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Acce le ra to r  D i  v i  s i  on Techni ca l  Note 

No. 220 - 
PRELIMINARY STUDY OF AC POWER FEEDERS FOR AGS BOOSTER 

M. Meth 
I n t r o d u c t i o n  

It has been proposed t h a t  the  AGS Heavy Ion/Proton Booster6 be exci  

d i r e c t l y  from the  e l e c t r i c  power d i s t r i b u t i o n  system wi thout  i n te rven ing  

energy storage b u f f e r  such as an MG s e t  or  a magnetic energy bu f fe r .  

The average power requirement o f  t h e  AGS Booster i s  l ess  than many s 

g le- loads present ly  housed on the  l a b  s i t e .  However, the  power swing w i l l  

ed 

an 

n- 

be 

t h e  l a r g e s t  s ing le  pu l sa t i ng  load on the  l a b  s i t e .  The l a r g e  power swings 

w i l l  impact on t h e  power g r i d  producing u t i l i t y - l i n e  disturbances such as 

vo l tage f l u c t u a t i o n s  and harmonic generat ion.  Thus, i t  i s  necessary t o  care- 

f u l l y  evaluate the  q u a l i t y  of the e l e c t r i c  power system r e s u l t i n g  from the  i n -  

terconnect ion,  such t h a t  the  u t i l i t y  system i s  not degraded e i t h e r  on the  l a b  

s i t e  or  a t  LILCO's substat ion.  

Methodology 

The i n v e s t i g a t i o n  repor ted i n  t h i s  document has fou r  major phases. I n  

t h i s  sec t ion  the  scope o f  the  study i s  reviewed by o u t l i n i n g  each sect ion.  

the  body o f  the  repo r t  each phase i s  de ta i led .  

Phase One cons is ts  of developing a network desc r ip t i on  o f  the  power d i s -  

t r i b u t i o n  system on s i t e ,  i n c l u d i n g  i t s  t i e  i n t o  the  LILCO power g r id .  For 

t h i s  phase LILCO suppl ied a s i t e  map of i t s  d i s t r i b u t i o n  system feeding the  

lab,  t he  impedance l e v e l s  o f  t he  bus a t  LILCO's Brookhaven substat ion,  and the  

I n  
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impedances o f  t h e  69 kV feeders. F i g u r e s  1 and '2 are reproduc t ions  o f  t h i s  a 
i n fo rmat ion .  LILCO r o u t i n e l y  g ives  t h e  p o s i t i v e  and negat ive  sequence impe- 

dances (Z1) and t h e  zero sequence impedance (Z,) on it drawings. P l a n t  Engi-  

neer ing  s u p p l i e d  a one- l ine  drawing o f  t h e  o n - s i t e  69 kV and 13.8 kV d i s t r i b u -  

t i o n  systems. This  i n f o r m a t i o n  was combined w i t h  t h e  monthly power sheets t o  

generate a d e s c r i p t i o n  o f  t h e  l o c a l  d i s t r i b u t i o n  system and i t s  loading.  A 

quasi network r e p r e s e n t a t i o n  o f  t h e  system i s  g iven i n  F i g u r e  3. 

Phase Two i s  a conceptual design o f  t h e  magnet power suppl ies.  This  de- 

To 

a t  

s i g n  was r e q u i r e d  t o  c a l c u l a t e  t h e  power requirements a t  t h e  AC bus bars. 

min imize t h e  ampl i tude f l i c k e r ,  t h e  system was designed t o  min imize MVAR's 

t h e  beginning o f  t h e  i n v e r s i o n  cyc le .  Th is  can be achieved by us ing  a modu 

arrangement o f  power suppl ies,  and u t i l i z i n g  a fewer number o f  supp l ies  dur 

a r  

ng 

The proposed de- t h e  i n v e r s i o n  phase than i s  used i n  t h e  r e c t i f i c a t i o n  phase. 

s i g n  compensates t h e  MVAR's a t  t h e  t r a n s i t i o n  between r e c t i f y  and i n v e r t  by 

combining t h e  d i p o l e  and quadrupole suppl ies,  such t h a t  t h e  composite power 

surge i s  predominant ly  r e a l .  Since t h e  d i s t r i b u t i o n  system i s  predominant ly  

r e a c t i v e ,  a r e a c t i v e  power swing generates ampl i tude f l i c k e r  w h i l e  a r e a l  

power swing generates phase f l i c k e r .  The r e a l  power swing i s  i n t r i n s i c .  

