f  c u r re n ts  equal to  

I ampere in to  th e  tran sfo rm er. A c ir c u la t in g  c u r re n t % & wq i  f i ow i n 

th e  open d e l ta  and cause a vo ltag e  drop o f  Rd x I v o l t  a c ro ss  R. A th ird  
o f  t h i s  vo ltag e  w ill appear acro ss  each phase so th a t  th e  zero sequence 

r e s is ta n c e  = x R  ̂ x I / I  = •jR. In accordance w ith  s e c tio n  1 -4-2  th e  tim e 

c o n s ta n t o f  th e  RC c i r c u i t  i r s t  be le s s  than 1/«  o f  a p eriod  o f  a 50H% wave 
(See s e c tio n  1 -4 -2 ) ^  < 1

. L  3
• '  3*d I S T  — - (4 -2 -1 )

I f  the value o f th e  r e s i s to r  connected ac ro ss  th e  d e l ta  i s  chosen equal 

to  t h i s  value th e  to ta l  re s is ta n c e  when th e  two systems o p e ra te  in  p a ra l le l  

w ill  s t i l l  conform to  above in e q u a lity .  I t  should however be borne in  mind 
th a t  th e re  is  a lso  capac itan ce  a sso c ia ted  w ith  s e c tio n  AB in  FIGURE 4 'T .

With re fe re n c e  to  FIGURE 1-6-2 vo ltag e  generated  in  th e  s t a to r  can be 
used to  prov ide  p ro te c tio n  fo r  100% o f  th e  s ta to r  w inding.

The value o f ea r th in g  re s is ta n c e  ob ta ined  by means o f  above r u le  is  

u su a lly  of th e  r ig h t  o rd e r to  suppress n e u tra l i n s t a b i l i t y .  Wher sp ec ify in g  

th e  tran sfo rm er care  should be taken th a t  under maximum vo ltag e  co n d itio n s  

th e  ea r th in g  transfo rm ers  a re  o p e ra tin g  well below th e  knee p o in t"  o f th e i r  

m agnetisa tion  cu rves. In an 'u n ea rth ed  or l i g h t ly  earthed  system  f u l l  
l i n e - to - l i n e  vo ltag e  can appear on th e  sound phases. On a 11 kV system  th e



FIGURE 4-3 '■ E arth ing  scheme and sequence n e tw rk s  fo r  a s in g le  phase to

e a r th  f a u l t .
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sound phases can th e re fo re  be su b je c t to  11 kV. On such a system  th e  

m agnetic c i r c u i t s  o f th e  ea r th in g  transform ers should be designed  fo r  
v ^ x  11 kV = 19,7 kV. According to  Sho tt and Pe te rson  [13] and in v e s t ig a t io n s  

by th e  au tho r (S ection  1 -5 -3 ) th e se  measures reduce th e  p o s s ib i l i t y  o f  n e u tra l  
in s t a b i l i t y  adequately .

4-3 Conclusion

Earth ing  schemes based on th e se  p r in c ip le s  a re  used by Escom a t  v arious 

new power s ta t io n s .  On 30 MM s e ts  a t  Van Eck Power S ta tio n  s im ila r  schemes 

have been in  o p e ra tio n  fo r  more than  a y e a r  and good o p e ra tio n a l experience  
i s  rep o rted .

S im ila r schemes a re  being used fo r  Escom's new 500 MW g en e ra to r  
i n s t a l l a t i o n s .



C H A P T E R  5

CONCLUSIONS

G enerator ea r th in g  has been developed to  a w ell understood  sc ie n c e . 

E sp e c ia lly  in  th e  case  o f  un it-co n n ec ted  gen e ra to rs  th e  fo c t  th a t  th e  g e n e ra to r  

i s  e l e c t r i c a l l y  se p a ra te  from th e  r e s t  o f  th e  system s, as f a r  as e a r th  

f a u l t s  a re  concerned , allowed desig n ers  a c e r ta in  amount o f  freedom in  
choosing an ea r th in g  impedance. This in v e s t ig a t io n  re v e a le d , however, th a t  

high r e s is ta n c e  ea r th in g  i s  th e  most r e l i a b l e  techn ique . Resonant e a r th in g  
can a lso  be su c c e s s fu lly  ap p lied .

