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This t - - epor t  dEsct.imertts the theory t e s t i r i g  a n d  modeling 
o f  t h e  p h a s e  s h i f t  t ra rss f  ormer interria1 C;OWz impedai-ices. 
The i i - t t e r n a l  impedances are used 4x0 h e l p  predict .the 
c u m i l i u  ka i z  i o n  an J 1 e ars cl  r i p p 1 e t ha rac .k e r i. 5 .t i c s Q f ret ti f i e r 
l .uads a n d  t~ d e k e r m i n e  available s h o r t  circuit. currents.  T h e  
rest..\ 1 .k?j uf ithese tes2ts L-4er-e used an a p e r  t-in it basis 

- in kl-ie design 0-F the AGS B c m s t e r  ma:irt magne.k poia~er s u p p l y .  
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18% 1 Purpose 

T h e  pi.trpoCje o f  t h i 5  tes t  w a s  t o  d e v e l o p  a o n e - - l i n e  p h a s e  
s h i f t e r -  %..r-arisformer model f or- . t h e  AGS Boaster ma in  magne.t 
p r w e r  s u p p l y .  T h i s  model w i  Z 1 h e l p  d e t e r m i n e  c o m m u t a t i o n  
angles f u r  variaus Eoosker l o a d s .  Specifical 1.y i t  em:- .lzbe 
pel-. L i r r i t .  reactarices b a s e d  o n  the c i r c u i t  I::VA t h a t  were 
u - w l u i r e d  T h e  p e r  u n i t  i-eartai-ices w e r e  o b t a i n e d  by 
per-Formirrg short  c i r c u i t  tes ts  on the HXlPELW P.S .  +/-? 5 
degree p h a s e  s h i f t e r  i n  t h e  F-i0 Huuse. Tbese per ~ r r - t i t  

v a 1 . t ~ ~  were used as rough estimates o r  as 'I  b e n c h  ifiat-ks;" f o r  
i n i t i a l  s % u d i e s  o f  . t h e  AGS B o o s t e r  13.8k'd p h a s e  5 h i f . t  
t r a n  s f o t - rne rs 

- 1.2  T r a n s f o r m e r  F:aking 

The % r a n s f o r m e r  c o n n e c t i o n  d i a g r a m  is 5holr~r-t i n  F i g .  I 
w i t h  r a t e d  c u r r e n t s  a n d  v o l t a g e s .  Its c i r c u i t  r a t i n g s  are: 

"" I he trans-i:ot-rri~r bas o n e  3 - p h a s e  i r ipc t t  ( A ,  B C j a n d  t t m  Z-phase 
ot-i.tput._; (D,G, 1 )  and <E,F,H) . Each i n p u k  pl-rase is c o n n e c t e d  
t . i i th  two s b i f t .  w i n d i n g 5  (-i-?m5 a n d  --7.5 d e g r e e ) .  ?he delta 
c u r r e n t  i s  d e t e r m i n e d  by t h e  d i f f e r e n c e  of i l l " tF 's  i n  ?Ittese .kwo 
s h i f t  r.iinclirigs. T h i s  m e a n s  thak the del .%a currerrt can vary 
as the re lat ive power fac tor5  a f  the two o u t p u t  c i r cu i t5  
chai?ge even hhuugh t h e  c i r c u i t  k V A  l o a d i n g  rernairts c o n s k i n t .  
T h e  t r - a n s f o i - m e r '  s rating is g i v e n  as i t s  circuit r a k i n g  
i .e. wl-iat the . t rans . fur-mer can actual 1'; d e l e v e r  f r o m  its 
. Ize r -n i i i - i a l . s  at the rated t e m p e r a t u r e  rises ( 4 4 0 k V A )  . T h i s  is i n  
cfiri.trast t c i  i ts  "irragnetic k V A "  rating or " p a r k s  k V A "  as 
r-efer-red to by ::ome authors and is g i v e n  by Clf: 

T h e  magi-ietic ktJ6i i!~, .the v o l t - a m p e r e s  t h a t  are t ra r i s fe r -med 
t..hrcstigh ac tua l  rmgr ie t ic  coup1  ii-ig r a t h e r  tharr by direct 
e l e c t r i c a l  condi. . tckion r( B o t h  of these proce5ses occur i n  
xu ta t r ans fn r i r i e r s .  The  p h y s i c a  1 s i z e  a n d  w e i g h t  0.f the 
%rai- isformer-  is dependent ori it:; m a g n e t i c  i::VA, n o t  its c i r c u i t  

r a t i n g  . k h a t  a p p ~ a t - s  o n  %he namep la t e .  For t h i s  reason 
aLt . tu~rans -For r r r e r5  are g e n e r a l  1.j smal lei? a n d  1 i g h t e r  than 