Thus, t h e  design concept i s  opt imal ,  i n  t h e  sense o f  m i n i m i z i n g  f l i c k e r .  F i g -  

ures 7 and 9 g i v e s  t h e  t o t a l  r e q u i r e d  power a t  t h e  AC bus bars f o r  t h e  slow 

c y c l e  (Heavy I o n  A c c e l e r a t i o n )  and t h e  f a s t  c y c l e  (Proton A c c e l e r a t i o n ) .  

Phase Three c o n s i s t s  o f  c a l c u l a t i n g  t h e  vo l tage v a r i a t i o n s  exper ienced by 

t h e  d i s t r i b u t i o n  system on t h e  l a b  s i t e  and a t  LILCO's Brookhaven Substa t ion  

due t o  t h e  p e r i o d i c  l o a d i n g  o f  the  Booster power suppl ies,  as g iven i n  F igures  

7 and 9. The Booster was connected t o  t h e  power g r i d  a t  t h r e e  p o i n t s .  
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1 )  The 13.8 kV bus bar  a t  t h e  5 t h  Avenue subs ta t ion .  

2 )  To t h e  e x i s t i n g  69 kV feeder  (69-858) a t  t h e  5 t h  Avenue s u b s t a t i o n  

through a ded ica ted  20/27 MVA, 69 kV/13.8 kV t rans former .  

3 )  D i r e c t l y  t o  t h e  LILCO Brookhaven s u b s t a t i o n  through t h e  a l t e r n a t e  

feeder  (69-861) and a ded ica ted  20/27 MVA, 69 kV/13.8 kV t r a n s -  

former. 

For each c o n f i g u r a t i o n  and f o r  each o f  t h e  two cyc les,  t h e  vo l tages  were c a l -  

c u l a t e d  a t  each node w i t h i n  t h e  d i s t r i b u t i o n  system as a f u n c t i o n  o f  t i m e  ( o r  

Booster 1 oadi ng). The c a l  c u l  a t i  ons were performed us ing  t h e  MODIFY r o u t i n e  o f  

t h e  c i r c u i t  a n a l y s i s  program ECAP. Th is  program i s  i d e a l l y  s u i t e d  f o r  t h i s  

task  as it accepts both p o s i t i v e  valued and negat ive  valued c i r c u i t  elements, 

as i s  r e q u i r e d  f o r  t h e  model ing o f  t h e  r e c t i f y  and i n v e r t  p o r t i o n s  o f  each cy- 

c l e .  The r e s u l t s  o f  these c a l c u l a t i o n s  a r e  summarized by g i v i n g  t h e  ampl i tude 

and phase f l i c k e r  a t  t h e  LILCO s u b s t a t i o n  o r  a t  t h e  5 t h  Avenue subs ta t ion ,  de- 
0 

pending on t h e  system c o n f i g u r a t i o n .  These r e s u l t s  a re  g iven i n  F igures  11 

and 12. 

Phase Four c o n s i s t s  o f  e v a l u a t i n g  t h e  e f f e c t  o f  these d is tu rbances  i n  t h e  

d i s t r i b u t i o n  system on d i f f e r e n t  users. A l i b r a r y  search revealed very few 

references t o  t h e  s u b j e c t  o f  t h e  q u a l i t y  o f  t h e  e l e c t r i c  power system1. Quan- 

t i t a t i v e  l i m i t s  on a l lowab le  f l i c k e r  f o r  d i f f e r e n t  c l a s s  o f  users does not  ap- 

pear t o  e x i s t .  A major except ion  i s  t h e  t o p i c  o f  t h e  p e r c e p t i o n  o f  f l i c k e r  i n  

incandescent  lamp^.^,^ It appears t h a t  each system must be considered on an 

adhoc basis.  F o r t u n a t e l y  t h e  l a b  houses t h e  NSLS t h a t  i s  e x c i t e d  d i r e c t l y  

f rom t h e  power g r id .  It i s  w e l l  known t h a t  t h i s  i n s t a l l a t i o n  presented many 

e l e c t r i c  power system problems, t h a t  have been s u c c e s s f u l l y  solved. The NSLS 

Booster can serve as a case study and measurements a t  t h e  NSLS i n s t a l l a t i o n  a 
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can h e l p  e s t a b l i s h  f l i c k e r  l i m i t s  t h a t  a re  acceptable and unacceptable. A e 
one- l ine  diagram of t h e  NSLS power system i s  g iven i n  F i g u r e  14 and t h e  mea- 

sured values o f  f l i c k e r  a re  g iven i n  t h e  t e x t .  I n  a d d i t i o n  f l i c k e r  measure- 

ments were made a t  t h e  13.8 kV bus a t  Temple Place and se lec ted  l o c a t i o n s  on 

s i t e .  