The design  of an ea r th in g  scheme fo r  un it-co n n ec ted  g e n e ra to rs  w ith  
g en e ra to r  c i r c u i t  b reakers was d iscussed  and th e  hazard o f n e u tra l  i n s t a b i l i t y  

due to  fe rro re so n an ce  in  t h i s  scheme lead  to  the  development o f  a d e sc r ib in g  

fun c tio n  techn ique fo r  a n a ly s is  o f  th i s  phenomenon. F u rth e r work in  th i s  
f i e ld  i s  n ecessary  and in  p a r t ic u la r  th e  e f f e c t  o f  iro n  lo s se s  should be 
s tu d ie d  in  d e t a i l . The block diagrams and techn iques thus f a r  developed 

should prove u sefu l in  a fu r th e r  in v e s t ig a t io n .
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A P P E N D I X  A 

POWER STATION ELECTRICAL LAYOUTS

In  r e la t iv e ly  small system s where d i s t r ib u t io n  i s  e f fe c te d  a t  g en e ra to r 
v o lta g e , th e  gen era to rs  a re  p a ra l le l le d  a t  t h e i r  te rm in a ls  as shown in  
FIGURE Al. Such systems were w idely used during th e  e a r ly  s ta g e s  of 

development o f  th e  power supply in d u s tr ie s  and a re  s t i l l  used in  small 
in d u s tr ia l  power s ta t io n s .

As d is t r ib u t io n  and tran sm issio n  system s became more e x te n s iv e , the  
scheme shown in  FIGURE A2 was developed whereby each g en e ra to r  i s  connected 

d i r e c t ly  to  i t s  step -up  tra n sfo rm er. In t ; : 's  scheme, th e  s o -c a lle d  u n i t -  
connected scheme the gen e ra to rs  a re  e f f e c t iv e ly  p a ra l le l le d  on th e  i-igh 

vo ltage  s id e  o f th e  s tep - 'ip  o r g en e ra to r tran sfo rm er. Unlt-uOi.nec'--ic: la y o u ts  
a re  used in  most new in s ta l la t io n s  invo lv ing  la rg e  tu rb o g e n e ra to rs . A 

u n i t  tra n sfo rm e r, connected between th e  g en e ra to r find g en e ra to r tran sfo rm er 
su p p lie s  power fo r  th e  a u x i l ia r ie s  o f  th e  g e n e ra to r , b o i le r  and tu rb in e .

A s m i o r .  transfo rm er i s  requ ired  fo r  s t a r t in g  up pu rposes. The s ta t io n  
tran sfo rm er i n i t i a l l y  su p p lie s  power fo r  th e  a u x i l ia r ie s .  Once th e  g en e ra to r  

i s  running , th e  a u x i l ia r ie s  a re  however t ra n s fe r re d  to  th e  u n i t  tra n sfo rm e r .
The scheme shown in  FIGURE 4-1 i s  s im ila r  to  th e  un it-co n n ec ted  scheme 

excep t th a t  an ad d itio n a l c i r c u i t  b reaker i s  provided between th e  g en e ra to r  
and th e  T -o ff p o in t o f th e  u n it  tran sfo rm er. Synchronising tak es  p lace  a t  

th i s  g en e ra to r c i r c u i t  b reak e r. This means th a t  th e  u n it  tran sfo rm er is  
energ ised  v ia  th e  g en e ra to r tran sfo rm er even befo re  s ta r t - u p  and th e  p ro v is io n  
o f se p a ra te  s ta t io n  transfo rm ers  and a change-over ro u tin e  i s  n o t necessary . 

Such a un it-co n n ec ted  scheme w ith a g en e ra to r c i r c u i t  b reaker has been 
su c c e s s fu lly  used by Escorn on th e  30 MU s e ts  in s ta l le d  a t  Van Eck Power 

S ta tio n .  A s im ila r  schp:. '  i s  a lso  being used a t  Kriel Power S ta tio n  which 
i s  under c o n s tru c t . In t h i s  case a i r  b l a s t  g en e ra to r  c i r c u i t
b reakers  [27] which forms p a r t  o f  th e  is o la te d  phase busbars a re  being used.
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A P P E N D I X  B

