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ABSTRACT 

The problem of p r o v i d i n g  e l e c t r i c a l  c i r c u i t  p r o t e c t i o n  f o r  
d i s p e r s e d  s t o r a g e  and g e n e r a t i o n  ( D S G )  d e v i c e s  
i n t e r c o n n e c t e d  w i t h  u t i l i t y  d i s t r i b u t i o n  s y s t e m s  is 
i n v e s t i g a t e d .  The emphas i s  o f  t h i s  r e p o r t  is  o n  t h e  
t e c h n i c a l  issues b u t  d o e s  a d d r e s s  s a f e t y  and economic i s sues  
t o  a l i m i t e d  d e g r e e .  

The DSG p r o t e c t i o n  problem areas  a re  i d e n t i f i e d .  S e v e r a l  
s i m u l a t i o n s  of p r o t e c t i o n  p rob lems  a re  p r e s e n t e d  t o  show t h e  
n a t u r e  o f  t h e  v a r i o u s  t y p e s  of p rob lems  e n c o u n t e r e d .  These 
s i m u l a t i o n s  c o n s i d e r e d  phenomena such  a s :  

1. Resonance 
2. I s l a n d i n g  
3.  F l u c t u a t i n g  g e n e r a t i o n  
4, F a u l t s  

An e v a l u a t i o n  is made of t h e  adequacy  of p r e s e n t  p r o t e c t i o n  
schemes w i t h  respect t o  t h e  s i m u l a t i o n  r e s u l t s .  P r e s e n t  
schemes a re  found t o  be a d e q u a t e  i n  most areas e x c e p t  f o r  
p r o t e c t i o n  a g a i n s t  i s l a n d i n g ,  G u i d e l i n e s  are  g i v e n  t o  h e l p  
u t i l i t y  d i s t r i b u t i o n  e n g i n e e r s  d e s i g n  p r o p e r  p r o t e c t i o n  
schemes.  

A spec ia l  p r o t e c t i o n  package f o r  small- and medium-sized DSG 
i n s t a l l a t i o n s  is recommended; t h i s  would s i m p l i f y  
i n t e r c o n n e c t i o n  o f  DSG w i t h  t h e  u t i l i t y  s y s t e m .  
S p e c i f i c a t i o n s  of t h e  package  a r e  g i v e n .  The f e a s i b i l i t y  of 
d e s i g n i n g  t h e  package  a round  a m i c r o p r o c e s s o r - b a s e d  r e l a y  is 
i n v e s t i g a t e d .  I t  i s  found t h a t  t e c h n i c a l  b a r r i e r s  have  
a l m o s t  been overcome, and i t  s h o u l d  be p rac t i ca l  t o  p roduce  
s u c h  a d e v i c e  soon .  
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3. - INTRODUCTION 

The P u b l i c  U t i l i t y  R e g u l a t o r y  Policies A c t  of 1 9 7 8  (PURPA) w a s  
e n a c t e d  t o  encourage  t h e  deve lopment  of  small ,  d i s p e r s e d  
e n e r g y  s o u r c e s .  T h i s  h a s  s p a r k e d  much i n t e r e s t  on t h e  p a r t  
of e l e c t r i c  u t i l i t i e s  i n  t h e  problems of c o n n e c t i n g  
d i s p e r s e d  s t o r a g e  and g e n e r a t i o n  (DSG) d e v i c e s  to 
c o n v e n t i o n a l  u t i l i t y  power s y s t e m s .  Tihis r e p o r t  e v a l u a t e s  
c u r r e n t  t e c h n i q u e s  for  p r o t e c t i o n  o f  t h e  i n t e r c o n n e c t e d  
sys t ems .  The p a r t i c u l a r  emphas i s  of t h e  r e p o r t  is  on 
d i s t r i b u t i o n  s y s t e m s ,  a l t h o u g h  many of t h e  c o n c l u s i o n s  
might  a l s o  a p p l y  t o  DSG d e v i c e s  connec ted  to t r a n s m i s s i o n  
sys t ems .  

The major i s sues  i n  DSG p r o t e c t i o n  seem t o  be: 

1, s a f e t y  o f  p e r s o n n e l ,  
2 ,  p r o t e c t i o n  d u r i n g  f a u l t e d  c o n d i t i o n s ,  and 
3 .  q u a l i t y  of s e r v i c e  d u r i n g  normal o r  u n f a u l t e d  

c o n d i t i o n s .  

This r e p o r t  c o n c e n t r a t e s  on I ssues  2 and 3 .  W i t h i n  these 
issues, the scope is l i m i t e d  t o  t e c h n i c a l  a s p e c t s .  O t h e r  
a s p e c t s ,  s u c h  a s  economicsp  a re  cove red  i n c i d e n t a l l y ,  o n l y  
as t h e y  h e l p  t o  c l a r i f y  a f i n d i n g .  The emphas is  of t h i s  work 
is  to e v a l u a t e  existing schemes fo r  p r o t e c t i o n  and t o  
s u g g e s t  a l t e r n a t e  schemes. For e x i s t i n g  schemes, a p p l i c a t i o n  
g u i d e l i n e s  a r e  p r e s e n t e d  and t h e  schemes a r e  e v a l u a t e d  f o r  
adequacy i n  p r o t e c t i n g  a g a i n s t  abnormal  occurrences on the 
d i s t r i b u t i o n  system. For a l t e r n a t e  schemes, t h i s  r e p o r t  
concentrates on new t e c h n o l o g i e s  wh ich  migh t  be e x p l o i t e d  
t o  p r o v i d e  b e t t e r  p r o t e c t i o n ,  s u c h  a s  m i c r o p r o c e s s o r s  and 
automated c o n t g o l  of d i s t r i b u t i o n  f e e d e r s .  

1 



T h i s  r e p o r t  i s  o r g a n i z e d  as  f o l l o  

S e c t i o n  2 g i v e s  a b r i e f  summary of t h e  a-jor f i n d i n g s  - 

S e c t i o n  3 d e f i n e s  t h e  D§G p r o t e c t i o n  problem,  S e v e r a l  
i n t e r e s t i n g  s i m u l a t i o n s  a r e  r e c o r d e d  i n  t h i s  section t h a t  
s e r v e  t o  i l l u s t r a t e  t h e  t y p e s  and  e x t e n t s  o f  problems 

t h a t  a re  e x p e c t e d  t o  o c c u r .  Also ,  a comprehens ive  
look-up t a b l e  is  p r o v i d e d  t o  h e l p  a p p l i c a t i o n s  e n g i n e e r s  
i d e n t i f y  the p r o t e c t i o n  n e e d s  for  a g i v e n  i n s t a l l a t i o n .  T h i s  

s e c t i o n  se rves  a s  t h e  bas i s  f o r  khe remainder  o f  t h e  r e p o r t .  

S e c t i o n  4 descr ibes  t y p i c a l  e x i s t i n g  p r o t e c t i o n  p r a c t i c e s  
and e v a l u a t e s  them w i t h  r e s p e c t  to t h e  f i n d i n g s  of 
S e c t i o n  3 .  G e n e r a l  g u i d e l i n e s  for DSG p r o t e c t i o n  w i t h  
e x i s t i n g  hardware a r e  p r e s e n t e d .  

S e c t i o n  5 t akes  a look a t  a l t e r n a t e !  p r o t e c t i o n  p h i l o s o p h i e s .  
I n  p a r t i c u l a r ,  t h e  r o l e  of d i s t r i b u t i o n  a u t o m a t i o n  i n  DSG 

p r o t e c t i o n  is  i n v e s t i g a t e d .  

S e c t i o n  6 d e s c r i b e s  t h e  r e q u i r e m e n t s  fo r  a s p e c i a l - p u r p o s e  
DSG p r o t e c t i o n  package .  C o n s i d e r a t i o n s  f o r  b u i l d i n g  the 
package  a round  a rn i c rop rocesso r -based  r e l a y  a r e  
i n v e s t i g a t . e d .  



2. SUMMARY OF FINDINGS 

Our major findings are presented here in abbreviated form, 
in approximately the same order as they are discussed in the 

remainder of the report. 

2 1. POIEIT-OF-VIEW BIASES 

There are two points of view to the DSG protection problem. 
Although there are notable exceptions, the utility position 

is generally that DSG operators must conform to present 
utility operating procedures. This tends toward a more 

complicated interface than DSG operators would like. In 
reality, there must be cooperation and concessions on both 

sides i f  DSG devices are to be interconnected with proper 

protection. 

2.2. VOLTAGE SES4SING FOR FAULT DETECTION 

The most common protective devices provided for loads on 
distribution systems are based on overcurrent sensing. 
However, it appears that voltage sensing devices are  more 
appropriate f o r  DSG protection. 

2 * 3 *  NUISANCE FUSE BLOWING 

Large capacity DSG devices ( > l M W )  or high concentrations of 
small. DSG devices may destroy the existing coordination 
between reclosers and fuses. This would cause the fuse to 
blow,  unnecessarily, for temporary faults during t h e  first 
recloser operation. 

3 



4 

2 , 4 .  T CONDITIONS 

During s i n g l e  line-to-ground f a u l t s  there is a definite 
possibility t h a t  h i g h  resonant voltages will appear if 
generators remain connected after t h e  utility system's 
interrupting device opens. The v o l t a g e s  will affect. both 
the utility system and  the DSG device. The voltages will 

rise much t o o  quickly for relays and breakers to be of any 
use. Surge arresters a r e  the only means of adequate 
protection against t h i s  condition, and there is some 
question a b o u t  the capability of standard d i s t r i b u t i o n  class 
arresters to withstand the discharge energy. 

Islanding refers t o  the condition that exists when a 
generator becomes isolated with a sec t ion  of a feeder and 
c o n t i n u e s  t.o supply power to the load. It i s  shown i n  this 
report that islanding c a n  occur,  at. least f o r  a few seconds. 
T h i s  can. be long enough t o  cause equipment damage, if not  
detected. There i s  110 s u r e  way of detecting islanding 
rapidly without resorting to communications between t h e  DSG 
protective devices and utility protective devices. 

Utilities that use short reclosing intervals (8 .5  s or less) 
ay have to e x t e n d  the f i r s t  r e c l o s i n g  interval to allow 
time for t h e  protection at DSS devices to detect the f a u l t  
and disconnect. If feeder load and DSG generaion capacity 

are well matched, it may take ma y tells Of CYCleS f o r  khr? 
DSG d e v i c e s  to d r i f t  in f r e q u e n c y  and v o l t a g e  sufficiently 
f o r  anything wrong to be d e t e c t e d .  
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2.7. HARMONICS 

Harmonic problems can be made worse by the placement or 
presence of power factor capacitors. It is not always good 
t o  require DSG operators to correct their power factor 
onsite, That may drastically increase the harmonic 

distort ion. 

2 . 8 .  FLUCTUATING GENERATION 

The power output of some types of DSG devices is extremely 
weather-dependent (e . g . ,  wind-dr iven generators) and can 

vary widely in a matter of seconds. This will cause voltage 
regulation problems on a distribution feeder, if the source 
is sufficiently large. Results of a simulation show that the 
variation of wind machines is too rapid fo r  conventional 
32-step  voltage regulators to be of use. 

2 . 9 .  DSG PROTECT ION SPECIFICATIONS 

The majority of utility specifications for  DSG protection 
are atypical of distribution protection specifications for 
loads of comparable size. They call for equipment which 

would normally be found in central generating stations and 
substations. In general, this equipment is too large and too 
expensive for small- and medium-sized (ClMW) DSG 

installations. A package especially for DSG protection on 
distribution systems is needed. 

2,101.. ADEQUACY OF PRESENT DSG PROTECTION SPECIFICATIONS 

Present  DSG protectian specifications provide adequate 
protection in most respects. The most significant area of 
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inadequacy is protection against islanding, Communications 

between p ~ ~ t e ~ t i ~ ~ !  devices  are needed to supplement present 
schemes .I 

2.11. REQUIRED RELAYING FUNCTIONS 

The f o u r  basic relaying functions required by most DSG 
installations are: 

1, Over/under voltage 

2. Over/under f requency  
3. Phase unbalance (if three-phase) 

4. Overcurrent 

2,12. DISTRPBUTION AUTO 

Distribution automation makes the interconnection of utility 

systems and DSG devices sa fe r .  It would  generally enhance  
t h e  ope ra t ion  of a distribution system with DSG, prevent DSG 

device islanding, and i s  particularly useful f a r  restoration 
of service following a fault. 

A microprocessor-based DSC protection package appears ta be 
technically feasible. Many t echn ica l  b a r r i e r s  have already 
been overcome as evidenced by the roicropr(~cessor-based 

equipment already available fo r  DSG p r a t c e t i s n  . Some 
institutional barriers ( e . g . ,  m i s t r u s t  o f  e ' l ec t ron ic  relays) 
w i l l  remain fo r  some time. 

8 



3. THE DSG PROTECTION PROBLtEH 

3.1 OVERVIEW OF THE PROBLEM 

There a r e  two major a reas  of t h e  DSG p ro tec t ion  problem t h a t  

a r e  addressed i n  t h i s  r epor t :  

1,. p ro tec t ion  during f a u l t s  

2, pro tec t ion  during normal condi t ions  

Each of these  is addressed i n  d e t a i l  i n  t h e  following two 

subsect ions.  However, i t  is  u s e f u l  a t  t h i s  po in t  t o  g ive  an 

overview of t h e  problem. 

Figure 3.1 shows a t r e e  c h a r t  of a l l  t h e  a r e a s  covered i n  

t h e  r e p o r t .  T h i s  c h a r t  can be used  a s  a "road map" t o  t h e  

next two subsec t ions .  The f i r s t  major decomposition of t h e  

DSG pro tec t ion  problem on t h e  c h a r t  y i e l d s  the two a reas  

l i s t e d  above. Each of these, i n  t u rn ,  can be broken down 

i n t o  two genera l  a reas :  

B .  P ro tec t ing  the  u t i l i t y  from DSG 

2. Pro tec t ing  DSG from t h e  u t i l i t y  

These  areas represent  the two different, sometimes 

opposing, viewpoints on t h i s  problem. The u t i l i t y  is 

7 
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Fig. 3 - 1 .  The DSG protection problem as addressed i n  
the report. 

often reluctant to support independently owned DSG because 

o f  f e a r s  t h a t  the utility's system w i l l  be damaged. They 

want t o  requi re  DSG s i t e s  t o  have protection schemes with 

considerable redundancy t h a t  can adapt to existing utility 

p r a c t i c e s .  

The DSG owners are often faced i t h  m a r g j n a l  r e t u r n  on 

investment and want to make a minimum investment i n  

protection equipment. They would prefer  that the 

utility modi fy  its p r a c t i c e s  t o  reduce t h e  chances that 
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d i s t u r b a n c e s  o n  t h e  u t i l i t y  sys t em w i l l  i n f l i c t  damage t o  

t h e i r  equipment .  T h e r e f o r e ,  p e o p l e  h o l d i n g  e a c h  v i e w p o i n t  

t e n d  t o  c o n c e n t r a t e  on t h e  issues l i s t e d  under  t h e  area t h a t  

r e p r e s e n t s  t h e i r  v i e w p o i n t .  

The pu rpose  of t h e  c h a r t  i n  F i g .  3 .1  is to show that t h e  

DSG p r o t e c t i o n  problem c a n n o t  be  viewed e n t i r e l y  from e i t h e r  

p e r s p e c t i v e  a l o n e .  I t  encompasses  b o t h  t h e  u t i l i t y  and DSG 

owner p e r s p e c t i v e s  and m u s t  be  s o l v e d  w i t h  an  i n t e g r a t e d  

approach .  The DSG owners may have  t o  i n s t a l l  more 

p r o t e c t i o n  e q u i p m e n t  t h a n  t h e y  fee l  n e c e s s a r y .  The u t i l i t y  

may have t o  modify l o n g - e s t a b l i s h e d  p r a c t i c e s .  Both s i d e s  

may have t o  bend a l i t t l e  so  t h a t  d i s p e r s e d  s o u r c e s  can  

be s a f e l y  connec ted  t o  u t i l i t y  d i s t r i b u t i o n  s y s t e m s ,  

The  n e x t  t w o  s u b s e c t i o n s  ( 3 . 2  and 3 . 3 )  a d d r e s s  t h e  

a r e a s  listed on t h e  c h a r t  and g i v e  s p e c i f i c  examples  of 

t h e  major  p r o t e c t i o n  problems.  The  l a s t  s u b s e c t i o n  

( 3 . 4 )  p r e s e n t s  a p r o c e d u r e  t h a t  s h o u l d  h e l p  u t i l i t y  

e n g i n e e r s  and DSG owners  u n d e r s t a n d  t h e  p r o t e c t i o n  problem 

and d e t e r m i n e  what kind of equipment  i s  a v a i l a b l e  t o  s o l v e  

each problem t h a t  a r i s e s .  
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The area of t h e  p r o t e c t i o n  problem t h a t  see s to cause t h e  
g r e a t e s t  c o n c e r n  i s  p r o t e c t i o n  d u r i n g  f a u l t e d  c o n d i t i o n s ,  
when b o t h  t h e  u t i l i t y  s y s t e m  and BSG d e v i c e s  a r e  t h e  mask 
v u l n e r a b l e  t o  damage. U t i l i t i e s  have decades of e x p e r i e n c e  
th rough  which t h e y  have  e s t a b l i s h e d  p r o c e d u r e s  to 

minimize  f a u l t  damage on t h e i r  d i s t r i b u t i o n  sys t ems .  
Most o f  t hese  s y s t e m s  are  radial, and the protection schemes 
t a k e  a d v a n t a g e  of  the f a c t  t h a t  power f l o w  is i n  one 
d i r e c t i o n .  Howeverp t h e  a d d i t i o n  of d i s p e r s e d  g e m e r a t i a n  
e s s e n t i a l l y  t r a n s f o r m s  t h e  r a d i a l .  f e e d e r  i n t o  a looped 
f e e d e r ,  f o r c i n g  c h a n g e s  i n  t h e  t r a d i t i o n a l  f e e d e r  p r o t e c t i o n  
p r o c e d u r e s ,  

The s i m p l e s t  approach  t o  h a n d l i n g  f a u l t s  when DSG i s  
p r e s e n t  i s  t o  f o r c e  t h e  f e e d e r  i n t o  a p u r e l y  r a d i a l  
c o n f i g u r a t i o n .  Then t h e  s t a n d a r d  p r o c e d u r e s  f o r  d e a l i n g  w i t h  
t h e  f a u l t  c a n  be  u t i l i z e d ,  This means t h a t  DSG d e v i c e s  will 
be d i s c o n n e c t e d  from t h e  c i r c u i t  a t  the f i r s t  s i g n  of a 
f a u l t  and remain  d i s c o n n e c t e d  u n t i l  t h e  f a u l t  is removed and 
normal s e r v i c e  is r e s t o r e d .  The  D S G  d e v i c e s  m u s t  be a b l e  
t o  de tec t  f a u l t s  on the u t i l i t y  s y s t e m  and t h e  u t i l i t y  
sys t em must  w a i t  f o r  t h e  feeder t o  r e v e r t  t o  r a d i a l  form. 

There  a r e  o t h e r  problems d u r i n g  f a u l t e d  c o n d i t i o n s .  
The  p r e s e n c e  of DSG might dest.ray t h e  o v e r c u r r e n t  
p r o t e c t i o n  d e v i c e  c o o r d i n a t i o n ,  r e s u l t i n g  i n  more numerous 
ex tended  o u t a g e s .  Some i n v e s t i g a t o r s  have s u g g e s t e d  that .  
d u r i n g  ground faults s e s ~ t ~ a n t  conditions c a n  d e v e l o p  
that w i l l  damage DSG d e v i c e s  and l i n e  dev ices  before  t h e  
p r o t e c t i o n  c i r e u i i 3 s  c a n  o p e r a t e ,  A l so ,  there i s  t h e  problem 
of i s l a n d i n g ,  where a g e n e r a t o r  becomes i s o l a t e d  on a 
s e c t i o n  of feeder and c o n t i n u e s  to s u p p l y  power to the load 
OD t h a t  section of f e e d e r .  In the  f u t u r e p  w i t h  bet ter  
c o n t r o l s ,  this m i g h t  be desirable. However, i t  i s  g e n e r a l l y  
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c o n s i d e r e d  dange rous  t o d a y ,  c o n s i d e r i n g  t h e  s a f e t y  of l i n e  
r e p a i r  p e r s o n n e l  and t h e  consequences  o f  ou t -of -phase  
r e c l o s i n g .  

Another area o f  c o n c e r n  is f a u l t s  w i t h i n  t h e  DSG d e v i c e .  I n  
t h i s  case,  t h e  p r o t e c t i o n  o b j e c t i v e  would be t o  i n t e r r u p t  
c u r r e n t  f l o w  from bo th  t h e  u t i l i t y  s o u r c e  and l o c a l  
d i s p e r s e d  g e n e r a t o r  b e f o r e  damage is  done.  The u t i l i t y  
s o u r c e  is  o f t e n  a b l e  t o  c o n t r i b u t e  more c u r r e n t  t o  a 
s e c o n d a r y  f a u l t  t h a n  t h e  l o c a l  g e n e r a t o r  c o n t r i b u t e s .  
T h e r e f o r e ,  t h e  p r o t e c t i o n  a t  t h e  DSG s i t e  m u s t  be a b l e  t o  
d e t e c t  i n t e r n a l  f a u l t s  from t h e  u t i l i t y  s i d e  as  w e l l  a s  from 
the  g e n e r a t o r  s i d e .  

Methods f o r  accompl i sh ing  t h e s e  p r o t e c t i o n  o b j e c t i v e s  a r e  
p r e s e n t e d  i n  t h e  s u b s e c t i o n s  w h i c h  f o l l o w .  The issues 
d e a l i n g  w i t h  p r o t e c t i n g  t h e  u t i l i t y  from DSG are  d i s c u s s e d  
f i r s t ,  f o l lowed  by t h e  issues  which  d e a l  w i t h  p r o t e c t i n g  DSG 
from t h e  u t i l i t y  s o u r c e .  

3.2.1 Protecting the Utility from DSG 

Fau l  t Detect i o n  

I t  is  c r i t i c a l  f o r  each  DSG s i t e  t o  be a b l e  t o  q u i c k l y  
detect  f a u l t s  t h a t  o c c u r  on t h e  u t i l i t y  sys t em,  Then t h e  
g e n e r a t i n g  d e v i c e  can be d i s c o n n e c t e d  so t h a t  t h e  f e e d e r  
r e v e r t s  t o  r a d i a l  form and t h e  standard fault-clearing 
p r o c e d u r e s  can be used .  When s e r v i c e  is  r e s t o r e d  (however 
t h a t  i s  d e f i n e d ) ,  t h e  g e n e r a t o r  c a n  be r e c o n n e c t e d .  

The u s u a l  u t i l i t y  p r a c t i c e  f o r  h a n d l i n g  f a u l t s  is: 

1. I n t e r r u p t  t h e  f a u l t  c u r r e n t .  
2. Reclose. 
3 .  Repeat  s t e p s  1 and 2 a s  many a s  3 t i m e s  i f  n e c e s s a r y .  
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The u t i l i t y ' s  p h i l o s o p h y  i s  t h a t  most f a u l t s  a r e  temporary 

and t h a t  t h e y  w i l l  c l ea r  t h e  s e lves  when the fault 

c u r r e n t  i s  i n t e r r u p t e d ;  t h e n  s e r v i c e  c a n  be r e s t o r e d  
q u i c k l y  w i t h o u t  human i n t e r v e n t i o n .  If the f a u l t  i s  
pe rmanen t ,  t h e  r e c l o s i n g  i s  c o n t i n u e d  u n t i l  t h e  feeder 
is s e c t i o n a l i z e d  by f u s e  o p e r a t i o n ,  s e c t i o n a l i z e r  
o p e r a t i o n ,  o r  rec loser  l o c k o u t .  I n  mast a p p l i c a t i o n s ,  a 
fuse s h o u l d  n o t  o p e r a t e  b e f o r e  t h e  f a u l t  c u r r e n t  i s  
i n t e r r u p t e d  € o r  t h e  f i r s t  t i m e .  

If a BSG d e v i c e  were t o  r ema in  on  kine, i t  c o u l d :  

1. c o n t i n u e  to feed t h e  f a u l t ,  making i t  appear pe rmanen t ,  
2.  cause p r e m a t u r e  fuse b lowing ,  or 
3 .  b e  damaged by the r e c l o s i n g  o p e r a t i o n .  