D e s c r i p t i o n  o f  Power Grid 

Brookhaven Nat iona l  Laboratory  i s  f e d  by two independent 69 KV feeders 

f rom LILCO's Brookhaven substat ion,*  see F igures  1 and 3. Feeder 69-863 i s  

t h e  pr ime feeder runn ing  t o  Temple Place (Bldg. 603) subs ta t ion .  Feeder 69- 

858 runs from Temple Place s u b s t a t i o n  t o  t h e  5 t h  Avenue (Bldg. 631) substa- 

t i o n .  I n  a d d i t i o n  an a l t e r n a t e  feeder,  c a b l e  69-861, runs f rom LILCO's Brook- 

haven s u b s t a t i o n  d i r e c t l y  i n t o  t h e  5 t h  Avenue subs ta t ion .  Normally, t h e  

s w i t c h  y a r d  i s  c o n f i g u r a t e d  such t h a t  t h e  a l t e r n a t e  feeder i s  disconnected. 

The pr imary  and a l t e r n a t e  feeds o r i g i n a t e  f rom t h e  same 138/69 kV bank ( t r a n s -  

former) a t  t h e  LILCO subs ta t ion .  The a l t e r n a t e  feed i s  used on ly  when t h e  

0 

pr imary  feeder i s  not  a v a i l a b l e ,  due t o  r e p a i r s  o r  o t h e r  cont ingencies.  

Temple Place s u b s t a t i o n  has t h r e e  69/13.8 kV t rans formers  and two 13.8 kV 

bus bars. The t i e  between t h e  two buses i s  normal ly  open. The f i r s t  bus i s  

f e d  f rom two t rans formers  des ignated as # 1 (20 MVA) and # 2 (10 MVA); t h e  

second bus i s  f e d  from t rans former  # 3 (30 MVA). The f i r s t  bus powers t h e  

general  l a b o r a t o r y  s i t e ,  e x c l u d i n g  t h e  AGS complex and t h e  apartment area, b u t  

i n c l u d i n g  t h e  NSLS. The second bus powers t h e  AGS complex i n c l u d i n g  t h e  

Siemens MG s e t  and i n  a d d i t i o n  powers t h e  apartment area. The o n l y  except ion  

"Brookhaven s u b s t a t i o n  i s  LILCO's d e s i g n a t i o n  o f  t h e  s u b s t a t i o n  powering BNL. 
T h i s  s u b s t a t i o n  i s  no t  on t h e  l a b  s i t e .  LILCO's d e s i g n a t i o n  o f  t h e  two sub- 
s t a t i o n s  on s i t e  a re  Temple Place and 5 t h  Avenue. 
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t o  t h i s  d i v i s i o n  o f  l o a d  a t  Temple Place i s  t h a t  a s i n g l e  13.8 kV feeder runs 

f rom t h e  f i r s t  bus t o  t h e  AGS exper imenta l  area. 

a 
F i f t h  Avenue s u b s t a t i o n  has t h r e e  20 MVA t rans formers  des ignated #as # 4, 

# 5, and # 6, fo rming  a s i n g l e  13.8 kV bus f o r  feed ing  power t o  t h e  AGS com- 

p lex.  The a d d i t i o n a l  c a p a c i t y  of t h i s  bus i s  used t o  power t h e  cryogenic  f a -  

c i l i t y  compressors a t  B u i l d i n g  1005 t h a t  are planned f o r  RHIC.  

For power system s t u d i e s  i nvo l  v i  ng eva l  u a t i  on o f  vo l  tage r e g u l  a t i  on and 

f l i c k e r ,  t h e  s h o r t  c i r c u i t  c a p a c i t y  (SCC) o f  components and buses are u s e f u l  

parameters, d e s c r i b i n g  t h e  power c a p a b i l i t i e s  o f  e l e c t r i c a l  p o r t s .  The s h o r t  

c i r c u i t  capac i ty  a t  key p o i n t s  w i t h i n  t h e  power g r i d  has been c a l c u l a t e d  and 

i s  t a b u l a t e d  i n  F i g u r e  4. 

As p r e s e n t l y  constructed, t h e  5 t h  Avenue s u b s t a t i o n  can u t i l i z e  on ly  two 

o f  i t s  t h r e e  t ransformers.  The i n t e r r u p t i n g  c a p a c i t y  o f  t h e  13.8 kV c i r c u i t  

breakers i s  500 MVA. It i s  normal p r a c t i c e  t o  r o t a t e  t h e  t rans formers  w i t h  

two on l i n e  and t h e  t h i r d  on standby. The t h i r d  20 MVA t rans former  can be de- 

d i c a t e d  t o  power t h e  Booster. The peak power of t h e  Booster i s  9 MW and t h e  

average power i s  l e s s  than 1 MW. The a d d i t i o n a l  t rans former  c a p a c i t y  can be 

used t o  power a d d i t i o n a l  loads t h a t  a re  i n s e n s i t i v e  t o  t h e  ampl i tude arid phase 

f l i c k e r  induced by t h e  p u l s a t i n g  load, such as t h e  R H I C  compressors o r  a i r -  

c o n d i t i o n e r s .  