FUNDAMENTAL FREQUENCY VOLTAGE OF SOUND PHASES 

DURING A PHASE TO EARTH FAULT

The in te rco n n ec ted  sequence networks fo r  a s in g le  phase to  e a r th  f a u l t  

a t  th e  g en e ra to r te rm in a ls  a re  shown in  FIGURE 81.
I t  i s  assumed th a t  th e  p o s i t iv e  and n eg a tiv e  sequence impedances o f  the 

g en e ra to r  a re  equal and wholly in d u c tiv e . The zero  sequence r e s i s ta n c e  in  

f a c t  c o n s t i tu te s  th e  re s is ta n c e  o f th e  n e u tra l e a r th in g  device as th e  zero 

sequence r e s is ta n c e  o f  th e  g en e ra to r i s  assumed to  be n e g l ig ib le .
The f a u l t  c u r re n t fo r  phase A i s  given by

The f a u l t  c u rre n ts  in  th e  sound phases are  ze ro .

The sequence components o f th e  vo ltag e  a t  th e  p o in t o f f a u l t  a re  given

by

Ug s + tiU/N + U-

P r io r  to  th e  in c idence  of th e  f a u l t  th e  v o ltag e  o f  phase B was

The change in voltage due to the fault is therefore
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A P P E N D I X  B

FUNDAMENTAL FREQUENCY VOLTAGE OF SOUND PHASES 

DURING A PHASE TO EARTH FAULT

The in te rco n n ec ted  sequence networks fo r  a s in g le  phase to  e a r th  f a u l t  

a t  th e  g en e ra to r te rm in a ls  a re  shown in  FIGURE B l.
I t  i s  assumed th a t th e  p o s i t iv e  and n eg a tiv e  sequence impedances o f  th e  

g en e ra to r  a re  equal and wholly in d u c t iv e . The z t ”o sequence r e s i s ta n c e  in  
f a c t  c o n s t i tu te s  th e  re s is ta n c e  o f th e  n e u tra l  e a r th in g  dev ice  as tlie  ze ro  

sequence re s is ta n c e  o f  th e  g en e ra to r i s  assumed to  be n e g l ig ib le .

The f a u l t  c u r re n t fo r  phase A i s  given by

The f a u l t  c u r re n ts  in  th e  sound phases a re  zero .

The sequence components o f th e  vo ltag e  a t  th e  p o in t o f f a u l t  a re  g iven

by

U, . c -  I ,Z ,  E

A

U,'B
| + aJg '!■ UQ

P r io r  to  th e  incidence  o f th e  f a u l t  th e  vo ltag e  o f  phase B was

The change in voltage due to the fault is therefore
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"  t  -  " B  '  =  E  -  «  (Z ^  +  Z „ )  -  ^  -  Z ,

* r — E -  f t t  e ■—  (a s)

where k = Zo 

2 1

Pw* *1 = jK1 and Z( 

k - 80 + ^

(B4)

(05)

where x = ^  and y = °
A? xj

S u b s t i tu te  (B5) in  (33) :

W  + 2

+ 2 -  jy

The kici o f

 ̂ ------ ( " I

fo r  co n s tan t values o f X and varying y can be

rep re sen ted  by s e n n -c irc le s  such as MPN w ith  diam eters 3 as shown in  

FIGURE S 2.
S im ila r ly  a fam ily o f sem i-c irc le s  can be o b ta ined  fo r  c o n s ta n t v a lues  

o f y  and v a r ia b le  x as in d ica ted  by MPQ, I t  i s  th e re fo re  c le a r  th a t  two 

fa m ilie s  o f  o rthogonal c i r c le s  a re  ob ta in ed , each c i r c l e  being id e n t i f ie d  

w ith  a p a r t i c u l a r  value o f  x or y . I f  a l in e  i s  drawn from th e  p o in t  o f 
in te r s e c t io n  o f a x - c i r c le  and a y - c i r c le  th e  len g th  o f th e  l in e  such as OP 
re p re se n ts  th e  v o ltage  o f  phase 0 to  e a r th .

Two s im ila r  orthogonal s e ts  o f  c i r c le s  can be drawn to  o b ta in  tL . In 

t h i s  case  th e  overvo ltage  w ill  be OP .
The c h a r t  derived  here  i s  s im ila r  to  th e  fa m il ia r  Smith c h a r t  which 

is  used in  tran sm issio n  lin e  theory .
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FIGURE: B1 : Sequence networks fo r  s in g le  phase to e a r th  f a u l t .

co n s tan t y -c lrc l i

:o n s tan t %- c ir c le

FIGURE 82 : Diagram fo r  steady  s t a t e  overvo ltanes  on sound piiases duH ng a 

s in g le  phase to  e a r th  f a u l t s .



