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EXPERIENCES WITH 
PARALLEL EHV PHASE SHIFTING TRANSFORMERS 

b y  
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A b s t r a c t  

Unscheduled power f l o w  i s  a m a j o r  c o n c e r n  i n  
i n t e r c o n n e c t e d  power systems.  Phase s h i  f t i  ng t r a n s -  
f o r m e r s  (PSTs) a r e  one method used  t o  c o n t r o l  
unschedu led  power f l o w .  T h i s  paper  d i s c u s s e s  t h e  
a p p l i c a t i o n ,  p r o t e c t i o n ,  commiss ion ing ,  and i n i t i a l  
o p e r a t i n g  h i s t o r y  o f  t w o  s e t s  o f  p a r a l l e l ,  300-PlVA, 
345-kV, PSTs. The f o u r  Western Area Power A d m i n i s t r a -  
t i o n  (WAPA) PSTs were e n e r y i z e d  i n  1989 and a r e  
l o c a t e d  i n  n o r t h w e s t e r n  New Mex ico  i n  S h i p r o c k  and 
W a t e r f l o w  S u b s t a t i o n s .  The i n s t a l l a t i o n s  a r e  u n i q u e  
because t w o  PSTs, u s i n g  a s e r i e s  n o - l o a d  and l o a d  t a p  
changer  (LTC) d e s i g n ,  a r e  o p e r a t e d  i n  p a r a l l e l  a t  each 
1 o c a t i  on. 

I n t  r o d u c t i o r l  

A PST i n c r e a s e s  o r  dec reases  t h e  e l e c t r i c a l  v o l t a y e  
phase-ang le  r e l a t i o n s h i p  o f  a c i r c u i t  w i t h  r e s p e c t  t o  
a n o t h e r .  T h i s  s h i f t  i n  t h e  phase-ang le  r e l a t i o n s h i p  
a l l o w s  c o n t r o l  o f  t h e  r e a l  power f l o w  between t h e  
c i r c u i t s .  The re  a r e  v a r i o u s  methods o f  s h i f t i n g  t h e  
phase-ang l  e re1  a t i o n s h i  p i n  an i n t e r c o n n e c t e d  sys tem 
u s i n g  t r a n s f o r m e r s .  The s t a n d a r d  d e l t a - w y e  t r a n s -  
f o r m e r  p r o v i d e s  a f i x e d  30' s h i f t .  A hexagona l  t r a n s -  
f o r m e r  c o n n e c t i o n  [l] a l l o w s  f o r  m u l t i p l e  phase-ang le  
s h i f t s ,  b u t  t h e  t r a n s f o r m e r  must  be  d e - e n e r g i z e d  t o  
v a r y  t h e  a n g l e  t h r o u g h  a n o - l o a d  t a p  changer .  If t h e  
power f l o w  c o n t r o l  r e q u i r e m e n t s  a r e  seasona l ,  t h e  
hexagona l  c o n n e c t i o n  may b e  adequa te ,  b u t  where h o u r l y  
o r  d a i l y  a d j u s t m e n t s  a r e  r e q u i r e d ,  a method o f  v a r y i n y  
t h e  a n g l e  w h i l e  t h e  t r a n s f o r m e r  i s  l o a d e d  i s  r e q u i r e d .  
T h i s  can  b e  accomp l i shed  t h r o u g h  t h e  use  o f  a PST t h a t  
u t i l i z e s  a s e r i e s  and an e x c i t i n g  w i n d i n g  w i t h  a LTC, 
as shown i n  F i g u r e  1. 

The LTC, PST d e s i g n  c o n s i s t s  o f  a s e r i e s  u n i t  and an 
e x c i t i n g  u n i t  - two  s e p a r a t e  t r a n s f o r i n e r  u n i t s  
connec ted  b y  a s p e c i a l  t h r o a t  c o n n e c t i o n .  The 
t e r m i n a l s  o f  t h e  s e r i e s  u n i t  p r i m a r y  w i n d i n g s  (marked 
S and  L )  a r e  connec ted  t o  t h e  power sys tem w h i l e  t h e  
m i d p o i n t s  a r e  c o n n e c t e d  t o  t h e  p r i m a r y  w i n d i n g s  o f  t h e  
e x c i t i n g  u n i t .  The s e c o n d a r i e s  o f  t h e  s e r i e s  u n i t s  
a r e  connec ted  i n  D e l t a  and a r e  i n t e r c o n n e c t e d  w i t h  t h e  
s e c o n d a r i e s  o f  t h e  e x c i t i n g  u n i t  c o n t a i n i n g  t h e  t a p s .  
As t h e  t a p  p o s i t i o n s  a r e  changed, a p r o p o r t i o n a l  
q u a d r a t u r e  v o l t a g e  (V ) i s  i n t r o d u c e d  i n t o  t h e  s e r i e s  
w i n d i n g ,  p r o d u c i n y  aSLphase-ang le  s h i f t  between t h e  
s o u r c e  and l o a d  ( i n p u t  and o u t p u t )  t e r m i n a l s .  The 
phase s h i f t  e q u a l s  2 A r c s i n e  o f  VsL/2V, where V i s  t h e  
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m a g n i t u d e  o f  t h e  l i n e - t o - n e u t r a l  sys tem v o l t a g e  a t  t h e  
s o u r c e  and l o a d  ( S  and L )  t e r m i n a l s .  The LTC d e s i g n  
p r o v i d e s  a maximum, c o n t i n u o u s l y  v a r i a b l e ,  a n g l e  o f  
a p p r o x i m a t e l y  + / -  25 degrees .  The a n g l e  o f  r e g u l a t i o n  
can  b e  c o n s i d e r a b l y  i n c r e a s e d  u s i n g  a c o m b i n a t i o n  o f  
n o - l o a d  t a p  changers  (NLTC) and l o a d  t a p  changers  [ Z ] .  
The NLTC p r o v i d e s  a l a r g e  f i x e d  s h i f t  t h a t  can  t a k e  
c a r e  o f  l a r g e  seasonal  v a r i a t i o n s  o f  power f l o w .  

T h i s  paper  d i s c u s s e s  t h e  a p p l i c a t i o n ,  p r o t e c t i o n ,  
c o m m i s s i o n i n g  and i n i t i a l  o p e r a t i n g  h i s t o r y  o f  t w o  
s e t s  o f  p a r a l l e l  PSTs u s i n g  NLTC and LTCs. 