0 

This  ded ica ted  t ransformer can be. connected t o  t h e  69 kV bus a t  5 t h  Ave- 

nue (69-858) o r  p r e f e r r a b l y  connected di  r e c t l y  t o  t h e  LILCO s u b s t a t i o n  through 

t h e  a l t e r n a t e  feeder  (69-861). The l a t t e r  i s  p r e f e r r a b l e  f rom t h e  view p o i n t  

o f  m i n i m i z i n g  f l i c k e r  and harmonic suppression. 

Use o f  a l t e r n a t e  feeder does no t  compromise t h e  l a b o r a t o r y .  I n  case one 

o f  t h e  two feeders were ou t  o f  s e r v i c e  t h e  system would r e v e r t  t o  t h e  other ,  0 
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i n  which case t h e  Booster i s  connected d i r e c t l y  t o  t h e  Labora tory 's  69 kV bus 

t o g e t h e r  w i t h  a l l  o t h e r  loads. 

The s i n g l e  most impor tan t  parameter i n  e v a l u a t i n g  t h e  a b i l i t y  o f  il power 

g r i d  t o  d r i v e  a p u l s a t i n g  l o a d  i s  t h e  r a t i o  o f  peak power and peak power swing 

t o  t h e  SCC a t  t h e  u t i l i t y  t i e  p o i n t .  Table I summarizes these r a t i o s  f o r  t h e  

proposed BNL AGS Booster, t h e  CERN's SPS f o r  a 400 GEV cyc le ,  and F e r m i ' s  200 

GEV synchrotron. The two l a t t e r  a c c e l e r a t o r s  are powered d i r e c t l y  f r o m  t h e  

l o c a l  power g r id .  

The da ta  f o r  t h e  power requirements and SCC of  t h e  u t i l i t y  a t  CERN and 

FERMI was e x t r a c t e d  from t h e  l i t e r a t ~ r e ~ , ~ .  

Booster Power Requirements 

The r e l e v a n t  d i p o l e  and quadrupole parameters are g iven i n  Table 11. The 

power supp l ies  a re  designed t o  operate t h e  Booster i n  e i t h e r  one o f  two modes: 

SCC o f  U t i l i t y  

Peak Power Swing 

Peak Power 

Peak Power SwingISCC 

1 )  

2) 

The r e q u i r e d  c u r r e n t  waveform f o r  t h e  two modes o f  o p e r a t i o n  are g iven i n  

As a heavy i o n  acce le ra to r ,  w i t h  a p e r i o d  of  1 sec, o r  

as a p r o t o n  a c c e l e r a t o r ,  w i t h  a p e r i o d  o f  0.1 sec. 

AGS 
Booster 

2310 MVA 

17 MW 

10 MVA 

0.74 % 

Table I 

R a t i o  o f  Peak Power t o  U t i l i t y  SCC f o r  BNL, CERN and FERMI  

CERN 
SPS 

15,120 MVA 

230 MW 

162 MVA 

1.52 % 

FERMI 
Synchrot ron 

18,000 MVA 
I 

60 MW 

72 MVA 

0.33 % 
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U 

Storage Energy 

Peak Power 

Peak Power Swing 

Average Power 

'1 

1.67 MJ 

9 MW 

13.4 MW 

0.77 MW 
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Table I 1  

Mag ne t  Parameters 

D i  po l  e I Quadrupole I 
0.1 H 

0.05 ohms 

2 sec. 

0.025 H '  

0.036 ohms 

0.69 sec. 

F igures 5 and 8. Based on the  magnet parameters and the  requ i red  waveforms6, 

t h e  d r i v e  vo l tages and power requ i  rements have been c a l  c u l  a ted a t  t he  magnet 

te rmina ls .  These r e s u l t s  are a l so  inc luded i n  F igures 5 and 8. Table I11 

summarizes the  power requirements f o r  t h e  magnet . 
The magnets are powered through mult i -phase r e c t i f i e r s / i n v e r t e r s  operated 

from t h e  AC l i n e .  The requ i red  vo l tage waveforms are generated through phase- 

c o n t r o l  o f  t h e  r e c t i f i e r s .  I n  c o n t r o l l i n g  the  DC ou tpu t  o f  t he  r e c t i f i e r s ,  

t h e  AC cu r ren t  i s  delayed, r e q u i r i n g  the  f l ow  o f  r e a c t i v e  c u r r e n t  and power 

(Q) as we l l  as rea l  cu r ren t  and power (P). 