T h e r e f o r e ,  a f a s t  and r e l i a b l e  method is needed f a r  
d e t e c t i n g  f a u l t s  

U t i l i t y  d i s t r i b u t i o n  e n g i n e e r s  t e n d  $8 t h i n k  i n  terms of  
u s i n g  o v e r c u r r e n t  d e v i c e s  t o  d e t e c t  f a u l t s .  These  d e v i c e s  
f i t  into l o n g - e s t a b l i s h e d  p r a c t i c e s  f o r  d e t e c t i n g  f a u l t s  on 
r a d i a l  c i r c u i t s  where t h e  f a u l t  d e t e c t i o n  d e v i c e s  a re  i n  
s e r i e s  w i t h  t h e  f a u l t  pa th  (Figg 3 , 2 ) ,  I t  is n o t  
o b v i o u s  t h a t  o v e r c u r r e n t  i s  t h e  bes t  means t o  de tec t  faultm.s 
a t  DSG s i t e s ;  i n  f a c t ,  v o l t a g e  s e n s i n g  is s u g g e s t e d  s i m p l y  
on t h e  bas i s  that t h e  BSG d e v i c e  i s  c o n n e c t e d  t o  t h e  feeder 
i n  parallel, r a the r  t h a n  i n  s e r i e s  ( P i g ,  3 . 3 ) .  C u r r e n t  
s e n s i n g  w i l l  work i n  some cases where t h e  g e n e r a t o r  senses 
t h e  f a u l t  from its t e r m i n a l s  and produces an o v e r c u r r e n t ,  
However, i t  is  n o t  c l ea r  t h a t  genera ts rs  close to t h e  
s u b s t a t i o n  and r e l a t i v e l y  remote from t h e  fault w i l l  produce 
a n  o v e r c u r r e n t .  A l s o ,  g e n e r a t o r s  s u c h  a s  i n d u c t i o n  machines  
and dc d e v i c e s  with inverters may n o t  have  t h e  a b i l i t y  t o  
feed enough fault c u r r e n t  f o r  reliable f a u l t  detection by 
sensing o v e c c u r r e n t .  
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Fig .  3 . 2 .  T y p i c a l  d i s t r i b u t i o n  f e e d e r - f a u l t  d e t e c t i o n  
scheme w i t h  devices c o n n e c t e d  i n  series. 
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F i g ,  3 . 3 .  Fault s e n s i n g  from D S G  s i te  must  be done  by 
a device c o n n e c t e d  i n  pa ra l l e l  w i t h  the feeder. 

T h e s e  p rob lems  w i t h  c u r r e n t  s e n s i n g  and t h e  manner i n  
which t h e  g e n e r a t o r  is  c o n n e c t e d  ( p a r a l l e l )  s u g g e s t  t h a t  
v o l t a g e  s e n s i n g  be used  a s  t h e  p r i m a r y  f a u l t  d e t e c t i o n  
q u a n t i t y .  O v e r c u r r e n t  s e n s i n g  would t h e n  be r e l e g a t e d  t o  a 
s e c o n d a r y  r o l e ,  p r o t e c t i n g  t h e  g e n e r a t o r  a g a i n s t  o v e r l o a d s  
and i n t e r n a l  f a u l t s .  T h i s  r e p r e s e n t s  a break w i t h  t r a d i t i o n  
f o r  many d i s t r i b u t i o n  e n g i n e e r s ,  who may b e  r e l u c t a n t  t o  
a p p r o v e  a v o l t a g e  r e l a y i n g  scheme. 

To d e t e r m i n e  i f  a f a u l t  d e t e c t i o n  scheme r e l y i n g  p r i m a r i l y  
on v o l t a g e  s e n s i n g  would be p r a c t i c a l ,  an  a n a l y s i s  was made. 
Al though t h e  a n a l y s i s  does n o t  d e f i n e  a l l  t h e  parameters 
i n  s u c h  a scheme, it s t r o n g l y  s u g g e s t s  t h a t  a v o l t a g e  
s e n s i n g  scheme would be feasible .  There  a re  cases where 
v o l t a g e  s e n s i n g  fails t o  de t ec t  faults b e f o r e  t h e  u t i l i t y  
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interrupting breaker operates, HoweverI even in those 

cases, it would be expected that the vo l t age  would 
deviate from normal q u i c k l y  after t he  u t i l i t y  breaker 
operation and the abarrnal condition would be easily detected 
in time to a c t  before the r e c l o s i n g  operation. 

Analysis of Usinq Vol tage  S e n s i n g  Alone to Detect Feeder 
Faults 

For this a n a l y s i s ,  the example circuit in F i g .  3.4 was 
used. This is a 12,47 kV feeder ( 7 2 8 8 ~  line-to-ground) with 

available f a u l t  C U K ~ ~ X I ~ S  at t h e  subst.ati .on and t h e  end of 
t h e  three-phase feeder as indicated on the f i g u r e .  

The  phase voltages and sequence v o l t a g e s  were recorded at 
each node f o r  v a r i o u s  faults applied to each node. The 
applied faults were three-phase f a u l t s ,  
single-line-to-grsund ( S L G )  faults, line- to- line ( L L )  

faults, and line-to- line-to-ground ( L I Z )  f a u l t s .  No fault 
impedances were used and load was n e g l e c t e d ,  

O R N L - D W G  83-10443 

Available faul t  currants  

Fig 3.4. E:xarnple circuit. 
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For t h e s e  f a u l t s ,  T a b l e s  3 . 1  and 3 . 2  r e c o r d  t h e  r e s u l t s ,  
Tab le  3 .1  r e c o r d s  t h e  zero-  and n e g a t i v e -  s e q u e n c e  v o l t a g e s  
a t  each  node f o r  each  f a u l t .  Table  3.2 r e c o r d s  t h e  
magni tude  of t h e  u n f a u l t e d  p h a s e  v o l t a g e s .  

These t a b l e s  g i v e  t h e  v o l t a g e  q u a n t i t i e s  a v a i l a b l e  t o  u s e  
f o r  f a u l t  s e n s i n g  a t  t h e  t ime o f  t h e  E a u l t .  For f a u l t  
d e t e c t i o n  t o  be r e l i a b l e ,  t h e  v o l t a g e  q u a n t i t i e s  have t o  be 

s i g n i f i c a n t l y  d i f f e r e n t  t h a n  normal f e e d e r  v o l t a g e s .  To 
make t h i s  d e t e r m i n a t i o n ,  a p r o b a b i l i s t i c  l o a d  a n a l y s i s  was 
done on t h i s  feeder ( F i g .  3 . 4 ) .  A l o a d  c o n d i t i o n  was 
e s t a b l i s h e d  t h a t  would r e p r e s e n t  t h e  t y p i c a l  maximum 
l o a d  on a feeder of t h i s  t y p e  ( F i g ,  3 . 5 ) .  T h i s  l o a d  
c o n d i t i o n  g i v e s  a p p r o x i m a t e l y  1 2 6  v o l t s  ( s e c o n d a r y )  a t  t h e  
s u b s t . a t i o n  and 1 1 4  v o l t s  a t  node 3 .  The l o a d  i s  
a p p r o x i m a t e l y  8 MW a t  0 .89  l a g g i n g  power f a c t o r .  

These l o a d s  were v a r i e d  randomly,  u s i n g  a normal 
d i s t r i b u t i o n  around t h e  t a r g e t  v a l u e  s p e c i f i e d  above.  Each 
phase  was v a r i e d  i n d e p e n d e n t l y  w i t h  a s t a n d a r d  d e v i a t i o n  oE 
10%. One hundred cases were r u n ,  and these c a s e s  s u g g e s t e d  
the maximum ze ro -  and n e g a t i v e - s e q u e n c e  v o l t a g e s  r eco rded  i n  
Tab le  3 . 3 .  A s  c a n  be seen, t h e s e  v o l t a g e s  a r e  s u b s t a n t i a l L y  
lower  t h a n  sequence  v o l t a g e s  produced  by f a u l t s .  

A n  a d d i t i o n a l  case was r u n  w i t h  the s t a n d a r d  deviation 
on. the load a t  2 0 % .  T h i s  r e s u l t e d  in levels of ze ro -  and 
n e g a t i v e - s e q u e n c e  voltages t h a t  w e r e  approximately t w i c e  as 
h i g h  (Table 3 . 3 ) .  H o w e v e r ,  the voltages are s t i l l  a factor 
of 2 less t h a n  f o r  f a u l t e d  c o n d i t i o n s  except for a three- 
phase  f a u l t .  

T h e r e f o r e ,  i f  t h e  phase  c u r r e n t s  a t  peak l o a d  are  ba lanced  
t o  w i t h i n  - + 20% o f  a v e r a g e ,  these da ta  s u g g e s t  t h a t  i t  i s  
p o s s i b l e  t o  d i s t i n g u i s h  between f a u l t e d  c o n d i t i o n s  and 
normal l o a d  c o n d i t i o n s  w i t h  a c c e p t a b l e  margin .  Phase 
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Table 3 . 2 .  Unfaulted phase voltage magnitude 
(volts, phase-to-ground) 

Unfaulted phase Unfaulted phase Unf aulted phase 
aoltagcs a t  nade 1: vol tages  at node 2: voltages a t  node 3: 

5G&: f a u l t  a t  node: 

1 6895 6895 6895 1895 6635 6095 

2 7175 7136 9156 8527 9156 8527 

3 7165 7187 8125 7600 9367 8632 

tt fault u t  node: 

1 7200 

2 7200 

3 7 200 

7200 

7200 

7200 

7200 

7200 

7200 

ELG fault at ndle: 

6477 

7134 

7166 

6477 

9156 

8230 

6177 

9156 

9282 

ORNL-DWG 83-10444R 

1.05 PU 0.95 PU 

1 2 3 

126 V (SECONDARY) 114 V (SECONDARY) 

4 MW 2.4 MW 1.6 PAW 

Fig .  3.5. Nominal feeder loading at maximum load. 
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Table 3 . 3 .  Maximum expected sequence voltayes due to 
normal load unbalance 

Bode: 

1 a0 

2 160 

3 20 1 

28 

65 

80 

38 55 

324 133 

I20 162 

currents c a n  have more r e l a t i v e  u n b a l a n c e  a t  lower l o a d  
l e v e l s  because t h e r e  is  l e s s  voltage d r o p .  

The f o l l o w i n g  o b s e r v a t i o n s  can be made from these results. 

1. Faults which g e n e r a t e  zera-sequence v o l t a g e  
(SLG and LCG) can be d e t e c t e d  by zero-sequence  
v o l t a g e  relaying. 

2. AU faults, except three-phase f a u l t s ,  can be detected 
by n e g a t i v e - s e q u e n c e  relays. (Three-phase f a u l t s  are 
detectable by v o l t a g e  magn i tude  o n  t h i s  feeder . )  

3 .  S i n g l e - p h a s e  d e v i c e s  t h a t  s e n s e  o n l y  v o l t a g e  magn i tude  
w i l l  n o t  be a b l e  t o  sense seine faults u n t i l  a breaker 
h a s  i n t e r r u p t e d  the fault, Three-phase d e v i c e s  s e n s i n g  
o n l y  magni tude  w i l l  be more r e l i a b l e  because it  is 
expected that a t  least one phase w i l l  have a voltage 
d i s t u r b a n c e  s u f f i c i e n t l y  d i f f e r e n t  from nosmal v o l t a g e  
s o  that a f a u l t  can be detected. 

4 .  V o l t a g e  magni tude  s e n s i n g  a l o n e  will fail more 
f r e q u e n t l y  f o r  DSG s i tes  near t h e  substation where 
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t h e  v o l t a g e  v a r i a t i o n  is less. However, p h a s e  
unba lance  d e t e c t i o n  w i l l  s t i l l  work. 

These o b s e r v a t i o n s  s u g g e s t  a p r i m a r y  f a u l t  d e t e c t i o n  
scheme t h a t  depends  on b o t h  v o l t a g e  magni tude  s e n s i n g  and 
v o l t a g e  phase balance s e n s i n g  ( f o r  t h r e e - p h a s e  
i n s t a l l a t i o n s ) .  With t h i s  t y p e  of p r o t e c t i o n ,  DSG si tes 
shou ld  be ab le  t o  d e t e c t  t h e  v a s t  m a j o r i t y  of f a u l t s  
b e f o r e  t h e  i n t e r r u p t i n g  b r e a k e r  o p e r a t e s .  T h i s  w i l l  g i v e  
ample t i m e  t o  d i s c o n n e c t  t h e  DSG d e v i c e  b e f o r e  u t i l i t y  
r e c k o s i n g  ac t  ion .  

T h e r e  a re  c a s e s  where v o l t a g e  s e n s i n g  w i l l  n o t  detect  t h e  
f a u l t  b e f o r e  t h e  u t i l i t y  i n t e r r u p t i n g  b r e a k e r  o p e r a t e s .  
T h e s e  cases a r e  for  t h r e e - p h a s e  d e v i c e s  n e a r  t h e  s u b s t a t i o n  
and f o r  single-phase devices i n  genera l .  H o w e v e r ,  voltage 
r e l a y i n g  s h o u l d  e a s i l y  d e t e c t  a problem a f t e r  t h e  b r e a k e r  
opens  because  i t  would n o t  n o r m a l l y  be e x p e c t e d  t h a t  t h e  DSG 
c a p a c i t y  would be s u f f i c i e n t  t o  s u p p o r t  t h e  f e e d e r  l o a d ;  
t h e r e f o r e ,  t h e  v o l t a g e  would d r o p  r a p i d l y .  T h i s  would 
be p a r t i c u l a r l y  t rue  f o r  s i n g l e - p h a s e  generators. Normally, 

even a l a r g e  t h r e e - p h a s e  g e n e r a t o r  near t h e  s u b s t a t i o n  would 
n o t  be e x p e c t e d  t o  s u p p o r t  t h e  e n t i r e  f e e d e r  load. 

The case t h a t  is a g r e a t e r  problem i s  when t h e  g e n e r a t o r  
i n f e e d  t o  t h e  f a u l t  is l a r g e  enough t o  p r e v e n t  r e l a y s  
a t  tine f e e d e r  b r e a k e r  from s e n s i n g  t h e  f a u l t  ( F i g .  3 . 6 ) .  I n  
this case, n e i t h e r  t h e  o v e r c u r r e n t  nor v o l t a g e  r e l a y i n g  c a n  
detect  t h e  f a u l t ,  T h i s  i s  a case where the p r e s e n c e  of a 
g e n e r a t o r  d e s t r o y s  t h e  e x i s t i n g  c o o r d i n a t i o n .  T h e  u sua l  
method of c o r r e c t i n g  t h i s  is t o  add a n o t h e r  r e c l o s i n g  
b r e a k e r  downl ine  from t h e  g e n e r a t o r .  O f  c o u r s e l  t h i s  means 
added expense  t o  t h e  u t i l i t y  which may have  t o  be borne  by 
t h e  g e n e r a t o r ' s  owner. 
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U t  i 1 i t y  Source 
Contribution ( L a ~ e r  Than Normal) 

--+ --+ F a u l t  
G e n e r a t o r  Infeed 

z 
W@ & 

F i g .  3 .6 .  Generator i n f e e d  t o  a fault, prevent ing 
u t i l i t y  breaker f r o m  sens ing  the fault. 

The ease where t h e  g e n e r a t o r  can s u p p o r t  t h e  f e e d e r  l o a d  
w i t h o u t  s i g n i f i c a n t  change  i n  v o l t a g e  is  r e f e r r e d  t o  a s  
" i s l a n d i n g , "  T h i s  is  a r e a l  problem, and t h e  spec ia l  
r e l a y i n g  c o n s i d e r a t i o n s  fo r  i t  w i l l  be addressed l a t e e ,  

E f f e c t  o f  D S G  on Temporary F a u l t  F u s e  C o o r d i n a t i o n  

Assuming t h e  f a u l t  c a n  be d e t e c t e d ,  t h e  next q u e s t i o n  is: 
W i l l  t he  e x t r a  f a u l t  c u r r e n t  c o n t r i b u t e d  by t h e  DSG devices 
cause n u i s a n c e  f u s e  blowing for  temporary f a u l t s ?  The  

problem is  i l l u s t r a t e d  i n  F i g .  3 - 7 .  A b r a n c h  f u s e  will sense 
a d d i t i o n a l  f a u l t  c u r r e n t  d u e  t o  the n e a r b y  d i s p e r s e d  
g e n e r a t o r .  I d e a l l y ,  t h i s  f u s e  s h o u l d  n o t  b e g i n  t o  melt u n t i l ,  
the second or t h i r d  recloser o p e r a t i o n .  Thus, i f  t h e  f a u l t  
is  t empora ry ,  s e r v i c e  c a n  be r e s t o r e d  a u t o m a t i c a l l y  w i t h o u t  
h a v i n g  t o  d i s p a t c h  a l i n e  crew t o  replace t h e  f u s e .  

To h e l p  answer t h i s  q u e s t i o n ,  a n  a n a l y s i s  was made t o  
d e t e r m i n e  t h e  a d d i t i o n a l  e n e r g y  that the fuse would 
e x p e r i e n c e  d u e  to t h e  d i s p e r s e d  g e n e r a t i o n .  Two t y p e s  of 
g e n e r a t o r s  were c o n s i d e r e d :  three-phase synchronous  arid 
i n d u e t i o n  ro t a t ing  machines. Various faults were 

a p p l i e d  t o  cche c i r c u i t  i n  P i g ,  3 . 7  far three d i f f e r e n t  s i z e s  
a e h i n e s :  l@ kW, l B B B  kW, and 2888 kW. 
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Source Cont r ibu t ion  __---- 

Fau 1 t 
G e n e r a t o r  

Contr i but  I on 

F i g .  3.7. Increased current Elow into a branch f u s e  
due to a DSG device. 

From this analysis it was determined that fo r  generator 
sizes 108121 kW or larger there is likely to be nuisance fuse 
blowing. This generation capacity would not have to be 

lumped into one DSG site but could be spread over several 
locations on the feeder. Other investigators have shown 

that for dispersed generators the fault contribution was 

only about 20% less for  the generation capacity spread over 
the feeder than if the generation capacity were lumped at 
one place. The implication is  clear: a s  total penetration 
of induction and synchronous generators approaches IMW on a 
12.47 k V  feeder, the branch fuses on the feeder will have to 
be re-coordinated with the recloser. This may require 

extensive fuse changeouts. The selected coordination scheme 

will also have to operate satisfactorily when the generation 

is disconnected from the feeder. 

Because the fault current contribution of a rotating machine 
varies widely over t h e  first few cyclesI the fuse 
coordination results are not displayed on the traditional 

TCC [Time-Current Characteristic) plot. A fuse melts when 

the energy accumulated in the fuse element reaches a certain 
level in a given time. This energy is often expressed as 

"12t.," which is mathematically 

12t = l i 2 d t .  
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E t  is p r o p o r t i o n a l  t o  the e n e r g y  accumula t ed  i n  t h e  fusep 
assuming t h e  r e s i s t a n c e  of t h e  f u s e  i s  c o n s t a n t .  

2 The results of t h i s  a n a l y s i s  a r e  displayed on g r a p h s  o f  6 t 

vs. time. Qn t h e s e  axesg t h e  f u s e  c h a r a c t e r i s t i c  is  n e a r l y  
c o n s t a n t  f o r  t h e  t i m e  per iod  of i n t e r e s t .  The 1 t o f  t h e  

f u s e  c u r r e n t  is m o n o t o n i c a l l y  i n c r e a s i n g  and t h e  f u s e  
m e l t i n g  t i m e  i s  g i v e n  by the i n t e r s e c t i o n  of t h e  t w o  curves .  
The standard TCC c u r v e  a n a l y s i s  a s s u m e s  t h a t  t h e  fault's 3 t 

i n c r e a s e s  a t  t h e  same r a t e  w i t h  t i m e .  Howevers t h i s  is n o t  
t r u e  f o r  S a u l t s  near t h e  t e r m i n a l s  of r o t a t i n g  mach ine ry  
(see F ig .  3.18). T h i s  is  e s p e c i a l l y  c r i t i c a l  fo r  i n d u c t i o n  

h i c h  may o n l y  c o n t r i b u t e  one  h a l f - c y c l e  of f a u l t  

2 

2 

c u r r e n t .  Thus, t h i s  p r o c e d u r e  f o r  d e t e r m i n i n g  t h e  m e l t i n g  
time was c h o s e n .  

The m a c h i n e  d a t a  used  i n  t h e  analysis was based  on 
a t y p i c a l  1 0 0  kW synchronous  machine and p r o p o r t i o n a l l y  
mod i f i ed  for l a r g e r  mach ines .  The  i n d u c t i o n  machine was 
assumed to have t h e  same s t a t o r  p a r a m e t e r s ,  b u t  t h e  
r o t o r  time c o n s t a n t  was e m p i r i c a l l y  a d j u s t e d  t o  a t y p i c a l  
v a l u e  (see Appendix B ) .  

Svnchronous  G e n e r a t o r  

F i g u r e  3 . 8  shows t h e  resu l t .  o f  a p p l y i n g  a t h r e e - p h a s e  
f a u l t  w i t h  t h e  t h r e e  d i f f e r e n t  s i z e s  of synchronous  
mach ines .  There  were 2500 amperes (rms) of fault ci.irrent 
a v a i l a b l e  a t  t h i s  l o c a t i o n  before  add ing  DSG. For t h e  lgg-kW 
m a c h i n e  t h e r e  is l i t t l e  noticeable d i f f e r e n c e  b e t  

t o t a l  f a u l t  I L t  and t h a t  s u p p l i e d  by t h e  normal  s o u r c e .  
However, t h e  1000-kW and 2B(aB--kW m a c h i n e s  show a 
substantial d i f f e r e n c e .  The f u s e  which  might  t y p i c a l l y  be 
u s e d  a t  this location would have  a c h a r a c t e r i s t i c  between 
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A FEEDER WITHOUT DISPERSED GENERATORS 

B 
C 
D 

(2500 A OF FAULT CURRENT AVAILABLE) 
FEEDER WITH 100 kW GENERATOR 
FEEDER WITH loo0 kW GENERATOR 
FEEDER WITH 2OOO kW GENERATOR 
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Fig. 3 . 8 .  J 2 t  for t h r e e - p h a s e  f a u l t s  on t h r e e  sizes of 
synchronous  machines with 25gP amperes  of f a u l t  c u r r e n t  
available. 

t h e  100R a n d  l00T f u s e .  ( I t  would be selected t o  
c o o r d i n a t e  w i t h  t h e  u p l i n e  rec loser . )  I n  this r a n g e ,  t h e  
100B-kW mach ine  would c a u s e  t h e  f u s e  t o  m e l t  i n  a b o u t  1 0 %  
less t i m e ,  a n d  t h e  2000-kW mach ine  would cause t h e  f u s e  t o  
m e l t  i n  a b o u t  20% less t i m e .  

F i g u r e  3 . 9  shows t h e  same case w i t h  1 2 5 0  amps o f  f a u l t  
c u r r e n t  a v a i l a b l e .  The c h a n g e  i n  f u s e  m e l t i n g  t i m e  is e v e n  
g r e a t e r .  A 40T f u s e  would melt i n  a b o u t  1 5 %  less t i m e  f o r  
t h e  10ld0-kW mach ine  a n d  30% less t i m e  fo r  the 2000-kW 
mach ine .  
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A FEEDER WITI-IOUT DISPERSED 
GENERATORS (1250 A OF FAULT 
CURRENT AVAl LABLE) 
FEEDER WITH 100 kW GENERATOR 
FEEDER WITH loo0 kW GENERATOR 
FEEDER WITH 2000 kW GENERATOR 
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Fig. 3.9. I 2 t  f o r  three-phase f a u l t s  on three s i z e s  
synchronous machines wi th  125pl amperes of f a u l - t  current 
available, 

of 

These results indicate t h a t  coordination margins will be 
reduced significantly and suggest t h a t  t h e r e  should be a 
reevaluation of coordination schemes if a synchronous 
generator 1000 kW or larger is placed on a distribution 
feeder. It: there is a problem, the utility has two options: 

1. Changing fuse sizes 
2. Selecting a f a s t e r  relay or recloser s e t t i n g  

Of course, if the latter opt ion ,  is possible, it may be 
less expensive. However, the f i r s t .  operation sf a recloser 
i s  generally a "fast" operation, which has no delay i n  it 
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a t  the h i g h e r  c u r r e n t s .  T h e r e f o r e ,  O p t i o n  2 may not b e  
possible and f u s e  c h a n g e o u t s  would be n e c e s s a r y .  

F i g u r e  3 . 1 0  shows t h e  t y p i c a l  waveshape of t h e  f a u l t  
c u r r e n t s  for t h e  t h r e e - p h a s e  f a u l t s  on a d i s t r i b u t i o n  f e e d e r  
w i t h  a s y n c h r o n o u s  machine.  

Large synchronous  mach ines  o f t e n  would be  c o n n e c t e d  t o  t h e  
u t i l i t y  system t h r o u g h  a de l t a -de l t a  t r a n s f o r m e r .  T h e r e f o r e ,  
t h e y  would n o t  g e n e r a l l y  c o n t r i b u t e  t o  SLG f a u l t s .  However, 
i f  t h e y  were c o n n n e c t e d  t h r o u g h  a grounded wye-de l ta  
t r a n s f o r m e r  ( p r i m a r y  wye) t h e y  would c o n t r i b u t e  t a  a fault. 