FIGURE 1 .  PHASE-SHIFTING TRANSFORMER WITH LOAD-TAP CHANGER 

Appl i c a t  i on 

The b u l k  power sys tem i n  t h e  w e s t e r n  U n i t e d  S t a t e s ,  
c o o r d i n a t e d  by t h e  Western Systems C o o r d i n a t i n g  Coun- 
c i l  (WSCC), has a u n i q u e  c h a r a c t e r i s t i c  because a 
l d r y e  t r a n s i i i s s i o n  n e t w o r k  has d e v e l o p e d  t h a t  i s  
s p a r s e  i n  t h e  c e n t e r  and e n c i r c l e s  t h e  r e y i o n  i n  a 
l a r y e  l o o p .  When l a r g e  amounts o f  power a r e  b e i n g  
t r a n s f e r r e d  t h r o u y h  t h e  WSCC system, t h e  power t a k e s  
t h e  p a t h  o f  l e a s t  impedance w h i c h  may n o t  be  a sched-  
u l e d  p a t h .  I n  t h e  WSCC system, unschedu led  power f l o w  
has become a m a j o r  probl,em and has a c q u i r e d  t h e  
s p e c i a l  name o f  " l o o p  f l o w .  

WAPA o p e r a t e s  a t r a n s m i s s i o n  sys tem w h i c h  i n c l u d e s  
o v e r  16,500 m i l e s  o f  h i y h  v o l t a g e  t r a n s m i s s i o n  l i n e s  
i n  15 w e s t e r n  s t a t e s .  I n  s o u t h w e s t e r n  C o l o r a d o  t h e  
C u r e c a n t i - S h i p r o c k  230-kV l i n e  has h i s t o r i c a l l y  been 
s e v e r e l y  i m p a c t e d  b y  l o o p  f l o w .  To l e s s e n  t h e  i m p a c t ,  
t h e  l i n e  i s  t o  be  u p r a t e d  t o  345-kV i n  t h e  f u t u r e .  
The p a r a l l e l  345-kV Long H o l l o w  - San Juan l i n e ,  e n e r -  
g i z e d  i n  1988, p r o v i d e s  a d d i t i o n a l  c a p a c i t y  t o  accom- 
modate l o o p  f l o w ,  b u t  even w i t h  t h e  a d d i t i o n s ,  s t u d i e s  
showed t h a t  50 - 75 p e r c e n t  o f  t h e  s c h e d u l i n g  c a p a c i t y  
o v e r  t h e  two  l i n e s  c o u l d  s t i l l  be consumed hy l o o p  
f l o w  i n  t h e  f a l l  and w i n t e r .  

U.S. Government work not protected by U.S. copyright. 



1097 

The r e q u i r e d  phase-ang le  s h i  f t i n y  range,  d e t e r m i n e d  by 
s y s t e n  s t u d i e s ,  was -30 t o  60 degrees .  Three 
d i f f e r e n t  s h i f t  r anges ;  +6U t o  0 dey rees ,  30 t o  -30 
dey rees ,  dnd 0 t o  -60 degrees  were s p e c i f i e d .  The 
l o w e r  - 6 0 t o  0 degree  range  i s  a v a i l a b l e  by s i v p l y  
r e v e r s i n g  t h e  i n t e r n a l  c o n n e c t i o n s  on t h e  60 t o  0 
degree  t a p  a t  m i n i m a l  a d d i t i o n a l  expense. The s h i f t  
r a n g e  i s  s e l e c t e d  b y  d e - e n e r g i z i n y  t h e  t r a n s f o r m e r s  
and c h a n g i n g  t h e  p o s i t i o n  o f  a n o - l o a d  t a p  changer .  
Once t h e  d e s i r e d  range  has been s e t ,  t h e  LTC can be  
used t o  a d j u s t  t h e  a n y l e .  The PSTs were s p e c i f i e d  t o  
s u p p l y  t h e  r a t e d  300 M V A  a t  maximum phase s h i f t  w i t h  
180 /240 /300  NVA, OA/FOA/FUA c o o l i n g  s t a g e s .  

The LTC was a concern  i n  t h e  t r a n s f o r m e r  d e s i g n ,  s i n c e  
h i g h  r e l i a b i l i t y  i s  a c r i t i c a l .  The LTC c o n t a c t s  were 
r e q u i r e d ,  b y  t h e  s p e c i f i c a t i o n ,  t o  p e r f o r m  250,000 
o p e r a t i o n s  u n d e r  f u l l  l o a d  w i t h o u t  r e q u i r i n g  rep lacem-  
e n t  o r  r e b u i l d i n g ,  and 60,000 o p e r a t i o n  b e f o r e  chang-  
i n g  o f  t h e  o i l .  The PST r u n u f a c t u r e r  used a r e s i s t o r  
t y p e  LTC w h i c h  u t i l i z e s  a d i v e r t e r  s w i t c h  i n  a sepa-  
r a t e  o i l  chamber f o r  t h e  a r c i n y  c o n t a c t s .  T h i s  d e s i g n  
has a p r o v e n  o p e r a t i n g  r e c o r d  and has a recoinmended 
s e r v i c i n g  i n t e r v a l  o f  20,000 o p e r a t i o n  b e f o r e  an 
i n s p e c t i o n  i s  r e q u i r e d ,  80,000 o p e r a t i o n s  b e f o r e  o i l  
change,  and t h e  c o n t a c t s '  l i f e  e x p e c t a n c y  i s  i n  excess  
o f  250,000 o p e r a t i o n s .  

WAP4's s t a n d a r d  b a s i c  l i g h t n i n y  i m p u l s e  i n s u l a t i o n  
l e v e l  ( H I L )  a t  345-kV i s  9011-kV f o r  i n t e r n a l  i n s u l d -  
t i o n  and 1050-kV f o r  t h e  b u s h i n g s .  Because o f  t h e  
c o m p l e x i t y  o f  t h e s e  t r a n s f o r m e r s  and t h e  h i y h  
d e g r e e  o f  r e l i a b i l i t y  r e q u i r e d ,  a 10511-kV R I L  was 
s p e c i f i e d  f o r  t h e  i n t e r n a l  i n s u l a t i o n .  The PST 
s u c c e s s f u l l y  c o m p l e t e d  a1 1 t h e  s t a n d a r d  A N S I  C57.12.00 
t e s t s  and t h e  f o l l o w i n g  s p e c i a l  t e s t s :  i n s u l a t i o n  
power f a c t w r ,  i m p u l s e ,  co rona ,  and s w i t c h i n g  impu lse .  
The o n l y  t e s t i n g  p r o b l e m  e n c o u n t e r e d  was i n  t h e  h e a t  
r u n  t e s t s .  The f i r s t  t r a n s f o r m e r  f a i l e d  t h e  t e s t  
t w i c e ,  and t h e  n a n u f a c t u r e r  f ound  a p r o b l e m  w i t h  t h e  
f l u x  d e n s i t y  i n  a c o r n e r  p o r t i o n  o f  t h e  c o r e  w h i c h  was 
o v e r h e a t i n g  and c a u s i n g  h i g h  gas r e a d i n y s  i n  t h e  o i l .  
M o d i f i c a t i o n  were made t o  t h e  t r a n s f o r m e r  c o r e  t o  
e l i n i n a t e  t h e  p rob lem,  and a l l  f o u r  u n i t s  s u b s e q u e n t l y  
passed t h e  h e a t  r u n  t e s t s .  