A P P E N D I X  C 

TRANSFER FUNCTION OF GENERATOR EARTHING SYSTEM

Consider th e  general c i r c u i t  shown in  FIGURE Cl.' All c u r r e n ts  and 

v o ltag es  r e f e r  to  peak values o f s in u s o id a l 'q u a n t i t i e s .
The fo llow ing  mesh equa tions can be derived  from th i s  c i r c u i t

5 , - 4 - m  + ' L X Y —  ( n )

EB -  EC -  + S l H l g '  -  I , , ' )  •  Ug -  V,. ( M )

t c  -  EA -  (R , t  -  I s , j  .  uc  .  uA — -  (C3)

At p o in t 0 a l l  c u rre n ts  summate to  z e ro . I A" + I B" + 1^" + ^  + ^  a
a lso

V )

I j "  -  U g  ( C l  +  ^  j

Y - " c  ,

u a ,C s  'l' WE) + + i E > + uc |C s  *  T e > '  ( ’ ft ' b  +  'c *

j ,  . ( ' , +  : ,  + % ) — I " )

u p

Cl + C4 : 1

2UA + ^  = h  " EB " (R1 + * W h '  ~ ^  +  ̂ U  -------- (C5)

8 V

CS -  03 :

3Ua -  3Ea - 4 sL)(2l /  - y ^ ' )

3 + I EC

r  3Ea -  {R3 + sL )(- IA' -  I a



c i =

t . z

t : :  

[

c !:
r  :  

r :

r " :

r :

r :

r "

ic*  -  (n , t  , L ) 3 ^ '  -

■ 3Ea  -  3 ( 3 , *  s L ) ( I a  *  UA(CS + L ) ]  -  C<; A + *B *

l)ft{3 ♦ 3(Cs + |- ) .(R ,  + sL ))-  3Ea -  3(RC + sL )IA -  l?( 1A * ‘ b *

1

T T T T s  + 1 ) ( i ^ T T t T  
% r T K T

E a  -  ( R ,  +  S L ) I A  - J c ^ A  ' c )

— -(C 6)

U; -  S __ _
T T l ^ T T j ,

nr __

- —  (0 7 )

- k  -  (Ri + s l ) L  - i c  ^A 4' h  + !c )
'  • 1 c "■* " S ♦ 1

- ( 0 8 )

F u r th e r  we have uhat

i ar ........ (CSa)

i br ------ (C9b)

t ' - t - ICR — (C9c)
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■IV - - - -  ClOa

-1%' ------ClOb

" ? v - —  ClOc

Also

"A

These eq ua tions can be used to  draw a block diagram.

A block diagram which r e la te s  "zero sequence" q u a n t i t i e s  w ith  one ano ther
can be o b ta ined  by forming th e  sum o f  the phase q u a n t i t ie s  d e riv ed  above.

From C4:

+ — ( c n ,

u p  u p

T his equa tion  can a 1 o derived  by adding C6 , 07 and 08 w hile  tak in g  in to  account 

th e  f a c t  th a t  + Eg + Fc = 0. Note t h r t  1 term s con ta in in g  + sL cancel

Also t t  -  1A t i g  t  f c ,  1(UA' t  - UC, 1 -  ' I  t v  -------(12]

" 4 '  .  * 1 4 '  '  " A  *  V  " c  -  » ( ' A  +  4  *  4 )

UT' -  UT - r it

F in a lly  a fu n n tic  M ch r e la te s  I j  to  vT i s  re q u ire d . C o n sidera tion  

o f  FIGURE Cl in d ic a te s  th a t

Un = -   (CM)

U n ' - ' n ' t  - - - - - - - - 1 ' * )

Uf, = ~ f c A Uc  (GIG)

From (014) + (CIS) + CIS)

, '  ( 4 )  +  S '  +  +  I " ,  +  t  +  " c l  '  "  ' " l

From CM, 0 5  and CIS

* un .  0, .  s l^ (S in ce  R- i sL and R are  small w ith  re sp e c t
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t o  th e  m agnetising  reac tan ces)

¥fl > i(E fl + Un) -  I{E + ^  UT) --------(C17«)

where E i s  th e  peak value o f  th e  app lied  e .m .f .
Likewise

%  •  | ( « 2 e + )  -  -  ( c l 7 b )

--
I f  A = |  where a i s  th e  o p e ra to r = eJT "  and B = i t  i s  c le a r  th a t

Yg and vc a re  a l l  defined  in  terms o f  A and B.