ORNL--DWG 82-20628 
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Fig. 3.10. Typical waveshapes for three-phase f a u l t s  
on a 29BB kW synchronous machine.  
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F i g u r e  3.11 shows the 12t p l o t s  for  such a case where t h e r e  
were norrnal.ly 15EIB amperes (rrns) of fault c u r r e n t  available for 
arm. SLG fault. This type of installation a f f e c t s  t h e  fuse 
m e l t i n g  time enormously: fuses c o u l d  be expected to blow i n  
h a l f  t h e  t i m e .  However, t h e  generator c o n t r i b u t e s  only a 
portion of t h e  extra 1 t .  The rest of it comes from the 
transformer, which a c t s  as a grounding transformer, T h u s ,  we 
see different source contribukions f a r  each g e ~ i e r a t o r  s i z e .  
1% was assumed %hat the transformer would match the 
genera tor  size and would remain energized when t h e  generator 
is o u t  of service, These  r e s u l t s  suggest that u n l e s s  t h e  
utility is prepared t o  handle the ground ing  transformer 
effect in its coordination scheme, it s h o u l d  avoid  t h e  
grounded wye-delta eannect iom for DSG. 

2 
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Fig. 3.11.. I 2 t fo r  s i n g l e  line-to-ground f a u l t  on 
three s i z e s  of synchronous machines connected to wye-delta 
transformers, Primary is wye (grounded) . 
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I n d u c t i o n  G e n e r a t o r  
_c_ 

An i n d u c t i o n  g e n e r a t o r  r e s p o n d s  much d i f f e r e n t l y  t o  a f a u l t  
than a s y n c h r o n o u s  machine .  I t  is  n o t  g e n e r a l l y  c a p a b l e  of  
f e e d i n g  a f a u l t  f o r  more t h a n  o n e  or two c y c l e s  due to l o s s  
or r e d u c t i o n  of e x c i t a t i o n .  F i g u r e  3 . 1 2  shows the results of 
a case s i m i l a r  t o  t h e  one  i n  Fig. .  3.8, except t h a t  i n d u c t i o n  
g e n e r a t o r s  are c o n s i d e r e d .  I n  t h i s  case t h e r e  is l i t t l e  
s i g n i f i c a n t  change  d u e  t o  g e n e r a t o r  in feed:  t h e  2g$Jg-kW 
i n d u c t i o n  g e n e r a t o r  w i l l  c a u s e  typ ica l  f u s e s  t o  mel t  2-5% 
f a s t e r  for  a t h r e e - p h a s e  f a u l t .  T y p i c a l  f a u l t  c u r r e n t s  f o r  
t h i s  case a re  shown i n  F i g .  3 . 1 3 .  As c a n  be s e e n ,  the 
g e n e r a t o r  c o n t r i b u t i o n  d e c a y s  to zero qlAickly. 

ORNL-DWG 82-20624 

A FEEDER WITHOUT DISPERSED GENERATORS 

8 FEEDER WITH 1000 kW GENERATOR 
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(2500 A OF FAULT CURRENT AVAILABLE)  
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0.6 
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0 50 100 150 200 
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F i g .  3 . 1 2 .  12t for three-phase faults on three s i z e s  of 
i n d u c t i o n  machines w i t h  2588 amperes of fault current 
available. 
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1 I I 1 I J 
0 5 0  150 
TIME FRO NT OF FAULT (ms) 

Fig. 3 - 1 3 ”  Typical. f a u l t ;  c u r r e n t s  f o r  a three-phase 
f a u l t  on a 2(aa(a kW induction machine. 

A line-to-line f a u l t  is s l i g h t l y  worse far t h e  induction 
generator case ( F i g .  3.14). The generator does not 
completely lose excitation and is a b l e  to feed more current 
i n t o  t h e  f a u l t .  Protective m a r g i n s  are decreased by 12% to 

1 4 %  for a 20BO kW generator .  

L i k e  the  synchronous machinep as t h e  available fault l e v e l  
decreases ,  t h e  r e l a t i v e  effect on t h e  fuse coordinations 
increases. A l s o ,  the grounded wye-delta transformer 
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Fig. 3.14. I 2 t f o r  line-to-line faults on three sizes 
of induction machines with 25f3$4 amperes of three-phase fault 
current available. 

connection will act as a grounding source and contribute 

significantly to ground faults, as such connections do f o r  
synchronous generators. Thus, some utilities might want to 

avoid this connection for induction generators as well. 

Induction machines are of less concern for  nuisance fuse 
blowing than synchronous machines, but they cannot be 
t o t a l l y  ignored. If there is s ~ m e  means to supply excitation 
such as a capacitor bank, then the induction machine can 
feed more current than these simulations show.  Also ,  these 

simulations have ignored resonance effects which might 
Q C C U I C .  This will be t h e  next issue addressed in this 
subsection. 
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If the branch f u s e  i n  Fig. 3 . 7  were a breaker instead, the 

distribution engineer s h o u l d  be s u r e  t h a t  the relaying will 
account for the generator infeed. A l s o ,  t h e  capability of 
the breaker t o  interrupt the total f a u l t  current s h o u l d  be 
verified. This applies to €uses as well, s ince  they have  a 
maximum interrupting capability . 

Resonan t  Conditions D u r i n q  F a u l t s  

A letter from W. A.  Lewis, Consulting Enginee r ,  to J. L .  

Roepfinger , Protection Engineer for the D u q u e s n e  L i g h t  
Company, was forwarded to t h e  i n v e s t i g a t o r s  by 
Kaepfinger. In t h i s  l e t t e r  L e w i s  described a situation 
which h e  believed would yield resonant overvoltages. This 
condition i s  shown in ~ i g .  3.15. In this circuit an  SLG 
f a u l t  h a s  d e v e l o p e d ,  and the utility interrupting breaker 
( a l l  t h r e e  phases) h a s  opened as  indicated by t h e  open 
switch. This leaves the generator isolated on the faulted 
l i n e  section. 

If the sequence networks were drawn f o r  t h i s  s i t e r a t ion  and 
connected in s e r i e s  for a STAG f a u l t ,  it would be found t h a t  
the zero-sequence capacitance is in series with t h e  
gene ra to r  i n d u c t a n c e s ,  T h i s  m i g h t  l ead  to a resonant 

ORNL-DWG 83-10447 

U t  I 1 i t y  Sniirce 

F i g .  3 .15.  C i r c u i t  c o n d i t i o n  for resonance  d u r i n g  
single line-to-ground f au1.t - 
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c o n d i t i o n .  I n  t h e  a n a l y s i s  h e r e ,  a lflfl-kW synchronous  
g e n e r a t o r  w a s  s i m u l a t e d  w i t h  v a l u e s  of c a p a c i t a n c e  r a n g i n g  
from 150  kVAR t o  1200 kVAR. T h i s  w a s  t o  d e t e r m i n e  i f  
r e sonance  c o u l d  occur  and what t y p i c a l  v a l u e s  of 
o v e r v o l t a g e s  might  be. The w o r s t  case was found w i t h  1 5 0  
kVAR of s h u n t  c a p a c i t o r s .  I€ s u r g e  a r r e s t e r s  and l o a d  a re  
n e g l e c t e d ,  t h e  v o l t a g e  w i l l  swing t o  ove r  260 k V  i n  j u s t  1 . 5  
cycles a f t e r  t h e  f e e d e r  b r e a k e r  opens  ( F i g .  3 . 1 6 ) .  There  a re  
i n d i c a t i o n s  t h a t  t h i s  v o l t a g e  w i l l  go h i g h e r  i f  t h e  
c a p a c i t a n c e  is smaller.  The f i e l d  of t h e  g e n e r a t o r  was 
a d j u s t e d  t o  g i v e  nominal l i n e  v o l t a g e  a t  o p e n - c i r c u i t .  

T h i s  r e s u l t  c e r t a i n l y  i n d i c a t e s  t h a t  t h e  problem L e w i s  
d e s c r i b e s  migh t  o c c u r .  If t h e  v o l t a g e  i s  a l lowed  t o  r i s e  
w i t h o u t  c o n s t r a i n t ,  i n s u l a t i o n  damage is  c e r t a i n .  

If l o a d  is c o n s i d e r e d ,  t h e  o v e r v o l t a g e  is  damped. Tab le  3 . 4  
shows t h e  peak v o l t a g e  reached for  t h r e e  d i f f e r e n t  l o a d  
v a l u e s .  

Table 3 . 4 .  Overvoltage v a r i a t i o n  w i t h  load,  1pP-kW 
synchronous generator, 15jJ-kVAR c a p a c i t o r  

Load (@.9 PF l a g )  Magnitude (peak)  

24fl k V  

6% ISV 

6 kV 
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These values are calculated from simplified simulations, b u t  
they illustrate t h a t  the overvoltage could be several times 
narrnal if the generator becomes isolated om a p o r t i o n  of t h e  
feeder with a capacitor bank and very little load. A n  
example of: this situation m i g h t  be a n  express feeder to a 
remote generator site that may have only statian service 
loads. 

En t h e  example analyzed here8 the fault. current reached a 
peak of nearly 300 amperes after the feeder breaker opened. 
T h i s  would be sufficient to maintain the arc and cause a 

temporary fault to appear permaneriC if the genera tor  does 
not disconnect from the line quickly enough. Thus, when the 

utility breaker reclosesI the f a u l t  w i l l .  still be present 
and branch f u s e s  will operate unnecessarily. 

It can be expected that this resonance condition can occur 
in some percentage s f  DSG installatians. Pew b reake r s  at DSG 

sites will be faster than the utility feeder breakers, which 
will certainly r e s u l t  in t h e  generator being isolated with 
t h e  fault fOP Several Cycles. AS ShoWn in P i g s  3 - 1 6 ,  i t  o n l y  
takes 1.5 cycles ( 2 5  msec) f a r  t h e  overvoltages to develop. 
Therefore, surge arrester protection on both primary and 
secondary ( f a r  redundancy) sides of the distribution feeder 
should be a general requirement for DSG sites. The su rge  
arrester should be sized to absorb the ene rgy  i n  t h e  circuit 
€or perhaps as much as 10 cycles.  For small generators (less 
than I@@ kW), a standard distribution class arrester s h o u l d  
be sufficient on the primary. However, genek-atars l@@ kW and 
above nay require intermediate or  skation c la s s  arresters, 
in the example analyzed here,  18 kV a r ~ e s t e r s  were simulated 
on t.he unfaulted phases. En only 1.5 cycles  (binso arrester 

operations), the arrester absorbed 12 kJ. A MeGraw-Edissn 
VariSTAR IP-kV gagsless arrester fo r  distribution class can  
withstand 38  kJ. Depending on t h e  speed of the generator 
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Fig. 3.16. Unfaulted phase voltage after t h e  utility 
breaker opens. 

breaker,  i t  might  be advisable  t o  apply a s t a t i o n  c l a s s  
a r r e s t e r .  The a r r e s t e r s  had no problem clamping t h e  vol tage 
t o  a l o w  level and should work s a t i s f a c t o r i l y ,  i f  they can 
withstand the  energy. 

There should be no d i f f i c u l t i e s  i n  de t ec t ing  t h a t  somethin 
is  wrong using vol tage re lay ing  a s  suggested e a r l i e r .  I f  the 
r e l ays  do not  d e t e c t  the  f a u l t  before  t h e  feeder breaker 
opens,  they w i l l  c e r t a i n l y  d e t e c t  i t  as  t h e  resonance 
develops. For a r r e s t e r  app l i ca t ion ,  i t  is  necessary t o  
consider t he  t o t a l  time from de tec t ion  u n t i l  t h e  generator 
breaker opens. 

S i zes  of genera tors  less than 100 kW were not considered. 
Hawever, it  may be assumed t h a t  t h e  same condi t ion  can 
occur.  For very small gene ra to r sp  such a s  small wind 
machines, perhaps l i n e  capaci tance w i l l  be s u f f i c i e n t  t o  
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exci te  r e s o n a n c e ,  One l a r g e r  s i z e  of g e n e r a t o r  was 
considered. A 1@5B kW s y n c h r o n o u s  generator  was s i m u l a t e d  
as being isolated on an SLG f a u l t  w i t h  capacitor s i z e s  
r a n g i n g  fro 30@ kVAR t o  18@B kVAR. Withou t  l o a d  or  surge 
arrestersp the peak v o l t a g e  f o r  these cases ranged  from 1 0 8  

k V  to 3638 kV. T h e  eonc lus i an  drawn from t h i s  a n a l y s i s  is  
that h i g h  r e s o n a n t  o v e r v o l t a g e s  can be expected far typical 
va lues  of g e n e r a t o r  s i z e s  and c a p a c i t o r  bank sizes. 
T h e r e f o r e ,  t h e  p ro tec t ion  should always i n c l u d e  primary 
s u r g e  a r r e s t e r s  of sufficient size. Secondary a r r e s t e r s  
a l s o  be used as added i n s u r a n c e .  

E t  s h o u l d  be p o i n t e d  o u t  that t h i s  s i m u l a t i o n  n e g l e c t e d  t h e  
s a t u r a t i o n  of d i s t r i b u t i o n  transformers, Because the 
waveform i n  F i g .  3 . 1 6  is basically fundamental frequency, 
transformer saturation w i l l  cenrtain1.y modify t h e  r e s u l t s  for 
t h e  l i g h t l y  loaded  case,  From pas t  experience w i t h  SEG 

f a u l t s ,  t h e  d i s t r i b u t i o n  transformers on t h e  u n f a u l t e d  
phases will p r o b a b l y  be d r i v e n  i n t o  s a t u r a t i o n  more h e a v i l y  
i n  one d i r e c t i o n  t h a n  t h e  o t h e r ,  When the dispersed source 
is r e l a t i v e l y  w e a k ,  t h e  v o l t a g e  waveform w i l l  become 
d i s t o r t e d ,  c o n t a i n i n g  significant amounts  of secotnd and 
third harmonics .  The voltage magnitudes may n o t  a c t u a l l y  be 
as g r e a t  as we have shown and certainly n o t  t h e  same shaper  
b u t  w i l l  s t i l l  be v e r y  h i g h  in t h e  undamped case. 

An obv ious  s o l u t i o n  to t h i s  problem is  t o  a r range  t h e  
c i r c u i t  s o  that there is v e r y  l i t t l e  chance  that a capacitor 
bank can become i s o l a t e d  wi.t.h a d i s p e r s e d  g e n e r a t s ~  when the 
l o a d  is v e r y  low. O f  courses t h i s  w i l l  be more d i f f i c u l t  to 
guarantee a s  the number o f  g e n e r a t o r s  grows. 
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Islanding 

Islanding is the condition where DSG continues to supply 
power to the loads on the feeder even though the utility 
source is disconnected. There are a variety of scenarios 

which might permit this. For example, a section of line may 
be deenergized for maintenance while dispersed generators on 

the line section are still operating. If the load on this 
line section closely matches the output of a generator on 
the same section, t h e  generator c o n t i n u e s  to feed the load with- 
out being able to detect t h a t  anything is abnormal. This is a 
dangerous situation because the maintenance personnel may 

assume that the line has been deenergized if they are not 
aware of the dispersed generators. Also, reenergizing the 

line may cause equipment damage, particularly if the 

voltages are out of phase at the instant of reclosing. 

A prerequisite fo r  islanding is that the DSG devices be 
capable of self-excitation. This is always the case for 

synchronous machines and self-commutated inverters. These 

devices should always be considered as capable of sustaining 
islanding indefinitely. Other devices such as induction 
machines and line-commutated inverters are not normally 

capable of self-excitation. However, if there are capacitor 

banks to supply the reactive power fox excitation, they may 
be able to support islanding for a short period (several 
cycles ox even longer). Consider the circuit in Fig. 3.17. 

0-kW induction generator was simulated as being 

isolated on a feeder with 100PI-kW resistive load and two 
different sizes of capacitors: 6fJg kVAR and 12r;l.p kVAR. 

Figure 3.18 shows t h e  r e s u l t s  of t h e s e  simulations. The 

6BB-kVAR bank is not quite sufficient to maintain 
excitation, and the voltage gradually decreases as the 
machine begins to accelerate. The 1200-kVAR bank overexcites 
the generator, causing the voltage to gradually incPease and 
the machine to decelerate as a result of increased load. 
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Conceivably, the generator requirement could be matched well 
enough to the capacitor to sustain islanding f o r  several 
seconds. This could be damaging to the DSG device and to 
utility equipment if the utility source were reclosed out-of- 
phase during this time. More importantly, it could be a 
safety hazard for  utility personnel. 

Protection against islanding requires the cooperation of 

both the utility and the DSG owner. Ideally, there should be 
communications between the utility relays and each DSG 
device capable of sustaining islanding. Then when a feeder 
breaker (or recloser) is opened, the DSG will be 
disconnected as well, even if the DSG site's relaying could 

not detect an islanding situation. Unfortunately, such 

communications equipment may not be generally applied for 

several years. 

For less than ideal protection, voltage sensing and 
frequency sensing are required. In the induction generator 

simulation, both the voltage and the speed vary sufficiently 

in 18 cycles (167 ms) to be detected as being abnormal. In 
general, if the rotating generator output does not match the 
load exactly at the instant of isolation, there should be 

sufficient change in speed to detect the islanding condition 

quickly enough to do something about it. 

Of course! there will be same cases where neither frequency 
nor voltage change quickly enough. Such might be the case 

with a self-cornmutated inverter being triggered by an 
independent, but highly accurate, control. No relay at the 

DSG site can be expected to detect an abnormal condition 
reliably if neither the frequency nor voltage change. This 

is where the cooperation of the utility is required. To 
protect the DSG owner from the possible consequences of 
reclosing out-of-phase, the utility should block reclosing 
if voltage is present on the load side. This would allow 
time for the DSG device to deviate in voltage or frequency 
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s u f f i c i e n t l y  t o  detect a n  abnormal condi t ion.  

Modification of u t i l i t y  p r a c t i c e s  and the u s e  of automated 
cont ro l  a r e  addressed i n  more detail i n  other sec t ions  o f  

this r epor t .  

I n t e r n a l  Faul t s  

The pro tec t ive  r e l ays  at DSG si tes  must  be ab le  to detect 
f a u l t s  i n t e r n a l  t o  t h e  D S G  installation, as w e l l  as faults 
on the primary d i s t r i b u t i o n  feeder .  The utility source w i l l  
often be ab le  t o  i n f l i c t  o r e  damage than the local 
generator i t s e l f .  Therefore, i t  is  imperative t h a t  t h e  
u t i l i t y  be i s o l a t e d  from t h e  f a u l t  as quickly as possible. 
The ac t ion  taken i n t e r n a l l y  ta t h e  DSG s i t e  w i l l  depend 
on the type of generat ion and  i t s  a b i l i t y  t o  feed a f a u l t .  

The  f a u l t  detection problem seems straightforward. The 
v o l t a g e  drop should be s u f f i c i e n t  t o  de tec t  t h e  f a u l t  s ince  
the f a u l t  would be v e r y  close to t h e  relaying point, 
A l s o ,  t h e  current s h o u l d  be easily determined to be 
excessive. Therefore, e i t h e r  vol tage and/or overcurrent  
sensing s h o u l d  be s a t i s f a c t o r y ,  Voltage relays used  to 

d e t e c t  primary f a u l t s  w i l l  a l s o  detect s e c o n d a r y  ( i n t e r n a l )  
f a u l t s .  

Modifications t o  U t i l i . P r a c t i e e s  

A s  s t a t e d  previously,  t h e  usual utility practice when the re  
i s  a f a u l t  i s  to a s s u m e  i t  i s  temporary and rec lose  t w o  or 

t h r e e  times i n  t h e  hope t h a t  i t  w i l l  either ga away or 
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become isolated on a relatively small portion of the feeder. 
A typical sequence for a permanent fault would be: 

1. Interrupt (fast) 
2. Reclose 
3 .  Interrupt (delayed; fuse, if any, blows) 
4 .  Reclose 
5. Interrupt (delayed; sectionalizer operates) 
6. Reclose 
7 .  Interrupt (delayed; lockout) 

These operations are designed to allow feeder 

sectionalizing devices (fuses, sectionalizers, reclosers) 

to isolate the faulted portion of the feeder. For more 
information on reclosing practices see ref. 2. 

For this scheme to work, the feeder must be radial. 

With DSG,  the feeder is in a loop configuration; therefore, 
the DSG devices have to be disconnected before the 

€irst reclose operation. The consequences of this n o t  
happening are: 

1 .  Temporary faults will nat clear due to 
infeed from DSG 

2. Reclosing may damage DSG devices and possibly, 
utility equipment. 

The amount of time in which the DSG devices have to 

disconnect varies from 0.5 to 2.61 seconds. Assuming 

that the DSG devices are able to detect the fault 

and that there are no equipment malfunctions, this should 

be ample time. However, it is probably not always safe 

to make that assumption. Utility engineers will have to 
make a judgment based on the number of DSG devices, their 
s i z e ,  their location, and their protective equipment as 
to the likelihood of their failure to sense f a u l t s  and 
interrupt quickly. In any case, it is recommended that 
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utilities which use 0 ,5 -s  r e c l o s i n g  intervals for  t h e  f i a r s k  
reclosing operation extend the on feeders where DSG 

devices a r e  present. 

If t h e  probability of islanding is h i g h ,  t h e  u t i l i t y  should 
install equipment. to black r e c l o s i n g  when significant 
voltage is present on the load side o f  t h e  breaker or  
r ecloser . 
These two modifications t o  r e c l o s i n g  practise s h o u l d  give 
DSG owners sufficient assurance that t h e i r  equipment will 
not be unnecessarily damaged by utility reclosing. 

I n  the long term, the best scplutioi-n to this problem i s  
provided by automated control. For exa p l e ,  when a fault is 
detected, a scram signal is sent to all DSG sites for 
the DSG devices to disconnect from the distribution system. 
Reclosing is delayed to allow time f o r  the s i g n a l  t o  be 

received and acted upon. A marc elaborate scheme might 
be to delay rea=losing until verification is received 
from all DSG sites that the DSG devices are disconnected. 

Res to ra t ion  of normal s e r v i c e  may a l s o  be controlled 

automatically. See Sect. 5.2 f o r  more details, 

Automated control of distribution feeders is still i n  i t s  
infancy, and it will be some time before it will be in 
common practice. In the interim, utilities can impleme 

local, less sophisticated control sche es t.o help support 

DSS protection. For example, a large DSG site m i g h t  be 
ired into an u p l i n e  recloser to guarantee that t h e  DSG 

site is disconnected when the rec loser  operates. 
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3.3 PROTECTION DURING UNFAULTED CONDITIONS 

ile the previous subsection dealt with emergency 

conditions, this subsection deals with the operation of 
distribution feeders with DSG during normal conditions. 

This includes switching operations, such as capacitor 
switching, which occur during normal operation. Again, the 
problems that affect the utilities most will be addressed 
first, fallowed by the problems that have more effect on DSG 
owners 

3 - 3 .  Protecting the Utility From DSG 

Harmonics 

Many DSG devices are interfaced to the utility system 

through solid-state power converters. These power converters 

essentially chop up de current and switch it from one 
polarity to the other so that it resembles ac current (or 

vice versa). This results in substantial harmonics appearing 

on the ac side. 

The harmonic current alone is not particularly troublesome. 
However, as it passes through the system impedances, it 
causes a harmonic voltage drop that distorts the line 

voltage. It is the voltage, rather than the current, that 
utilities are required to maintain within certain 

distortion limits. This is generally less than 5 %  total 

harmonic distortion (THD) for distribution feeders. 3 

The voltage THD on a distribution feeder is a function of 
two basic: parameters : 

1. the amount of harmonic current relative to the 
capacity of the feeder 

2. the frequency characteristic of the feeder 
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Clearly, a lk38-watt l i g h t  d i n  er w i l l  not. have  much 
e f f e c t  on a 1Q-NVA feeder even t h o u g h  its c u r r e n t  h a s  a 
v e r y  h i g h  harmonic  c o n t e n t .  Each f e e d e r  can absorb a 
certain amount of harmonic  c u r r e n t  b e f o r e  e x c e e d i n g  the 5 %  

THD limit, T r a d i t i o n a l l y ,  t h e  c u r r e n t  l i m i t  h a s  been 
e s t a b l i s h e d  with t h e  a s s u m p t i o n  k h a t  t h e  f e e d e r  impedance is  
e n t i r e l y  i n d u c t i v e ,  T h i s  h a s  r e c e n t l y  been found t o  g i v e  
l i m i t s  t h a t  a r e  t o o  o p t i m i s t i c . '  
co~rection c a p a c i t o r s  on  t h e  f e e d e r  c a n  o f t e n  y i e l d  r e sonan t  
c i r c u i t s  t h a t  amplify c e r t a i n  ha rmon ics .  Therefore ,  i t  i s  
i m p o r t a n t  t o  a n a l y z e  t h e  feeder i n  i t s  e n t i r e t y  ( g e n e r a l l y  
requiring a computer )  t o  e s t a b l i s h  inore c o n s e r v a t i v e  l i m i t s .  

 he power f a c t o r  

The capacitor i n f l u e n c e  is illustrated i n  F i g .  3.19. In 

P i g .  3.19~1 t h e  power f a c t o r  carrection capacitor is fa r  from 
t h e  s u b s t a t i o n ,  near the  source o f  harmonics .  Because of 
r e s o n a n c e  e f f e c t s ,  t h e  i n j e c t e d  harmonic c u r r e n t  is  
a m p l i f i e d  in t h e  i n d u c t i v e  b ranch .  T h i s  is typical of 
p a r a l l e l  resonance  of t h i s  v a r i e t y :  t h e  e q u i v a l e n t  
c i r c u i t  is shown i n  F i g .  3 .19b .  T h e r e f o r e ,  the  harmonic 
v o l t a g e  d r o p  from t h e  s u b s t a t i o n  to t h e  load i s  h i g h e r  
t h a n  i t  would be i f  t h e  c a p a c i t o r  were n o t  p r e s e n t .  