I n  1986, i t  was d e c i d e d  t h a t  PSTs wou ld  be  i n s t a l l e d  
on t h e  t w o  l i n e s  t o  e n a b l e  WAPA t o  l i m i t  l o o p  f l o w  and 
e f f e c t i v e l y  u t i l i z e  t h e  s y s t e m ' s  t r a n s f e r  c a p a h i l i -  
t i e s .  PSTs were r e q u i r e d  on b o t h  l i n e s  because a 
s i n g l e  PST wou ld  have  f o r c e d  power t o  f l o w  on t h e  
p a r a l l e l  u n r e g u l a t e d  l i n e .  600-MVA d u t i e s  were 
r e q u i r e d  f o r  each i n s t a l l a t i o n .  The PSTs wou ld  be  
i n s t a l l e d  a t  t h e  e x i s t i n g  Sh ip rock  S u b s t a t i o n  and a t  a 
new s u b s t a t i o n ,  W a t e r f l o w  S u b s t a t i o n ,  w h i c h  i s  1 / 2  
m i l e  n o r t h  o f  t h e  e x i s t i n g  San Juan G e n e r a t i n g  S t a t i o n  
( F i g u r e  2 ) .  345-kV PSTs wou ld  be i n s t a l l e d  a t  h o t h  
s u b s t a t i o n s ,  a l t h o u g h  t h e  S h i p r o c k  i n s t a l l a t i o n  would 
i n i t i a l l y  b e  o p e r a t e d  a t  230-kV. The 230-kV o p e r a t i o n  
o f  t h e  S h i p r o c k  PSTs reduces  t h e  M V A  c a p a c i t y ,  h y  t h e  
r a t i o  o f  t h e  v o l t a g e s ,  t o  67% o f  t h e  o r i g i n a l  r a t i n g ,  
howevpr  t h e  f u l l  phase s h i f t  range  i s  m a i n t a i n e d .  
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FIGURE 2 - SYSTEM I I I A G K A M  SHOWING PARALLEL 
PST ILOCATIONS 

The c h a r a c t e r i s t i c  l o o p  f l o w  o v e r  t h e  t w o  WAPA l i n e s  
i s  seasona l  i n  n a t u r e  and a l s o  i s  a f f e c t e d  by y e n e r a -  
t i o n  p a t t e r n s .  The c o s t  d i f f e r e n t i a l  o f  pu rchased  
power can he  s i g n i f i c a n t l y  i m p a c t e d  h y  t h e  s c h e d u l i n g  
c a p a h i l i t y  a v a i l a b l e  o n  t h e  two l i n e s .  It was i rnpo r -  
t a n t ,  t o  a l l o w  maxiinurn u t i l i z a t i o n  o f  t h e  t w o  l i n e s ,  
t h a t  t h e  PSTs have t h e  c a p a h i l i t y  t o  be  a d j u s t e d  w h i l e  
c a r r y i n g  l o a d .  I n  a d d i t i o n ,  t h e  d i r e c t i o n  o f  l o o p  
f l o w  changes d u r i n g  t h e  y e a r  so t h a t  t h e  PSTs mus t  
a l s o  he  c a p a h l e  o f  up t o  8 60' p o s i t i v e  (advance)  
phase s h i f t  a s  w e l l  as a 30 n e g a t i v e  ( r e t a r d )  phase  
s h i f t .  

Phase Shi f t i n y  T r a n s f o r m e r  Requi re r i en ts  

WAPA has o p e r a t e d  PSTs w i t h  LTCs f o r  o v e r  15  y e a r s  
w i t h o u t  any m a j o r  p rob lems .  P r e s e n t l y  t h e  l a r y e s t  PST 
i n  WAPA's sys tem i s  a 500 M V A ,  230-kV u n i t  w i t h  + 47, 
- 34 degree  r e g u l a t i o n  l o c a t e d  a t  L i b e r t y  S u b s t a t i o n  
i n  A r i z o n a .  The PSTs a t  W a t e r f l o w  and S h i p r o c k  were 
t o  be  600 MVA, 345-kV, and w o u l d  have been two o f  t h e  
l a r g e s t  PSTs w i t h  LTC e v e r  b u i l t .  The p h y s i c a l  s i z e  
o f  a s i n g l e  600 MVA PST r a i s e d  t r a n s p o r t a t i o n  
concerns .  System r e l i a b i l i t y  was a n o t h e r  concern  
s i n c e  t h e  l o s s  o f  one PST w o u l d  r e n d e r  t h e  o t h e r  PST 
i n e f f e c t i v e  i n  c o n t r o l l i n g  l o o p  f l o w .  T h e r e f o r e ,  i t  
was d e c i d e d  t o  i n s t a l l  two  p a r a l l e l  300 MVA PSTs a t  
each l o c a t i o n .  

S w i  t c h i n y  A r ranye r ien t  and S u b s t a t i o n  Des ign  

P r e v i o u s  PST i n s t a l l a t i o n s  i n  WAPA's sys tem c o n s i s t  o f  
a s i n g l e  PST w i t h  one bypass  l o a d  b r e a k  d e v i c e  and one 
l o a d  b r e a k  and one i s o l a t i n y  d i s c o n n e c t  d e v i c e  i n  
s e r i e s  w i t h  t h e  t r a n s f o r m e r .  I n  t h i s  c o n f i g u r a t i o n  
t h e  s e r i e s  l o a d  b r e a k  s w i t c h  i s  used t o  e n e r g i z e  and 
d e - e n e r g i z e  t h e  PST. The d i s c o n n e c t  s w i t c h  i s  used t o  
i s o l a t e  t h e  PST a f t e r  t h e  p a r a l l e l  bypass  s w i t c h  i s  
c l o s e d .  The l i n e  b r e a k e r s  a r e  used t o  c l e a r  t h e  l i n e  
and PST f o r  f a u l t s  a l o n g  t h e  l i n e ,  o r  i n  t h e  
t r a n s f o r m e r .  