The n o n - l in e a r i ty  which r e la te s  1̂ . to  can be re p re se n te d  by a OF 

,i-g , ¥c ) such th a t  

i T -  N(TA, f j ,  r c ) f r  — -  ( CI S)

From above reason ing  :

N(¥a , Y8 , f c) -  N(A, B)

IT ■ N{A, B)»t

1 UT
. where A » _E and B = ^  ■5-

Equntions Cll to  C18 can a lso  be norm alised w ith  r e s p e c t t o  a s e t  o f 

re fe re n c e  v a lues  t y  I r , Ur  and such th a t  

Ur  « uipVp and Ur  = 1 ^ .

Equation C ll becomes

“ r  T<E c rE



r 1  '  

f ’  
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L , f, -  

L  , ,  

L  _
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L . , .  

L  J .  

L :

L ' r

L
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FIGURE Cl : C irc u i t  diagram fo r  th re e  phase g en e ra to r ea r th in g  scheme,

FIGURE C2 : Block diagram fo r  "zero sequence11 q u a n t i t i e s .



* = = W and r  = R
%  X

Likewise a l l  o th e r  eq ua tions can be norm alised  and th e  block  diagram  shown " 

FIGURE C2 is  o b ta ined .
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A P P E N D I X  P

ANALYTICAL DERIVATION OF DESCRIBING FUNCTIONS .

The n o n - l in e a r i ty  o f each phase i s  rep re sen ted  by a polynom ial o f 
th e  form

'  -  -  y 3 t  k5*s

Consider an in p u t to  th e  n o n - lin e a r ity  of

«f- B A sin (tit + o -  8) + Bsinnut

The f i r s t  term rep re se n ts  th e  fundamental in p u t v o ltag e  w hile  th e  second 
term corresponds to  th e  n eu tra l disp lacem ent o f frequency  mu.

Consider one phase, 

i = k^[A sin(w t + a -  6) + Bsinmut]

- k3[A sin (u t + a -  B) + Bsinmut] 3 

+ kg[Asin((ut + a ■■ B) + Bsinmut] 5

This equa tion  i s  o f th e  form

i = k ^ x  + y) -  k3(x + y )3 + k5 (x + y )5 where 

X = Asin(tut +£X - b) and y = Bsinmut. 

i  = k ^ x  + y)

-  k3 (x3 + 3x2y + 3 x y Z t  y 3)

+ k5(x5 + 5 x \  t  10x3y 2 + 10x2y 3 *  5xy4 + y 5)

Put a  t  6 = y and consider th e se  term s in  tu rn .

X 3  = A3s in 3 (u t  + y) = A3 - (3 s in (u t  + y) " s in 3 (u t + y ))

3x2y  » 3A2Bsin2{ut + Y ) s i h ( n u t )

e | a 2B(1 -  cos?.(wt + Y)) sin (nu t)

“ |- A 2B(sinmut -  sinnw tcos2(w t + y ))

B |A 2B{sinniut -  | s i n ( ( n  + Z Jat + 2 y )  - f s in ( ( h  -  2)wt -  2y)



=  |AB2s in (u t  +  y ) { 1  -  cos2nut)

= ■|fl.B2s in (b it + v) -  |AB2s i n [ ( l  + 2n )u t + y]

-  |AB2sin C (l -  Zn)»t f  y ]

= B3«.-in3nut

= ^B35iniKiit -  |B 3sin3rniit 

= A5s in 5{wt  + y)

= ygA5{sin5(w t 4- y) -  5 s in (u t + ?) + 5 [3sin (w t + y) -  s in3 (w t 

= ' | ^ \ 5{sin5(w t + ?} + 1 0 s in (u t + y) -  5sin3((ut + y)}

" j^A 5s in 5 (u t  + y) + |A Ssin((i)t + y) -  ygA5sin3(w t + y)