Of3NI.-DWG 83-10451 
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Fig. 3.19a. Capacit-or influence on harmonic d i s t o r t i o n .  
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Fig. 3.19b. Equivalent circuit of the distribution 
feeder i n  3-19a, as viewed from the source of harmonics. 

T h i s  capac i tor  e f f e c t  a l s o  occurs when small capac i to r s  a r e  
placed on DSG devices .  O f t e n  t he  e f f e c t  i s  g r e a t e r  than on 
the  primary feeder .  Some u t i l i t i e s  may r equ i r e  t h a t  l a rge  
VAR consumers, such a s  line-commutated i n v e r t e r s ,  have t h e i r  
power f ac to r  cor rec ted  before  t h e y  can be connected. T h i s  
is gene ra l ly  not  advisable  from harmonics con- 
s i d e r a t i o n s  unless  t h e  power f ac to r  co r rec t ion  a l s o  
includes f i l t e r i n g .  The  only s a f e  place for  a small power 
f ac to r  capac i tor  on t h e  secondary is d i r e c t l y  on t h e  
d i s t r i b u t i o n  transformer te rmina ls  . 4  I n s t e a d ,  t h e  utility 

may f ind  it  b e t t e r  t o  provide t h e  r e a c t i v e  power i t se l f  SO 

t h a t  harmonics da not become a problem. 

F i l t e r  i n s t a l l a t i o n s  a t  a DSG s i t e  m u s t  be done c a r e f u l l y .  
F i l t e r s  a r e  a f f e c t e d  by system impedance and m u s t  be 
t a i l o r e d  t o  each DSG s i t e .  One of t h e  problems w i t h  
f i l t e r s  is  t h a t  t h e y  may have t o  absorb harmonic c u r r e n t s  
from other  sources  on t h e  feeder .  T h i s  m i g h t  overload t h e  
d i s t r i b u t i o n  transformer a t  the  DSG device.  Also, the DSG 
owner may o b j e c t  t o  having t o  provide e x t r a  capac i ty  i n  h i s  
f i l t e r i n g  equipment. F i l t e r i n g  techniques fo r  dispersed 
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harmonic sources  o n  d i s t r i b u t i o n  feeders a r e  not- w e l l  
unde r s tood .  I t  i s  hoped t h a t  c o n t i n u i n g  e f f o r t s  r e l a t e d  t o  
r e f .  4 w i l l  p r o v i d e  many answers.  I-fowever, i n  t h i s  r e p o r t  no 
recommendat ions c o n c e r n i n g  f i l t e f i n g  w i l l  be made. 

One of  t h e  s i m p l e s t  schemes f o r  p r o t e c t i n g  a g a i n s t  
excessive v o l t a g e  TI iD  is t o  i n s t a l l  a harmonic  v o l t a g e  
r e l a y  at t h e  DSG s i t e  t h a t  d i s c o n n e c t s  t h e  source of 
harmonics  when the THD e x c e e d s  p r e d e f i n e d  l i m i t s .  One 
problem w i t h  t h i s  scheme i s  t h a t  t h e  DSG d e v i c e  may mot 
be r e s p o n s i b l e  f o r  t h e  d i s t o r t i o n .  Another  problem i s  t h a t ,  
d u e  t o  c a p a c i t o r  e f f e c t s ,  the v o l t a g e  a t  t h e  DSG site may 
n o t  be a t r u e  i n d i c a t i o n  of t h e  ac tua l  f e e d e r  d i s t o r t i o n .  
The h i g h e s t  THD migh t  be e l s e w h e r e  and t h e  rest of t h e  
f e e d e r  migh t  see l i t t l e  d i s t o r t i o n .  4 

For t h i s  r e a s o n ,  harmonic: s u p p r e s s i o n  a p p e a r s  t o  be a n  
i d e a l  a p p l i c a t i o n  f o r  au tomated  c o n t r o l  - S e v e r a l  points 
on t h e  f e e d e r  can b e  mon i to red  and d i f f e r e n t  suppression 
schemes implemented t o  meet t h e  specific: r e q u i r e m e n t  of t h e  
f e e d e r .  The f e e d e r  f r e q u e n c y  c h a r a c t e r i s t i c  i s  a m i r i n g  
t a r g e t ,  and i t  may be v e r y  d i f f i c u l t  t o  d e s i g n  a s i n g l e  
s u p p r e s s i o n  scheme t h a t  w i l l  work w e 1 1  d u r i n g  a l l  
p o s s i b l e  l o a d i n g  c o n d i t i o n s .  

With no s p e c i f i c  g u i d e l i n e s  a t  ? h i s  t i m e ,  each harmonic 
problem s h o u l d  be t r e a t e d  i n d i v i d u a l l y .  G e n e r a l l y ,  a 
s u r p r i s i n g l y  l a r g e  p e n e t r a t i o n  a €  harmonic-producing  d e v i c e s  
can be accommodated on a f e e d e r  t a n l e s s  c a p a c i t o r  b a n k s  have  
an  e f f e c t .  Even t h e n ,  a d i f f e r e n t  c a p a c i t o r  s w i t c h i n g  
arrangement .  o r  SQKE o t h e r  r e l a t i v e l y  s i m p l e  change c a n  o f t e n  

e l i m i n a t e  t h e  problem.  4 
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F l u c t u a t i n g  G e n e r a t i o n  

Same DSG d e v i c e s  depend on random sources o f  e n e r g y  ( e . g . ,  

s o l a r ,  w i n d ) .  T h e i r  power o u t p u t  can v a r y  from z e r o  t o  
maximum i n  s e c o n d s .  I f  s u c h  DSG d e v i c e s  a r e  l o c a t e d  f a r  
from t h e  s u b s t a t i o n ,  t he re  c o u l d  be s u b s t a n t i a l  v o l t a g e  
f l u c t u a t i o n s  on  t h e  f e e d e r .  The s e v e r i t y  o f  t h i s  problem 
depends  on t h e  s i z e  o f  t h e  DSG d e v i c e ( s )  and t h e  c a p a c i t y  
of t h e  feeder a t  t h e  p o i n t  of c o n n e c t i o n .  

For example,  c o n s i d e r  t h e  wind g e n e r a t o r  sys t em i n  F i g .  
3 .20 .  Here a wind farm is  connec ted  a t  t h e  end o f  a 12-kV 

f e e d e r  where t h e  a v a i l a b l e  t h r e e - p h a s e  f a u l t  c u r r e n t  is 
a b o u t  1400 amps ( r m s ) .  A 32-s t ep  v o l t a g e  r e g u l a t o r  is 
p o s i t i o n e d  a t  t h e  e l e c t r i c a l  m i d p o i n t  o f  t h e  f e e d e r .  The 
i n t e n t i o n  is  t h a t  t h e  r e g u l a t o r  w i l l  h e l p  keep t h e  v o l t a g e s  
nea r  t h e  end of t h e  f e e d e r  w i t h i n  a l l o w a b l e  l i m i t s  and 
f a i r l y  c o n s t a n t .  A t  t h e  normal peak load w i t h o u t  t h e  wind 
fa rm,  t h e  f e e d e r  v o l t a g e  p r o f i l e  is  a p p r o x i m a t e l y  a s  shown 
i n  F ig .  3 .21.  A t  t h i s  l o a d ,  t h e  r e g u l a t o r  is n e a r  t a p  0 
w h i c h  n e i t h e r  r a i s e s  nor l o w e r s  t h e  v o l t a g e ,  

T h i s  example was s i m u l a t e d  assuming t h e  wind-farm power 
o u t p u t  v a r i e s  as  shown i n  F i g .  3.22. T h i s  c h a r a c t e r i s t i c  was 
d i g i t i z e d  from a c u r v e  i n  ref. 1 6  fo r  a small wind 
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Fig. 3.20. Circuit for fluctuating generation 
simulation. 
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Fig .  3.22, Assumed wind-farm power o u t p u t ,  

generator and was increased proportionally to represent a 

two-MW wind f a r m .  It is recognized t h a t  t h i s  may not be 

typical of a wind farmp because there s h o u l d  be more 
diversity of generation and a smoother o u t p u t  variation. 
However, it does serve to i l l u s t r a t e  w h a t  could happen 
d u r i n g  gusting wind conditions. During a severe gust, i t  is 
possible fo r  t h e  o u t p u t  to go from maximum to z e r o  when the 
wind turbine reaches the critical cutout speed. 
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Other  p a r a m e t e r s  used  i n  t h i s  s i m u l a t i o n  i n c l u d e  t h e  
f o l l o w i n g .  

1. The r e g u l a t o r  l i n e - d r o p  compensa tor  was s e t  t o  
r e g u l a t e  t h e  wind farm t o  1 .0  per u n i t  ( 1 2 0 V ) .  

2 .  The  r e g u l a t o r  time d e l a y  was set  t o  1 5  s. T h i s  i s  
t h e  time from when t h e  c o n t r o l  d e t e r m i n e s  a t a p  
change  is  n e c e s s a r y  u n t i l  t h e  t ap  c h a n g e s  b e g i n .  
Once t h e y  b e g i n ,  t h e y  c o n t i n u e  a s  f a s t  a s  p o s s i b l e  
u n t i l  t h e  t ap  change  is  c o m p l e t e .  

3 .  The r e g u l a t o r  bandwidth  w a s  2 v o l t s  ( e . g .  1 2 0  +1 ...,- 
v o l t .  

4 .  I t  w a s  assumed t h a t  t h e  r e g u l a t o r  was a t  Tap 0 a t  
t h e  b e g i n n i n g  of t h e  s i m u l a t i o n .  A 3 2 - s t e p  
r e g u l a t o r  h a s  16  r a i se  ( b o o s t )  t aps  and  16 lower  
( b u c k )  taps .  

5 .  The VAR r e q u i r e m e n t  of t h e  wind f a rm was assumed t o  
be twice t h e  power o u t p u t  ( i n  keep ing  w i t h  t h e  d a t a  
i n  R e f e r e n c e  1 6 ) .  

Figure 3.23 shows t h e  v a r i a t i o n  of t h e  v o l t a g e  a t  t h e  wind 
f a r m  over a 15$3-second t i m e  i n t e rva l .  F i g u r e  3.24 shows c h e  
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F i g .  3.23. V o l t a g e  v a r i a t i o n  due  t o  wind g e n e r a t o r ,  
i n c l u d i n g  effect  of the r e g u l a t o r .  
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Fig .  3.24. liegiil.ator t a p  variation over the 
simulation i n t e r v a l .  

variation of t h e  regulator tap position over this time 
period. Note that there were four s e t s  of tap changes on 
this interval. 

When the wind farm is on line, the vo l t age  tends to drop 
even  though power is being put i n t o  t h e  utility system. 
This is due to the large ’JAR requirement of the wind farm. 
It is assumed that the generators will. he either induction 
generators or dc generators connected through 
line-commutated inverters. 

Under these circuit conditions, it is virtually impossible 
t o  maintain a constant voltage. The s t a n d a r d  32-step voltage 
regulator cannot respond quickly enough to the changes. 

Even if it c o u l d ,  the t a p  changer would be operating so 

frequently that there would be maintenance problems, 

The b e s t  solution to this problem is to provide sufficient 
feeder capacity €OK the DSG device. T h i s  may ean an express 
feeder or a modification to an existing feeder. If VAR 
requirement is the fundamental cause of v o l t a g e  fluctuation, 
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t h e n  a c a p a c i t o r  bank c a n  be i n s t a l l e d .  However, t h i s  m u s t  
be c o o r d i n a t e d  w i t h  o t h e r  c o n c e r n s ,  s u c h  a s  ha rmon ics  and 
i s l a n d i n g .  A l s o ,  a f i x e d - c a p a c i t o r  bank may n o t  work a s  
w e l l  as  d e s i r e d .  The i d e a l  t e c h n i c a l  s o l u t i o n  would be a 
s t a t i c  VAR compensa to r ,  b u t  t h e s e  a r e  g e n e r a l l y  n o t  
economica l  i n  s i z e s  s m a l l e r  t h a n  s e v e r a l  MW. 

Again,  i f  t h e  f e e d e r  c a p a c i t y  is m a r g i n a l ,  one way t o  
o p e r a t e  it w i t h  BSG is  by u s i n g  some s o r t  of i n t e l l i g e n t  
au tomated  c o n t r o l .  For example,  t h e  r e g u l a t o r  s e t t i n g  might  
be a n t i c i p a t e d  by measur ing  t h e  wind speed  a t  a wind  
farm. Some DSG d e v i c e s ,  p a r t i c u l a r l y  synchronous  mach ines  
and self-commutated i n v e r t e r s ,  w i l l  have t h e  a b i l i t y  to 
r e g u l a t e  t h e  v o l t a g e  a t  t h e i r  o u t p u t  t o  some d e g r e e .  For 
o t h e r  d e v i c e s ,  a s e n s i t i v e  v o l t a g e  r e l a y  w i t h  t i m e  d e l a y  
c a n  be used  t o  d i s c o n n e c t  t h e  DSG d e v i c e  i f  t h e  v o l t a g e  is  
o u t s i d e  of a band t o o  much o f  t h e  t i m e .  I d e a l l y ,  some 
s o r t  of r a t e -o f -change  r e l a y  c o u l d  a l s o  be used t o  
d e t e r m i n e  i f  t h e  g e n e r a t o r  f l u c t u a t i o n s  a r e  too l a r g e  and 
too f a s t  f o r  a d e q u a t e  v o l t a g e  r e g u l a t i o n  on t h e  f e e d e r ,  
This seems l i k e  a p e r f e c t  a p p l i c a t i o n  for  a 
mic roprocesso r -based  r e l a y .  

3.3.2 Protecting DSG from the Utility 

Over l o a d  

Over load  i s  p r i m a r i l y  a f u n c t i o n  o f  t h e  g e n e r a t o r  c o n t r o l s ,  
which  c a n  be used  t o  m a i n t a i n  g e n e r a t o r  o u t p u t  w i t h i n  
l i m i t s .  However, low v o l t a g e  on t h e  u t i l i t y  sys t em cou ld  
a g g r a v a t e  t h e  s i t u a t i o n .  Over load  is d e t e c t e d  by e i t h e r  
o v e r c u r r e n t  o r  t h e r m a l  r e l a y s .  



O c c a s i o n a l l y ,  t.he f e e d e r  p h a s e  v o l t a g e s  may become 
unba lanced  s u f f i c i e n t l y  to cause e x c e s s i v e  h e a t i n g  i n  
r o t a t i n g  mach ine ry .  T h i s  can also happen when a f u s e  b lowsI  
open ing  one p h a s e  of a t h r e e - p h a s e  l i n e .  T h e r e f o r e ,  i t  is  
recommended t h a t  u t i l i t i e s  do n o t  u s e  f u s e s  oe other  
s i n g l e - p h a s e  i n t e r r u p t i n g  d e v i c e s  i n  t h e  l i n e s  b e t  
s u b s t a t i o n  and a t h r e e - p h a s e  r o t a t i n g  g e n e r a t o r .  (Many 
u t i l i t i e s  have  a l r e a d y  i n c l u d e d  t h i s  i n  t h e i r  
specifications,) l8 

o p e n i n g s  o c c a s i o n a l l y ,  and t h e  BSG operatars s h o u l d  apply a t  
least t h e r m a l  p r o t e c t i o n  to g u a r d  a g a i n s t  t h i s .  Phase 
c u r r e n t  u n b a l a n c e  d e t e c t i o n  n i g h t  a l s o  be used, but t h e  
thermal r e l a y  is p r o b a b l y  l e s s  expensive and may a l r e a d y  
be b u i l t  i n t o  t h e  machine .  

Bowever, there w i l l  be a c c i d e n t a l  l i n e  

-- eve- 
Common s w i t c h i n g  o p e r a t i o n s  o n  t h e  u t i l i t y  s y s t e m s  may 
i n t r o d u c e  o v e r v o l t a g e s  o n t o  DSG s y s t e m s .  Also ,  t h e  DSG owner 
s h o u l d  be c o n c e r n e d  a b o u t  l i g h t n i n g  and steady-state 
o v e r v o l t a g e s  t h a t  might  be due  to a r e s o n a n t  c o n d i t i o n .  

One  s f  t h e  most common s w i t c h i n g  o p e r a t i o n s  on a 
d i s t r i b u t i o n  feeder  is capacitor s w i t c h i n g .  T h i s  h a s  been  
known t o  cause v a r i o u s  p rob lems  a t  t h e  pr imary  v o l t a g e  
l e v e l .  i he i n v e s t i g a t o r s  have  a l s o  e n c o u n t e r e d  
undocumented s i t u a t i o n s  t h a t  s u g g e s t  t h a t  steep-fronted 

v o l t a g e  s u r g e s  d u e  to capacitor s w i t c h i n g  a r e  c o u p l e d  
d i r e c t l y  t o  t r a n s f a r m e r  s e c o n d a r i e s  t h r o u g h  t h e  c a p a c i t a n c e  
of t h e  t r a n s f o r m e r  ( F i g .  3 . 2 5 ) .  Record ing  d e v i c e s  have 
d e t e c t e d  v o l t a g e s  a s  h i g h  a s  2 t o  3 k V  on a 12OV s e c o n d a r y .  
Although t h i s  s h o u l d  not. be of much consequence  t o  
r o t a t i n g  mach ine ry  and o t h e r  e l e c t r o m e c h a n i c a l  d e v i c e s ,  
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2-3 kV coupled 
to secondary 
through stray 

Fig. 3.25. Coupling of steep-fronted surge onto 
secondary of distribution transformer. 

it can e a s i l y  damage e l e c t r o n i c  equipment .  T h e r e f o r e ,  i t  
is  i m p e r a t i v e  t h a t  s econda ry  a r r e s t e r s  (me ta l -ox ide  
v a r i s t o r s )  be a p p l i e d  a t  t h e  DSG s i t e .  

The a r r e s t e r s  w i l l  a l s o  h e l p  p r e v e n t  l i g h t n i n g  s u r g e s  from 
do ing  damage and w i l l  p r o t e c t  a g a i n s t  r e s o n a n t  
o v e r v o l t a g e s  f o r  a f e w  c y c l e s .  Fast  v o l t a g e  r e l a y i n g  is t h e  
best  answer f o r  p r o t e c t i o n  a g a i n s t  r e s o n a n t  o v e r v o l t a g e s .  
T h e s e  v o l t a g e s  are  u s u a l l y  a r e s u l t  o f  sys t em f a u l t s ,  and 
t h e  f a u l t  d e t e c t i o n  scheme s h o u l d  s u f f i c e  i n  d e t e c t i n g  
t h i s  c o n d i t i o n  and take p r o t e c t i v e  a c t i o n .  The  secondary  
a r r e s t e r s  s h o u l d  be i n s p e c t e d  p e r i o d i c a l l y  f o r  damage, 
e s p e c i a l l y  a f t e r  a known f a u l t  c o n d i t i o n .  O f t e n  t h e  ene rgy  
d i s s i p a t e d  d u r i n g  a r e s o n a n t  c o n d i t i o n  w i l l  d e s t r o y  a n  
a r r e s t e r .  I t  is  n e c e s s a r y  t h a t  p r i m a r y  a r r e s t e r s  be 
i n s t a l l e d  by t h e  u t i l i t y .  

3.4 FUNCTIONAL APPROACH TO DSG PROTECTION 

The p r e v i o u s  discussion c o n c e n t r a t e d  on a f e w  of t h e  more 
i m p o r t a n t  problems i n  DSG P r o t e c t i o n .  T h i s  s u b s e c t i o n  
a t t e m p t s  t o  g i v e  a more g l o b a l  u n d e r s t a n d i n g  of t h e  problem. 



5 2  

The approach is termed "functional" because it determines 
the protection hardware by T i r s t  identifying the functions 
that need to be performed. This approach may be used by an 
engineer to select the appropriate hardware f a r  a DSG 
installation, at least in terms of conventional, 
commercially-available dev ices .  It may a l s o  be used to 
determine modifications to utility procedures and equipment. 
For future use, this approach could be used  to define the 
functions necessary f o r  programming inta a single, 

microprocessor-based relay for protection of specific DSG 
installations. 

The approach is illustrated in the flow c h a r t  in Fig. 3.26. 
The enyineer  would  simply go down t h e  list of abnormal 
conditions i n  Tables 3.5-3 .17 .  At each one that j.a a protec-. 

t i o n  concern ( see  Table 3.181, t h e  protection equipment or 
procedure which can be used is noted. After corn 

ORNI. -DWG 83-10459 

Select Abnormal Candition 

Consolidate Protection P a c k a g ~  I .......... 
~ i g .  3.26, Flow char t  for  functional approach, 
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Table 3 . 5 .  Protection choices for faulted conditions 

Protection Concern Decision Variable Protective Device or Procedure 

TheraaT/mechanicaT damage 
to generator or utility system 

Generatoc, transformer fault 

Impedance 

Voltage 

Current 

Power 

Teoperature 

Ground current 

Distance with time delay ( # 2 1 )  

Phase sequence voltage ( 1 1 7 )  

Undervoltage 0 2 7 )  

Overvoltage ( 1 5 9 )  

Instantaneous overcurrent ( # S O )  

Time overcurrent 0 5 1 )  

Directional ovetcurrent (167) 

Directional power ( t321  

Thermal l t 4 9 )  

Ground protective ( # 6 4 )  

Differential (C87)  

Transformer fault Oil pressure Liquid pressure (X63)  

Fuse blowing on temporary faults Experience OK generator size Xnatall larger fuses 

Decrease reclosler operating time 
(faster curve/lower pickup) 



5 4  

Table 3 . 6 .  Pra tec t ion  choices f o r  unbalanced 
loading  cond i t ions  

Proteetion concern Decision variable Protective devise or 

ative swence Current. I- sq.) &verse phase/ 
current heating phase unbalance 

current (?+46) 

Voltage (- sq. 1 Phase sequence 
voltage (#47) 

Temperature Thermal (#49) 

Table 3.7. Protec t ion  choices f o r  islaiidinq conditions 

Protection concern &@ision variabre Protective device oc 
procedure 

Safety Voltage 
and damage due 
to reclosing 

Frequency 

Undervoltage (#27 1 
Wervoltqe (859) 

Reeloso blocking 
accessory 

Frequency (#SI. 1 
(over ,md under) 
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Table 3.8. Protection choices for generator malfunctions 

Protection Concern Decision Variable Protective Device or 
Procedure 

Generator motoring PPwer Directional 
power (#32) 

Current Directional 
overcurrent (867)  

b S S  Qf 
E%ci tat ion 

Voltage Undervoltage (#27) 

Field Current Field (#40) 

Table 3.9. Protection choices for single-phasing 

Protection concern Wision variable Protective device or 
procedure 

Negative sequence Current (- seq.) Reverse phase 
current heating of (#46) 
geaerator 

Voltage (- seq.) Phase sequence voltage 
Voltage balance 
(860) 

If three-phase Remove fuses* 
rotating machine single-phase 

reclosers back  
to substation 
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Table 3 . 1 0 .  P r o t e c t i o n  choices f o r  resonance 
or ferroresonance 

Surge arrester 

Table 3-11. Protection choices f o r  s y n c h r o n i z a t i o n  
of synchronous  genera tors 

Protection concern ~ e c i s i o n  vari&le- Protective device or 
procedure 

Revent out-of-smch Voltage f re- Synchronizing (1E25) 
surges, torques f etc quency  phase 
on synchronous  a n g l e  
s e n e r a t o r  

Table 3 . 1 2 .  P r o t e c t i o n  choices F o r  overload conditions 
-I...-_ 

Protection concern &cision <aTiAle ~ o t e c t i v e  devi& or 

T I x x m a l  damage to Tkmperature ZlaemaE (#49) 
generator/trans- 
fOrlTlEX 

procedure 

Current Time-overcurrent 
(#5f) 
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Table 3 - 1 3 ,  P r o t e c t i o n  c h o i c e s  for e x c e s s i v e  VAR demand 

Protection concern Decision variable Protective device or 
procedure 

-. 
Naintain voltage, Voltage ma mwer factor (855) 
minimize losses current 

Voltage Undervoltage (W27) 

Table 3 . 1 4 ,  P r o t e c t i o n  c h o i c e s  fo r  l i g h t n i n g  s u r g e s  

Protection concern k c i s i o n  variable Protective device or 
procedure 

System equipnent Voltage Surge arrester  
exposure t o  impulse 
overvoltages Shielding 

-- 

Table 3,15.  P r o t e c t i o n  choices for s w i t c h i n g  s u r g e s  

Protection concern -ision variable Protective device or 
procedure 

System equipent  Voltage 
exposure t o  surge 
avervol tages 

Surge arrester  
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Table 3.16. Protect ion choi.ces for harmonics 

.__. 
mality of voltage Voltage Harmonic voltage 
waveshape del iuered d i s to r t ion  (Fm) 
to  customers 

Experience or ify capacitor 
analysis switching 

Apply f i l ters  

Table 3 . 1 7 .  P r o t e c t i o n  choices f o r  i n r u s h  due to 
m a g n e t i z i n g  or cold load p ickup  

Protection concern Bcision variable Protective device or 
psrocdure 

False tripping of Cur rentfloltage Time overcurrent 
t h e Q V e r C  UT ren t  (#51) with volt- 
relay we r e s t r a i n t  

Generator star king Current 
CurKent 
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Table 3 . 1 8 .  Abnormal c o n d i t i o n s  w i t h  which .to be 
conce rned  f o r  d i f f e r e n t  t y p e s  of D S G  d e v i c e s  

m 

2 .  Three-phase i n d u c t i o n  
X x x ** **  g e n e r a t o r s  x x x  

3. D S G  w i t h  
l ine-commuta ted  i n v e r t e r s  x X X x X X 

4 .  DSG w i t h  f o r c e d  
commutated i n v e r t e r s  x x x *  x x  * 

5 .  One-phase i n d u c t i o n  

* Dependent on  c o n t r o l  t y p e  
X g e n e r a  t o r s  X X x x * *  * *  

* *  S t a n d a r d  p r e c a u t i o n s  s h o u l d  a lways  be t a k e n  f o r  
l i g h t n i n g  and  s w i t c h i n g  s u r g e s .  There  may be a d d i -  
t i o n a l  c o n c e r n s  where e l e c t r o n i c  equ ipmen t  i s  i n v o l v e d .  

list, the engineer consolidates the protection equipment and 

procedures to make a package that has the desired 
reliability with no more hardware than is actually needed. 