T h i s  a r rangement  has f u n c t i o n e d  r e l i a b l y  o v e r  t h e  
y e a r s  b u t  c o n t a i n s  some o p e r a t i o n a l  drawbacks.  The 
m a i n  p r o b l e m  i s  t h a t  t h e  PST mus t  be  bypassed when a 
l i n e  f a u l t  o c c u r s .  The l i n e  i s  t h e n  r e - e n e r g i z e d ,  t h e  
LTC a d j u s t e d  t o  t h e  z e r o  t a p  p o s i t i o n ,  t h e  PST i s  
i n s e r t e d  back i n t o  t h e  l i n e ,  and t h e n  t h e  t a p s  a d j u s t -  
ed  t o  o h t a i n  t h e  r e q u i r e d  r e g u l a t i o n  a n g l e .  A n o t h e r  
drawbdck i s  t h e  l a c k  o f  a l o c a l  b r e a k e r  on each  s i d e  
o f  t h e  PST f o r  f a u l t  c l e a r i n g  and i s o l a t i o n .  A D i r e c t  
T r a n s f e r  T r i p  (DTT) s i g n a l  i s  u t i l i z e d  t o  t r i p  t h e  
remotp  l i n e  b r e a k e r  f o r  PST f a u l t s .  I f  t h e  communica- 
t i o n s  channe l  were t o  f a i l ,  t h e  remote  l i n e  end p r o -  
t p c t i o n  wou ld  n o t  d e t e c t  a l o w  l e v e l  f a u l t  u n t i l  i t  
e v o l v e d  i n t o  a m a j o r  f a u l t ,  t h e r e b y  a l l o w i n g  s i g n i f i -  
c a n t  a d d i t i o n a l  damaye t o  t h e  PST. 
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The p a r a l l e l  PST i n s t a l l a t i o n s  use  t h e  s w i t c h i n y  
a r range lnent  shown i n  F i g u r e  3. I n s t e a d  o f  u s i n g  
345-kV l o a d - b r e a k  d e v i c e s ,  l i v e  t a n k  c i r c u i t  h r e a k e r s  
w i t h o u t  f r e e  s t a n d i n y  c u r r e n t  t r a n s f o r m e r s  were used. 
The p r i c e  d i f f e r e n t i a l  be tween u s i n g  l o a d  h r e a k  
d e v i c e s  v e r s e s  b r e a k e r s  was o n l y  on  t h e  o r d e r  o f  l o % ,  
and t h e  b r e a k e r s  p r o v i d e  much g r e a t e r  o p e r a t i o n a l  
f l e x i b i l i t y  and l o c a l  t r a n s f o r m e r  p r o t e c t i o n .  The 
b r e a k e r s  a l l o w  t h e  l i n e  t o  h e  r e - e n e r g i z e d  w i t h o u t  
b y p a s s i n g  t h e  PST and a d j u s t i n y  t h e  a n g l e  t o  z e r o  
b e f o r e  r e - i n s e r t i n g .  The c o n f i g u r a t i o n  a l s o  p e r m i t s  
t h e  o p e r a t o r s  t o  a d j u s t  t h e  a n g l e  a c r o s s  t h e  b r e a k e r  
u s i n g  t h e  PST b e f o r e  c l o s i n y  t o  m i n i m i z e  t h e  a n g l e  
be tween t h e  t w o  s i d e s  o f  t h e  b r e a k e r s .  I n  t h e  p a s t  
t h i s  h a s  heen a p r o b l e m  on t h e  S h i p r o c k  - C u r e c a n t i  
l i n e  because t h e  l i n e  t i e s  y e n e r a t i o n  i n  w e s t e r n  
C o l o r a d o  t o  t h a t  o f  t h e  Four  C o r n e r s  a r e a  o f  
n o r t h w e s t e r n  New Mex ico .  

C o n t r o l  and P r o t e c t i o n  

U t i l i z i n g  p a r a l l e l  PSTs t o  r e d u c e  p h y s i c a l  s i z e  and 
i n c r e a s e  r e 1  i a b i l  i t y  r e s u l  t e d  i n  a more coinpl i c a t e d  
c o n t r o l  system. The LTC c o n t r o l s  on  each PST had t o  
h e  t i e d  t o g e t h e r  so t,hat t h e  two LTCs wou ld  r e m a i n  i n  
s t e p .  I f  t h e  t a p s  become mismatched,  l a r y e  c i r c u l a t -  
i n g  c u r r e n t s  be tween t h e  t w o  t r a n s f o r m e r s  r e s u l t .  To 
keep t h e  LTCs i n  s t e p ,  t h e  rnanufac t i i re r  used a m a s t e r /  
f o l l o w e r  a r ranyement  where  one t r a n s f o r m e r  i s  s p e c i -  
f i e d  t h e  m a s t e r  and t h e  o t h e r  t h e  f o l l o w e r .  A s  t h e  
m a s t e r  changes t a p s ,  t h e  f o l l n w e r  i s  one t a p  h e h i n d  
u n t i l  t h e  m a s t e r  r e a c h e s  t h e  d e s i r e d  t a p ,  a t  w h i c h  
p o i n t  t h e  f o l l o w e r  c a t c h e s  up and b o t h  LTCs a r e  on t h e  
same t a p .  T h i s  r e q u i r e s  t h e  PST t o  b e  c a p a b l e  o f  
c a r r y i n g  f u l l  l o a d  p l u s  t h e  c i r c u l a t i n g  c u r r e n t  
r e s u l t i n y  f r o m  a one t a p  mismatch. The c o n t r o l  l o g i c  
a l l o w s  e i t ’ l e r  t r a n s f o r m e r  t o  b e  t h e  m a s t e r  o r  t h e  
f o l l o w e r  and p r o v i d e s  an i n d e p e n d e n t  mode. 