I..i)A r-.- a l . i n g  even tl-~actgh by  c a n v e n t i o n  i t  is t he  c i r c u i t  k V A  



con veri t i on a I. 2 - - ~  i ri d :i r-1 t. r a n  5 -f o rm e r-5 o 5 ~ I - E  same c i r c LI i. t k ’d A 
rating. I n  t h e  case of  ‘t1-1e p h a s e  5 h i ’ f t ~ r  oi-ily a small 
portion of tl-e circc.rit. E:::?& i 5  transformed maqnet ica l  ly. 
E ~ S e r - i n g  to F i g .  I ~ I - I E .  magnetic: kVFs is: 



L 

I 

2 1 T h r e e  L~J inding  K e p r - e s e n t a t i o n  

The phase s h i f t  t r a n s f o r m e r  is c l a s s i f i e d  as a 3 - w i n d i n g  
t r a n s f o r m e r  tnecactse i t  tias three i n d e p e n d e n %  sets o f  3-phase 
t e r m i n a l s  (ARC)  (DEI-I) and  (EFT } The one line circuit 
r e p r e s e n t a t i o n  is t~hown i n  F i g .  3 E21,133. The per- u n i t  
reactances o f  each pair o f  wii-rclings is shown as a funct i t r i - t  of  
t h e  reac t a n c e s  x p  and xs irk the c i  t - c u i t  . bJincfirrg resistances 
a n d  magnetizing reactances are n e g  lected T h i s  
representa%iun i s  a special case w h e r e  the reactance b e t w e e n  
the pr.itnary and e a c h  o f  t h e  secandaries i c ;  equal. T h i s  was 
irr tencled i n  t h e  d e s i g n  ~f t t ie  p h a s e  shifter. and t h e  s h u r t  
c i r - c u i t  tests showed  t h a t  t he  two secondat -y  i m p e d a n c e s  were 
different by 5 .  5%. 

2 I 2 Cammukation E f f e c t s  i n  Kec%i. f  iers 



3. 1. P r o c e d u r e  

Tt ie  r r t o s t  d i r e c t  method u s e d  to measure i m p e d a n c e  p e r  
pha<je o f  a transformrr is to cunr tec t  a shark c i r c u i t  t.u t h e  
seccindary and t.o drive the p r i n i a r y  w i t h  a ~ o l t ~ t g e  suurce.  
Usual l y  the  c u r r e n t  is inczr-eased to its i-a.ted v a l u e  a t  w h i c h  
p a i n k  .the resul t i n g  voltage is d e f i r i e d  as the i r r rpedanre 
v o l . t a g e .  Fcsr t h e  ctr-ti.t u n d e r  .f;est %he rated c u r r e n t  with one 
secoridar- j /  s h o r t e d  is 251.A. I f  the  impedartce is r o u g h l y  2% 
then the voltage r e q u i r e d  is i . 02 )  (460j  -1 9 . 2 V .  T h i s  r a k i u  
a% v o l t a g e  to cu.rrei-it is v e r y  awkward i n  terms of f i n e  
'v'o I k a g  e c on .tu-a 1 i n  ava i 1 ab 1 e E I ec 1: r ica 1 equ i r3rnen t . fin 
a-1. t e r n a t i v e  p r o c e d u r e  is .tu measure the i r r ipedance o f  one 
phase wi t id ing  based c 3 n  the m a g n e % i c  k?rA ( o r  w i n d i n g  k V A )  

- ratl-jet- thai-t uri the  c i r c u i t  k V A  r a t i n g .  Since the m a g n e t i c  
k V A  i s  mLir:h s m a l  ler .khan .the circuit k V A  of t h e  transformer 
the e f f e c t i v e  ohmic i m p e d a n c e  o f  t h e  p r i m a r y  and s e c o n d a r y  
t~ir.idingr-=, i s  much h i g h e r  a s  compared  t o  a s k a r i d a r d  3 - -phase  
sh t r r - t  c i r c u i t  art cine o r  both otttpctts;. The connect ion far  
measurii- lg i m p e d a n c e  b a s e d  on magi'se.lzic k V A  is i5hor.in i n  F i g .  4. 
R IlZCW, IC!& vat-iac ..;ingle p h a s e  source is s t . . t - l : f ic ien t  .to drive 
s Pin I' t c i r c ct i 4: c 1.-t r r-el-1 t .t h r ou y h .t h .i. s i~ ciri i-~ ec .I-. i on 

