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MAGNETIC PERFORMANCE OF STEP-LAP JOINTS I N  DISTRIBUTION TRANSFORMER CORES 

T. Nakata ,  N. Takahashi  and Y.  Kawase 

AJISTROCT - .  

T h e   m a g n e t i c   c h a r a c t e r i s t i s s   o f   c o r e s  with 
s t e p - l a p   j o i n t s   a r e   a n a l y z e d  by u s i n g   t h e   f i n i t c .  
e lement   nethod  ta lc ing  into  c lccount   eddy  current   and 
m a g n e t i c   s a t u r z t i o n .   T h e   e f f e c t s   o f   t h e   f o l l o w i n g  
f a c t o r s  on  t h e   m a g n e t i c   c b a r e c t e r i s t i c s   s u c h  a s  f l u x  
a n d   e d d y   c u r r e c t   d i s t r i b u t i o n s   a n d   m a g n e t i z i n g   c u r r e n t  
a r e   c l a r i f i e d   q u a n t i t a t i v e l y .  

1 ) s t e p - l a p   l e n g t h  
2 ) l e n g t h   o f   a i r   g a p   a t   t h e   j o i n t  
3 )number   o f   l amina t ions   per   one   s tagger   l ayer  
4 ) f l u x   d e n s i t y   ( n a g n e b t i c   s a t u r a t i o n )  

O b t a i n e d   r e s u l t s   g i v e   u s e f u l   s u g g e s t i o n s   i m p r o v i n g  
t h e   d e s i g n  of  t h e   j o i n t s   o f   t r a n s f o r n i e r   c o r e s .  

1 . I N T R O D U C T I O N  

Recen t ly ,  in J a p t n ,   s t e p - l a p   j o i n t s   w e r e  
i n t r o d u c e d   f o r   , d i s t r i b u t i o f i   t r a n s f o r n l e r   c o r e s .   T h i s  
s t r u c t u r e  i s  s u p e r i o r   t o   t h e   c o n v e n t i o n a l   b u t t - l a p  
j o i n t   w i t h   r e s p e c t  t o  t h e   m a g n e t i c   c h a r a c t e r i s t i c s   s u c h  
3s n i a g n e t i z i n g   c u r r e n t ,   c o r e   l o s s e s  and s o m d   l e v e l .  

L i t t l e  i s  know11 a b o u t   m e g n e t i c   c 1 : a r a c t e r i s t i c s  
s u c h   a s   t h e   l o c a l i z e d   f l u x  and  eddy  current 
d i s t r i b u t i o n s  in s t e p - l a p   j o i n t e d   c o r e .  E l l i s  C11 
compared t o t a l  loss i n   v a r i o u s   t y p e s   o f   j o i n t s  
qual  i t a t   i v e l y .   I n   t h i s   p a p e r ,   t h e   m a g n e t i . c  
p e r f o r m a n c e s   o f   t h e   s t e p - l a p   j o i n t s   a r e   e v a l u a t e d  
q u a n t i t a t i v e l y  by u s i n g   t h e   f i n i t e   e l e n l e n t  method 
t a k i n g   i n t o   a c c 0 u r . t   t h e   m a g n e t i c   s a t u r a t i o n  and t h e  
eddy  current   whicl :  i s  g e n e r a t e d  by t h e   f l u x   c r o s s i n g  
b e t w e e n   p l a t e s .  

2. AXALYSIS 

Figure  1 shows an   example  of t h e   s e c t i o n   o f  
a n a l y z e d   s t a c k i n g   c o n f i g u r a t i o n s .  The  two-dimensional 
f i n i t e   e l e m e n t   m e t h o d  i s  c p p l i e d   t o   t h e   h a t c h e d   r e g i o n  
aBy6a. Vc! necd   no t   ana l .yze   the   whole   reg ion   because  
of   sym:etry 521 , [3 ] .  The  number  of  the so c a l l e d  
g r a d t ' s  [ 3 j  fo l lowing   eddy  cur ren t   p roblems i s  
d e c r e a s e d   c o n s i d e r a b l y  by i n t r o d u c i n g  the p e r i o d i c i t y  
c o n d i t i o n s  EL:. The boundary   condi t ions  [5],[(j] a r e  
showr! i n   F i g .  1. 