= 5A4Bsin4 (u)t + y)sinrnot

s  | a 4B{1 - 2cos2(Mb h- y.) + y 1 + co5^  * Y )]>sinn»t 

= • |a4B{'| •• 2cos2 (ti)t + y) + -gC0s 4 (a)t + y)}sinn(ut 

= |A 4B[|-sinnut -  2cos2(wt + y)sinni!)t + ■gCos4(uit + y js in n w t] 

a j^A^Bsinnwt -  |A 4B sin[(n  + 2)wt + 2y] -  |A 4Bsin[{n -  2)wt - 

«• ygA48s in [ (n  + 4 )u t + 4y] + j^A 4B sin[(n  -  4)oit -  4y]

= 10AS^ s i n 3(wt + y ) s in 2nut 

|A 3B2[3sin(n!t + y) -  s in 3 { u t + y ) ] [ l  -  cos2nut]
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“ |A 3B2{3sin(«)t + Y) -  sin 3 (w t + Y) -  3 s in (u t  +.-Y)cos2nwt 

+ sin3{ait + Y)cos2nfut}

= ^ A 3B2s in ( Mt  + Y) -  |A 3B2sin3{ut  + Y)

- •g^A3B2sin [{2n  + i ) « t  + Y] -  ^ V s i n [ ( l  -  2n )u t + 3Y]

+ |A 3B2s in [ (3  + 2n )« t + 3Y] + |A 3B2s in [ (3  -  2n )» t + 3Y]

10x2y 3 = 10A2B3s in 2£iiit + Y)s-in3nuit

= -g£A2B3D  " cos2(a»t + Y)][3sinno jt -  s in 3 n u t]

..= ^A2B3[3sinnw t -  s inS nu t -  3sinnu tcos2 (w t + Y)

+ s in 3 n a tc o s2 (u t + Y)]

= |[ 3 s in n u t  -  s in3nu t -  ■ |{ sin[(n  + 2 )u t + 2Y] + s in [ (n  -  2)tot -  2Y]}

= -^A 2B3sinn ti)t  -  |A 2B3sin3nwt  - - ^ a V  3)wt + 2Y]

-  J^A2B3s in [ (n  -  2 )u t -  2Y] + ^ V s l n ^ -  r 2)wt + 2y]

+ |^A 2B3s in [f3 n  -  2 )u t -  2Y]

5xy4 = 5AB^sin(ut + Y)sin^nw t

-|AB4C | -  2cos2niat + ^ o s 4nw t]sin (w t + Y)

" |AB4[-|sin(o)t Y) -  2cos2n<utsin((u6 + r )  + ^ c o s4 n « ts fn (y t + r )2  

i ^ A B 4sin £ tit + Y) -  |AB4s tn [(2 n  + I j u t  + Y] -  |AB4s in [ (1  -  2 n ) a  + Y] 

+ ^-AB4s in i (1  + 4n )u t + Y] + -ygAB^sintfl -  4n )u t + Y]
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y 5 = B^sin^sinmut

= jgf^s 'in^nw t + |B 5s in n u t -  ■ygBSsin3nu)t 

We th e re fo re  have th a t  fo r  one phase :

i = (k^A - ^kgA -  ■jkjAB + gk^A^ + + ^k^SB Jsinfwt + 0 - B)

+ ( |k 3A2B -  | k 5A4B -  ^ k 5A2B3 )s in [ (n  + 2 )« t -  28 + 2a]

+ ( l k3A2B - f k 5A4B - ^ k 5A2B3) Sin [ (n  -  2 )ut  + 28 - 20]

-*■ (Jk 3A3 -  l^kgA5 - | k 5A3B2 )s in 3 (Mt  + a  -  p)

+ { |k 3AB2 - A3B2 - |AB4 ) [ s i n [ ( l  + Z nju t + a -  8] + s 1 n [ ( l  -  2n)w t + a

-  m

+ ■|g-k5A5sin5(tot + a - B)

*  ( Y  -  f k / '  -

+ (-Jk3B3 -  f k 5A2B3 - *ygk5B5)sin 3 n ut

+ ^ k g A 4B [sin [(n  + 4 )u t + 4tt - 48] + s in [ ( n  -  4)w t -  4a + 8]

+ |-kgAB4[s in [ (1  + 4n)wt + a  -  e] + s i n [ ( l  -  4n)wt + a -  e ]

+ ygkgB5sin5no)t

+ ^ k r A2B3{ s in [(3 n  + 2 )u t -  2s. + 2 a] + s in [ (3 n  -  2 ) . t  + Z& -  2a]

