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I N TE RN ATI ON AL E LE CTROTE CH N I C AL COM M I S S I O N  

____________ 

 
MAGNETIC MATERIALS –  

 
Part  1 0:  Methods of measurement of magnetic  properties  
of electrical  steel  strip  and  sheet  at  medium  frequencies  

 
FORE W ORD  

1 )  Th e  I n te rn ati o n al  E l e ct ro t e ch n i c al  C o m m i s s i o n  ( I E C )  i s  a  wo rl d wi d e  o rg a n i z ati o n  fo r  s t an d a rd i z at i o n  co m p ri s i n g  
al l  n ati o n al  e l e c tro t e ch n i cal  co m m i tt e e s  ( I E C  N at i o n al  C o m m i tt e e s ) .  Th e  o b j e c t  o f  I E C  i s  to  pro m o t e  
i n te rn ati o n a l  co - o p e rat i o n  o n  a l l  q u e s t i o n s  co n c e rn i n g  s tan d a rd i z at i o n  i n  th e  e l e ct ri c al  an d  e l e c tro n i c  f i e l d s .  To  
t h i s  e n d  an d  i n  a d d i t i o n  to  o t h e r acti vi t i e s ,  I E C  p u b l i s h e s  I n te rn ati o n al  S t an d a rd s ,  Te ch n i cal  S pe ci f i c at i o n s ,  
Te ch n i c al  R e po rts ,  P u bl i c l y  Avai l abl e  S pe ci f i c at i o n s  ( P A S )  an d  G u i d e s  ( h e re aft e r re fe rre d  t o  as  “ I E C  
P u b l i cati o n ( s ) ” ) .  Th e i r  pre pa rat i o n  i s  e n t ru s t e d  to  te ch n i cal  c o m m i tte e s ;  an y I E C  N ati o n al  C o m m i t te e  i n te re s t e d  
i n  th e  s u bj e c t  d e al t  wi t h  m ay p art i ci p at e  i n  t h i s  p re p arat o ry wo rk.  I n t e rn ati o n al ,  g o ve rn m e n t al  an d  n o n -
g o ve rn m e n t al  o rg an i z ati o n s  l i a i s i n g  wi th  th e  I E C  al s o  pa rt i c i pate  i n  t h i s  p re p arati o n .  I E C  c o l l a b o rate s  cl o s e l y  
wi t h  th e  I n te rn at i o n al  O rg a n i z at i o n  fo r S t an d ard i z ati o n  ( I S O )  i n  acco rd a n ce  wi th  c o n d i t i o n s  d e te rm i n e d  b y 
ag re e m e n t  be t we e n  th e  t wo  o rg an i z ati o n s .  

2 )  Th e  fo rm al  d e c i s i o n s  o r  ag re e m e n ts  o f  I E C  o n  t e c h n i cal  m at te rs  e xp re s s ,  as  n e a rl y  as  p o s s i b l e ,  an  i n t e rn ati o n al  
c o n s e n s u s  o f  o p i n i o n  o n  t h e  re l e van t  s u b j e ct s  s i n c e  e ach  t e c h n i cal  co m m i tte e  h as  re p re s e n tati o n  fro m  al l  
i n te re s te d  I E C  N ati o n al  C o m m i t te e s .   

3 )  I E C  P u bl i c at i o n s  h a ve  th e  fo rm  o f  re co m m e n d at i o n s  fo r  i n t e rn at i o n al  u s e  an d  are  ac ce pt e d  by I E C  N at i o n al  
C o m m i tt e e s  i n  th at  s e n s e .  W h i l e  al l  re as o n a b l e  e ffo rt s  are  m ad e  t o  e n s u re  th at  t h e  t e ch n i cal  co n t e n t  o f  I E C  
P u b l i cati o n s  i s  acc u rate ,  I E C  c an n o t  b e  h e l d  re s p o n s i b l e  fo r  th e  wa y i n  wh i ch  t h e y  a re  u s e d  o r fo r  an y  
m i s i n t e rp re t at i o n  by an y e n d  u s e r.  