F i y u r e  3 shows t h e  p r o t e c t i v e  r e l a y i n y  used f o r  a 
PST. D e v i c e s  shown i n  dashed l i n e s  were added a f t e r  
t h e  i n i t i a l  i n s t a l l a t i o n  and a r e  d i s c u s s e d  i n  t h e  
f o l l o w i n y  s e c t i o n s  on  i n s t a l l d t i o n ,  c o m m i s s i o n i n g  and 
o p e r a t i n g  h i s t o r y .  The f o l l o w i n y  l i s t  d e s c r i h e s  t h e  
f u n c t i o n  o f  each d e v i c e :  

87A 
87B 
51GA 
51GB 

25 Q 
49 
63PR 
63SP 
71Q 
63LTC 

51P 

59 
50/68 

Note  : 

T r a n s f o r m e r  d i  f f e r e n t i  a1 r e 1  ay. 
T r a n s f o r i n e r  d i f f e r e n t i a l  r e l a y .  
E x c i  t i ng t r a n s f o r n e r  p r i m a r y  g r o u n d  hackup. 
LTC and E x c i t i n g  t r a n s f o r m e r  s e c o n d a r y  g r o u n d  
back up . 
O i  1 t e m p e r a t u r e  r e l a y .  
M i n d i n g  h o t s p o t  t e m p e r a t u r e  r e l a y .  
Gas p r e s s u r e  r e l i e f  r e l a y .  
Sudden p r e s s u r e  r e 1  ay.  
O i l  l e v e l  r e l a y .  
Sudden p r e s s u r e  r e l a y  i n  t h e  l o a d  t a p  c h a n g e r  
compar tment .  
Phase o v e r c u r r e n t  used f o r  o v e r l o a d  
p r o t e c t i o n .  . 
O v e r v o l t a g e  r e l a y .  
I n r u s h  d e t e c t i o n  r e l a y .  

There  i s  a 26Q, 49, 63PR, 63SP, and 7 1 Q  
l o c a t e d  on  t h e  s e r i e s  a s  w e l l  a s  t h e  e x c i t i n g  
u n i t .  

Two s e t s  o f  d i f f e r e n t i a l  r e l a y s  a r e  r e q u i r e d  t o  
a d e q u a t e l y  p r o t e c t  t h e  PST. The t w o  d i f f e r e n t i a l  
r e l a y s  have CTs i n  each phase o f  t h e  n e u t r a l  end o f  
t h e  e x c i t e r  u n i t  w i n d i n g s  i n  a d d i t i o n  t o  t h e  CTs on  
t h e  s o u r c e  and l o a d  t e r m i n a l s .  T h i s  c o n f i g u r a t i o n  
e l i m i n a t e s  t h e  i i n b a l a n c i n y  e f f e c t  t a p  c h a n g i n g  w o u l d  
o t h e r w i s e  c r e a t e  on  a d i f f e r e n t i a l  c i r c u i t .  R e l a y  8 7 A  
p r o v i d e s  o v e r a l l  p r o t e c t i o n  o f  t h e  s e r i e s  and e x c i t i n g  

u n i t  p r i m a r y  w i n d i n g s .  The second d i f f e r e n t i a l  r e l a y ,  
8 7 8  p r o t e c t s  t h e  secondary  w i n d i n g s  o f  t h e  s e r i e s  and 
e x c i t i n y  u n i t s .  S i n c e  t h e  e x c i t i n y  u n i t  secondary  
w i  n d i  rigs a r e  Wye c o n n e c t e d ,  t h e y  c a n n o t  s u p p l y  z e r o  
sequence c u r r e n t  f o r  e x t e r n a l  g round f a u l t s  [3]. 
T h e r e f o r e ,  t h e  c u r r e n t  t r a n s f o r m e r s  can b e  c o n n e c t e d  
i n  e i t h e r  d e l t a  or  wye. A d e l t a  c o n n e c t i o n  was chosen 
because i t  p r o v i d e s  more s e n s i t i v i t y .  Two o v e r c u r r e n t  
r e l a y s ,  5 1 G A  and 51GB were  p l a c e d  i n  t h e  n e u t r a l  t o  
p r o t e c t  f o r  i n t e r n a l  g round f a u l t s  i n  t h e  PSTs and a r e  
s u p e r v i s e d  b y  t h e  5 0 / 6 8  r e l a y s  ( w h i c h  were added 
l a t e r )  t o  p r e v e n t  o p e r a t i o n  d u r i n y  t r a n s f o r m e r  
e n e r y i z a t i o n .  The 51P r e l a y  p r o t e c t s  f o r  o v e r l o a d s  
caused b y  s y s t e m  c o n d i t i o n s ,  o r  i f  t h e  LTC on t h e  t w o  
PSTs l o s e s  s t e p  r e s u l t i n y  i n  l a r y e  c i r c u l a t i n y  
c u r r e n t s  be tween t h e  t r a n s f o r l n e r s .  There  i s  a sudden 
p r e s s u r e  r e l a y  and o i l  l e v e l  r e l a y  i n  each t r a n s f o r m e r  
t a n k  dnd t h r e e  a d d i t i o n a l  sudden p r e s s u r e  r e l a y s ,  one 
i n  each d i v e r t e r  s w i t c h  compar tment .  A s i x t h  s l idden 
p r e s s u r e  r e l a y ,  i n  t h e  LTC compar tment ,  was added 
a f t e r  t h e  i n i t i a l  i n s t a l l a t i o n .  The 59 o v e r v o l t a y e  
r e l a y  i s  a v o l t s  p e r  h e r t z  r e l a y  t h a t  p r o v i d e s  
o v e r v o l t a g e  p r o t e c t i o n  f o r  t h e  PST. The v o l t s  p e r  
h e r t z  r e l a y  was used because i t  p r o v i d e s  more s e t t i n g  
f l e x i b i l i t y  t h a n  a s t a n d a r d  o v e r v o l t a y e  r e l a y ,  
a l l o w i n g  t h e  p r o t e c t i o n  t o  be matched w i t h  t h e  PST 
o v e r v o l t a g e  c a p a h i l  i t y  . 