Since t h e  magnets are q u i t e  d i s s i p a t i v e  t h e  vo l tage a t  t h e  beginning of 

t h e  i n v e r t  pe r iod  i s  l e s s  than a t  t h e  end o f  t he  r e c t i f y  per iod.  This would 

normal ly  r e q u i r e  a d d i t i o n a l  phase-back o f  t h e  r e c t i f i e r s  a t  t h e  beginning o f  

Table I11 

Magnet Power Requirements 

S1 ow Cycle 
1.0 sec 

Fast Cycle 
0.1 sec 

0.34 MJ 

8.92 MW 

16.9 MW 

0.13 MW 
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t h e  i n v e r t  per iod,  r e s u l t i n g  i n  an inc rease o f  r e a c t i v e  power a t  t h e  t r a n s i -  

t i o n  f rom r e c t i f y  t o  i n v e r t .  The increase i n  r e a c t i v e  power would normal ly  be 

severe f o r  t h e  1.0 sec cyc le ,  s i n c e  t h e  quadrupole t i m e  constant  i s  o n l y  0.69 

sec. By us ing  a modular power supply  s t r u c t u r e  and t u r n i n g  on a l e s s e r  number 

o f  s u p p l i e s  a t  t h e  beginning o f  t h e  i n v e r t  p e r i o d  than i s  u t i l i z e d  a t  t h e  end 

o f  t h e  r e c t i f y  per iod,  t h e  phase-back a t  t h e  beginning o f  i n v e r s i o n  i s  re-  

duced. This  can be made s m a l l e r  than t h e  phase-back a t  t h e  end o f  t h e  r e c t i f y  

per iod .  Thus the  r e a c t i v e  power i s  reduced a t  t h e  t r a n s i t i o n .  

Th is  des ign procedure i s  i l l u s t r a t e d  f o r  t h e  1.0 sec c y c l e  w i t h  t h e  a i d  

of t h e  phasor diagram g iven i n  F i g u r e  6. The d i p o l e  i s  i n v e r t e d  w i t h  a smal l -  

e r  va lue o f  zero c o n t r o l  vo l tage than i s  used i n  t h e  r e c t i f y  per iod ;  b a s i c a l l y  

2/3 o f  t h e  supp l ies  are used f o r  i n v e r t .  The quadrupole uses t h e  same number 

o f  s u p p l i e s  f o r  r e c t i f y  and i n v e r t .  A t  t r a n s i t i o n  t h e  decrease i n  r e a c t i v e  

power f o r  t h e  d i p o l e  compensates f o r  t h e  inc rease i n  r e a c t i v e  power f o r  t h e  
0 

quadrupole. The power swing a t  t r a n s i t i o n  i nvo l  ves predomi n a n t l y  r e a l  power. 

Th.e same design concept i s  used f o r  t h e  0.1 sec cyc le .  Here t h e  quadru- 

p o l e  i s  i n v e r t e d  w i t h  2/3 o f  t h e  number o f  s u p p l i e s  as i s  used f o r  t h e  r e c t i f y  

per iod.  The d i p o l e  uses t h e  same supply v o l t a g e  f o r  r e c t i f y  and i n v e r t .  A t  

t r a n s i t i o n  t h e  r e a c t i v e  power i s  compensated and t h e  power swing i s  most ly  

r e a l .  

A p l o t  o f  t h e  r e a l  power (P) and r e a c t i v e  power (Q), r e q u i r e d  t o  ramp t h e  

magnets i s  g iven i n  F i g u r e  7 f o r  t h e  heavy i o n  (s low) c y c l e  and i n  F i g u r e  9 

f o r  t h e  p r o t o n  ( f a s t )  cyc le .  F i g u r e  10 i s  a b lock  diagram o f  t h e  modular 

s t r u c t u r e d  power supply. 
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a C a l c u l a t i o n  of F l i c k e r  

The c a l c u l a t i o n  o f  t h e  vo l tage d is tu rbances  on t h e  power g r i d  was ca lcu-  

l a t e d  f o r  t h e  t h r e e  d i f f e r e n t  connect ions t o  t h e  power g r i d ,  and f o r  t h e  two 