A s  or.ly a f ew c.onductors  occupy  all.;ost  the  tihole 
p a r t  of t h e   a n a l y z i n g   r e g i o n ,   t h e   c o e f i i c i c n t   m a t r i x  
b(.conlcts n e h r l y   f u l l   b e c a u s e  of the   g rad+ .  A new 

A i r  Gap 
\ k  L= 248 .b s >I 

A , .  

n 

J L  
a - - ~ - y - f i - a  : c o m p u t e d   r e y i o ~ l  

a-'ry-6 : p e r i o d i c i \ - . y   b o u n d a r i e s  

F ig .  1. Analyzed  model  of a l a m i n a t e d   c o r e  ( ~ 3 ) .  
a-6, 0-Y 
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t echn ique  h y   w h i c h   t h e   c o e f f i c i e n t   m a t r i x  i s  mod i f i ed  
i n t c  a banded m a t r i x   w i t h   e d g e s .  i s  developed E41. 

By u s i n g   t h e s e   m e t h o d s ,   t h e   l a m i n a t e d   c o r e   c a n   b e  
a n a l y z e d   t a k i n g   a c c o u n t   o f   e d d y   c u r r e n t   w i t h   l i t t l e  
i n c r e a s e  of  t h e  CPU time and t h e  memory s i z e s .   I n  
F ig .  1, S, G and n d e n o t e   t h e   s t e p - l a p   l e n g t h ,   t h e   a i r  
gap   l eng th   and   t he  number  of  laminations p e t  one  group,  
r e s p e c t i v e l y .   T h e   d i s t a n c e  Tg b e t w e e n   t h e   l a y e r s  i s  
chaser. t o   b e  0.0125 mm v h i c h  i s  e q u i v a l e n t   t o  96 % of 
t h e   s p a c e   f a c t o r .   T h e   c o r e  i s  made of  0.3 mm t h i c k  
g r a i n   o r i e n t e d   s i l i c o n   s t e e l   ( G r a d e : A I S I - 7 8  M-4). 

The i n i t i a l   m a g n e t i z a t i o n   c u r v e  i s  u s e d   a s   t h e  
m a g n e t i z a t i o n   c u r v e   f o r   n o n - l i n e a r   c a l c u l a t i o n .   I n  
o r d e r   t o   r e d u c e   t h e   c o m p u t i n g   t i m e ,  a newly  developed 
metkod  which i s  c a l l e d   t h c  "tim p e r i o d i c i t y   f i n i t e  
element  method  C7j" i s  used.  

3. RESULTS I\HD DISCUSSIONS 

A 1 1  t h e   r e s u l t s  shown i n   t h i s   s e c t i o n   a r c   o b t a i n e d  
f o r  50 Hz . 

Figure  2 shows t h e   f l u x   d i s t r i b u t i o n   f o r   t h e  
' i n f i n i t e   l a m i n a t i o n   ( t h e   n u d e r  n o f   l a m i n a t i o n s   p e r  
one  group i s  i n f i n i t e ) .   T h e   s t e p - l a p   l e n g , t h  S, t h e  
gap   l eng th  G a n d   t h e   o v e r a g e   f l u x   d e n s i t y  B a r e  11 mm, 
1.0 mr.1 and  1.0 T o r  1.73 T r e s p e c t i v e l y .  The ave rage  
f l u x   d e n s i t y  8 i s  d e f i n e d   b y   t h e   f o l l o x i n g   e q u a t i o n .  

B=( t h e  maximunl v a l u e   o f   t h e   f l u x   p a s s i n g   t h r o u g h  
t h e   s e c t i o n   f a r   f r o m  the j o i n t   i n   o n e   p l a t e  ) / (  t h e  
s e c t i o n a l   a r e a  of t h e   p l a t e  ) 

c u r r e n t  i s  n e g l e c t e d .   I f   t h e   e d d y   c u r r e n t  i s  t a k e n  
i n t o   a c c o u n t ,   t h e   f l u x   d i s t r i b u t i o n  i s  inf luenced   by  
the wave fom. o f  a p p l i e d   v o l t a g e .   I n  this pape r ,  when 
t h e   n o t a t i o n  Dm i s  used   i n s t ead   o f  B. t h e   e d d y   c u r r e n t  
i s  taken   in to   account   and   the   wave   form o f  f l u x  i s  
s i n u s o i d s  1. 

F igu re  2 shows t h e   i n f l u e n c e  of magne t i c  
S a t u r a t i o n .   T h e r e  i s  l i t t l e   d i f f e r e n c e   b e t w e e n   F i g .  
2 ( a )  and ( b ) .  

I n   t h e   c a s e  when t h e   n o t a t i o r .  R i s  used ,   the   eddy , 

( a )  Low flux dens i ty   (B=l .OT) .  