Example 

A 200-kW induction generator driven by a wind turbine 

is to be installed. From Table 3.18, t h e  f o l l o w i n g  abnormal 
conditions are important to this installation: 
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1. f a u l t s  
2, unba lanced  l o a d i n g  
3. i s l a n d i n g  
4 .  g e n e r a t o r  m a l f u n c t i o n  
5 .  s i n g l e - p h a s i n g  
6 ,  r e s o n a n c e  
7 .  o v e r l o a d  
8 .  e x c e s s i v e  VAR demand 
9 .  c o l d - l o a d  p i c k u p  

S i n c e  t h e  g e n e r a t o r  is a r o t a t i n g  e l e c t r o m e c h a n i c a l  d e v i c e ,  
t h e r e  i s  l i t t l e  c o n c e r n  f o r  s u c h  t h i n g s  a s  ha rmon ics  and 

s w i t c h i n g  s u r g e s .  A b r i e f  d i s c u s s i o n  of t he  r e a s o n i n g  t h a t  
migh t  be  used  t o  d e t e r m i n e  t h e  p r o t e c t i v e  hardware  and 
p r o c e d u r e s  fo r  each c o n d i t i o n  f o l l o w s .  

1. F a u l t s ,  F a u l t s  shou ld  bc detected; voltage sensing 
w i l l  be  u s e d .  Over/undex v o l t a g e  and phase  sequence  
v o l t a g e  r e l a y s  a r e  c h o s e n .  There i s  no need t o  be 
conce rned  a b o u t  n u i s a n c e  fuse -b lowing  on t empora ry  
f a u l t s  u n l e s s  t h e r e  a r e  o t h e r  g e n e r a t o r s  t o  c o n s i d e r .  

loading. N e g a t i v e  sequence h e a t i n g  i s  a 
iiiajor c o n c e r n .  Thermal  relaying on t h e  machine i s  
chosen .  ( T h e  phase sequence r e l a y  in N o .  1 is for f a u l t  
d e t e c t i o n  o n l y . )  

3 .  I s landing.  Assuming t h a t  p s w e r - f a c t o r  c o r r e c t i o n  
c a p a c i t o r s  a r e  p r e s e n t ,  i s l a n d i n g  is assumed t o  be 
p o s s i b l e .  Frequency  r e l a y i n g  i s  chosen  t o  supp lemen t  
v o l t a g e  r e l a y i n g .  The r e c l o s e  i n t e r v a l  on  t h e  f i r s t  
shot for t h e  u p l i n e  b r e a k e r  (recloser) w i l l  be s e t  ts 
2.0  seconds .  

4 .  &neratQPr alfunetisn. Motor ing  is  the c o n c e r n  here .  
During low wind s p e e d ,  the  g e n e r a t o r  c o u l d  draw 
c o n s i d e r a b l e  e n e r g y  from t h e  f e e d e r .  Depending o n  t h e  
w i s h e s  of t h e  D S S  owner and t h e  m e t e r i n g  a r r a n g e m e n t b  
a d i r e c t i o n a l  power relay c o u l d  be i n s t a l l e d  t o  
C I ~ S C Q M ~ ~ C ~  the g e n e r a t o r  when t h i s  occurs .  

5. Single-p asinq, T h i s  could be d e v a s t a t i n g  t o  a 
r o t a t i n g  machine.  I n  a d d i t i o n  to seq~aenee v o l t a g e  
r e l a y s  and t h e r m a l  r e l a y s  a l r e a d y  c h o s e n ,  a l l  fuses 
and s i n g l e - p h a s e  r e c l o s e r s  between t h e  s u b s t a t i o n  and 
t h e  g e n e r a t o r  a r e  removed, or r e p l a c e d  w i t h  
t h r e e - p h a s e  i n t e r r u p t i n g  d e v i c e s .  
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6 .  Resonance. Primary and secondary surge arresters will 
be applied to clip voltage until overvoltage relays 
can act. 

7 .  Overload. This will be covered by a thermal relay. 
However, a time overcurrent relay can be set to 
detect an overload faster because of the thermal time 
constant of the machine. (Use low pickup and long 
time delay; the voltage relays will be used for fault 
detection. ) 

8 .  Excessive VAR demand. A generator of this size could 
draw too many VARS for its location on the feeder. 
Load-flow analysis reveals na problem with this 
device; no protective measures are taken. If this i s  
a problem, capacitors could be added, but the effects 
of harmonics and the possibility of resonance would 
have to be assessed. 

9 .  Cold-load pickup. Assume that the generator is too 
large to start a5 a motor, A speed interlock is 
selected to prevent closing until a generator is 
brought close to rated speed by the wind turbine. 

In summary, the protection package chosen includes:  

1. 
2, 
3 .  
4 .  
5. 
6, 
7. 

8. 
9 .  

1 B .  

over/under voltage relaying 
phase sequence voltage relaying 
thermal relay on generator 
over/under frequency relaying 
first reclose operation of upline breaker delayed 
directional power relay for motoring 
fuses and single-phase reclosers removed and 
replaced with three-phase fault interrupters 
surge arresters 
time-overcurrent relay for overload detection 
speed interlock to block closing 





4 .  CURRENT PRACTICES FOR PROTECTION OF DSG 

This section first examines typical utility specifications 
for protection of DSG. Then an evaluation of these 

practices is made, followed by guidelines for protection of 
DSG. The guidelines are made with particular emphasis on 

existing protective equipment and techniques. Alternate 

protective philosophies and hardware for future use are 

covered in Sects. 5 and 6. 

4 . 1  TYPICAL UTILITY SPECIFICATIONS 

It was not the principal function of the investigators to 
seek out utility specifications. This information was 

supplied by another contractor a l s o  working under Oak 

Ridge National L a b ~ r a t o r y . ~  Also, the Institute of 
EPeetr  ical and Electronics Engineers Power Engineering 
Society's Task Force on Dispersed Storage and Generation 
forwarded information to the investigators. This 

information has been reviewed to identify t h e  major 

trends in DSG protection; several specific examples are 
given in Appendix A .  However, only typical configurations 
will be discussed here. 

The dominant technique of protecting DSG and the utility 

system is to apply a variety of relays at the 
interconnection point. Relay schemes differ from one utility 
to another, but the main concept is similar: sense one or 
two primary quantities and one or more backup quantities 
that will act €or reasonably probable contingencies in which 
the primary relays fail to act. 

The  circuit breaker and transformer arrangement also 
differs. Some utilities show specifications for backup 
breakers, while others are satisfied with a single breaker. 

6 3  
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Some utilities seem to prefer t.o p u t  t h e  larger generators 
(defined variously from la@ kW to J-BIBfl kW) on separate 
transformers, The  separate transformers a c t  as a kind of 
buffer to protect both the utility, other customers, and 
the DSG installation from some of  t h e  problems t h a t  can 
occur. Small residential sgsteins a r e  still a p p l i e d  with 
several units t o  a distribution transformer. 

4.1.1 

Protection requirements v a r y  with size, the connection 

point to the utility, and the utility's attitude toward 

dispersed generators. Scanning a number o f  utility 

specifications, t h e  configuration shown in F i g .  4.1 is a 

typical arrangement f o r  protective devices for a generator 
not requiring synchronization. 

The quantities being sensed here a r e :  

1. frequency (81), 
2. over- and undervoltage ( 5 9 / 2 7 ) ,  
3 .  negative sequence voltage ( 4 7 1 ,  and 
4 .  generator overcurrent (5EI/51). 

O R N L - D W G  83-10460 

u t  i l  i t r  
SOUFCB 2 

P.T. cou ld  also 
be placed here 

F i g .  4.1. Typical protection configuration. 
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Generally, in a configuration like this, the primary fault 
detection quantities are generator overcurrent and voltage. 

The frequency relay helps eliminate islanding, since it is 
assumed that isolated generators will drift off-frequency 

rather quickly. The negative sequence relay will help 
dekect unusual feeder conditions resulting from 

single-phasing and unbalanced faults. 

In most specifications, each relay will trip both breakers A 

and B. Not a l l  utility specifications require breaker A; they 
may require a visible-break, motor-operated switch instead. 

Some also show breaker A on the high side of the transformer 
and some show an additional breaker on the high side with 
associated overcurrent relaying. The customer may have  other 
relays that will trip A and/or B.  

In all .  cases, breaker B is interlocked so that it cannot 

c lose  until there is voltage of normal magnitude, 
frequency, and phasing present on the utility side. 

Tf the generator is synchronous, another set of PTs and a 
synchronizing relay ( # 2 5 )  is added around breaker B- 

The PT and CT locations may be different than shown in some 

cases. 

One common deviation from this scheme is useful when there 
is no reverse power f low permitted. The overcurrent relay 
and frequency relay are replaced by a reverse power 
relay. Thus, any fault in which pawer flows back into the 
utility causes the main breaker(s) to trip. 

4.1.2 A Hinimum Protection Arrangement 

For generators less than 10 kW, many utilities have less 
stringent protection requirements. This may change when 
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t h e r e  a r e  inany small  g e n e r a t o r s  on  a f e e d e r .  F i g u r e  4 . 2  shows 
t h e  u t i l i t y  s p e c i f i c a t i o n  which r e q u i r e d  t h e  fewest 
p r o t e c t i o n  r e l a y s .  

T h i s  b a s i c a l l y  d i f f e r s  from t h e  t y p i c a l  case in t h a t  sensing- 

of  backup q u a n t i t i e s  is  o m i t t e d .  

ORNL-DWG 83-1 0461 

F i g .  4 . 2 .  Minimum protection c o n f i g u r a t i o n .  

Some u t i l i t y  p r o t e c t i o n  s p e c i f i c a t i o n s  a r e  q u i t e  
e x t e n s i v e  f o r  l a r g e r  g e n e r a t o r s .  "Large"  is  v a r i o u s l y  
d e f i n e d  a s  g r e a t e r  t h a n  some s i z e  between Igp' kW and 
lj3fla kW. The scheme i.n F i g .  4 . 3  w a s  p resented  f o r  p r o t e c t i o n  
of a l a r g e  wind turbine, 6 

T h i s  scheme p r o v i d e s  i n t e r n a l  g e n e r a t o r  p r o t e c t i o n  a s  w e l l  
a s  p r o t e c t i o n  fo r  t h e  u t i l i t y  sys t em.  There  i s  much 
redundancy  t o  i n s u r e  t h e  removal of t h e  gene ra t a r  under  a 
v a r i e t y  of c o n d i t i o n s .  
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25 

F i g .  4 . 3 .  A maximum pro tec t ion  conf igura t ion .  

Relays not previously identified are: 

#67-directional overcurrent 
#87-differential protection 
#32-d iw ec t ional power 
#25-synchronizing 
#49-thermal 
#46-phase balance current 

I n  this scheme there is a total of 21 separate relays 
(assuming the conventional type), 16 CTs, and 7 P T s ,  

4 . 2  EVALUATION OF CURRENT PRACTICES 

The typical DSG protection specifications were evaluated 

here with respect to the protection problem areas a s  defined 
in Sect .  3 of t h i s  r epor t .  Observations w e r e  made 
concerning the hardware, its c o s t ,  and its function. These 

specifications may be found in ref. 7. They cannot be repeated 
here  because of their length. 
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The  majority of  utility specifications fo r  DS@ protection 
are not typical of distribution protection practices for 
loads of comparable sizes. in distribution system 

protection, procedures are based on series overcurrent 
devices. With t h e  exception o f  s u b s t a t i o n s ,  this 
equipment is generally self-contained packages including 
both t h e  relaying and the interrupting means. The basic idea 

is to have a simple, relatively inexpensive package that c a n  
be mounted on a pale. For example, fuses a r e  self-contained 
overcurrent protection devices. The fuse element is both 

the fault detector and the interrupter. Likewise, h y d r a u 1 . i ~  
reclosers are self-contained devices with few possible 
adjustments. E l e @ t r o n i c a k l y - c o n t r o l l e d  r e c l o s e r s  have the 
intelligence i n  a separate box which contains relaying 
functions fo r  all three phases and the  ground. For a load 

t h e  same s i z e  as many proposed C)SG i.nstallations 

(< lLJ f l@ kW) , the utility would normally p r o v i d e  only 

fuses. For larger loads, a r ec lose r  might be provided, 

In contrast, many DSG protection specifications take on t h e  

flavor of  substation protection, or  even c e n t r a l  s t a t i o n  
generator protection. There are separate r e l a y s  f o r  each 
phase, f o r  examplep and a tendency to recommend khe kind of  
relay typically used in substations e T h e s e  relays are 
physically largeB requiriilg l a r g e  cabinets and a sheltered 

environment. They are not generally made t o  be pole-mounted; 
they require large batteries to supply dc operating current. 
For large D S G  installations (several MW) t h j . s  may n o t  
mat-ter,  b u t  the c o s t  of such relaying f o r  small DSG is 
probably prohibitive (see Sect. 4 . 2 . 2 ) .  

Alternatives to this i n c l u d e  use of lower-cost, secondary- 
voltage c l a s s  relays or  relays packaged especially for DSG 
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protection. Since DSG protection is a relatively new 

technology, there are few manufacturers of protection 
equipment for small DSG installations. This may explain 

why utility specifications call for the more traditional 

utility grade relays. 

Packaged relaying for DSG is not yet a common item. 

However, there is a movement in t,hat direction, as evidenced 
by the announcement of the PRIDE relay by Beckwith 

Electric Company. * This is a microprocessor-based relay 
that provides voltage and frequency relaying functions, 

two of the most important for DSG protection. It is 
anticipated that there will be other devices using this 
concept (a programmable, multi-function relay) available 
in the near future. This should ease the 

interconnection of DSG with utilities. 

Utility specifications do not always identify particular 

types of breakers to be used. When they do, it is generally 
in regard to primary breakers only. For example, they may 

call f o r  a conventional line recloser on the primary. The 
only specification on the secondary breaker is often that 
it must clear for a fault within a certain time. The time 
specifications vary from 10 cycles (1/6 second) to 1 second. 

This probably has to do with breaker reclosing intervals. It 

would seem that a modular breaker/relay device similar t o  
the electronically controlled recloser, but designed for 

secondary voltages, would be useful f o r  DSG protection (see 
Sect. 5). 

Many utilities place a strong emphasis on overcurrent 
protection in their DSG protection specifications. Some 
specifications use voltage relaying alone (for small 
generators), and most use it in conjunction with 
overcurrent relaying, but the proposed schemes appear to 
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depend heavily on overcurrent relaying. This is 
probably based on tradition more than f u n c t i o n .  As 

indicated in Sect. 3.2, voltage relaying alone may be 
adequate for detecting faults. This idea is supported by 

the fact that the manufacturers who are targeting the DS@ 

protection market are emphasizing voltage relaying. 

Most utilities see111 to assume that their standard 
distribution surge  arrester scheme will o f f e r  adequate 
protection. (Distribution arresters a r e  installed on every 
poke-mounted transformer in some areas of the country.) 

T h i s  is inferred by the notable l a c k  of attention given the 
subject. in most specifications. It is not clear that this 
adequate protection will be offered. As pointed out in 
Sect. 3, there can be rcsonant conditions where the energy 
to be discharged is very high. Distribution arresters are 
designed to absorb the energy in a lightning stroke, 
perhaps,  f o r  d half-cycle o f  power-follow current. T h i s  

energy is relatively small compared to the energy that c a n  
be developed during a resonant condition. I f  the 
generator is a rotating machine and c a n  became i s o l a t e d  with 
a capacitor bank ( o r  a long line 01 cable, if a v e r y  small 
generator), it is probably good practice to install a larger 

arrester to a b s o r b  the energy f o r  a few more cycles 

until it can be assured that the generator is o f f  the line. 

CSWOrrPi@ Consideratisns 

Economic evaluation of DSG protection schemes was not one 

of the tasks t h e  investigators were to emphasize. 

However, certain economic information was collected during 
t h e  course of the contract to h e l p  determine the effect of 
costs on the types of protection systems to be considered 
f o r  the future. 
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One of the first impressions gathered from reading 

utility specifications was that they probably cost more than 

many DSG device owners would want to pay. One of the most 

commonly published examples of a protection specification is 
one of Georgia Power Co.'s specifications18 reproduced in 
Fig. 4.4. 

Notice in the specification that the utility company would 

own and install the protection equipment. The question was 

asked of Georgia Power Company: What would be the costs 
assessed to a cogenerator for the installation of this 
equipment? The Georgia Power Company complied with o u r  
request and returned the following cost figures. 

Current transformers $2,100 
Potential transformers 1,425 
Foundations 500 
Battery and charging equipment 3,000 
Relays, wiring and cable 4,105 
Grounding 50 
Stores expense 500 
Sales tax 350 
Labor 2,400 

Subtotal 14,430 
42% overhead 6,060 

Total $28,490 

It is believed that these costs are quite consistent with 

costs reported fo r  similar installations.9 It is til50 the 
opinion of the investigators that these costs are 

econamically justifiable only for large generators 
(several MW). FOK small generators, a more economical relay 
package must be designed. This relay package should 

eliminate the need for most of the peripheral facilities 

such as foundations and batteries. Such peripheral equipment 
is typical f o r  large utility substations, b u t  it is 
inappropriate for a typical distribution-line application. 
This is discussed further in Sect. 6.1. 
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Fig. 4 . 4 .  A Georgia Power Company p ro tec t ion  
specification. 
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4 . 2 - 3  Function of DSG Protection Hardware 

Areas of Adequate Protection 

The? existing DSG protection schemes are adequate in 
most respects. Generally, all the equipment required for 

fault detection is present in the utility specfications. In 
f a c t ,  with both voltage and overcurrent relaying, there is 
often redundancy in this area. Specifications fo r  
three-phase rotating machines often include some sort of  
unbalance detection, and this is good for minimizing the 
chances of overheating, 

Many utilities have recognized the changes they must make to 

their own systems to accommodate DSG. For example, many 
specifications state that no single-phase interrupting 
device is ta be placed between the substation and the 

three-phase generator. Also, many utilities specify that 

the DSG device can have up to one second to disconnect after 

a f a u l t  occurs on the feeder. This indicates a longer 
reclosing interval, which is good for DSG protection. 

Areas of Inadequate Protection 

NQ protection scheme that lacks communication between the 

utility and the DSG installation can hope to prevent 
islanding completely. Most of the utility specs do not 

suggest any communications schemes; this is one of the 
greatest areas of  inadequacy. 

Another area where there is likely to be a problem is the 

first reclosing interval. Some utilities require DSG devices 
to disconnect within 10 cycles after a fault; this is not 

reasonable f o r  all conditions. It may w o r k  f o r  generators 
that are too small to support much load, but it will not 
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always work where the generator is a b l e  to support l o a d  on 
an isolated part. of  the feeder. More time must be allowed 
fo r  reliable operation. 

Surge-voltage protection is a l s o  a questionable area 

Because af potential resonance s i t u a t i o i i s  with rotat ng 
machinery, it is recommended that s u r g e  arresters be applied 
to both primary and secondary s i d e s  of  the distribut 011 
syst"ern. It is a l s o  not clear t h a t  standard distribution 
arresters will be able to withstand the discharge energy. 

In light of the preceding discussions, gene ra l  recommenda- 
t i o n s  f o r  DSG protection can  be made. These recormendations 
are intended for existing protection technology, but most 

should be applicable to f u t u r e  technological advances-  In 
fact, they might se rve  as functional. specifications f o r  
f u t u r e  equipment development. 

For most three-phase DSG installations, four relaying 

functions are required: 

1. over/under voltage 
2 = unbalance v o l t a g e  
3. over/under frequency 

4 .  avercurrent 

A distribution engineer can use this as a starting point; 
then the remainder of the functions required f o r  a DSG 

installation may be determined by u s i r r y  a chart similar t o  

Tables 3.5-3 .17 .  
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If the generator is synchronous, a synchronizing relay 

is also required. I f  the generator is a rotating machine, a 

thermal relay is recommended. 

Most of these relays serve at least two functions. The 

over/under voltage relays operate when the utility source 

voltage goes out of tolerance (e.g., +10%, - 2 0 % ) .  T h i s  

serves to help identify faults and prevent accidental 

energizing of the utility line. The unbalanced voltage 

detection protects against both faults and abnormal load 

conditions that might cause generator heating (e.g., 
single-phasing). The frequency relay is to help detect an 
islanding situation. The overcurrent relay can detect 

overload, internal faults, and external faults (if the 

generator can feed fault current). 

For small, single-phase generators, unbalance detection 

can be eliminated. The frequency relay may also be 

eliminated in most cases because a single-phase generator 

could not support much load, and islanding should n o t  be a 

problem. However, if there are many single-phase sourcesI 

the frequency relay may be necessary. 

When the source has ac-to-dc power converters, there must be 

provisions f o r  dc faults. Also, line-commutated inverters 

should be treated the same as induction generators for 

self-excitation considerations in islanding. 

Surge voltage protection is provided by surge arresters on 

both primary and secondary sides of the distribution system. 
There is some indication that intermediate or station class 
arresters may be required, particularly if the generator is 

a rotating machine and can become isolated on a E a u l t  with 
a capacitor bank. 
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F O K  e x p l a n a t i o n s  of t h e  reasons behind  these r u l e s ,  see t h e  
p r e c e d i n g  s e c t i o n s  a 

1. ..- Sixlle-Phase F a u l t  Interrupters 

D o  n o t  p u t  a single-phase i n t e r r u p t e r  between a three-phase 
g e n e r a t o r  and t h e  utility substation. F i g u r e  4.5 s h o w s  an 
improper condition; F i g .  4.6 shows one way to correct it. 

2, _-I_.- R e d u c i n g  t h e  Chances ---* of Resonance and SeBf-Excitatiop- 

The concern f o r  resonance and s e l f - e x c i t a t i o n  of induetian 
generators can he  s u b s t a n t i a l l y  reduced i f  t h e  f a u l t  

2. Rotating Generator P 
Fig. 4.5. Improper use of f u s e s  w i t h  large rotating 

generators e 

O R N L  DWG 83-10464 

3-Phase Elrsaker 
3Fif-j ._..___...I......_. 

Replace Fuse 

Fig. 4.6 .  A way to correct the problem in Fig. 4 . 5 .  
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interrupter is between the generator and feeder capacitor 
banks (e.g., see Fig. 4.7). When the fault interrupter 
opens, there is no capacitance to develop resonance. 

Of course, this may be impossible near the substation. Also, 
remember that very small generators may resonate with line 

or  cable capacitance. Thus, this will not work in all cases. 

ORNL-DWG 83-10465 

L i n e  Recloser 

P.F. Capacitor / t  
Fig. 4.7. Fault interrupter and capacitor locations 

to reduce chances of resonance and self-excitation after 
a fault. 

