
IEEE TRANSACTIONS ON MAGNETICS, VOL. MAG-17, NO. 6 ,  NOVEMBER 1981 3271 

ACTIVE POWER LOSS I N  THICK PLATE GENERATED BY ONE 

SIDE INDUCTOR I-IEATER 

Andrzej  Patecki  and  Grzegorz Szymariski 

Abstract  - A method  of calcul.ation of e le-  
ctromagnefic  f ield and eddy-current  losses 
produced in   semi- inf in i te  magne.tic s o l i d  by 
a.c.  flowing  through  parallel  conductors i n  
presence  of a magnetic  shunt i n   cy l inde r  form 
is  presented  in  the  paper.  The i n t e g r a l  equ- 
ation  approach i s  appl ied,  which  permits t o  
obtain  an  approximate  solution  of  the  problem 
considered. The .d i s t r ibu t ion .o f   t he   ac t ive  po- 
wer dens i ty  on the  surface  of  the  conducting 
so l id  i s  considered. 

INTRODUCTION 

The ca lcu la t ion  of  eddy-current losses .is 
of great  im?ortance  in.many  technics1 pro- -  
blems. The conductors   para l le l   to   the   sur face  
of the  ferromagnetic medium and  magnetic  shunt 
occur  in'rnany  electrical  devices  such  as  tran- 
sformers,  linear  induction  motors,  induction 
heating  systems  etc. These  problems a r e  dis- 
cussed  in a number of publ icat ions [ 4 , 5 , 7 ] .  

I n  the  paper, a system  invol.ving a semi- 
inf ini te   magnet ic   sol id  and  magnetic non-con- 
ducting  shunt in  a long  cubicoid  form i s  d i s -  
cussed.  Wtween  these  solids  there  are  para- 
l l e l  conductors  with a.c.. 'The ana lys i s  of  t he  
electromagnet ic   f ie ld   with a boundary  condi- 
t i o n  on the  side surface of the  magnetic cy- 
l i nde r  is in  general   extremely compl.icated. 
IIowever, another  approach  to  the problem 
e x i s t s ,  namely the  integral  equation  formula- 
t i on ,  which p e r m i t s  t o   s a t i s f y   t h e  boundary 
cond i t ion - in  a simple way. Although  the  inte- 
g ra l   equa t ions   a r e  more d i f f i c u l t   t o   s o l v e ,  
it is poss ib l e   t o   ob ta in  a numerical  solution 
of  the problem.  These  Droblems are discused 
i n  [I ,3 ;6 ,8,9] .  

t ion  that   the  Dermeabili tv of the  mametic  
The considerat ions  are   based on the  assump- 

s o l i d  and  magnetic  shunt are constan?. Such 
an  assump%ion.is  accepted  in many problems 
ilealing  with  the  eddy-current  losses 41. 
Thus the  system examined i s  l i n e a r  on the  
assumption  accepted. I t  is assumed t h a t  t h e  
a l l  fie1.d quant i t ies   o r   cur ren ts   vary   wi th  
the  t ime  as  exp jo t 1 and a re   represented   in  
the  complex  form. 

The rectangular  coordina.te  system i s  app- 
l i ed .  The considered  system i s  assumed t o  be 
inf ini te ly   long  a long  the  y-axis .  Thus the 
problem is two-dimentional. In   t he   s eque l   t he  
displacement  currents  are  neglected.  
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LIST OF PRINCIPAL SYMBOLS 

A - vector   po ten t ia l ,  
dk - abs issa  of  conductor k, 
E 
H 

- e l e c t r i c   i n t e n s i t y ,  - magnetic i n t ens i tv .  
hk 

'k 

- hejght of conduct;; k above  boundary 

- current   in   conductor  k, 
surf  ace, 

k2 = Sopop$ , 
P (x, z )  - point  of Oxz plane, 
Q (x,.) - point of 0x2 plane,, 
b - conductivity of  ferromagnetic medium 
6 ij - Kronecker de l t a ,  