1.0-II-11 4 

( b )  High f l u x   d e n s i t y   ( B z 1 . 7 3 T ) .  

F ig .  2 .  F l u x   d i s t r i b u t i o n s   ( S = l l , G = l . O , n = C O ) .  
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Figure  3 shows t h e   i n f l u e n c e   o f   t k e  number  of 
l a m i n a t i o n s  n per   one grol;p in r h e  h i g h   f l u x   d e n s i t y  
r e g i o n .  When t h e   n u c b e r  i s  s m a l l ,   t h e   p e r t s   f a c i n g  
t h e   a i r   g a p s   o f   t h e   j o i n t   a r e   s a t u r a t e d ,   a n d  some of 
t h e   f l u x e s   p a s s   t h r o v g h   t h e   a i r   g a p .  tlowc.ver, wben r. 
i s  i n c r e a s e d ,   t h e   p e r c e n t a g e   o f   t h e   f l u x   p a s s i n g  
t h r o u g h   t h e  g ~ p  i s  dec rezsed .  

The e q u i v a l e n t   n n g n e t i z i n g   c u r r e n t   l e n g t h  111 and 
t h e   e q u i v a l e n t   e d d y   c u r r e n t   l o s s   l e n g t h - l v e   a r e   d e f i n e d  
by t h e   f o l l o w i n g   e q u a t i o n s   a n d   a r e   i n t r o d u c e d   f o r   e a s y  
unde r s t a rcd ing   o f   t he   measu re   o f   t he   i nc reased  
m a g n e t i z i n g   c u r r e n t  and t h e   e d d y   c u r r e n t   l o s s .  

l h = (   m a g n e t i z i n g   c u r r e n t   w i t h   j o i n t s  - niagnetizi .ne 
c u r r e n t   w i t h o u t   j o i n t  ) / (  a a g n e t i z i n g   c u r r e n t   p e r   u n i t  
l e n g t h   w i t h o u t   j o i n t  ) 

lwe=(  eddy  currect  loss  w i t h   j o i n t s  - eddy c u r r e n t  
l o s s   w i t h o u t   j o i n t  ) / (  e d d y   c u r r e n t   l o s s   p e r   u n i t  
l e n g t h   w i t h o u t   j o i n t  ) 

F i g u r e s  4 2nd 5 show t h e  i n f l u e n c e   o f   t t e   s t e p  
l g n g t h  S o n   t h e   e q u i v z l e n t   c u r r e n t   a n d  l o s s  l e n g t h s  It: 
and  lwe. When t h e   f l u x   d e n s i t y  i s  low,  both l h  and 
lwe a r e   d e c r e a s e d   w i t h   t h e   i n c r e a s e  o i  t h e   s t e p - l a p  
l e c g t h  S. However, when t h e   f l u x   d e n s i t y  i s  high.   and 
S i s  i n c r e a s e d ,  lh i s  inc reased   cons ide rab ly ,   bu t   lwe  
i s  i n c r e a s e d   t o w a r d   s a t u r a t i o n .  

F i g u r e s  0 and 7 shohl t h e  i n f l u e n c e   o f   t h ?   a i r  g s p  
l e n g t h  G on   t he   equ ivz1e r . t   cu r ren t  and loss  l e n g t h s   l h  
and  lwe. When t h e   f l u x   d e n s i t y  becornes h ighe r ,   bo th  
l h .   a n d  lwe a r e   i n c r e e s e d   w i t t :   t h e   i . n c r e z s e   o f   t h e   g a p  
l e n g t h  G ,  bu t  lve  i s   n o t   i n c r e 2 s e d  so much. Idhen t h e  
f l u x   d e n s i t y  i s  l o r .  bo t i l   lh   and   lwe   a re   remsrkably  
ucchanged. 

I-1 1 .3  it10 
I i I  

300 1 
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E 
E 200 - 
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$ 
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Brn=1.8(T) 

1.7 

1.6 

1.5 

1.0 , 
0 5 10 15 

S ( m m )  
F ig .  5 .  E q u i v a l e n t   e d d y   c u r r e n t   l o s s   l e n g t h  

(G=1.Orn=03).  

( b )  n=5 

Fig.  3. F l u x   d i s t r i b u t i o n s   ( s = l l , G = l   . O , B = l . 7 3 T ) .  