+ |kgA 3B2{s1n[{3 + 2n)wt + 3.a -  38] + s in [ (3  -  2n )u t + 3o -  38] ------ (01)

In th e  th re e  phase arrangem ent under c o n s id e ra tio n  we a re  in te r e s te d  in  
th e  re la t io n s h ip  between th e  neu tra l disp lacem ent f lu x  lin k ag es *T (which is  

rep re sen ted  by B) and the r e s u l t in g  c u r re n t in  th e  n e u tra l conductor ( i T).
Equation 01 is  v a lid  fo r  one phase , a  being th e  phase angle  o f  the 

d r iv in g  vo ltag e  fo r  th a t  phase (A) w ith re sp e c t to
The c u rre n ts  fo r  th e  th re e  phases i* .  i^and i c can be o b ta ined  from th is  

equa tion  by p u ttin g  a = 0, 240° and 120 re s p e c t iv e ly .  When forming
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“ i'a + ig  + 1q a l l  terms co n ta in ing  a phase s h i f t  o f ka vanish  u n le ss  k 
i s  equal to  or a m u ltip le  c 3 when th e se  terms a re  t r e b le d .

Thus

4  "  - ' )

+ 3(k-|B -  | k 363 + J r ^ - k 3 + 7—kgA^B^ + ^kg8 )s in n u t

+ SlJkjB 3 -  | k 5AZB3 -  | 5k5B5)s)n3n« t 

+ 3 ( |k 5A3B2){ s in [ (3  + 2n )« t -  36] + s in [ (3  -  Zn)»t -  36]}

+ 3(y^k5BE}Ein5nwt.

We are  in te r e s te d  in  th e  d esc rib in g  fun c tio n  which r e la te s  th e  o u tp u t 

o f frequency nw to  th e  re le v a n t in p u t Bsinnwt, tak in g  in to  account th e  in f lu e n c e  
o f th e  magnitude o f  th e  supply v o ltage  (rep re sen ted  here by A) and i t s  r e l a t i v e  

phase angle ( 6) w ith re sp e c t to  Bsinnwt.
In TABLE 01 th e  re le v a n t o u tpu t term s a re  summarised fo r  th e  cases 

n = 1,3 and

TABLE 01 : R elevant ou tput terms fo r  v arious frequenc ies 

n Output o f nw

1 3 ( ^ 6  -  | k 3 A 2 B -  f k 3 B 3  +  ^ k 5 A 4 B *  j - ^ k ^ B 3  +  | k 5 B 5 ) s ] * t

* ^ k g A V : l n ( « t  -  3»)

3  3 | ^ y  -  : n | 3 ^  -  3 , )

A 3 (kg8 -  | k 3A2B ■ ij'kgB3 i  15k6A4B + JpkgA^B3 + ^  kgB3)s in 3 u t

t  ^ k 5A3B2s ill(3 « t + 3b) 

j  3(k,B  - | k 3A2B - | k 3B3 t  y -k 5A4B + |5 k 6A2B3 + | k 585) s i 4 » i
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The d e sc r ib in g  fu n c tio n  fo r  th e  fundamental frequency  i s  in  te rn s  o f  • 
phasors : .

S ^A .B ) -  3(k,B -  | k 3A2B - ^fc^B3 + 'g6k5A4B + + | 6gB5)e j °  i  ^ k 5« 3B2e '  J’31’

■ k, -  | k 3A2 -  | k 3B2 t  ^ k sA4 + ^ k 5A2B2 + jk jB 4 + | k 5A3Be i3 e  

» X, + Y ,, " j3B

and V, = | k 5A3B

For a n a ly s is  purposes we re q u ire  -  l/N ^A .B )

+ Y^e * ^3B i s  a c i r c l e  w ith .c e n tre  a t  Xj and rad iu s  V |.