Booster  l o a d i n g  cyc les,  g i v e n  i n  F igures  7 and 9. C a l c u l a t i o n s  were p12rform- 

ed w i t h  t h e  a i d  o f  t h e  c i r c u i t  a n a l y s i s  program ECAP. P o s i t i v e  r e a l  power i s  

modeled w i t h  a r e s i s t o r ;  negat ive  r e a l  power w i t h  a negat ive  va lue f o r  t h e  r e -  

s i  s t o r .  Laggi ng r e a c t i  ve power i s  model ed w i t h  an i nductor;  1 eadi  ng r e a c t i  ve 

power, w i t h  a capac i to r .  The l o a d i n g  parameters were m o d i f i e d  i n  e leven 

steps, i n c l u d i n g  a s e t  o f  parameters f o r  t h e  beginning and end o f  t h e  r e c t i -  

f y l i n v e r t  t r a n s i t i o n  per iod.  The ou tpu t  impedance a t  t h e  var ious  p o r t s  o f  t h e  

power g r i d  i s  predominant ly  r e a c t i v e .  Thus, r e a l  power induces a quadrature-  

v o l t a g e  drop o r  phase s h i f t ;  r e a c t i v e  power l o a d i n g  induces an in-phase v o l t -  

age drop. 

0 The c a l c u l a t i o n s  of t h e  power l i n e  f l i c k e r  w i t h  t h e  Booster  t i e d  d i r e c t l y  

t o  t h e  13.8 kV bus a t  t h e  5 t h  Avenue s u b s t a t i o n  y i e l d e d  an ampl i tude v a r i a t i o n  

o f  1.6% and a phase v a r i a t i o n  of 1.8O over  a cyc le .  T h i s  l e v e l  o f  f l i c k e r  i s  

excess ive and i s  unacceptable f o r  t h e  o t h e r  s u b s t a t i o n  loads. 

The c a l c u l a t i o n s  were repeated w i t h  a dedicated t rans former  r a t e d  a t  

20/27 MVA, 69 kV/13.8 kV, and s h o r t  c i r c u i t  impedance o f  7.5%, powering t h e  

Booster. The t rans former  parameters are e q u i v a l e n t  t o  t h e  parameters o f  t h e  

s u b s t a t i o n  t rans formers  i n s t a l l e d  a t  5 t h  Avenue. I f  used f o r  t h i s  a p p l i c a t i o n  

t h e  automat ic  l o a d  t a p  changing must be m o d i f i e d  t o  inc rease t h e  dead-zone o r  

perhaps removed. For these c a l c u l a t i o n s  t h e  t rans former  was connected t o  t h e  

power g r i d  a t  two po in ts ;  e i t h e r  t i e d  i n t o  LILCO v i a  t h e  a l t e r n a t e  69 kV feed- 

o r  t i e d  a t  t h e  69 kV l e v e l  o f  t h e  5 t h  Avenue subs ta t ion .  The r e s u l t s  o f  

c a l c u l a t i o n s  are t a b u l a t e d  i n  F ig .  11. I n  a d d i t i o n  t h e  f l i c k e r  a t  the  

n t h i s  f i g u r e .  The f l i c k e r  waveforms a t  t h e  

gure 12. 

t h e  

0 Boo t e r  bus bars a re  i n c l u d e d  

LILCO s u b s t a t i o n  are g iven i n  F 
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E v a l u a t i o n  o f  Acceptable Power L i n e  Dis turbances 6 
The e f f e c t s  o f  f l i c k e r  on an incandescent i g h t i n g  l o a d  was measured by 

I r v i n g  Langmuir.2 The r e s u l t s  o f  h i s  i n v e s t i g a t i o n  are reproduced i n  F i g u r e  

13. Based on t h i s  data ampl i tude f l i c k e r  i s  l i m i t e d  on t h e  f a s t  c y c l e  mode 

(10 Hz) t o  0.5%. The slow c y c l e  mode (1 Hz) can t o l e r a t e  1.3% o f  ampl i tude 

loads were eval  uated by opera t ing  

onal  Synchrot ron L i g h t  Source and 

f l i c k e r .  The e f f e c t s  o f  f l i c k e r  on o t h e r  

exper ience and measurements made a t  t h e  N a t  

t h e  l a b  s i t e .  

The NSLS complex i s  t i e d  t o  t h e  13.8 kV bus a t  Temple Place and i s  f e d  

f rom t h r e e  2500 KVA, 13.8 kV/480 v o l t  t ransformers.  A o n e - l i n e  diagram o f  t h e  

NSLS power system i s  g iven  i n  F i g u r e  14. Inc luded i n  F i g u r e  14 i s  t h e  e l e c -  

t r i c a l  pa th  used i n  d e r i v i n g  t h e  reference-vo l tage f o r  measuring phase f l i c k e r  

a t  t h e  NSLS. 