TRANSMISSION LINE 

To Bus TO STATION BUS 
DIFFERENTIAL 

FIGURE 3. PARALLEL PST SWITCHING AND PROTECTION 

The S h i p r o c k  S u b s t a t i o n  i n s t a l l a t i o n  i u t i l i z e d  a 
d i f f e r e n t i a l  r e l a y  be tween t h e  s t a t i o n  b u s  and t h e  
PSTs. A s e p a r a t e  f r e e  s t a n d i n y  CT was added i n  t h e  
bypdss  c i r c u i t  t o  a l l o w  t h e  bus  d i f f e r e n t i a l  r e l a y s  t o  
r e m a i n  i n  s e r v i c e  u n d e r  a l l  s w i t c h i n g  c o n d i t i o n s .  The 
W a t e r f l o w  i n s t a l l a t i o n  was s l i g h t l y  d i f f e r e n t  because 
t h e  s u b s t a t i o n  i s  l o c a t e d  1 / 2  m i l e  away f rom t h e  San 
Juan G e n e r a t i n g  S t a t i o n .  I n s t e a d  o f  p l a c i n g  a b r e a k e r  
on t h e  San Juan s i d e  o f  t h e  PSTs, r e d u n d a n t  c u r r e n t  
d i f f e r e n t i a l  r e l a y s  o v e r  s e p a r a t e  f i b e r  o p t i c  c a b l e s  
were  used and t h e  1 / 2  m i l e  o f  l i n e  t r e a t e d  as a l o n y  
hus. The f i b e r  o p t i c  c a b l e s  a l s o  t r a n s i n i t  d u a l  d i r e c t  
t r a n s f e r  t r i p  (OTT) s i g n a l s  t o  t h e  San Juan b r e a k e r s  
i f  a PST p r o t e c t i v e  r e l a y  d c t i o n  o c c u r s .  I n  a d d i t i o n ,  
a s e p a r a t e  impedance r e l a y  was p l a c e d  a t  San Juan, 
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r e a c h i n g  t h r o u g h  t h e  PSTs, t o  a c t  as an i n d e p e n d e n t  
backup. The t r a n s m i s s i o n  l i n e  r e l a y s  were  p l a c e d  on 
t h e  l i n e  s i d e  o f  t h e  PSTs a t  b o t h  l o c a t i o n s  u s i n g  f r e e  
s t a n d i n g  CTs s o  t h a t  t h e  v a r y i n g  impedance and a n g l e  
i n t r o d u c e d  b y  t h e  PST w o u l d  n o t  a f f e c t  t h e  r e a c h  o f  
t h e  r e l a y s .  

PST I n s t a l l a t i o n  and Commiss ion ing  

The t i m e  f r o m  p r o j e c t  a p p r o v a l  t o  e n e r g i z a t i o n  was 
a p p r o x i m a t e l y  3 y e a r s  f o r  b o t h  i n s t a l l  a t i o n s .  The 
m a n u f a c t u r e r  s h i p p e d  a l l  f o u r  PST u n i t s  w i t h i n  18 
months o f  p l a c i n g  t h e  o r d e r .  To e x p e d i t e  i n s t a l l a -  
t i o n ,  t h e  m a n u f a c t u r e r  was c o n t r a c t e d  t o  assemble and 
i n s t a l l  t h e  PSTs. T h i s  was a m a j o r  t a s k  because each 
t r a n s f o r m e r  c o n s i s t s  o f  t w o  l a r g e  t a n k s ,  one c o n t a i n -  
i n g  t h e  s e r i e s  u n i t  and one t h e  e x c i t i n g  u n i t ,  w h i c h  
must  b e  c o n n e c t e d  t o g e t h e r  t h r o u g h  s p e c i a l  t h r o a t  
o p e n i n g s  i n  each t a n k .  I n  a d d i t i o n ,  t h e  LTC, 
b u s h i n g s ,  a r r e s t e r s ,  r a d i a t o r s ,  and o t h e r  m i s c e l l a n e -  
ous i t e m s  were  a l l  i n s t a l l e d  as p a r t  o f  t h e  package. 

The PST i n s t a l l a t i o n s  were  commiss ioned i n  t h e  f a l l  o f  
1989. The u n i t s  were  i n i t i a l l y  e n e r g i z e d  w i t h  one 
b r e a k e r  open f o r  s e v e r a l  h o u r s  b e f o r e  b e i n g  f u l l y  
c l o s e d  i n .  Once t h e  PSTs were  f u l l y  e n e r g i z e d ,  t h e y  
were  l o a d e d  i n  i n c r e m e n t s  w i t h  t e m p e r a t u r e  r i s e s  
r e c o r d e d  a t  each l o a d  l e v e l .  The p a r a l l e l  l i n e s  and 
PSTs a t  each s u b s t a t i o n  a l l o w e d  t h e  u n i t s  t o  b e  l o a d  
t e s t e d  w i t h o u t  a d v e r s e l y  a f f e c t i n g  power f l o w  t h r o u g h  
t h e  system. The p a r a l l e l  PSTs a t  each s u b s t a t i o n  were 
a d j u s t e d  t o  c r e a t e  c i r c u l a t i n g  c u r r e n t  on t h e  two 
p a r a l l e l  l i n e s .  T h i s  u n b a l a n c e d  o p e r a t i o n  l o a d e d  t h e  
PSTs w i t h o u t  a d v e r s e l y  a f f e c t i n g  t h e  power system. 

Commiss ion ing  o f  t h e  u n i t s  went w e l l  w i t h  t h e  
e x c e p t i o n  o f  a p r o b l e m  w i t h  t h e  51GA g r o u n d  o v e r -  
c u r r e n t  r e l a y  i n  t h e  n e u t r a l  o f  t h e  e x c i t e r  u n i t  
p r i m a r y  w i n d i n g .  The 51GA, w h i c h  i s  i n t e n d e d  f o r  
s e n s i t i v e  g r o u n d  f a u l t  p r o t e c t i o n ,  o f t e n  t r i p p e d  on 
i n r u s h  c u r r e n t  d u r i n g  e n e r g i z a t i o n .  The r e l a y  had a 
s h o r t  t i m e  t r i p p i n g  c h a r a c t e r i s t i c  w i t h o u t  an i n s t a n -  
t a n e o u s  o v e r c u r r e n t  e l e m e n t ,  as  recommended b y  t h e  PST 
m a n u f a c t u r e r .  However, t h e  n e t  i n r u s h  c u r r e n t  i n  t h e  
n e u t r a l  was s u f f i c i e n t  t o  o p e r a t e  t h e  r e l a y  d u r i n g  
e n e r g i z a t i o n .  A t t e m p t s  t o  u s e  s l o w e r  t i m e  s e t t i n g s  
and h i g h e r  c u r r e n t  t a p s  worked f o r  t h e  S h i p r o c k  230-kV 
PSTs, b u t  f a i l e d  t o  p r e v e n t  e n e r g i z a t i o n  m i s o p e r a t i o n s  
on t h e  W a t e r f l o w  345-kV PSTs. As a t e m p o r a r y  measure,  
a 15-second d e l a y  t i m e r  was added t o  b l o c k  t h e  n e u t r a l  
g r o u n d  r e l a y s  d u r i n g  e n e r g i z a t i o n .  The e n e r g i z a t i o n  
d e l a y  t i m e r  e n a b l e d  t h e  r e l a y s  t o  r e t a i n  f a s t ,  s e n s i -  
t i v e  s e t t i n g s  w h i l e  a permanent s o l u t i o n  t o  t h e  i n r u s h  
p r o b l e m  was s t i Jd ied .  