From FIGURE Ol i t  i s  c le a r  th a t  - ________]____  re p re se n ts  a c i r c le
X, Y, e '  ^

w ith  ra d iu s  yi and c e n tre  a t

The d e sc rib in g  fu n c tio n  fo r  th s  th i r d  harmonic N^(A,B) is

+ 3 (k^ b -  |kgA2B - ^ B 3 + ^kgA^B + ^kgA^B3 + ^ - D " )

* ( ^ k 5A3BiV  j 36)/(3B )

. Y "  " Z ,"*

id W .  X, .  -  & k / / B  -

- v , - k ,  +



FIGURE

2__ v 2

. : Locus o f -  W O T  derived  from N(A,B) in  th e  complex p lana



77

= Xg(cos3g - js in S g )  + V3 -  Z3 (cos36 + js in 3 0 )

■ (X3 - Z3 )cos3e •' V -  j(X 3 + Z3 )sin 3 6 .

The n eg a tiv e  in v e rse  o f  i s  o b ta ined  by computing N3 (A,B) fo r  v arious

values o f  P,B and b and by ob ta in in g  th e  in v e rse  o f th e  complex values thus
d eriv ed .

The d e sc r ib in g  fun c tio n  fo r  n = ^  is

Kh(A,B) = k, -  | k 3A2 - | k 3B2 + - ^ A 4 * ^ k 5A282 + | k 5BS.
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A  P  P  E  N D 1 X E

COMPUTER PROGRAMS

a) Program to  compute fundamental OF

10 LET Kl= .7
20 LET K3= 1.1
30 LET K5= .733
40 LET A = 1.41399
50 FOR B = 0 TO 3 STEP .1
70 LET X =K1-K3*(1 .5*A*A+.75*B*B)+K5*(A"4*15/3i-B'i*(?*A*A*1 5/4+64*5/8)
80 LET Y=K5*A*A*A*B*5/8
90 LET Z=Y*Y-X*X
100 LET R-Y /Z
n o LET c = x /z
120 PRINT M ,R ,C
40 NEXT 6
150 END

to Pronram to  compute th ird  harmonic DF

10 LET Kl= ,7
20 LET K3= 1.1

30 l e t K5= .733

40 LET A = 1.41399

50 FOR B « 1 TO 3 STEP . 1

5 FOR H = 0 TO PHI(2/36)STEP PHI (2/36*12))

70 LET X « Kl-K {1.5*A*A+.75*B*B)+K5*(A,,4*15/fi+B*B*A*A*15/4+B4*6/8)
80 LET Y = K3*A*3/(4*B)-K5*5*A*5XB*16)-5*K5*A"3*3/4
90 LET I  ■ -5* K 5 *R "3 *B /a
100 LET' R = X+(Y+Z)*C0S(3*H)

n o LET I = (Z-Y)*SIN(3*H)

120 LET V = R*R+I*I

130 LET P » -R /V
140 LET 0 « -I/V

145 L*ET m=H*180/PHI(l)

150 PRINT M l . M
155 NEXT H
156 NEXT B

T6Q END



c ) Computer program to compute j fundamental frequency OF

5 CALL I/U , 0 , 2
10 LET K1= .7

20 'ET K3« 1.1

30 LET K5= .733

40 LET A = 1.41399

50 FOR B-= 0 TO 2 STEP .1

70 LET X =Kl-K3*(1.5*A*A+.75*B*a)+K5*(A*4*15/M*6*A*A*16/4+B'4*5/8) 
80 LET R = -l/X
120 PRINT A,B»R
140 NEXT 8
150 END

d) Program to  compute frequency t r a n s f e r  fun c tio n

2 LET VO) = 1
3 LET V(2) -  3
4 LET V(3) = 5
5 FOR K= 1 TO 3 S T E P  1
6 LET W=V(K)

7 P R IN T  "W="V(K)
10 FOR 1—2 TO  1 SIEP 1

20 FOR N= 1 TO 9 STEP 1

30 LET X W P H T I
35 FOR 11= 0 10 10 STEP 5

36 LET R=Ll*liO0OOOE-O4

50 FOR M= 0 TO 1 STEP 1

60 LET G=M

70 LET A=HR*G

75 LET B»W*R/X

80 LET C—W*H/X

85 LET D=W*G

87 LET T=C*r,+D*D
90 L ET  P«(A*C+B*0)/T

00 LET Q=-(A*U-B*C)/T

120 PRINT X .R .G .P .q
121 .NEXT M

123 NEXT LI



[ I

L*cge=»«j
I ^  123 NEXT IT

124  tX T M
125 NEXT I
126 NEXT K 

130 END

L .

c l

L .  1  

C , ]

Ic ]
c . , , ]

1, 1
C l

I
1 **

.-<c=k "

L  ^
i
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