0 Measurements of ampl i tude and phase f l i c k e r  a t  t h e  NSLS were obta ined a t  

t h e  feeder  t o  i t s  Booster power s u p p l i e s  and t h e  feeder  t o  t h e  UV r ing., These 

r e s u l t s  a re  given i n  Table I V .  I n c l u d e d  i n  Table I V  a r e  measured values o f  

Table I V  

Measurement o f  F l i c k e r  a t  NSLS and Temple Place 

Feeder 

Booster  

UV Ring 

13.8 kV Bus a t  Temple Place 

Bui l d i n g  815 

B u i l d i n g  911 

Maxi mum 
Amp1 i tude 
F1 i c k e r  

1.82% 

0 . 40% 

0.32% 

0.27% 

0.68% 

Maxi murn 

F l  i ckei- 
Phase 

2.66O 

0. 50° i 
0.43O 
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f l i c k e r  o f  t h e  13.8 kV bus and hence on t h e  l a b  s i t e .  The 13.8 kV bus f l i c k e r  

i n c l u d e s  power surges from t h e  NSLS as w e l l  as o t h e r  l o a d  sources. Ampl i tude 

f l i c k e r  was measured on s i t e  i n  B u i l d i n g  815, which i s  e x c i t e d  f rom t h e  f i r s t  

13.8 bus a t  Temple Place. I n  B u i l d i n g  911, which i s  e x c i t e d  f rom t h e  second 

23.8 kV bus a t  Temple Place, f l i c k e r  as l a r g e  as 0.68% was measured w i t h  t h e  

AGS p u l s i n g .  Operat ing exper ience a t  t h e  NSLS r e s t r i c t s  i t s  Booster feeder t o  

loads  t h a t  are n o n s e n s i t i v e  t o  f l i c k e r ,  such as a i r - c o n d i t i o n e r s .  The feeder 

t o  t h e  UV r i n g  does not  have t h i s  r e s t r i c t i o n  and i s  used f o r  power supp l ies  

and l i g h t i n g  loads. 

e 

The s h o r t  c i r c u i t  c a p a c i t y  o f  t h e  NSLS Booster bus was c a l c u l a t e d  as 36.8 

MVA. Based on a peak Booster l o a d  o f  0.8 MVA, t h e  vo l tage swing on t h e  480 

v o l t  bus was c a l c u l a t e d  t o  be 2.17%. The vo l tage swing a t  t h e  entrance t o  

B u i l d i n g  725 (NSLS) was c a l c u l a t e d  t o  be 0.35% and t h e  swing a t  t h e  13.8 kV 

bus as 0.25%. 

The e f f e c t s  o f  0.5% ampl i tude f l i c k e r  and 0.6O o f  phase f l i c k e r  on t h e  

r e g u l a t i o n  o f  a t y p i c a l  m u l t i - p u l s e  phase-control  l e d  magnet power supply has 

been ca lcu la ted .  For t h e  purposes o f  t h i s  c a l c u l a t i o n ,  t h e  f o l l o w i n g  t y p i c a l  

pa ramet e r s  were chose n : 

inductance - 200 mH 

v o l t a g e  - 200 v o l t s  

peak c u r r e n t  - 1000 A 

c losed loop bandwidth o f  r e g u l a t o r  - 20 Hz 

The ramp r a t e  i s  1000 A/sec. For an e r r o r  of  0.5% i n  t h e  ampl i tude o f  t h e  

supply  v o l t a g e  t h e  maximum e r r o r  i n  t h e  magnet c u r r e n t  i s  0.04 A, correspond- 

i n g  t o  a maximum o f  t h e  r e c t i f i e d - v o l t a g e .  For a phase e r r o r  o f  0.6O t h e  max- 

imum e r r o r  i n  t h e  magnet c u r r e n t  i s  0.084 A, corresponding t o  a r e c t i f i e d  0 
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v o l t a g e  o f  zero. The combined maximum e r r o r  i s  0.093 A. e 
I t  appears t h a t  based on o p e r a t i n g  exper ience a t  t h e  l a b  s i t e ,  e m p i r i c a l  

da te  on l i g h t i n g  loads, and c a l c u l a t i o n  on magnet power suppl ies,  reasonable 

l i m i t s  can be e s t a b l i s h e d  f o r  f l i c k e r .  These l i m i t s  are an ampl i tude f l i c k e r  

o f  0.5% and a phase f l i c k e r  o f  0.6O. 

I n  a d d i t i o n ,  t h e  e f f e c t s  o f  phase f l i c k e r  on i n d u c t i o n  motor loads were 

evaluated. A t e s t  r i g  was assembled t o  i n t r o d u c e  a s tep  phase s h i f t  o l f  5 O  a t  

a 10 Hz r a t e  on a t h r e e  phase 5 horsepower i n d u c t i o n  motor. The moltor ran 

normal ly .  