3 .  Recoordination of Feeder Branch Fusing 

For large generation (particularly in rotating machinery) 

in excess  of l0B0 kW, it may be advisable to change the 

branch fuse coordination with upline reclosers. Generator 

infeed into the fault may cause nuisance fuse-blowing on 

temporary faults if there is insufficient fuse margin on 
the recloser's first shot. The farther the generator is from 

the substation, the more important this becomes (a 

greater percentage of the fault current comes from the 
generator). If a change is required, the options are 
shown in Fig. 4.8. If a larger fuse size is 

selected, the subsequent recloser operations must be 
checked to make sure that the fuse will blow before the 

recloser operates to lockout. 
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Fig. 4.8. Coordination change options. 

To estimate t h e  f a u l t  c u r r e n t  c o n t r i b u k i o n  o f  t h e  g e n e r a t o r ,  
some simple models may be u s e d .  For synchronous  g e n e r a t o r s ,  
u s e  a n  i n d u c t a n c e  v a l u e  tha t .  is between Xd” and Xd’.  T h i s  

w i l l  g i v e  a h i g h  es t imate  of  t h e  a c t u a l  g e n e r a t o r  
c o n t r i b u t i o n  t o  t h e  f u s e .  F i g u r e  4 . 9  shows a comparison 
between t h e  I t. computed u s i n g  s u c h  a simple model and t h e  
1 t u s i n g  a complex machine model of a 2flga-kW m a c h i n e  f o r  a 
t h r e e - p h a s e  f a u l t .  The s imple model assumed 2 @ %  impedance, 
a p p r o x i m a t e l y  Xdga f a r  t h i s  machine.  The  d e t a i l e d  model (see 
Appendix B )  c o n t r i b u t i o n  decreases  s t e a d i l y  as  t i m e  passes, 
w h i l e  t h e  simple inodel c o n t r i b u t i o n  i s  c o n s t a n t .  (Remember 
t h a t  a small  change i n  c u r r e n t  can  make a dramatic  change i n  
I t.) If t h e  r e a d e r  h o l d s  t h e  page  fJ..at a n d  r o t a t e s  it, i t  
w i l l  be s e e n  t h a t  t h e  d e t a i l e d  model c u r v e  i s  concave 
downward. The  c u r r e n t  computed from t h e  simple model can be 

used w i t h  t h e  s t a n d a r d  TCC c u r v e  a n a l y s i s  s ince  i t  g i v e s  a 
more c o n s e r v a t i v e  estimate f o r  f u s e  margins. 

2 
2 

2 

For a n  i n d u c t i o n  g e n e r a t o r ,  assume t h a t  t h e r e  will be one 
c y c l e  of f a u l t  c u r r e n t  c o n t r i b u t e d  to a th ree -phase  f a u l t .  
CompUte t h e  f a u l t  Cblrrent f O l r  that O n e - C ~ C l C 2  period Using 

b locked  ro to r  r e a c t a n c e ,  which s h o u l d  g i v e  a c o n s e r v a t i v e l y  
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Fiq. 4.9. Comparison of 12t computed, u s i n g  a d e t a i l e d  
synchronous g e n e r a t o r  model vs. using a simple model with 

'8 impedance. 

h i g h  estimate.  W i t h  t h e  u s u a l  TCC c u r v e  a n a l y s i s ,  one  can 
es t imate  t h e  e f f e c t  t h a t  t h i s  h a s  on t h e  f u s e  by u s i n g  t h e  
t e c h n i q u e  i n  F i g .  4 . 1 0 .  This technique is an approximate 
method f o r  t a k i n g  i n t o  a c c o u n t  t h e  f a s t e r  f u s e  m e l t i n g  when 
a n  i n d u c t i o n  machine  is p r e s e n t  i n  t h e  c i r c u i t .  Normally,  
t h e  f u s e  m e l t i n g  t i m e  is where t h e  f u s e  TCC c u r v e  i n t e r sec t s  
t h e  normal  f a u l t  c u r r e n t  l i n e .  I n  t h i s  method,  t h e  f a u l t  
c u r r e n t  l i n e  is m o d i f i e d  t o  r e f l e c t  t h e  f a c t  t h a t  t h e  
c u r r e n t  i s  c h a n g i n g  w i t h  t i m e .  T h i s  m o d i f i e d  l i n e  is 
c r e a t e d  by c o n n e c t i n g  t h e  one-cycle po in t  on the  f a u l t  
c u r r e n t  l i n e  f o r  t h e  o n e - c y c l e  p e r i o d  w i t h  t h e  minimum melt  
t ime on t h e  normal  f a u l t  c u r r e n t  l i n e .  

Far l i n e - t o - l i n e  f a u l t s ,  a s s u m e  t h e  i n d u c t i o n  g e n e r a t o r  
is  a synchronous machine.  T h i s  w i l l  g i v e  c o n s e r v a t i v e l y  
h i g h  es t imates  o f  f a u l t  c o n t r i b u t i o n s .  
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F i g .  4.10. Using TCC curves t o  e s t k a t e  effect of 
imciuctisn generator contribution. 

4 . 3 . 3  Some Special Considerations 

Line-Commutated I n v e r t e r s  
Î_- 

Line-commutated inverters have two characteristics that c a n  
cause problems: 

1. They produce signi€icant harmonics. 
2. They h a v e  a poor power f a c t o r .  

Ca re  s h o u l d  be taken so t h a t  the fix f o r  one  of these  does 
not worsen t h e  o t h e r .  For example, soiiie utility 
specifications require that the power factor be a . 8 5  lag or 

better. A typical line-commutated i n v e r t e r  will r u n  at a .7  

l a g  o r  worse. Therefore, one may be tempted to app ly  a 
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capac i tor  a t  t he  inve r t e r  t o  c o r r e c t  the  power f a c t o r F  b u t  
t h i s  could have two bad s i d e  e f f e c t s :  

I, The harmonic output  i s  d r a s t i c a l l y  increased.  
2 .  There w i l l  be more tendency for  s e l f - e x c i t a t i o n .  

Xn genera l ,  a power f ac to r  co r rec t ion  capac i tor  connected a t  
the  i nve r t e r  is  a poor choice.' If a capac i tor  is appl ied ,  
i t  should be done i n  conjunction w i t h  a f i l t e r ,  The 
f i l t e r  m u s t  be d e s i g n e d  w i t h  t he  recogni t ion t h a t  i t  
m i g h t  see  e x t r a  d u t y  from harmonics on the  primary t h a t  
o r i g i n a t e  elsewhere. 

- Reclosers on Larger Generation 

On l a r g e r  DSG i n s t a l l a t i o n s ,  a l i n e  rec loser  may be 
spec i f i ed  for the  primary breaker ,  This recloser should not 

te w h i l e  the dispersed generator breaker is closed. The 
aec icrs ing  may be delayed t o  allow t i m e  f o r  t h e  generator 
breaker t o  open. I f  t h i s  is  n o t  s u f f i c i e n t l y  r e l i a b l e ,  
reckssing could be blocked u n t i l  a s i g n a l  i s  received which 
i n d i c a t e s  t h a t  the  generator  breaker is open. 





5. ALTERNATE PROTECTION PHILOSOPHIES 

As stated in Sect. 4.2, the existing pro tec t ion  
specifications are adequate in most respects. However, there 

are two areas that need attention. One pertains to hardware 

and will be discussed in Sect .  6. The o the r  is t h a t  there 
is no really reliable protection against islanding. That 
will be discussed here. 

In distribution systems today, most of the protection is 
done with l o c a l  intelligence. That is, each load or  line 
device has its own protection, which does not 

communicate with the protection at any other load or  line 
device. The local protective devices a r e  passive, responding 
to the effect of an abnormal condition. When a fault occurs, 
the main interrupting device operates and it is hoped that 
other devices that must also act will detect that something 
has happened. There is no attempt by the relaying to 

directly control a breaker at a remote location. This is 
one situation that will eventually have to change as DSG 
becomes more common on distribution feeders. The reason is 
the same as that which spawned the use of pilot 

relaying schemes on transmission systems. 

5-1 MODIFICATIONS TO PRESENT PHILOSOPHIES 

The widespread use of automated control of distribution 
feeders is awaiting the development of new technologies 
and sufficient economic incentives. However, there are 

some things which can be done with existing technologies and 
well-established protection philosophies to improve the 

detection of islanding. Two of these are: 

1. Because voltage is a more reliable fault-sensing 
quantity for most types of DSG devices, the 
relaying emphasis should be shifted from current 
to voltage sensing. 

8 3  
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2, Breakers and line rscPosers  generally rnonit.or c u r r e n t  
o n l y .  For improved islanding protection, they should 
be fitted w i t h  accessories t h a t  block reclosing if 
voltage is present on the load s i d e  (island s i d e ) .  

The f i r s t  item above deals with the problem by providing 

a more sensitive detection scheme. This would decrease the 
frequency of  islanding occurrences. The second item simply 
prevents some of the bad e f f e c t s  of  i s l a n d i n g ;  i t  does not 
prevent its occurrence. It would he  ideal if t h c  r e c l o s e r ,  
a f t e r  detecting voltage on the wrong side, could send a 
s i g n a l  t o  a l l  DSG devices that would cause them to 
disconnect. This is a feature t h a t  automated distribution 
systems could provide, w h i c h  leads i n t o  the n e x t  section. 

5.2 DSG AND AUTOMATED DISTRIBUTION SYSTEMS 

With t h e  ability t o  communicate t o  a n y  point on the 
feeder ,  there are many aspec ts  of handling DSG on a 
distribution f e e d e r  that changes - Several ideas about  L h i  s 

are  p r e s e n t e d  i n  t h e  following d i s c u s s i o n .  

The application of automated control to the operation of 
a distribution feeder  can be better understood if WE 

think of it i n  terms of two operating states: 

1. Normal state 
2. Emergency state 

"Emergency st.ateg3 is  defined to be a condition in which a 
f a u l t  exists somewhere on the feeder .  "Normal state" r e f e r s  
to all a t h e r  conditions in which power i s  available to all 

p o i n t s  on the feeder .  Each state will be discussed 

separately in the following. F i g u r e  5.1 shows a breakdown of 
khe major areas of concern that will be discussed. 



8 5  

OR N L--DWG 83-1 0469 

FAULT DETECTION/ISOLATION 

SERVICE RESTORATION 

PERSONNEL SRFETY 

EHERGENCY STATE 

LOAD tlRMAGEffENT E QUOLITY OF SERVICE 
NORMQL STATE 

Fig. 5.1. Major areas of concern w i t h  DSG and automated 
c o n t r o l  of distribution feeders. 

5.2,1 Emergency State Operation 

Fault De tee t ion and Interrupt ion 

Because of the great potential for damage if a fault i s  
allowed to persist, fault currents must be interrupted as 
quickly as possible. At present, it seems better to rely on 

local device intelligence t o  c o n t r o l  the main fault 
interrupters. Communications systems now being employed 

for automated control (such as power line carrier, 6PI-Hz 
wave modification and standard AM broadcast sideband 

modification) cannot respond quickly enough and are 

inherently less reliable than locally controlled fault 

interrupters. However, there are some applications f o r  
automated control in fault detection and interruption when 
DSG exists on a feeder. 

One application would be to simply issue a scram signal 
when a f a u l t  is detected, T h i s  would a i d  in the prevention 
o €  islanding. It is conceivable that the communications 
systems mentioned above could respond q u i c k l y  enough 
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f o r  t h i s  t o  be e f f e c t i v e .  T h e  scram s i g n a l  would s e r v e  ‘&a 
n o t i f y  t h e  g e n e r a t i o n  t o  d i s c o n n e c t  immedia t e ly .  R e c l o s i n g  
would be d e l a y e d  t o  a l l o w  t i m e  f o r  t h e  s i g n a l  t o  be s e n t  
and t h e  DSG d e v i c e s  t o  r e s p o n d .  The scram s i g n a l  is n o t  
e n v i s i o n e d  t o  be u s e d  €o r  t h e  t r i p  s i g n a l  of t h e  main 
i n t e r r u p t i n g  b r e a k e r .  

T h i s  a p p l i c a t i o n  c o u l d  be  e x t e n d e d  t o  b l o c k  r e c l o s i n g  
i - i n t i l  there  was a s s u r a n c e  t h a t  a l l  DSG i s  d i s c o n n e c t e d .  
Each DSG i n s t a l l a t i o n  c o u l d  r e t u r n  an acknowledgment that i t  
r e c e i v e d  t h e  sc ram s i g n a l  and t h e  c e n t r a l  c o n t r o l  would 
b lock  r e c l o s i n g  u n t i l  i t  h a s  hea rd  from each i n s t a l l a t i o n .  
O f  c o u r s e ,  t h i s  might  t a k e  s e v e r a l  s e c o n d s  and t h e  u t i l i t y  
would g e n e r a l l y  not. want t o  do  t h i s  e x c e p t  €or v e r y  c r i t i c a l  
DSG i n s t a l l a t i o n s .  I t  may a l s o  be  s u f f i c i e n t  to s i m p l y  check  
f o r  v o l t a g e  on t h e  l o a d  s i d e .  

S i n c e  i t  i s  n o t  a lways  n e c e s s a r y  t o  reIyIovc a d i s p e r s e d  
source t h a t  is  u p l i n e  from a p r  irnary f a u l t - i n t e r r u p t i n g  
d e v i c e ,  a n  i n t e l l i g e n t  c o n t r o l  c o u l d  be  se l . ec t i . ve  i n  w h i c h  
s o u r c e s  t o  s w i t c h .  T h i s  would be a p p r o p r i a t e  fo r  l a r g e  
r o t a t i n g  g e n e r a t o r s  near  a s u b s t a t i o n .  There  would be no 
need t o  have  t h e s e  respond t o  a f a u l t  t h a t  is  beyond a 
downl ine  r e c l o s e r .  

D i s p e r s e d  i n t e l l i g e n c e  can a l s o  be a p p l i e d  e f f e c t i v e l y  t o  
D S G  c o n t r o l  d u r i n g  f a u l t s .  For example ,  an i n t e l l i g e n t  
rec loser  can be used t o  c o n t r o l .  a n e a r b y  g e n e r a t o r .  I f  the  
rec loser  sees a f a u l t ,  i t  simultaneously t r i p s  t h e  
g e n e r a t o r  m a i n  breaker a n d  i n t e r r u p t s  t h e  f a u l t ,  and  

t h e n  b l o c k s  r e c o n n e c t i o n  u n t i l  some time after t h e  s e r v i c e  
is  r e s t o r e d .  

Automated c o n t r o l  c o u l d  a l s o  be u s e d  t o  advantage i f  

t h e r e  i s  a problem w i t h  n u i s a n c e  fuse-blowing on 
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t empora ry  f a u l t s .  I t  may n o t  be e a s y  t o  f i n d  a good 
compromise c o o r d i n a t i o n  scheme t h a t  w i l l  work w i t h  t h e  
t r o u b l e s o m e  g e n e r a t o r  b o t h  on  l i n e  and o f f  l i n e .  An 

i n t e l l i g e n t  r e c l o s e r  c o u l d  be programmed t o  have  one  
c h a r a c t e r i s t i c  when t h e  g e n e r a t o r  is  on l i n e  and a n o t h e r  
when i t  is o f f  l i n e .  The s t a t e  of t h e  g e n e r a t o r  is  s u p p l i e d  
t o  t h e  r e c l o s e r  by t h e  s u b s t a t i o n  c o n t r o l .  E x i s t i n g  
e l e c t r o n i c  r e c l o s e r  c o n t r o l s  a l r e a d y  have  t h i s  c a p a b i l i t y .  

Feeder  R e s t o r a t i o n  

One of t h e  most  p r o d u c t i v e  t a s k s  which au tomated  c o n t r o l s  
c a n  p e r f o r m  on  d i s t r i b u t i o n  s y s t e m s  i s  t o  s e c t i o n a l i z e  t h e  
f a u l t  and r e s t o r e  power t o  t h e  r ema inde r  of  t h e  f e e d e r .  O f  
~ o i d r s e ,  DSG w i l l  impac t  t h e  a l g o r i t h m s  used  f o r  
r e s t o r a t i o n .  

Wi thou t  au tomated  c o n t r o l s ,  a 5SG d e v i c e  would 
t y p i c a l l y  r ema in  d i s c o n n e c t e d  u n t i l  v o l t a g e  is r e s t o r e d .  
Thenr  a f t e r  a t i m e  d e l a y ,  t h e  d e v i c e  would r e c o n n e c t .  One 
t h i n g  t h a t  is  a c o n c e r n  f o r  t h i s  t y p e  of o p e r a t i o n  i s  t h a t  
t h e  r e c o n n e c t i o n  might  o c c u r  a t  a n  i n o p p o r t u n e  t i m e .  
For example ,  t h e  power r e s t o r a t i o n  may have  o c c u r r e d  t h r o u g h  
a n  a l t e r n a t e  s o u r c e  t h a t  is i n c a p a b l e  o f  s u p p o r t i n g  t h e  5SG 

d e v i c e .  Wi thou t  communica t ion ,  t h e r e  is  no way t h a t  l o c a l  
i n t e l l i g e n c e  would be ab le  t o  d e t e c t  s u c h  a c o n d i t i o n .  
W i t h  au tomated  c o n t r o l s  t h a t  cars communicate ,  t h e  DSG 

d e v i c e  would w a i t  f o r  a s i g n a l  f rom t h e  c o n t r o l  sys t em 
b e f o r e  i t  would r e c o n n e c t  t o  t h e  u t i l i t y  sys t em.  The 
s i g n a l  c o u l d  o r i g i n a t e  from e i t h e r  a c e n t r a l  s u b s t a t i o n  
c o n t r o l  or from a l o c a l  i n t e l l i g e n t  d e v i c e  s u c h  as a 
n e a r b y  r e c l o s e r  w i t h  i n t e l l i g e n t  c o n t r o l s .  
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There  may be ins tances  where DSG c a n  h e l p  r e s t o r e  power t o  a 
f e e d e r  a f t e r  a f a u l t .  One example w c u l d  be a l a r g e  f u e l  
c e l l  w i t h  a self-cornmutated i n v e r t e r  c a p a b l e  of  s u p p l y i n g  a 
s i g n i f i c a n t  p o r t i o n  o f  t h e  f eede r .  W i t h  s u f f i c i e n t  
c o n t r o l s ,  s u c h  s o u r c e s  c o u l d  be used to s u p p l y  power t o  a 

f eede r  when t h e  main source is l o s t  due  t o  an outaye.  

T h i s  wou ld  be v e r y  d i f f i c u l t  t o  do w i t h o u t  some k i n d  of  
i n t e l l i g e n t  c o n t r o l s ,  

Safetx of  L ine  R e E i r  Personnel .  -- -------_l-_llll 

When r e p a i r i n g  a l i n e  a f t e r  a permanent  f a u l - t ,  t h e r e  is 
t h e  dange r  t h a t  a n  i s o l a t i n g  s w i t c h  will a c c i d e n t l y  c l o s e  
and reenergize t h e  l i n e .  I f  t h e r e  is  o n l y  one  s o u r c e  of  
power, s t e p s  can be  t a k e n  t o  g a i n  r e a s o n a b l e  a s s u r a n c e  t h a t  
t h i s  w i l l  n o t  happen.  However-, i t  i s  much more d i € f i e u l t  
t o  g i v e  t h i s  a s s u r a ~ ~ c c  i f  t h e r e  a r e  m u l t i p l e  sou rces  on t h e  
f e e d e r .  

One can imag ine  f a u l t y  c o n t r o l s  t h a t  pe~.mit: 
r e c o n n e c t i o n  o r  operators a t t e m p t i n g  t o  m a n u a l l y  r e c o n n e c t ,  
riot aware t h a t  a n y t h i n g  is wrong. Automated c o n t r o l  c a n n o t  
c o m p l e t e l y  e l imina te  this problem, b u t  i t  c o u l d  enhance t h e  
s a f e t y  of p e r s o n n e l  by g i v i n g  g r e a t e r  a s s u r a n c e  t h a t  t h e r e  
w i l l  be no unexpec ted  c o n n e c t i o n s .  For example, 

motor -ope ra t ed  disconnect switches cou ld  be p l a c e d  a t  each  
DSG s i t e  c a p a b l e  of r e e n e r g i z i n g  t h e  f e e d e r .  When t h e r e  is  a 
f a u l t ,  t h e  d i s c o n n e c t  switches a t  t h e  affected D S G  s i tes  
will b e  r e m o t e l y  opened and kept open u n t i l  t h e  l i n e  is 
c l ea r .  
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Example of Emerqency State Operation - 

To illustrate automated system operation f o r  a fault on 
a feeder containing DSG, the following scenario h a s  been 
developed. 

F i q u r e  5 . 2  shows t h e  normal system concliticln for the example 
system. In this example, the squares all represent fault 

interrupting devices that are equipped with communications 

devices  and may have significant local intelligence. In 
this scenario, it will be assgmed that the line devices 

are intelligent as well as the central substation control. 

F O ~  this example, assume that a permanent f a u l t  exists 
betLseen Device 1 and Device 2 .  The following sequence 

c x c u r  s : 

I.. Device 1 senses overcurrent and begins its tripping 
sequence. Since the fault is permanent, it will 
ogerate to lockout. The first reclosing operation nay 
be delayed to permit all DSG to disconnect. 

2 .  The existence of the fault may be detected at the DSG 
site by either loss of voltage o r  high current. 
Device 3 will open a n d  lockout. 

3 .  As a redundant measlure, Device 2, which has some 
local intelligence, will sense reverse power flow an 
will a l s o  signal Device 3 to open. Also ,  it will 
block reclosing on Device 3. 

ORNL-DWG 83.10470 

SUBSTATTON 2 P SUBSTATION 1 

b 
DISPERSED SOUUCE 

Fig, 5.2.  Normal operating state. 
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Figure  5 . 3  shows one possible s t a t e  of the feeder immediately 
after the completion of these steps. The problem now is to 
restore power t o  as much of the feeder as possible. 

ORNL-DWG 83-10471 

<FAULT > 

S U B S T A T I O N  I SUBSTATION 2 

/ 
OPEN 

BREAKERS D I S P E R S E D  SOURCE 

Fig. 5.3. State immediately a f t e r  fault interruption. 

The two substation controls communicate to determine where 
t h e  fault is located and what to do about it. The 

restoration sequence could be as follows: 

1. Device 2 is opened;  this isolates the f a u l t .  

2. Device 4 is closed; this causes Substation 2 t o  pick 
up the l o a d  on the faulted feeder up t o  Device 2. 
The programming o f  any changes of  pickup levels and 
T C C s  a l s o  take place at t h i s  time. 

3 .  The rec lose  block on Device 3 is lifted. The BSG 
device can be synchronized, if necessary, and  
reconnected. This assumes that the feeder from 
Substation 2 is capable of: supporting the D S G  
device. 

The feeder containing the DSG device w o u l d  again be in a 
normal s t a t e ,  although n o t  in the original normal s t a t e .  

Normal state algorithms in the Substation 2 control computer 
w o u l d  have to be modified to r ep resen t  present 
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c o n d i t i o n s .  Normal s t a t e  o p e r a t i o n s  would c o n t i n u e  
u n t i l  t h e  f a u l t  i s  c o r r e c t e d .  

When t h e  f a u l t  i s  c o r r e c t e d ,  one  way t o  r e s t o r e  t h e  feeder 
t o  i t s  o r i g i n a l  s t a t e  would be: 

1. S u b s t a t i o n  2 would i n s t r u c t  Devices 4 and 3 t o  open .  
T h i s  c o u l d  be done u s i n g  a " f o r e i g n  d e v i c e "  d i s c o n n e c t  
command. T h a t  i s ,  a l l  d e v i c e s  n o t  n o r m a l l y  o n  
S u b s t a t i o n  2 would d i s c o n n e c t .  

2 .  S u b s t a t i o n  1 would i n s t r u c t  Devices 1. and 2 t o  c l o s e ,  
p e r h a p s  i n  s equence .  T h i s  m i g h t  a l s o  b e  done  u s i n g  a 
group-connect command t h a t  causes a l l  d e v i c e s  n o r m a l l y  
c o n n e c t e d  t o  t h i s  f e e d e r  t o  c l o s e ,  D S G  d e v i c e  
r e c o n n e c t i o n  might  be d e l a y e d  u n t i l  t h e  r e s t  o f  t h e  
feeder i s  r e s t o r e d .  

5.2.2 N o r m a l  State Operation 

U t i l i t i e s  i n  t h e  U n i t e d  S ta tes  a r e  accustomed t o  o p e r a t i n g  
d i s t r i b u t i o n  f e e d e r s  w i t h  l a r g e ,  s t a b l e  s o u r c e s  o f  power 
w i t h  h i g h - q u a l i t y  v o l t a g e  waveshape.  T h u s ,  t h e  l oad  f l o w  and 
v o l t a g e s  on a d i s t r i b u t i o n  f e e d e r  a re  e a s i l y  p r e d i c t a b l e  and 
c o n t r o l l e d  by r e l a t i v e l y  s i m p l e  t e c h n i q u e s .  These t e c h n i q u e s  
o f t e n  r e l y  on t h e  power f l o w i n g  i n  o n l y  one  d i r e c t i o n  and 
t h e  v o l t a g e s  b e i n g  d i s t o r t i o n - f r e e .  These c o n d i t i o n s  c a n  
n o t  b e  g u a r a n t e e d  as  e a s i l y  when t h e r e  a r e  l a r g e  amounts 
of DSG on a f e e d e r .  The f e e d e r  c o n d i t i o n s  w i l l  t e n d  t o  
be more u n p r e d i c t a b l e  and au tomated  c o n t r o l  t e c h n o l o g y  
may be needed t o  m a i n t a i n  t h e  q u a l i t y  of s e r v i c e  t o  w h i c h  
consumers  a r e  accus tomed.  