4)  I n  o rd e r t o  pro m o te  i n te rn ati o n al  u n i fo rm i t y,  I E C  N at i o n al  C o m m i tt e e s  u n d e rt ake  t o  ap p l y I E C  P u b l i c at i o n s  
t ran s p are n t l y  to  t h e  m a xi m u m  e xt e n t  p o s s i bl e  i n  th e i r  n a t i o n al  an d  re g i o n al  p u b l i cati o n s .  An y d i ve rg e n c e  
b e t we e n  an y I E C  P u b l i cati o n  a n d  t h e  co rre s po n d i n g  n ati o n al  o r  re g i o n al  p u bl i c at i o n  s h al l  b e  c l e arl y i n d i cate d  i n  
t h e  l att e r.  

5 )  I E C  i t s e l f  d o e s  n o t  p ro vi d e  an y att e s tati o n  o f  co n fo rm i ty.  I n d e p e n d e n t  c e rt i f i cat i o n  bo d i e s  p ro vi d e  co n fo rm i t y  
as s e s s m e n t  s e rvi c e s  an d ,  i n  s o m e  are as ,  acce s s  t o  I E C  m arks  o f  c o n fo rm i ty.  I E C  i s  n o t  re s p o n s i bl e  fo r  an y 
s e rvi c e s  carri e d  o u t  b y i n d e p e n d e n t  ce rt i f i c at i o n  b o d i e s .  

6 )  Al l  u s e rs  s h o u l d  e n s u re  th at  t h e y h ave  t h e  l at e s t  e d i t i o n  o f  th i s  p u b l i cati o n .  

7)  N o  l i a b i l i t y  s h al l  at t ach  to  I E C  o r  i ts  d i re c to rs ,  e m p l o y e e s ,  s e rvan t s  o r  ag e n ts  i n cl u d i n g  i n d i vi d u al  e xp e rt s  an d  
m em b e rs  o f  i t s  t e c h n i cal  c o m m i tt e e s  an d  I E C  N ati o n al  C o m m i t te e s  fo r  a n y pe rs o n al  i n j u ry,  pro pe rty  d am ag e  o r  
o t h e r d am ag e  o f  a n y n atu re  wh at s o e ve r,  wh e th e r d i re ct  o r  i n d i re ct ,  o r  fo r  c o s t s  ( i n cl u d i n g  l e g al  fe e s )  an d  
e xp e n s e s  ari s i n g  o u t  o f  t h e  pu bl i cati o n ,  u s e  o f,  o r  re l i a n c e  u p o n ,  th i s  I E C  P u b l i cati o n  o r  an y o th e r I E C  
P u b l i cat i o n s .   

8 )  Atte n ti o n  i s  d ra wn  t o  th e  N o rm at i ve  re f e re n c e s  ci t e d  i n  t h i s  p u b l i c at i o n .  U s e  o f  t h e  re f e re n ce d  p u bl i cati o n s  i s  
i n d i s p e n s a bl e  fo r th e  co rre c t  ap pl i cati o n  o f  th i s  p u b l i c at i o n .  

9 )  Atte n ti o n  i s  d ra wn  t o  th e  p o s s i b i l i t y  th at  s o m e  o f  th e  e l e m e n ts  o f  th i s  I E C  P u bl i cat i o n  m ay be  th e  s u bj e ct  o f  
pate n t  ri g h t s .  I E C  s h al l  n o t  b e  h e l d  re s p o n s i bl e  fo r  i d e n t i fyi n g  an y o r  a l l  s u c h  pat e n t  ri g h ts .  

I n te rn ati o n al  S tan d ard  I E C  6 0 4 0 4- 1 0  h as  b e e n  pre p are d  b y I E C  te c h n i cal  c o m m i tte e  6 8 :  
M ag n e ti c  al l o ys  an d  s te e l s .  