O p e r a t i n g  H i s t o r y  

The t w o  PST i n s t a l l a t i o n s  p e r f o r m e d  power f l o w  c o n t r o l  
o p e r a t i o n s  as  e x p e c t e d  and a l l o w e d  WAPA t o  c o n t r o l  
u n s c h e d u l e d  l o o p  f l o w  t h r o u g h  t h e  t w o  t r a n s m i s s i o n  
l i n e s .  

One p r o b l e m  t h a t  o c c u r r e d  d u r i n g  o p e r a t i o n  was a 
s u s t a i n e d  t a p  mismatch  be tween t h e  LTCs on p a r a l l e l  
PSTs. The s u s t a i n e d  mismatch  caused t h e  c o n t r o l  
sys tem t o  bypass  and l o c k o u t  t h e  PSTs. The c o n t r o l  
l o g i c  i s  d e s i g n e d  t o  a l l o w  a one t a p  mismatch ,  b u t  
opens t h e  PST b r e a k e r s  i f  a two t a p  mismatch  o c c u r s .  
Measurements i n d i c a t e  t h a t  a one t a p  mismatch  produces  
a p p r o x i m a t e l y  100 anperes  ( a t  345-kV) o f  c i r c u l a t i n g  
c u r r e n t  and a t w o  t a p  mismatch  200 amperes o f  c i r c u -  
l a t i n g  c u r r e n t .  The c a u s e  o f  t h e  s u s t a i n e d  m i s m a t c h  
i s  unknown, b u t  t h e  i n t e r m i t t e n t  n a t u r e  i n d i c a t e s  t h a t  
t h e r e  may h e  a bad r e l a y  o r  c o n t a c t  i n  t h e  c o n t r o l s .  

E n e r g i z a t i o n  i n r u s h  c u r r e n t s  remained a p r o b l e m ,  even 
w i t h  t h e  d e l a y  t i m e r s  added d u r i n g  c o m m i s s i o n i n g .  The 
d e l a y  t i m e r s  e n a b l e d  a s i n g l e  PST t o  he e n e r g i z e d ,  b u t  
when t h e  p a r a l l e l  PST was e n e r y i z e d ,  t h e  f i r s t  PST 
w o u l d  o f t e n  t r i p  due t o  s y m p a t h e t i c  i n r u s h  c u r r e n t  i n  
t h e  n e u t r a l  r e l a y s .  T e s t s  were  c o n d u c t e d ,  r e p l a c i n g  
t h e  e x i s t i n g ,  s o l i d  s t a t e ,  s h o r t  t i m e  g r o u n d  o v e r -  
c u r r e n t  r e l a y s  w i t h  e l e c t r o m e c h a n i c a l ,  e x t r e m e l y  
i n v e r s e  t i m e  r e l a y s ,  h u t  t h e  new r e l a y s  a l s o  o p e r a t e d  
on t h e  i n r u s h  c u r r e n t s  and were  removed. Because o f  
t h e  s y m p a t h e t i c  i n r u s h  prob lem,  as  a t e m p o r a r y  
measure,  t h e  51tiA and 5168 o v e r c u r r e n t  r e l a y  s e t t i n g s  
were  d e - s e n s i t i z e d .  The s l o w e r  s e t t i n g s ,  i n  a d d i t i o n  
t o  t h e  d e l a y  t i m e r s ,  a l l o w e d  t h e  PSTs t o  b e  e n e r g i z e d  
w i t h o u t  t h e  n e u t r a l  r e l a y s  o p e r a t i n g  on i n r u s h  o r  
s y m p a t h e t i c  i n r u s h  c u r r e n t s .  

To o b t a i n  a permanent s o l u t i o n  t o  t h e  i n r u s h  p r o b l e m s ,  
harmon ic  r e s t r a i n e d  o v e r c u r r e n t  r e l a y s  and t r a n s f o r m e r  
i n r u s h  d e t e c t i o n  r e l a y s  were  o r d e r e d  f o r  e v a l u a t i o n .  
The t r a n s f o r m e r  i n r u s h  d e t e c t i o n  r e l a y  i s  a new t y p e  
o f  d e v i c e  t h a t  d e t e c t s  t h e  z e r o  c u r r e n t  p e r i o d  i n  t h e  
m a g n e t i z i n g  i n r u s h  c u r r e n t  waveform and i n i t i a t e s  
b l o c k i n g .  The r e l a y  w i l l  n o t  b l o c k  i f  a f a u l t  o c c u r s  
d u r i n g  i n r u s h  s i n c e  t h e  z e r o  c u r r e n t  p e r i o d  does n o t  
e x i s t .  Because t h e  i n r u s h  d e t e c t i o n  r e l a y s  a r e  new 
d e v i c e s ,  WAPA d i d  n o t  r e c e i v e  them u n t i l  t h e  summer o f  
1990. The harmon ic  r e s t r a i n e d  o v e r c u r r e n t  and t h e  
i n r u s h  d e t e c t i o n  r e l a y s  were t e s t e d ,  and i t  was d e c i d -  
e d  t o  u s e  t h e  i n r u s h  d e t e c t i o n  r e l a y s  t o  b l o c k  o p e r a -  
t i o n  o f  b o t h  t h e  e x i s t i n g  5lGA and 51GB n e u t r a l  o v e r -  
c u r r e n t  r e l a y s  d u r i n g  i n r u s h .  D u r i n g  t e s t i n g ,  t h e  
i n r u s h  d e t e c t i o n  r e l a y s  p r o v i d e d  a p o s i t i v e  i n d i c a t i o n  
t h a t  t h e y  were f u n c t i o n i n g  p r o p e r l y  b y  b l o c k i n g  on 
i n r u s h .  The h a n n o n i c  r e s t r a i n e d  o v e r c u r r e n t  r e l a y  was 
much h a r d e r  t o  e v a l u a t e  s i n c e  i t  i s  d e s i g n e d  t o  n o t  
o p e r a t e  d u r i n g  i n r u s h .  One i n r u s h  d e t e c t i o n  r e l a y  i s  
p r e s e n t l y  b e i n g  i n s t a l l e d  f o r  each PST. The r e l a y s ,  
d e s i g n a t e d  as  a d e v i c e  50/68, a r e  l o c a t e d  as  shown i n  
F i g u r e  3. W i t h  t h e  5 0 / 6 8  r e l a y s  i n s t a l l e d ,  t h e  d e l a y  
t i m e r s  were  removed and t h e  o r i g i n a l ,  s e n s i t i v e ,  s e t t -  
i n g s  were  used on t h e  51GA and 51GR r e l a y s .  