' 9  

P O  - permeabili ty of vacuum, 
&r - re la t ive   permeabi l i ty  of  ferromagne- 

4 
17 
0 - angular  frequency , 
7 - l ine   cur ren t   dens i ty .  

t i c  medium, 

-shunt, 
- re la t ive   permeabi l i ty  of magnetic 

- Poynting  vector, 

FVN3AWNTAL SOLUTION 

The infinite  conductors  are  placed  in  ' the 
semi-infinite  non-conducting medium above the 
boundary surface (of the  semi- inf ini te   ferro-  
magnetic medium similary a s  shown i n  Fig.1 
but  without a non-conducting  ferromagnetic 
cubico i d  ). 

X 
-c 

Fig.1. The' analysed  system  involving  magnetic 
solid,   conductors w i t h  a.c.  and  magnetic s h u n t  
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The vec tor   po ten t ia l   genera ted  by the cu- 
r r e n t s  I k  flowing  through a multi  conductor 
system i s  given by [ b ]  

INTEGRAL E9UA'?IONS 

A non-conducting  ferromagnetic  cyl.inder  of 
arbi t rary  cross-sect ion  (Fig.?  ) i s  s i t u a t e d  
i n  a TI? f ie ld   descr ibed  by the  vector  poten- 
t i a l  Ao (eqn.1)  which is  assumed to be cons- 
tant   a long  the  axis   of   the   cyl inder .  

following  boundary  conditions must  be s a t i s -  
f ied 

n x  A'i'= n x A(e)  ( 2) 

On the  surface  descr ibed by the  curve L the 

---n x r o t  A - n x r o t  A ' ~ )  1 [ i l -  
Pf 

( 31 

It means t h a t   t h e  normal component o f  magne- 
t i c  density  and  the  tangential  component o f  
magnetic  intensity  are  continuous.  These  con- 
d i t i o n s  are expressed by the   vec tor   po ten t iaL 

The system shown in Fig.1  can be analysed 
a s  system  without  magnetic  shunt  but  with  an 
additional  conduction  current  f lowing on the 
boundary surface [8]. This   cur ren t   has   l ine  
densi ty  T and has a y-component only. 

r r e n t  is  given by 
The vec tor   po ten t ia l   genera ted  by t h i s  cu- 

A(P)= ly ~ f q , )  K(p,+, i 41 
From [ 4  ) we g e t  

r o t  A [P) = lYx -gradp%- IT[!) K (P ,Q) dLQ ( 5) 
L 

-gradp & 47. (a) (p,Q) 1 
from ( 5 )  can  be t r e a t e d   a s   t h e   f i e l d   i n t e n s i -  
t y  of a s ing le   l aye r  [8]. The tangent ia l  Corn- 
ponent of t h i s   i n t e n s i t y  i s  COntinUOUS, but 
the  normal component i s  discontinuous. 

Hence 

i n  the point P . 
tem from  Fig.1 i s  the sum of two coxgonents 

The r e su l t i ng   vec to r   po ten t i a l   i n   t he  sys- 

The f irst  term of the  right-hand side of (8) 
i s  the  external  vector  po' tential . .  and the  se-  
cond term is described j e q R  4 )  by addi t iona l  
conduction  currents which make it possih1.e t o  
s a t i s f y   t h e  boundary condition (3) .  

Subs t i tu t ion  of ( 6 )  , (7) and (8 ) i n t o  (3)  
y i e l d s  a l i ne   i n t eg ra l   equa t ion   fo r  tile cu- 
r r en t   dens i ty  on the  boundary surface 

The total .   current  on -the boundary surface 
is  equal   to   zero  

f-t(F) d.L = 0 (1 0 )  

The current   densi ty  T i s  the   so lu t ion  of 
the   in tegra l   equa t ions  ( 9 )  and ( I O )  

DISTRIBUTION OF ACTIVE PO'iJER DZYSITY 

The complex power f lux   dens i ty  which en te r s  
t ' le  conducting  solid is  the  negative z-cornno- 
nent of the  Poynting  vector Ex H: where H" i s  
conjugate, on the  surface of the  conducting 
so l id .  FIence, 

nf = Ey(x,O) H> (x,O) (1 1) 

the  conducting  solid is  t h e   r e a l   p a r t  of n The ac t ive  power densi ty  on tl?e surface of 

and  can  be computed by (11 ) using a digitai? 
computer. 