1500 - 
,--. 
E - 1000- E 
L - 

500 1 

Fig.  6. E q u i v a l e n t   m a g n e t i z i n g   c u r r e n t   l e n g t h  
(s=ll,n=CO). 
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4.COMCLUSIONS 

The m a g n e t i c   c t a r a c t e r i s t i c s   o f   t h e   s t e p - l a p   j o i n t s  
h a v e   b e e n   q u a n t i t a t i v e l y   a n a l y z e d   t a k i n g   i n t o   a c c o u n t  
t h e   e d d y   c u r r e n t  anc magne t i c   non- l inea r i ty .   The  
f o l l o w i n g   t e c h n i q u e s   w e r e   e s p e c i a l l y   p o w e r f u l   t o   r e d u c e  
computing  t ime: 1 )  use o f   t h e   t i m e   p e r i o d i c i t y   f i n i t e  
element  method, 2 )  e f f e c t i v e   u s e   o f   p e r i o d i c i t y  
boundary   cond i t ions ,  and 3 )  s k i l l f u l   u s e  and  management 
o f  t h e   s y m e t r y  of  grad+. 

The ob ta ined   r e su l t s   can   be   summar ized   a s   fo l lows  
1 )  When the   nuube r  of  l a lx ina t ions   pe r  one group i s  

i n c r e a s e d ,   t h e   e x c i t i n g   c u r r e n t  i s  c o n s i d e r a b l y  
d e c r e a s e d ,   b u t   c o r e   l o s s e s   a r e   s l i g p t l y   i n c r e a s e d .  

2 )  If   thr:  number  of l a m i n a t i o n s   p e r  one group i s  
s m a l l ,   t h e   e f f e c c  of  gap l e n g t h  on magnet ic  
c h a r a c t e r i s t i c s  i s  s i g n i f i c a n t .  

3 ) I n   t h e   l o v e r  f l u x  d e n s i t y   r e g i o n .  when t t e   s t e p - l a p  
lecgt t :  i s  long ,   the   core   per formance  i s  irnproved a s  
compared w i t h  t i ie C E S C J  when t h e  len!tl; i s  s h o r t .  

However ,   in   the  higher  f l u x  d e n s i t y   r e g l o n ,   t h e   a b o v e  
1:wntioned  behaviour i s  r t v e r s e d .  

0 1.0 2.0 3.0 
G ( r n m )  

F i g .  7.. Equ iva len t   eddy   cu r ren t  l o s s  l e n g t h  
(S=l l ,n=LY)) .  

F igu re  8 shows t i l e   i n f l u e n c e  of t h e  number o f  
;aminat ions  per   one  group 11 on lh .  With thc  d e c r c a s c  
of t h e  number n ,   t h e  rsaximum v a l u e  of l h  becomes l a r g e r  
and t h e   c o r r e s p o n d i n l   f l u x   d e n s i t y  r,;oves lower. When 
t h e  f l u x  d e n s i t y  i s  low o r   ex t r eme ly   h igh .   l h  i s  n e a r l y  
e q u a l   t o   z e r o .  As t h e   n a g n c t i c   c h r r a c t e r i s t i c s   o f   t h e  
s a t u r a t e d   s i l i c o n   i r o n   a r e   n e a r l y   t h e  same as those   o f  
t h e   a i r   g a p ,   t h e   j o i n t  nas l iLt le  i n f l u e n c e  or. t h e  
m a g n e t i z i n g   c u r r e n t  of  t h e   c o r e .  

F igu re  9 shows  the   in f luence  of t t e  number n cjn 
lwe. When G i s  i n c r e a s e d ,   t h e  eddy c u r r e n t   l o s s  i s  
inc reased   because   o f   t he   i nc rease   o f   t he   no rma l   f l ux .  

When t h e   f l u x   d e n s i t y  Em i s  i n c r e a s e d ,  some of   the  
f l u x e s   p a s s   t h r o u g h   t h e   a i r   g a p   b e c a u s e   o f   t h e  
s a t u r a t i o n .   T h e r e f o r e   t h e   n o r m a l   f l u x  i s  n o t   i n c r e a s e d  
SO much. Consequently  lwe is dec reased  2 l i t t l e .  

F ig .  8 .  E q u i v a l e n t   m a g n e t i z i n g   c u r r e n t   l e n g t h  
(G=l .O .S= l l ) .  

/ 

I I I I I 

0 1 2 3 4 5  
n 

Fig .  9 .  E q u i v a l e n t   e d d y   c u r r e n t   l o s s   l e n g t h  
( G = l  . O , S = l l ) .  
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