rPqt-i.irittet-it f a r  the +xxtrce : is smaller by a .ilactor- o f  b .5  UT 13 
f a t -  the s a r n e  w i n d i n g  51-tort c i r c u i t  c u r r e n t  d e p e n d i n g  on 
whe.kher- one secondary or- Isutl's s e c o r i d a r i e s  are ~i j t - rc i i~ t~d  . T h e  
k V R  r e c ~ c t i t - r r t e n . t  is a 1 . t m  redc.tcerJ because the test is s i n g  le 
phase I/ V U X  tage arid curr-err% ccin'tr-01 is i m ] : s r o v e - d  because uf 
the increased ohmic  impedance I 

imfiedartces m e a s u r e d  are n u t  t h e  value5 that  r e p r e s e n t  t h e  
phacje s;I-iifizer in a o n e - l i n e  diagram a5 sl-~own i n  F i g .  3 .  
t-lrswever !, the required values can be o b t a i n e d  from the t e s t  
value.; by matl-reifia%ica l % r a n s f o r m a t i a n s  a5 st-town in S e c t i o n  

Pn summary this procedure measures t h e -  i m p e d a n c e s  af 

TRe advai-tkage cs-f this methoti  is that  t he  current 

The  disadvantage o f  t h i s  me.thod is t h a t  t h e  ohmic  

-7 -c 
.3 I, .::: 88 

t h e  .individual p a i r s  o f  ~trans.former w i n d i n g s  a n d  then tl-te 
cI-taracte~.i.ctics C2-f .the phase s h i f t e r  a5 a s i n g l e  i m i t  a r e  
c a 1 c 1-1 1 a t e d  based on c i rc LI i .t ai's a I y 5 i 5 arid ma %. I-rema t i c a I 
~r~[ris-l:csrmat.iot'ls The  approach is b a s e d  on the premise khat 
the i m1:secI an c: e c har-ac t e r  i st i c s o f  ar ty  trans f w rime r c on 1-1 ec .ti on 
i'-g:qat-dl.eSS 0-l: r c m p l e x i t y  cart be d e t e r i n i n e d  ei-~.kii'ely i f  31. 1 
.the i n d i v i d u a l  p a i r s  of winding i m p e d a n c e s  are known 

.L 

3 n 2" 1 T e s t  I")easi.Irernents 
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F i g .  4. The k h r e e  phases are  a s s u m e d  t o  be i d e n t i c a l  so that 
o n l y  o n e  p h a s e  is tested. TI-tree s h o r t  c i r c u i t  tests were 
rL1.i-r: p r i m a r y  t o  s e c o n d a r y  1, p r i m a r y  to s e c o n d a r y  2,  and 
p r i m a r y  t c s  secondaries L a n d  2. The p r i n i a r y  i s  defined a s  
the d e l t a  AB w i n d i i - ~ t ~ .  TI-te ~ W G  s e c o n d a r i e s  are the ~ W G  s h i f t  
wiriirjings DC and EC. Note i n  F i g .  4 k h a t  the cur ren t  in d ~ l t a  
w i n d i n g s  EC and CA is z e r o  f a r -  a 1 1  three sl-ior% circu.ik t.es;ts. 
Sevet-al. V G ~  t a g e  ai-~d cc t r r e r~ t  1.evel.s were useel  for eacl-I shcjr-k 
circuit connec t i o n  t o  cxm.f i r m  tire 1 i i - i e a r i k y  o f  the c i r c c t i k .  