APP?.OX1?:.4E S@T,UTION 

Consider a rectangular  non-conducting ferro- 
magnetic bar of inf in i te   l ength   wi th   ywal  le1 
conductors  following  a.c.,  placed  over semi- 
- in f in i t e   l e r rozagne t i c  Tedium.  The p e r i m t e r  
o f  t h i s   ba r  i s  divided  into N = 2Rx + 2N, 
subsections A T. A L,, res1)ectivel.y) as 
shown i n  F i%. i  .X'!?he posi t ion of a J... i s  d.e- 
ternined by  t!?e coordinates  (xi ,  Yi)'of i ts  
centre.  
The current   densi ty  7 (x ,  7: ) can be exnanded i n  
the  oGerator dolnain 

N 
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where the Y are   cons tan ts  ani? t h e y n   a r e  
basis  func t i b s  [2]. 

The bas i s   func t ions   fo r   t he  problem discu- 
sed  are   def ined by 

'1 on D Ln 

Y n  = 0 on a l l   o t h e r A L i  

The coe f f i c i en t  2, appearing  in  (12) is  the 
approximate  value of t he   cu r ren t   dens i ty   i n  

AL . f t  i s  easy t o  show tha t   t he   i n t eg ra l  equa- 
t i on   (9 )   can  be reduced t o  a system of N-l 
l inear  equations 

where f (Pm)  takes  the  form 

J 

f o r  m=l,2 ,..., BT-1, n=l ,2 ,  ..., N. The adclitio- 
n a l   r e s u l t s  from (1 0) we obtain 

N 
(1 4 )  

n= 1 
The numerical  solutions of (13) and ( 1 4 )  

can be foud  using  digital   computers.   This 
resul ts   in   the  approximate  values  't'l,Y2,.. 
.,yn of the   cur ren t   dens i ty  on the  
boundary surface.  The resulting  electromagne- 
t i c   f i e l d  we obtain from ( 8 ). 

As an  example we consider a rectangular  
non-conducting  ferromagnetic  bar of a=0,06 m, 
b = O,C)3m, c X O , O l 5 m ,  h =h = 0 , O l  m, 
-dl= d = 0,02m, 111 = ?A,')J 2= 30, &l = 700, 
6 = 1M3/m.  The r e s u l t s  of Salculat i$ns f o r  
differen' t   frequency for a diphase  system  are 
shown i n  Fig.2. 

shunt of a = 0,12m, b = 0,03m, c = 0,O15m, 
h = h2= ... = hg = 0,01m, dl= -0,05m, d = -h, 03n, d3= -0, Olm, d4= 0 , O l  m, d = 0,O$m, 

%zer   date   are   the same a s   I n   t h e   f r r s t  
example. The r e s u l t s  of ca lcu la t ions  f o r  t h i s  
multiphase  system  are shown i n  Fig.4. 
The resu l t   csn  be used i n  many tee:-nical pro- 
bl.ems concerning  f ie ld  compiutation i n  a Sys- 
tem with a b ig   f lux   d i ss ipa t ion .  

A s  another example we consider  the  magnetic 

0,05m, 1111 = 1 1 2 \  =. . .= 1161 = 13, = ?OOrr;  

0 1 2  3 4 5 6 7  x@m3 
Fig.2.  Active power l o s s  d i s t r ibu t ion  f o r  the  

diphase  system. 
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Fig.3.  Active power l o s s  d i s t r i b u t i o n   f o r  
the  multi-phase  system. 
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