I n  A p r i l  o f  1990, b e f o r e  t h e  h a r m o n i c  d e t e c t i o n  r e l a y s  
were  i n s t a l l e d ,  a f a u l t  o c c u r r e d  i n  one o f  t h e  t w o  
PSTs a t  W a t e r f l o w  S u b s t a t i o n .  The f a u l t  o c c u r r e d  
s h o r t l y  a f t e r  t h e  t w o  PSTs were p l a c e d  i n  t h e  n e u t r a l  
( z e r o  d e g r e e  s h i f t )  t a p  p o s i t i o n .  I n i t i a l  i n d i c a t i o n s  
were t h a t  a f a u l t  o c c u r r e d  i n  t h e  l o a d  t a p  c h a n g e r  
compar tment .  The o n l y  PST r e l a y  t o  o p e r a t e  was t h e  
51GB r e l a y .  The r e l a y ,  w h i c h  had been d e - s e n s i t i z e d  
due t o  s y m p a t h e t i c  i n r u s h  p r o b l e m s ,  o p e r a t e d  i n  
2 4 - c y c l  e s  . 
I n i t i a l l y ,  i t  was u n c l e a r  why t h e  sudden p r e s s u r e  
r e l a y s  and t r a n s f o r m e r  d i f f e r e n t i a l  r e l a y s  d i d  n o t  
o p e r a t e .  A l t h o u g h  t h e r e  were f i v e  sudden p r e s s u r e  
r e l a y s  on  t h e  PST, t h e r e  was no  sudden p r e s s u r e  r e l a y  
i n  t h e  f a u l t e d  LTC m a i n  compar tment .  P r e s s u r e  b u i l d  
up  i n  t h e  s e r i e s  t a n k ,  t h e  e x c i t e r  t a n k ,  o r  t h e  t h r e e  
d i v e r t e r  s w i t c h  co lumns was n o t  s u f f i c i e n t  t o  o p e r a t e  
t h e  sudden p r e s s u r e  r e l a y s .  To i m p r o v e  p r o t e c t i o n ,  
sudden p r e s s u r e  r e l a y s  were added t o  t h e  LTC m a i n  
compar tments  i n  a l l  f o u r  o f  Lhe PSTs. 

F i e l d  i n s p e c t i o n s  l a t e r  d e t e r m i n e d  t h a t  t h e  f a u l t  was 
caused b y  t w o  t a p s  i n  t h e  phase C l o a d  t a p  c h a n g e r  
s h o r t i n g  t o g e t h e r .  Because t h e  PST was i n  t h e  n e u t r a l  
t a p ,  t h e  LTC was i n t e r n a l l y  bypassed when t h e  f a u l t  
o c c u r r e d .  F o r  t h i s  c o n d i t i o n ,  f a u l t  c u r r e n t  
c i r c u l a t e d  i n  t h e  s h o r t e d  phase C LTC as  shown i n  
F i g u r e  4. The magn i tudes  o f  t h e  f a u l t  c u r r e n t s  were  
d e t e r m i n e d  f r o m  a n a l y s i s  o f  d i g i t a l  f a u l t  r e c o r d e r  
d a t a .  Because o f  t h e  n a t u r e  o f  t h e  f a u l t  and t h e  
n e u t r a l  t a p  o p e r a t i n g  p o s i t i o n ,  t h e r e  was no  d i f f e r  
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ence  c u r r e n t  t o  cause  t h e  t r a n s f o r m e r  d i f f e r e n t i a l  
r e l a y s  t o  o p e r a t e .  The o n l y  r e l a y  t o  see t h e  f a u l t  
was t h e  d e s e n s i t i z e d  51GB r e l a y .  I f  t h i s  r e l a y  had  
had t h e  o r i g i n a l ,  s e n s i t i v e  s e t t i n g s ,  i t  wou ld  have 
o p e r a t e d  i n  3 c y c l e s  i n s t e a d  o f  24 c y c l e s .  

I n v e s t i g a t i o n s  i n d i c a t e d  t h a t  t h e  damage due  t o  t h e  
f a u l t  was l i m i t e d  t o  t h e  LTC compartment .  The LTC was 
r e p a i r e d ,  t h e  Compartment c l e a n e d ,  and t h e  PST was 
e n e r g i z e d  l e s s  t h a n  t h r e e  inonths a f t e r  t h e  f a u l t  
o c c u r r e d .  D u r i n g  t h e  t i m e  t h e  PST was b e i n g  r e p a i r e d ,  
t h e  r e m a i n i n g  t h r e e  PSTs were s t i l l  o p e r a t i n g  t o  con -  
t r o l  unschedu led  l o o p  f l o w  t h r o u g h  t h e  a r e a .  
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FIGURE 4. FAULT CURRENTS IN THE PHASE-SHIFTING TRANSFORMER 

Concl u s i  ons 

Four  l a r y e  345-kV, 300-MVA phase s h i f t i n g  t r a n s f o r m e r s  
have  been i n s t a l l e d  on t w o  c r i t i c a l  l i n e s  i n  w e s t e r n  
Co lo rado .  The p a r a l l e l  a p p l i c a t i o n  o f  t h e s e  l a r g e  
PSTs has been a f i r s t  f o r  WAPA; and e x c e p t  f o r  some 
m i n o r  c o m m i s s i o n i n g  p rob lems ,  t h e  i n s t a l l a t i o n  and 
c o m m i s s i o n i n g  went smoo th l y .  A f a u l t  i n  t h e  m a i n  LTC 
compartment  l a t e r  removed one u n i t  f r o m  s e r v i c e ,  b u t  
t h e  i n s t a l l a t i o n  o f  p a r a l l e l  u n i t s  a t  each l o c a t i o n  
a l l o w e d  f o r  c o n t i n u e d  o p e r a t i o n  and c o n t r o l  o f  t h e  
power f l o w  on t h e  t w o  l i n e s .  
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