3.2 I 2 5 i n g  1 e Phase E q u  i va 1 erit t; i rcui t 

:.: = j 1 ). 51 ohm 

W i t h  w i n d i n g s  CE arid DC sl-torted the irripedance was 

The s c i 1 ~ i t i o n  is:: 

.., ,..j - = j2.11 ohm 

-These r e a c t a n c e s  are referred "co w i n d i n g  AB. I t  is r io t ed  
that the i m p e d a n c e  values i n  3- -winding  %ransformers are 
s l l c j w e d  t o  be z e r o  cjr n e g a t i v e  as ].GrliJ a s  the net impedar'ice 



between a n y  p a i r  o f  w i n d i n g s  is p o s i k i v e  141. 

a n d  c a l c : u l a t e d  as 13.156 f o r  a 7 . 5 0  d e g r e e  phase s h i f t .  C: 
v a l u e  af 13. CKtO is u s e d  a s  the turns r a t i o  t h r o u g h o u t  t h i s  

The impedar ice  c5.f w i n d i n g  CD a n d  EC referred t o  35V is 

The t u r n s  ratio between AB a n d  CT) was nleasctred as 12.a 

ana lycs is "  

3 .3 Short: C i r c u i t  C a l c u l a t i o n s  

The p u r p o s e  of this 5 e c t i o n  is t o  c o m p u t e  t h e  
E;ymmekrical  rmz 3-phase  f a u l t  currents s u p p l i e d  f r a m  the  
lines when a 3 - p h a s e  . fault  occurs a t  r a t e d  va1:tage. Three 

s e c o n d a r i e s  a n d  -- =ri"undary .-- t o  seccsnda ry .  I n  t he  l as t  case 
the p r i m a r y  is open  c i r c u i t e d  anrj  t he  source is c o n n e c t e d  t u  
orre o f  .the s e c o n d a r i e s  p t i t h  the r e m a i n i n g  s e c o n d a r y  shorted 
T h e s e  c:ut-r-eri . t  tnagni t i tder ;  y i e l d  %he i m p e d a n c e s  f o p  the p h a s e  
s l - ~ i f t ~ r -  urre 1 . ine  d i a g r a m  shown in F i g  3. I he 3 - p h a s e  , 

cur-renk:; a r - e  c a l r c t l a t e d  by t t s inc j  c i r c u i t  a n a l y s i s  a n d  the 
s i n g l e  pPiase ErquixJaleri t  c i r c u i t  developed i n  S e c t i o n  3.2.2.  

- cases are  c o m p u t e d :  p r i m a r y  t o  s e c o n d a r y ,  p r i m a r y  t o  both 

. .. 



The line E::L.trrent is d e t _ e r m i n e d  by the KLlL at rttide C i n  Fig. 
3 as: 

T h e r e f o r e  the 3--phatie 48OV f a u l  t c u r r e n t  s u p p l i e d  f i-om Pl-ie 
1 ines when one secundar-y is s h o r t e d  is 3i = &!::A sjm r-rits 

3 = 3. 2 Pi-imary .to Both S e c o n d a r i e s  

-- .I 

7 



Referred to wir id ing  AE{ the d e l . t a  c u r r e n t  is:: 

T h e  KCL e q u a t i c i n  a t  node C in F i g .  10 gives the total 
s h o r t  c i rcuik l i n e  c u r r e n t  as:  



t 

c 

T h i s  e y u a k i u n  can be wi- i t t en  as: 

0 

The ather  loop equzt.i.m-i if; :: 

T h i s  securtcl e q u a t i o n  i s  w r i t t x m  as: 

T h e  f o u r t h  equation i.s g i v e n  by the  law of balanced 
tr-ansformer MMFs t h a t  d e m a r i d ~  thak the 5i-m uf a1 9 .the ~ - ~ i i - ; d i r i c j  
P iMFs o n  each core leg be zero:: 

P 



E 

* 

e 



4. 1 Mathemakical Tests 

The  t-esults of the 3-phase st-iork c i r c u i t  c a l c u l a t i o n s  at 
48W gave the fa2 l o w i n g  r e s L t l t 5  f r - o m  S e c : * k i m - i  3.3. 

S ho r .I-. C i. rc ti i t C a  1 c CI 1. a t  i un Res1.t 1 t zi 

L i n e  ct t r re l - rk  D e  1 t.a c i i  1 7  i-en t 
from ziottrce ( s y m  r m 9  19) 
(syrrr BrrG PI) 

P r i m a r y  t o  s e c o n d a r y  31 56Q 22;33 

Pr imary  to G o t h  
secundaries 

- ihe t r a n s f o r m e r  ORE l ine model  in Fig, 3 is shown w i t h  
the klrm s e c o n d a r y  reac%arrces equal. T h i s  m e a n s  t h e r e  are 
c s n l y  t w o  ~knki-~owns ( x p  and xsf arrd only k w o  of' t he  . t h r e e  shor t  
c i r c u i t  results fr-om Table 1 are r-equired. The t h i r d  tesk  
~ x r v e s  as a r.nathernakica1 chEcI.:: sirtre it shut t ld  be  i n  
acl:i:l3rilai-ic:e wi. t I - I  t h e  one line misdel developed flrom %he f i r - s t  
two s;I-mr.t c i r c u i t  tests. 