Load Management 

The  u s u a l  d i s c u s s i o n  of a p p l y i n g  au tomated  c o n t r o l s  t o  l o a d  
management d e a l s  w i t h  t h e  c o n t r o l  o f  p a s s i v e  l o a d  t o  



reduce demand. The  same p r i n c i p l e s  willb i n  g e n e r a l ,  a p p l y  
t o  t h e  c o n t r o l  o f  f e e d e r s  w i t h  large amounts o f  D S G .  

However, t h e  o b j e c t i v e s  o f  c o n t r o l  W O U ~ ~  be d i f f e r e n t :  
instead of s w i t c h i n g  o f f  load  d u r i n g  high-demand p e r i o d s  
t h e  c o n t r o l  would t e n d  t o  switch on more g e n e r a t i o n .  Also, 
i t  would t e n d  to s w i t c h  o f f  g e n e r a t i o n  i n  v e r y  low-demand 
p e r i o d s  

One can v i s u a l i z e  t h e  need f o r  a t ype  o f  g e n e r a t i o n  
s c h e d u l i n g  c o n t r o l  f o r  a f e e d e r  with large D:<G d e v i c e s .  Far 
example ,  a u t i l i t y  would p r o b a b l y  w a n t  t o  m a i n t a i n  some b a s e  
l o a d  t o  h e l p  w i t h  sys t em s t a b i l i t y .  I f  t h e r e  were a l a r g e  
g e n e r a t i o n  s o u r c e  (1 MW o r  more) on a d i s t r i b u t i o n  f e e d e r ,  
i t s  c o n t r o l s  c o u l d  be t i e d  i n t o  t h e  s u b s t a t i o n  c o n t r o l  t o  
limit g e n e r a t i o n  i f  the feeder  l o a d  were t o  r e a c h  p r e d e f i n e d  
low-load leve1.s.  A t  peak l o a d ,  t h e  c o n t r o l  would have two 
o p t i o n s :  

1. I f  t h e r e  i s  excess c a p a c i t y  a v a i l a b l e  from 
d i s p e r s e d  g e n e r a t o r s f t h e y  c o u l d  be c a l l e d  upon to 
produce  more power t o  h e l p  s e r v e  t h e  l o a d .  

2.  I f  t h e r e  i s  i n s u f f i c i e n t  excess c a p a c i t y  
a v a i l a b l e ,  t h e  c o n t r o l  can r eve r t .  t o  a l o a d  
s h e d d i n g  mode. 

i t  would t a k e  a n  i n t e l l i g e n t  c o n t r o l  s y s t e m  w i t h  
communica t ions  between t h e  feeder  c o n t r o l  and genera tor  
c o n t r o l  t o  m a k e  t h e  optimum d e c i s i o n  i n  this example.  

Another po ten t i a l l  problem which m i g h t  r e s u l t  from h a v i n g  
l a r g e  amounts of  DSG on a d i s t r i b u t i o n  f e e d e r  is v a r y i n g  
g e n e r a t i o n .  T h i s  c o u l d  cause v o l t a g e  r e g u l a t i o n  
problems. T h e  most l i k e l y  t y p e s  of g e n e r a t i o n  t o  cause these 
problems are  so la r  and wind g e n e r a t i o n .  O t h e r  sourcesb s u c h  
a s  small hydro  and e x c e s s  process  steam, wauld be expec ted  

t o  be much more constant. I n t e l l i g e n t  d e v i c e s  at selected 
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points on the feeder (e.g., capacitor bank locations) 

could detect the voltage fluctuation and initiate the 
appropriate action. If a single generator is causing 
the problem, control actions include: 

1. adjusting the generator to a lower output level 
2, disconnecting the generator 

If the problem is due to a large number of small wind 

generators, it is probably more economical to resort to a 

remotely controlled switch that would respond to a '*group 

disconnect" command than to attempt to adjust the output of 

each generator. 

Quality of Service Voltage 

The most common way t o  control harmonics on 
dist.ribution feeders is to try to anticipate t h e  
problems. As the complexity of feeders increases, it 

becomes more difficult to design suppression schemes that 

are adequate for all possible configurations. An 
integrated control system could monitor the voltage at 

various places on the feeder and react more intelligently 

to an excessive harmonic condition. Possible control actions 

include: 

1. switching the shunt capacitors in such a way to 
reduce harmonic amplification, 

2, disconnecting DSG devices with harmonic-producing 
inverters until feeder loading is sufficient t o  
attenuate harmonics, and 

3 ,  switching in f i l t e r s  at selected locations to 
siphon o f f  harmonic currents. 
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When t h e  harmonic  c o n t e n t  o f  t h e  v o l t a g e  becomes t o o  g r e a t  
t o  be c o n t r o l l e d  e a s i l y ,  f i l t e r s  w i l l  have  t o  be applied, 

p r e f e r a b l y  at. t h e  s o u r c e  of t h e  ha rmon ics .  With w i d e l y  
dispersed g e n e r a t i o n  t h i s  may not. a lways  be p r a c t i c a l .  
Also, f i l t e r s  can i n t e r a c t  w i t h  power s y s t e m s  i n  
unexpec ted  ways. Automated c o n t r o l  may be u s e f u l l y  
employed t o  enhance  t h e  a p p l i c a t i o n  of f i l t e r s  by 
d e t e c t i n g  u n u s u a l  c o n d i t i o n s  and attempting v a r i o u s  
c o r r e c t i v e  a c t i o n s  u n t i l  a s a t i s f a c t o r y  one is  found .  



6 .  NEW HARDWARE NEEDS FOR DSG PROTECTION 

The most noticeable hardware need is for equipment 
especially designed fo r  small-  and medium-sized DSG 
installations. Because these have been virtually nonexistent 

in the past, there has been no need to develop such 

equipment. Traditional distribution protection hardware 

generally does not provide the functions required. 

Traditional generation and substation protection was 

designed f o r  larger capacity devices and is either too bulky 
or too costly f o r  many DSG installations. Little of the 
traditional relaying hardware is well-suited for the 
communications schemes needed to prevent such phenomena as 
islanding. 

What is needed is a relay/breaker package patterned 

after the electronically controlled line recloser that can 

be applied at the interconnection point. It m u s t  contain 
the necessary relaying and communications functions, and it 

must be sufficiently reliable so that both the utility and 

t h e  DSG owners can use it with confidence. 

In this section, the specifications for such a 

protection package are presented. Following that, there is a 
discussion of the technical and institutional barriers to 
developing and applying it. 

6.1 DSG PROTECTION PACKAGE SPECIFICATIONS 

6.1.1 Package Form 

Depending on the voltage class and kVA rating, the DSG 
protection package can take one of t w o  forms. For smaller 
devices and lower voltage levels, all equipment might be 

9 5  
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c o n t a i n e d  i n  a s i n g l e  cab ine t .  A t  h i g h e r  v o l t a g e s  and  
r a t i n g s  i t  w o u l d  p r o b a b l y  be best t o  h a v e  t h e  r e l a y i n g  
separated from t h e  b r e a k e r  by some d i s t a n c e .  Higher  v o l t a g e  
systems s h o u l d  a l s o  c o n t a i n  a n  i n t e g r a l  v i s i b l e  d i s c o n n e c t  
€or  s a f e t y .  

6.1-2 C a b i n e t x u i r e m e n t s  - _. 

The b r e a k e r  and r e l a y i n g  s h o u l d  be s e l f - c o n t a i n e d ,  n o t  
r e q u i r i n g  i n s t a l l a t i o n  i n  spec ia l  c a b i n e t s .  That is, the 
c a b i n e t  s h o u l d  be i n t e g r a l .  w i t h  t h e  d e v i c e s .  I n s t a l l a t i o n  
s h o u l d  c o n s i s t  o f  mounting t h e  d e v i c e s  i n  t h e  desired 
place and making t h e  coi-mection t o  t h e  power s o u r c e ,  It is 
assumed t h a t  most of t h i s  hardware  w i l l  be mounted where it 
is  s h e l t e r e d  from t h e  weather ( i - e . ,  sun, r a i n l  r t c . )  b u t  

n o t  i n  a temperature-controPPeB environment.. However, t h e r e  
i s  also m e r i t  i n  d e s i g n i n g  equipment  i n  w e a t h e r - t i g h t  
c a b i n e t s  f o r  ou tdoor  mount ing ,  I t  is expected t h a t  t h e r e  
w i l l  be need fo r  pole-mounted, high v o l t a g e  protection 
packages  I 

6.1.3 Power 

T h e  Icelaying s h o u l d  operate €rom standard s t a t i o n  s e r v i c e  
or  from power s u p p l i e d  by  potential transformers. 

Devices  r e q u i r i n g  b a t t e r y  backup shoul.d b e  d e s i g n e d  t o  
r e q u i r e  as small a b a t t e r y  as  poss ib l e .  One of the b i g g e s t  
expenses i n  c o n v e n t i o n a l  g e n e r a t i o n  and s u b s t a t i o n  relays i s  

t h e  l a r g e  b a t t e r y  r e q u i r e d  f o r  backup. I f  p o s s i b l e ,  t h e  
b a t t e r y  and charger s h o u l d  h e  i n t e g r a l  w i t h  t h e  

package. 

6.1.4 Relaying Function 

The relaying package  should p r o v i d e  a t  l ea s t  these 
f u n c t i o n s :  
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1. over-and undervoltage w i t h  time delay, 
2. over-and underfrequency, and 
3 .  overcurrent  (primarily f o r  overload). 

Options t o  this should include: 

1. phase current unbalance, 

2. phase voltage unbalance, 
3 .  synchronization, 
4 .  directional overcurrent, and 
5. directional power - 

T h e s e  options may be added to o r  substituted for the other 
functions as required. 

One way of achieving multiple relaying functions in a 
single cabinet is to use microprocessors. Although these 

axe not traditionally used for power system relaying, it is 
recommended that t h e y  he considered f o r  this application. 
The advantage of this approach is that different relaying 
functions and characteristics may be obtained by software 
changes rather than hardware changes. Also, several 
functions can be incorporated into a single device. It is 
reasonable to consider this, given that: 

1. New hardware must be developed, and t h e  cho ice  of 
which technology to use is "wide open.' '  

2. Microprocessor t e c h n o l o g y  is advancing rapidly, 
decreasing in cost and improving in reliability. 

3. Communications can be more e a s i l y  handled in 
digital devices. 
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6.1.5 

The package should have the ability to he interfaced 

with a communications link from a remote control center. 

Ideally, the package should also be a b l e  to transmit 
digital signals via a communications link to the remote 

control center to give s u c h  information as breaker 
position, generator capacity available, voltage, current, 

power factor, kW, kVA, kVAR, etc. 

6.2 BARRIERS TO CQ ERCIWLIZING THE DSG I? 

In this section, barriers to the comercialization of a 
microprocessor-based DSG protection package with multiple 

relaying functions are addressed. It is recognized t h a t  one 
of  the primary barriers is economics (limited market 
potential, marginal cost justification fo r  DSG, etc) . 
However, this issue will not be addressed here. Instead, we 
will concentrate on technical and institutional barriers. 

6.2.1 - Technical Barriers 

Processor Power -.- 

A relay must o p e r a t e  in real time. Therefore, there i s  an 

upper limit to the number of functions one  can pack into a 
microprocessor. There  have been s i n g l e -  and 

dual-function micKoprOCeSSQr-based r e l a y s  and controls built 
f o r  power systems applications. The investigators are 
familiar with three of  these: 
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10 1. McGraw-Edison's recloser control, 

2. Beckwith Electric Company's PRIDE relay,* and 

3 .  The static VAR system model on McGraw-Edison's 
11 Transient Network Analyzer. 

Each of these performs one o r  two primary functions of 
varying complexity. It is not likely that they have the 

power to incorporate all the functions needed for all 

types of DSG protection. However, there are two things 

happening that suggest that it will be practical soon: 

1. Microprocessor technology is advancing at 
a very rapid pace. 

2. Parallel processing techniques are being developed 
12 for use with multi-microprocessors. 

A relay can contain several microprocessors, each 

dedicated to a separate task. 

Therefore, it is only a matter of time until the barrier of 
processor power is overcome. 

Software Development 

Hardware capability far outdistances the capability of 

applications developers to use it, and will continue to do 
so .  This implies that it is also only a matter of time 
before the desired function is developed. But it also 
implies that software costs will be much more than the 
hardware costs. This is an established fact for many 

projects. 
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I€ c a r e f u l  thought is not. taken, sof tware  c:cists will be 

prohibitive, and these will be a significant time l a g  
between the avai1ahi.l i t y  of hardware and the availability 

of  applications software. With careful planning i n  
designing modular so f tware ,  c0st.s c a n  be minimized and new 
hardware can be utilized as soon as i t  is available. The 
key to a s u c c e s s f u l p  economicalc  m i ~ r o p r ~ ~ e ~ ~ o r - b a ~ e d  r e l a y  

are system that c a n  be easi1.y adapted .to 
different n e e d s  and different hardware configurations, 
Although the real.--time constraint makes the processor 
computing power b a r r i e r  seem l a r g e ,  it will. probably be 

the s o f t w a r e  b a r r i e r  that will d e l a y  implementation- 
However, if the i n i t i a l .  software d e s i g n  i s  good,  s u b s e q u e n t  
implementations w i l l .  be limited less by t h e  s o f t w a r e  
barrier. 

Response Time - and P r i o r i t i e s  --- 

With a definite upper limit on the processo r  power,  
priorities of different functions have to be 
established. For example, fault detection is a more 
c r i t i c a l  function t h a n  overload detection. More d a r n a g ~  can 
be done in a shorter time; therefore, t h e  relay must respond 
more rapidly. However, the D S G  breaker is not the primary 
breaker responsible f o r  interrupting a utility fault. The 
DSG protection packaqe does n o t  have to respond as qriickly 
as a utility protection relay. I n  most eases, the 13% 

installation must simply disconnect before t h e  f i r s t  rec lose  
operation. Therefore ,  it may be p o s s i b l e  to take a 
microprocessor-based relay des igned  fo r  utility use and 
make a suitable DSG protection relay by r e d u c i n g  t h e  

priority on  the main task. T h i s  barrier is one of d e c i d i n g  
how the priorities and response times m u s t  be set. 



1 0 1  

Accuracy 

The DSG protection package depends heavily on voltage 
and frequency measurements. The accuracy requirements appear 

to be somewhat greater for these functions than for 
overcurrent. This may be particularly true of voltage phase 

balance relays. The accuracy of the relay would be affected 

bY 

1. A/D converters, 
2. sampling algorithms, 

3 ,  presence of harmonics, and 
4 .  instrumentation transformers, etc. 

It is estimated that the accuracy for measuring voltages and 

frequency must exceed 99%.  This will place a difficult 

requirement on the relay. The accuracy is somewhat 
time-dependent: basically, the longer the available time, 

the more accurate the measurement. The microprocessor will 
have less than 0.5 seconds to achieve this accuracy to meet 

most specifications; less than 1/6 second (la cycles) to 
meet others. 

Number of Inputs 

An adequate DSG protection package would be able to sense 
vo.itages on both sides of the breaker, as well as the 
breaker current. For three-phase devices, this is nine 
quantities. In addition, it would be able to sense breaker 
state, other local signals from the DSG site, and remote 
signals from the utility control. To process a l l  these 
inputs imposes quite a strain on a single microprocessor, 
which makes a strong argument for going to multiprocessors. 
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The economica l  p r o v i s i o n  of enough A/D c o n v e r t e r s  f o r  
a l l  the i n p u t s  also p r e s e n t s  a hardware  c o s t  b a r r i e r .  
F o r t u n a t e l y ,  s ampl ing  60-Hz aveforrns is n o t  a t e c h n i c a l l y  
d i f f i c u l t  t a s k ,  and i t ; nay be p o s s i b l e  t o  d o  m u l t i p l e x i n g  on 
t h e  i n p u t s ,  i f  n e c e s s a r y .  

The issue of r e l i a b i l i t y  stems from lack of c o n f i d e n c e  i n  
e l e c t r o n i c  r e l a y s .  C o n s i d e r a t i o n  must be g i v e n  t o  
f a i l u r e  modes t o  maximize t h e  p r o b a b i l i t y  of f a i l i n g  
s a f e l y .  I t  s h o u l d  be  assumed t h a t  m i c r o p r o c e s s o r s  w i l l  s t o p  
r u n n i n g  p e r i o d i c a l l y .  One way t o  g e t  a round t h i s  problem is  
t o  have  a s e p a r a t e  c i r c u i t  t h a t  c h e c k s  t o  see i f  t h e  
m i c r o p r o c e s s o r  i s  r u n n i n g  and r e s t a r t s  i t  when n e c e s s a r y .  
O the r  s o l u t i o n s  i n c l u d e  u s i n g  more t h a n  one p r o c e s s o r  i n  
p a r a l l e l .  

One advantage of  m i c r o p r o c e s s o r s  is  t h a t  t h e y  can be 
programmed t o  c h e c k  on t h e m s e l v e s  and  r e p o r t  m a l f u n c t i o n s .  
Then t h e y  can be repaired, i f  necessary ,  b e f o r e  t h e i r  
o p e r a t i o n  i s  needed .  I n  c o n t r a s t ,  i t  is  neve r  known i f  
a n y t h i n g  is  wrong w i t h  e l e c t r o m e c h a n i c a l  r e l a y s  u n t i l  a f t e r  
t h e y  € a i l  t o  o p e r a t e .  

The burden  of  p r o v i n g  r e l i a b i l i t y  of the hardware  w i l l  fall 
on i t s  m a n u f a c t u r e r .  

Su rge  Wi ths t and  

E l e c t r o n i c  d e v i c e s  on power systems face  much e x p o s u r e  
t o  h i g h - v o l t a g e  s u r g e s .  For small-  and  medium-sized DSG 
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installations, the problem may be less severe because the 

voltage class is lower than for utility equipment. However, 
the problem will still exist. 

Over the past two decades, solid-state relays based on 

discrete components have become very reliable. Much has 

been learned about protecting these devices against 

voltage surges. However, the microprocessor presents new 

challenges. Not only is it more s,usceptible to being 

physically damaged by high voltage, but surges could affect 
its operation. For example, a surge could change some bits 
i n  random access memory (RAM) that would alter the operation 
of the program. 

The only difference between t h e  requirements for DSG 

protection devices and the utility devices might be a 

requirement to withstand high voltage a t  low frequency 

( 6 @  32) that might persist f o r  several seconds due to 
resonance. 

Field experience and laboratory testing will be required to 
develop an adequate surge-protection scheme. 

6.2,2 Institutional Barriers 

It is assumed that most DSG device owners would favor the 

use of an integrated protection package because of 
Power cost and simple installation requirements. Therefore, 

the institutional barriers discussed will deal only with 

the power utility. This discussion is based on the 
investigators' experience in marketing electronic relaying 
devices to utilities. 
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Resistance to Electronic Relays ~- 1--- 

Many distribution protection engineers are r e l u c t a n l  to 
trust any electronic relaying e q u i p m e n t .  T h i s  feeling is 

derived from bad experiences with electronic equipment 

failing from surges, high temperature, e t c .  'Phis barrier is 
one that can be removed only after many years of reliable 
operation. Fortunately, the feeling is not u n i v e r s a l ,  and 
these should be ample opportunity %a implement t h e  t y p e  of 
DSG ,eProt.ection package recommended here. 

Resistance to New Equipment 

While some people a r e  eager t o  t r y  any new thing t h a t  comes 
along, others resist change. It is expected t h a t  there  w i l l  
be a delay in getting a special DSG protection package 
approved f o r  use. The time l a g  would depend on each 
utility's need for such a device and the eagerness of t h e  
protection engineers t o  try it. This barrier is one that can 
be largely overcome t h r o u g h  inarkeking efforts a n d  personal 
contacts between utility per sonne l  and manufacturing 
representatives. 

C o n f u s i o n  Over Application Respansibility 

The major goal f o r  the DSG protection package should be to 

ease application by distribution protection engineers who 
may have limited experience in generation protection. 

However, it appears that inany DSG protection specifications 
were written by utility generation-pratection engineers. 
T h u s ,  the specifications tend to c a l l  €or typical large 
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generator p r o t e c t i o n  equ ipmen t .  The potential b a r r i e r  here  
is that generation protection e n g i n e e r s  may t e n d  to i g n o r e  
new dev ices  n o t  d i r e c t l y  applicable &a their main area of 
expertise. 

Computer Fear 

Al though it is d i m i n i s h i n g ,  many t e c h n i c a l  people are s t i l l  
f e a r f u l  oE a n y t h i n g  computer ized.  A l s o ,  the owner of the USG 

device  may f ee l  t h a t  h a v i n g  a computer o n  s i t e  w i l l  g i v e  t h e  
u t i l i t y  t o o  m u c h  o p p o r t u n i t y  to "spy" can h i s  operation, 
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APPENDIX A 

EXAMPLES OF DSG PROTECTION SCHEMES 

Ten representative examples of DSG protective relaying con- 
figurations taken from utility specifications or actual 

applications are presented here (Figs. A . 1  through A . 1 0 ) .  This 

will give the reader a better idea of the different protective 
relaying configurations being considered. The diagrams have 
been redrawn with a common format f o r  continuity. The names 

of t h e  utilities that supplied the information are given in 
the figure captions. 

Throughout this appendix, relays are referred to by number. 
T h i s  number refers to the function of the relay. For those 
readers not familiar with the standard numbering code, Tab le  

A . 1  is provided. 

Note: Some figures show prefixes or suffixes to these codes 
to designate a specific application called for on the 
utili%y specification. 
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ORNL U'WG 83-10472 

F i g  A.  1. McGaw Labs (Southern C a l i f o r n i a  Edison 
Company). 

ORNL-DWG 83-10413 

c)sy/z7 

F i g .  A.  2 .  I n d u c t i o n  gerierator <: 18 kVA ( S : * c r r a  
P a c i f i c )  . 

ORNL-DWG 83-10474 

81 59/27 

$6 58/51 

F i g .  A . 3 .  Synchronous g e n e r a t o r  1fl - 1)3$ kVA ( S i e r r a  
Pacific). 



1 1 3  

5 1N 

F i g .  A .  4 e Synchronous  generator lj3gfl kVA ( C e n t r a l  
1-ludaon) . 

F i g .  h.5, Synchronous g e n e r a t o r  > lgflP, kVA ( C e n t r a l  
Hudson). 

OHNL--UWG 83-10477 

Fig. 24.6. Single-phase induction generator ( C e n t r a l  
Hudson) .  
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58/51 

F i g .  A . 7 .  Small t h r e e - p h a s e  g e n e r a t o r  on r a d i a l  
l i n e  ( G e o r g i a  Power Company).  

ORNL-DWG 83-10479 

F i g .  R.8. Three-phase g e n e r a t o r  on r a d i a l  l i n e  
( G e o r g i a  Power Company). 

OR N L-DWG 83-1 0480 

60 

F i g .  A . 9 .  Small. g e n e r a t o r  on r a d i a l  l i n e ,  no r e v e r s e  
power p e r m i t t e d  ( G e o r g i a  Power Company) . 
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w51N* E" {Add 25 i f  reauired) 

*. f o r  >40KW Lo 01 

F i g .  A . l O .  Generator less than lgg kW (Pacific 
Gas & Electric). 

Table A . 1 .  Standard r e l a y  numbers 

(a subset) 

Number 

25 
27 
32  
4 6  
4 7  
50  
5 1  
59 
6 0  
6 2  
6 7  
68  
81 
8 6  
8 7  

Function 

Synchronism check 
Undervoltage 
Directional power 
Reverse phase current 
Phase sequence voltage 
Instantaneous overcurrent 
Time delay overcurrent 
Overvoltage 
Voltage balance 
Timer 
Directional overcurrent 
Blocking 
Frequency 
Lock out 
Differential protective 





APPENDIX B 

SIMULATION METHODS 

T h i s  appendix is  provided t o  give the knowledgable 
ana lys t  a b e t t e r  idea of what was done f o r  t h e  var ious 
s imulat ions performed for  t h i s  work. Five major simulat.ions 
and seve ra l  minor ones were performed. Unfortunately,  space 
does not permit a d e t a i l e d  desc r ip t ion  of each. However, an 
attempt w i l l  be made t o  provide s u f f i c i e n t  information 
about the  major s imulat ions so t h a t  those f a m i l i a r  w i t h  
power system a n a l y s i s  can dup l i ca t e  them. 