Conclusion and A d d i t i o n a l  Work 

The proposed AGS Booster can be powered d i r e c t l y  f rom t h e  69 kV e l e c t r i c  

d i s t r i b u t i o n  system w i t h o u t  t h e  use o f  l o c a l  energy storage. Th is  recommenda- 

t i o n  i s  based on a rev iew o f  t h e  L a b o r a t o r y ' s  d i s t r i b u t i o n  system, i t s  t i e  i n -  

t o  LILCO's g r i d ,  and a p r o j e c t i o n  o f  t h e  c u r r e n t  power requirements o f  t h e  

Booster. The d is turbances produced on t h e  u t i l i t y  l i n e s  by t h e  pulsat ' ing l o a d  

are  w i t h i n  acceptable l i m i t s .  

The proposed system i s  economic, u t i  1 i z i n g  resources p r e s e n t l y  a v a i l  a b l e  

t o  t h e  l a b o r a t o r y ;  namely, t h e  t h i r d  o r  reserve t rans former  a t  t h e  5 t h  Avenue 

s u b s t a t i o n  and t h e  a l t e r n a t e  feeder.  With t h i s  c o n f i g u r a t i o n ,  t h e  max-imum am- 

p l i t u d e  and phase d is turbances o f  t h e  e l e c t r i c  d i s t r i b u t i o n  system are 0.31% 

and 0.4O. Based on exper ience a t  o t h e r  a c c e l e r a t o r  i n s t a l l a t i o n s ,  pub1 ished 

.data,  and measurements performed on s i t e ,  a l i m i t  has been e s t a b l i s h e d  f o r  a l -  

lowable power l i n e  d is turbances.  These l i m i t s  a r e  0.5% f o r  ampl i tude f l i c k e r  

and 0.6O f o r  phase f l i c k e r .  

Th is  i n v e s t i g a t i o n  has n o t  eva lua ted  t h e  e f f e c t s  o f  h igh- f requency harmo- 

n i c s  generated by t h e  power supp l ies .  I f  requi red,  harmonic f i l t e r i n g  can be 

added t o  t h e  69 kV s i d e  o f  t h e  t ransformer.  The inductance o f  t h e  a l t e r n a t e  
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feeder  (2.52 mH), can be an element o f  t h i s  f i l t e r .  

The proposed Booster  design6 has t h e  c a p a b i l i t y  o f  a c c e l e r a t i n g  t o  a pro- 

t o n  energy o f  2.5 GeV/C. Al though n o t  implemented i n  t h e  present  proposal ,  

t h i s  f e a t u r e  increases t h e  space change l i m i t  f u r t h e r  i n  t h e  AGS and r e s u l t s  

i n  increased i n t e n s i t i e s .  We propose t o  study t h e  e f f e c t s  t h a t  t h e  r e q u i r e d  

power increase has on t h e  power d i s t r i b u t i o n  system. 

a 

The r e a c t i v e  power requirements o f  t h e  Booster can be f u r t h e r  reduced by 

shunt capaci tance a t  t h e  13.8 kV s i d e  o f  t h e  t rans former .  The r e d u c t i o n  o f  

r e q u i r e d  r e a c t i v e  power and f l i c k e r  must be eva lua ted  aga ins t  t h e  cos t  o f  t h e  

c a p a c i t o r  bank. 

The a d d i t i o n a l  c a p a b i l i t y  o f  t h e  t rans former  used t o  power t h e  Booster  

can be used t o  power f l i c k e r  i n s e n s i t i v e  loads, such as a i r - c o n d i t i o n e r s  and 

compressors s ince  t h e  average power o f  t h e  Booster i s  low. The modular s t r u c -  

t u r e d  power supply can prov ide  f l e x i b i l i t y  t o  t h e  o p e r a t i o n a l  c h a r a c t e r i s t i c s  

o f  t h e  Booster. 
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F i g .  10. Modular Structured Power Supply 
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F i g .  11. Disturbances of Power Line Voltage 
Due t o  Pulsating Booster Load 
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F i g .  1 2 .  F l i c k e r  a t  69 kV AC B u s  Bars 



FIO. 19-9. Cyclic pulsation of voltage at which Sicker of 
115-volt tungsten-tlbment lamp is just perceptible. Derived 
*om 1.104 observations by 95 persons in fleld tests of 25". 
40-, and 60-watt lamps conductad by Commonwealth Edison 
Co. Figures on curves denote percentagee of observers 
expected to perceive mcker when cyclic volt8ge pulsations Of 
indicated values and frequendes me in?Ipresead on Li$h*iinfi 
circuits. Plotted points denote medians of observations at 
various frequencies. the number of which In each 6888 fa fndi- 
cated by the adjacent flgure. 
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F i g .  13. Effect of Flicker on Incandescent fram..Standard Handbook 
for  Electrical Engineers, 1 0 t h  Edition. 
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