T h e  5Csli.tkicjn -For :ip a n d  xs based a n  t h e  short c i r c u i t  
~"es~l.ts f r - a m  T a b l e  1 are showrt in F i g .  13. A mathematic:iil 
t ~ ~ ; t  f c j r  this mcjdel. is d e s c r i b e d  as - F o l l . c ~ w s .  "The m o d e l  irr 
F i g  . 13 predicts t h a t  t h e  s e c o n d a r y  to secondary sftor% 
c. i . rc . .u i t  current. P J i l  I be: 



T h i s  represen.! :s  a n  error o f :  

A .test p r o c e d u r e  Fias been  p r e s e n t e d  khat d e s c r i b e r ; ,  ~ G W  

.k 1-1 e p liai2e 5 h i f .t t r a n  s f CI r m e  r- i iii ped arr c e5 c a n  be  ii-ieasu r e d  ct s i 1-1 CJ 

s h o r t  c i r c u i t  c u r r e n t s  kl-iat are  smaller by art o r d e r  of 
rnagi-rif:t.tde aa compared  t o  t h e  %rans fo r f ine r  r a t e d  c u r r e n t  I TI-[is 
p r o c e c l u r e  r e q c t i r - e s  o n  l y  a s i n g l e  p h a s e  s o u r c e  t h a t  e p e r a c t e s  
at rot-tgl-rly one h a l f  o f  t h e  k V A  'khat i s  r e q u i r e d  by a stxmdarcl 
khree p h a s e  s t tor t  c i t r . cc t i t  test .  The f i n a l  muclel of t h e  p h a s e  
r ; h i f t i n g  % r a n s f u r m e r  can IE t-tsed t~ predick t h e  available 
s h c j r t  c i r c u i t  c!..trrei-i.t a t  fu l  1. v o l t a g e  a n d  "Lie r e l a t i v e  effeczt 
a n  the c*Iinirit.tka.tion ang le f o r  phase s h i f t e d  t -ec .k i . f  jetr l o a d s .  

The m e t l - i c s d  p r e s e n t e d  was mathematical l y  checked in the 
f ~ l  lowing  way. The final t r a n s f o r m e r  model  was i-~sed to 

ci.-trren+.z II ' T h e  same c u r r e n t  was c a l c u l a t e d  t.isii-tg the p r o c e d u r e  
sl.-ior;.irt in sect.iorr 3 n 3 -3. The * t w o  resu3.  ks were i n  agreerrierit to 
w i t h i n  2 = O X  ,. A l  t h o u g h  a 2 O X  a c c u r a c y  in s h o r t  circittit 
c 1.t t- ren ,t. ca 1 ELI 1 at ion s i s s1.t-F f ic ien 3:. f o r -  most p r a c  .ti ca 1 
p u r p o s e s  i t  is nct t  clear- why ariy errcw s h o u l d  k ? x . i s t  at a l l .  
I f  a rtr.tmet-ica1. or p r o c e d u r a l  error does e:iir;,t i t  w a s  m i s s e d  
d U B  i i i  (2 e :.: .!:en s ive ma t h e m a  k it a 1 c hec k 5 . 

p r e d  i C 'k 'k he \>Et I. L t e  o f  set o n  c:la r y  -. to-sec Gri d d t-y h G  IF t C i TT i! i t 
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F i g .  1 -- T r a n s f a r m e r  Connection D i a g r a m  ! J i t h  Rated Vol%ages e and C u r r e n t s  
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Fig. 2 -- Voltage and Current Solutions; W i t h  O n e  O u t p u t  Open- 
Circuited 
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F i g -  7 ..J -- T r a n s f  armer One Line E q u i v a l e n t  C i r c u i t  
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Fig. 5 -- Shor t  C i r c u i t  Test M e a s u r e m e n t s  
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Figs 6 -- Single Phase 3-Winding T r a n s f o r m e r  E q u i v a l e n t  
C i r c G i t r  
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Fig. 7 
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F i g .  8 -- P r i m a r y  ta Secondary 3-Phase Short C i r c u i t  
su I. u t .i a n  
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F i g .  7 Pr imary  t u  Both S e c o n d a r i e s  S h o r t  C i r c u i t  Model 
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