The bas ic  s imulat ion t o o l s  were the  Mc-Graw-Edison Transient  
Analysis Program (METAP) and i t s  s teady-s ta te  counterpar t ,  
c a l l e d  MESSAP (McGraw-Edison Steady S t a t e  Analysis Program) e 

These a r e  general-purpose e l e c t r i c a l  network s imulat ion 
programs capable of accepting a v a r i e t y  o f  models of power- 
sys tem devices.  Wore information on these  can be obtained 
from ref.  13. (MESSAP uses the  same general  algorithms a s  
METAP, except i t  works i n  t h e  s inusoida l  s teady s t a t e . )  

I n  t h e  following, each type of s imulat ion performed i n  t h i s  
work w i l l  be descr ibed.  Spec ia l  models used w i l l  a l s o  be 
descr ibed.  
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1, SEQUENCE VOLTAGES FOR FAULT AND LOAD CONDITIONS 

Tho o b j e c t i v e  of t h i s  s i m u l a t i o n  was t o  d e t e r m i n e  whether  
t h e  s equence  v o l t a g e s  d u r i n g  f a u l t  c o n d i t i o n s  a r e  
n o t i c e a b l y  d i f f e r e n t  t h a n  the sequence  v o l t a g e s  d u r i n g  l o a d  
c o n d i t i o n s .  The a n a l y s i s  c o n s i s t e d  of  two p a r t s :  

1, D e t e r m i n a t i o n  of sequence v o l t a g e s  duri .ng f a u l t  
c o n d i t i o n s ,  

2. D e t e r m i n a t i o n  o f  s equence  v o l t a g e s  d u r i n g  normal 
l o a d  c o n d i t i o n s .  

A h y p o t h e t i c a l  12.47-kV f e e d e r  was c h o s e n  f o r  s i m u l a t i o n .  
The b a s i c  p a r a m e t e r s  of  t h e  f e e d e r  a r e  g i v e n  i n  F i y s ,  3 . 4  and 
3 . 5 .  The peak l o a d i n g  c o n d i t i o n  was e s t a b l i s h e d  by 
expe r iment  u s i n g  M d G r  aw -Ed i s o n  ' s R e g u l a t o r  and Capac i t o r  
A p p l i c a t i o n  Program ( R C A P ) .  Among o the r  t h i n g s ,  this program 
computes  v o l t a g e  p r o f i l e s  on r a d i a l  feeders .  The l o a d i n g  
was d e s i g n e d  t o  g i v e  a v o l t a g e  p r o f i l e  such  t h a t  t h e  
secondary  v o l t a g e  a t  t h e  s u b s t a t i o n  was 1 2 5  v o l t s  and t h e  
v o l t a g e  a t  t h e  end o f  t h e  feeder was 115  v o l t s .  T h e  feeder  
was modeled a s  lumped, t h r e e - p h a s e  i n d u c t a n c e s  hav ing  
pos i t - ive -  and zero-sequence impedances t h a t  y i e l d  t h e  f a u l t  
c u r r e n t s  g i v e n  on the f i g u r e s .  Node 2 was s e l e c t e d  t o  be 
ha l fway  between Nodes l and 3 .  

The p r o c e d u r e  f o r  d e t e r m i n i n g  t h e  sequence v o l t a g e s  d u r i n g  
f a u l t s  i s  s t r a i g h t f o r w a r d .  F a u l t s  o f  v a r i o u s  t y p e s  
( t h r e e - p h a s e ,  s i n g l e  l i n e - t o - g r o u n d ,  and l i n e - t o - l i n e )  a r e  
a p p l i e d  a t  each o€ the three nodes ,  and t h e  r e s u l t a n t  phase 
v o l t a g e s  a r e  r e c o r d e d .  Then t h e  phase v o l t a g e s  a r e  
t r a n s f o r m e d  t o  sequence  q u a n t i t i e s .  
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The p r o c e d u r e  f o r  d e t e r m i n i n g  normal  m a g n i t u d e s  of s e q u e n c e  
v o l t a g e s  i s  more c o m p l i c a t e d .  Because  t h e  v o l t a g e  u n b a l a n c e  
is d u e  t o  unba lanced  l o a d  c u r r e n t s  f l o w i n g  i n  t h e  t h r e e  
p h a s e s ,  t h e  d e g r e e  o f  c u r r e n t  u n b a l a n c e  w i l l  d e t e r m i n e  t h e  
sequence  v o l t a g e  v a l u e s .  A p r o b a b i l i s t i c  l o a d  model was 
chosen .  Each p h a s e  of e a c h  l o a d  i n  F i g .  3.5 was a l lowed  t o  
v a r y  i n  a normal  ( g a u s s i a n )  d i s t r i b u t i o n  a round  t h e  t a r g e t  
v a l u e s  shown. One hundred  v a r i a t i o n s  a t  two v a l u e s  of 
s t a n d a r d  d e v i a t i o n  ( 1 0 %  and 2 0 % )  were computed. A t  each 
v a r i a t i o n ,  t h e  s e q u e n c e  v o l t a g e s  were r e c o r d e d .  A f t e r  a l l  
v a r i a t i o n s  were r e c o r d e d  a t  e a c h  o f  t h e  two l e v e l s  of 
u n b a l a n c e ,  t h e  maximum s e q u e n c e  v o l t a g e s  were estimated by 
p l o t t i n g  t h e  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  on p r o b a b i l i t y  
pape r  and p r o j e c t i n g  t o  t h e  p1.18 p r o b a b i l i t y  v a l u e .  T h i s  
was a p p r o x i m a t e l y  20% h i g h e r  t h a n  t h e  1% p r o b a b i l i t y  v a l u e  
( t h e  h i g h e s t  va lue  o f  t h e  l0pI c a ses ) .  

2. SIMULATION OF GENERATOR INFEED TO FAULTS 

The o b j e c t i v e  of t h i s  s i m u l a t i o n  was t o  d e t e r m i n e  i f  
r o t a t i n g  machine  g e n e r a t o r s  would d e s t r o y  t h e  C o o r d i n a t i o n  
between r e c l o s e r s  and f u s e s  o n  t empora ry  f a u l t s .  T h i s  was a 
t ime-consuming a n a l y s i s  d u e  t o  deve lopment  and f i n e - t u n i n g  
o f  the machine models .  The s i r n u l a t i o n  c i r c u i t  was s i m p l e  
( F i g ,  3 . 7 )  and d i d  n o t  r e q u i r e  much computer  t i m e .  

The  s i m u l a t i o n  c o n s i s t e d  o f  f i r s t  i n i t i a l i z i n g  f l u x e s  i n  t h e  
machine  model t o  t h e  i n s t a n t  of f a u l t .  Then t h e  t r a n s i e n t  
c u r r e n t s  were computed o v e r  a p e r i o d  of 200 m s .  La te r ,  a 
p o s t p r o c e s s o r  program computed t h e  1 t f o r  t h e  c u r r e n t s  of 
i n t e r e s t .  

2 

1% ( x )  = 1 i 2 d t ,  





For the simulation, a 1 @-kW, cylindrical ro to r  machiiln was 
assumed with t h e  fallowing pararneters ga9.1. based on 12, 

kv'r 1 

(all i n d u c t a n c e s  i n  henries, 1 

S t a t o r  resistance = 38.19 ohms (each phase) 
F i e l d  resistance = 6 - 2 2  ohms 

The bas i c  d a t a  from which  these v a l u e s  were d e r i v e d  were 
s u p p l i e d  by t h e  Electric:  Machinery D i v i s i o n  o f  McGraw-Edison 
CnTrapany e 

T h e  p a r a m e t e r s  f o r  t h e  PBWB-kW and 2 @  -4cW machines were 
assumed t o  be d i r e c t l y  p r o p o r t i o n a l  to these. Impe 
v a l u e s  were  r a t i e e d  downir and t h e  inertial c o n s t a n t  w a s  
rratioed up i n  p r o p o r t i o n  to g e n e r a t o r  r a t i n g s .  

A v a l u e  of f i v e  amps of f i e l d  c u r r e n t  is  required to produce 
sa ted  te rmina l .  v o l t a g e  a t  no  load. I t  was as sumed  that this 
w a s  t h e  i n i t i a l  c o n d i t i o n  of khr machine at the instant of 
E aarl t sl 

Given these v a l u e s ,  the METAP program s o l v e s  t h e  r e s u l t i n g  
t i m e - v a r i a n t  d i f f e r e n t i a l  e q u a t i o n s  t h r o u g h  numerical 
i n t e g r a t i o n  ( t r a p e z o i d a l  r u l e ) .  I t  was assumed t h a t  t h e  
f a u l t  occurred near point of i n t e r c o n n e c t i o n  of t h e  12-kV 
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f e e d e r  and t h e  g e n e r a t o r .  The i n d u c t a n c e  and t h r e e - p h a s e  
c o n n e c t i o n  o f  t h e  stepdown t r a n s f o r m e r  was i n c l u d e d ,  b u t  t h e  
l i n e  i n d u c t a n c e  was assumed  t o  be n e g l i g i b l e .  

2.2 Induction Machine Model. 

The i n d u c t i o n  machine model used f o r  t h e  s i m u l a t i o n s  was 
d e r i v e d  d i r e c t l y  Eroin t h e  synchronous  machine model.. The  

model i s  e s s e n t i a l l y  of a wsund-ro tor  machine w i t h  t h r e e  
r o t o r  w i n d i n g s .  The  i n d u c t a n c e  m a t r i x  is  expanded by two 
rows and columns t.o r e p r e s e n t  t h e  two a d d i t i o n a l  r o t o r  
w ind ings .  L 4  and L5 a re  assumed t o  remain  t h e  same a s  f o r  
t h e  synchronous  machine.  The m u t u a l  i n d u c t a n c e  between t h e  
t h r e e  r o t o r  wind ings  i s  assumed t o  be  t h e  same a s  t h e  s t a t o r  
wind inys  (on  t h e  same v o l t a g e  b a s e ) .  

When a l l  r o t o r  w ind ings  a r e  s h o r t e d ,  t h i s  model d u p l i c a t e s  
fundamen ta l  t h r e e - p h a s e  i n d u c t i o n  machine b e h a v i o r  v e r y  
w e l l .  The  b i g g e s t  p roblem i n  t h i s  s i m u l a t i o n  was t o  
f i n e - t u n e  t h e  r o t o r  r e s i s t a n c e  SQ t h a t  t h e  r o t o r  t i m e  
c o n s t a n t  was t y p i c a l  o f  i n d u c t i o n  machines .  T h i s  was done 
e m p i r i c a l l y  by d u p l i c a t i n g  t h e  o s c i l l o y r a m s  o f  a f a u l t e d  
i n d u c t i o n  machine i n  r e f .  15. T h i s  r e s u l t e d  i n  an  e q u i v a l e n t  
r o t o r  r e s i s t a n c e  of  a p p r o x i m a t e l y  68 ohms. O t h e r w i s e ,  a l l  
impedance v a l u e s  were i d e n t i c a l  t o  t h e  synchronous  machine 
v a l u e s  e 

For i n i t i a l  c o n d i t i o n s  a t  t h e  time of f a u l t ,  f i e l d  currents 
of 2 - 5 ,  -1.25, and -1 .25  g i v e  good r e s u l k s .  

3. SIMUhLaTIONS OF RESONANT CONDITIONS D U R I N G  FAULTS 

The o b j e c t i v e  of  t h i s  s i m u l a t i o n  w a s  t o  dekermine i f  h i g h  
v o l t a g e s  c o u l d  appear d u r i n g  s i n g l e  l i n e - t o - g r o u n d  f a u l t s .  A 
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o n e - l i n e  d i ag ram o f  t h e  s i m u l a t i o n  c i r c u i t  i s  shown i n  F i g .  
3.15. A c t u a l l y ,  o n l y  t h e  r i g h t - h a n d  s i d e  o f  t h i s  c i r c u i t  
w a s  r e p r e s e n t e d .  (The  u t i l i t y  s o u r c e  is d i s c o n n e c t e d  by t h e  
s w i t c h . )  The c i r c u i t  model was t h r e e - p h a s e ,  c o n s i s t i n g  of a 
c a p a c i t o r  bank ,  a de l t a -wye  t r a n s f o r m e r ,  and a t h r e e - p h a s e  
synchronous  g e n e r a t o r  a s  shown. The  100-kW g e n e r a t o r  
p a r a m e t e r s  were a s  p r e v i o u s l y  d e s c r i b e d  i n  t h i s  append ix .  
The  t r a n s f o r m e r  s h o r t  c i r c u i t  impedance was assumed t o  be 
n e g l i g i b l e  i n  compar i son  t o  t h e  g e n e r a t o r .  

The  s i m u l a t i o n  c o n s i s t e d  o f  i n i t i a l i z i n g  t h e  c i r c u i t  t o  t h e  
i n s t a n t  of t i m e  a t  which t h e  s w i t c h  opened.  Then t h e  
t r a n s i e n t  r e s p o n s e  o f  t h e  c i r c u i t  was computed f o r  a p e r i o d  
o f  1 0 0  ms. 

I n i t i a l l y ,  no l o a d s  were modeled.  The  amount of c a p a c i t a n c e  
was v a r i e d ,  and t h e  peak v o l t a g e s  f o r  each c a p a c i t a n c e  v a l u e  
was r e c o r d e d .  A t y p i c a l  waveform is shown i n  F i g .  3 .16,  For 
t h e  1PIB-kW synchronous  machine  model used  i n  t h e  s i m u l a t i o n ,  
i t  was found t h a t  t y p i c a l  p o w e r - f a c t o r  c a p a c i t o r s  ( 1 5 0 ,  300, 
60PI, and 1 2 0 0  kVAR) caused h i g h  v o l t a g e s .  When t h i s  w,as 
d i s c o v e r e d ,  t h e  e f f e c t s  of l o a d s  and s u r g e  a r r e s t e r s  were 
s t u d i e d .  

The l o a d s  (see Table  3 . 5 )  were modeled a s  p a r a l l e l e d  
r e s i s t a n c e  and i n d u c t a n c e ,  The l o a d  model was t h r e e - p h a s e ,  
w i t h  e a c h  p h a s e  b e i n g  c o n n e c t e d  i n  p a r a l l e l  w i t h  t h e  
c a p a c i t o r s .  

The  a r r e s t e r  model used  t o  d e t e r m i n e  t h e  d i s c h a r g e  e n e r g y  
was a model of a McGraw-Edison 1 0  k V  V a r i S T A R  d i s t r i b u t i o n  
a r r e s t e r .  Because t h e  d i s c h a r g e  c u r r e n t s  were low ( 3 0 0  

amps), t h e  a r r e s t e r  w a s  modeled as  a s i m p l e  two-s lope  
n o n l i n e a r  r e s i s t o r  a s  f o l l o w s :  
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F i r s t  slope =: 1 0  000 ohms 
Second s l o p e  = .01 ohms 

V o l t a g e  a t  i n t e r s e c t i o n  of t h e  two s l o p e s :  28 kV 

The  f i r s t  s l o p e  of  t h e  a c t u a l  a r res te r :  i s  much higher t h a n  
t h e  model.  However, 1 0 , 0 0 0  ohms was chosen b e c a u s e  i t  was 
h i g h  enough n o t  t o  a f f e c t  t h e  r e s u l t s ,  y e t  low enough n o t  t o  
cause any n u m e r i c a l  p r e c i s i o n  problems. 

Fol lowing  the  c a l c u l a t i o n  of  t h e  t r a n s i e n t  waveforms, a 
post-processor program was used  t o  compute t h e  a r r e s t e r  
ene rgy :  

where E = arrester energy,  
v = arrester voltage, and 
i = arrester cu r ren t .  

4.  SIMULATION OF INDUCTION MACHINE SELF-EXCITATION 

The o b j e c t i v e  of t h i s  s i m u l a t i o n  was t o  d e t e r m i n e  how e a s i l y  
an i n d u c t i o n  machine would s e l f - e x c i t e .  The 1BBQ-kW 
i n d u c t i o n  machine model d e s r r i h e d  p r e v i o u s l y  was used i n  the 
c i r c u i t  shown i n  F i g .  3.17. The gene ra to r  shaft power was 
sek t o  l B 0 p l  kW and a r e s i s t i v e  l o a d  o f  l B Q 0  kW ( a t  nominal  
voltage) was u s e d  to absorb the power. The c i r c u i t  model 
was t h r e e - p h a s e ,  c o n s i s t i n g  of  o n l y  t h e  lumped elements 
shown. 

I t  was n o t  known what v a l u e  of c a p a c i t a n c e  migh t  l e a d  t o  
s e l f - e x c i t a t i o n ,  s o  i t  was decided t o  t r y  t y p i c a l  
power-factor c a p a c i t o r  s i z e s .  The  f i r s t  s i z e  chosen was 6 0 0  



125 

kVAR. T h i s  y i e l d e d  a s l o w l y  d e c r e a s i n g  v o l t a g e  waveform 
t h a t  d e f i n i t e l y  showed t h a t  t h e  machine  would self-exci te ,  
a t  l e a s t  fo r  s eve ra l  c y c l e s .  The  n e x t  c a p a c i t o r  s i z e  chosen  
was 1 2 0 0  kVAR: t h i s  y i e l d e d  a r i s i n g  v o l t a g e  c h a r a c t e r i s t i c .  
S i n c e  t hese  two s i m u l a t i o n s  v e r i f i e d  t h a t  s e l f - e x c i t a t i o n  
c a n  e a s i l y  o c c u r  f o r  t y p i c a l  d i s t r i b u t i o n  s y s t e m  v a l u e s ,  no 

f u r t h e r  s i m u l a t i o n s  were c o n d u c t e d .  The  o b j e c t i v e  here  was 
s i m p l y  t o  d e t e r m i n e  i f  i n d u c t i o n  g e n e r a t o r  s e l f - e x c i t a t i o n  
is l i k e l y  f o r  t y p i c a l  v a l u e s  of equipment  found on u t i l i t y  
s y s t e m s .  F u r t h e r  research w i l l  be needed  t o  b e t t e r  d e t e r m i n e  
t h e  p r o b a b i l i t y  and e f f e c t s  of i s l a n d i n g .  

Note t h e  speed c h a r a c t e r i s t i c  i n  F i g .  3 . 1 8 .  The speed  
i n c r e a s e s  f o r  t h e  600  kVAR case and decreases f o r  t h e  12016 
kVAR case, If t h i s  seems unusual, remember t h a t  t h e  load 
i s  modeled as a r e s i s t o r  w h i c h  draws  more power a s  t h e  
v o l t a g e  i n c r e a s e s .  The  g e n e r a t o r  s h a f t  power was assumed t o  
remain  c o n s t a n t .  T h e r e f o r e ,  as  t h e  t e r m i n a l  v o l t a g e  r i s e s ,  
t h e  g e n e r a t o r  must  slow down because i t  is  p r o d u c i n g  more 
e l e c t r i c a l  power t h a n  incoming mechan ica l  power.  

5. FLUCTUATING GENERATION 

T h e r e  were two o b j e c t i v e s  i n  t h i s  s i m u l a t i o n :  

1. To d e t e r m i n e  i f  wind g e n e r a t o r s  c o u l d  c a u s e  v o l t a g e  
r e g u l a t i o n  problems; and 

2. To d e t e r m i n e  i f  c o n v e n t i o n a l ,  32 - s t ep  v o l t a g e  
r e g u l a t o r s  c o u l d  be e f f e c t i v e  i n  m a i n t a i n i n g  
r e g u l a t i o n .  

The c i r c u i t  used  i n  t h e  s i m u l a t i o n  is shown i n  F i g .  3 . 2 0 .  
The  r e g u l a t o r  w a s  p l a c e d  a t  t h e  e l e c t r i c a l  m i d p o i n t  between 
t h e  wind farm and t h e  i n f i n i t e  b u s .  The t o t a l  impedance t o  
the wind farm w a s  Z = R -k j X  = 1 + j 5  ohms at 12.47 k V .  The 
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wind-farm generation v a r i e d  frcm 1 t o  3 hW. The wind farin 
was assumed t o  have  e i t h e r  i n d u c t i o n  qenesators O K  

line-commutated I n v e r t e r s  which  r ey i i i r a  s u b s t a t j  o n a l  VARS. 

It was assumed t h a t  t h e  VAR r e q u i r e m e n t  was doab le  t h e  2ower 

o u t p u t ,  i n  keeping w i t h  t h e  d a t a  by Parksr e t  al.16 The 

c i r c u i t  was pre loaded  to a c h i e v e  the v o l t a g e  p r o f i l e  shown 
i n  P i g .  3 .21 .  T h i s  load was deterairred by trial-and-error, 

u s i n g  t h e  RCAP ( R e g u l a t o r  C a p a c i t o r  A p p l i c a t i o n  Program) 
program. 

The s i m u l a t i o n  was carried o u t  by time-stcppinq in t h e  
s i . nuso ida1  s teady  state u s i n g  t h e  MESSAP proqram. 3ccaw:;c 
t h e  l o a d s  were r w d e l e d  a s  c o n s t a n t  kVA l o a d s  at each t i m e  

s t e p ,  this s i m u l a t i o n  is  l i k e  d o i n g  d s e r i e s  of  l o a d - f l o w  
so lu t . i ons  w i t h  one  l o a d  v a r y i n g  a s  il f u n c t i o n  of t i m ?  
(Fig. 3 . 2 2 ) .  

5.1 The Regulator Model 

The r e g u l a t o r  was modeled as an i d e a l  autotransformer with 
t h i r t y - t w o  5/8% t a p s  ( 1 6  r a i s e l  1 6  lower).17 T h e  t a p  
position was d e t e r m i n e d  by a model o f  a conventional 
r e g u l a t o r  control . .  The a d j u s t a b l e  p a r a m e t e r s  of t h e  c o n t r o l  
a re :  

I, l i n e  d r o p  compensa to r ,  
2.  v o l t a g e  s e t t i n g  and bandwidth ,  and 
3 .  t i m e  de l ay . ,  

The  l i n e  d rop  compensator was set at 0,s -t- j2.5 ohms, which 

p u t s  t h e  r e g u l a t i o n  center f o r  the r e g u l a t o r  at-, t h e  wind 
farm. The v o l t a g e  setting w a s  1 2 0  v o l t s  ( a t  the wind farm), 

w i t h  a bandwidth  of 2 volts ( t o l e r a n c e  of tl v o l t ) .  T h e  

tiine d e l a y  w a s  set to 1 5  s e c o n d s .  
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A t  each t i m e  s t o p ,  t h e  c o n t r o l - m o d e l  a l g o r i t h m  is, i n  
s i m p l i f i e d  form: 

1, It- t h e  r e g u l a t e d  v o l t a g e  i s  o u t s i d e  t h e  bandwid th ,  
i n c r e m e n t  t h e  d e l a y  t imer .  O t h e r w i s e ,  r e s e t  t h e  
d e l a y  timer t o  z e r o .  

2. I f  t h e  timer h a s  e l a p s e d ,  t h e  v o l t a g e  r e g u l a t o r  
d e t e r m i n e s  w h i c h  way t o  change  t h e  t ap ,  and it c a n  
o n l y  change  one  t a p  p e r  t i m e  s t e p .  

T h i s  model is  s u f f i c i e n t  f o r  t h e  s i m u l a t i o n  perEormed here .  
However, i t  d o e s  have  some d e f i c i e n c i e s ,  of which t h e  r e a d e r  
s h o u l d  be aware: 

1, T h e r e  is a f i n i t e  time r e q u i r e d  f o r  a t a p  change .  T h i s  
model c r u d e l y  a p p r o x i m a t e s  t h i s  time r e q u i r e m e n t  by 
o n l y  a l l o w i n g  one t ap  c h a n g e  p e r  t i m e  s tep .  T h i s  w i l l  
n o t  work w e l l  i n  a l l  cases .  

2.  Some r e g u l a t o r  c o n t r o l s  r e s e t  t h e  timer a f t e r  e v e r y  
f i v e  t a p  c h a n g e s .  T h i s  model d o e s  n o t  have t h i s  
f x n c t i o q .  

The model d i d  i n c l u d e  a reverse  power Bccesso ry .  However, it 

was n o t  ca l l ed  upon t o  o p e r a t e  d u r i n g  t h e  s i m u l a t i o n .  

T h i s  s i m u l a t i o n  showed t h a t  t h e  r e c ~ u l a t o r ,  a s  modeled ,  was 
i n e f f e c t i v e  i n  c a n t r o l l i n g  t h e  f e e d e r  v o l t a g e .  One 
improvement would be s e t t i n g  t h e  r e g u l a t o r  time d e l a y  t o  5 
seconds.  However, t h i s  would cause e v e n  more t a p  change  
o p e r a t i o n s  and t h e  f r e q u e n c y  o f  t a p  chang ing  is  t o o  g r e a t  
w i t h  t h e  15-second d e l a y .  T h e r e f o r e ,  no a d d i t i o n a l  
s i m u l a t i o n s  were pe r fo rmed .  Hawever, i t  is d o u b t f u l  t h a t  
even  a 5-second delay would be e f f e c t i v e .  What is  needed is  
a c o n t i n u o u s l y  v a r i a b l e  r e g u l a t o r  t h a t  c a n  r e spond  within a 
few c y c l e s ,  
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