Th i s  s e co n d  e d i t i o n  can ce l s  an d  re p l ace s  th e  f i rs t  e d i t i o n  p u b l i s h e d  i n  1 9 8 8 .  Th i s  e d i t i o n  
co n s ti tu te s  a  te c h n i c al  re vi s i o n .  

Th i s  e d i ti o n  i n c l u d e s  th e  fo l l o wi n g  s i g n i f i can t  te c h n i c al  c h an g e s  wi th  re s p e ct  to  th e  pre vi o u s  
e d i t i o n :   

a)  ad apti o n  to  m o d e rn  m e as u re m e n t  an d  e val u ati o n  m e th o d s ,  i n  p arti cu l ar  t h e  i n tro d u cti o n  o f  
th e  wi d e l y s pre ad  d i g i tal  s am pl i n g  m e th o d  f o r  th e  ac q u i s i t i o n  an d  e val u ati o n  o f  th e  
m e as u re d  d ata;  

b)  i n tro d u c ti o n  o f  fo rm al  c h an g e s  wh i c h  ad ap t  th i s  s tan d ard  to  o th e r s tan d ard s  o f  th e  6 0 4 0 4 
s e ri e s ;  

c)  re vi s i o n  o f  th e  pro b l e m  o f  th e  ai r  f l u x  co m pe n s ati o n  taki n g  acco u n t  o f  th e  co n d i t i o n  o f  th e  
h i g h e r fre q u e n c i e s ;   
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d )  re vi s i o n  o f  th e  c ap aci t i ve  c o u p l i n g  o f  m u tu al  i n d u c to r  wi n d i n g s  to g e th e r wi th  th e  
co n s i d e rati o n  o f  th e  al te rn ati ve  m e th o d  o f  n u m e ri c al  ai r  f l u x  co m pe n s ati o n .  

Th e  te x t  o f  th i s  s tan d ard  i s  b as e d  o n  th e  fo l l o wi n g  d o c u m e n ts :  

C D V  R e p o rt  o f  vo t i n g  

6 8 /5 2 3 /C D V  6 8 /5 5 6 /R V C  

 
Fu l l  i n fo rm ati o n  o n  th e  vo ti n g  fo r th e  ap pro val  o f  th i s  s tan d ard  c an  b e  fo u n d  i n  th e  re po rt  o n  
vo t i n g  i n d i c ate d  i n  th e  ab o ve  tab l e .  

Th i s  p u b l i c ati o n  h as  b e e n  d rafte d  i n  acc o rd an c e  wi th  th e  I S O/I E C  D i re cti ve s ,  P art  2 .  

A l i s t  o f  al l  parts  i n  th e  I E C  6 0 4 0 4 s e ri e s ,  p u b l i s h e d  u n d e r th e  g e n e ral  t i t l e  Magnetic materials,  

can  be  fo u n d  o n  th e  I E C  we bs i te .  

Th e  c o m m i tte e  h as  d e ci d e d  th at  th e  c o n te n ts  o f  th i s  p u bl i c ati o n  wi l l  re m ai n  u n ch an g e d  u n ti l  
th e  s tabi l i t y d ate  i n d i cate d  o n  th e  I E C  we bs i te  u n d e r " h ttp: //we bs to re . i e c. c h "  i n  th e  d ata 
re l ate d  to  th e  s p e c i fi c  p u b l i c ati o n .  At  th i s  d ate ,  th e  p u b l i c ati o n  wi l l  b e   

•  re co n fi rm e d ,  

•  wi th d rawn ,  

•  re p l ace d  b y a re vi s e d  e d i ti o n ,  o r  

•  am e n d e d .  

A b i l i n g u al  ve rs i o n  o f  th i s  p u bl i c ati o n  m a y be  i s s u e d  at  a  l ate r  d ate .  
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I N TROD U CTI O N  

B e s i d e s  th e  f act  th at  th e  f i rs t  e d i t i o n  o f  th i s  p art  o f  I E C  6 0 40 4  i s  m o re  th an  2 5  ye ars  o l d ,  th e  
m ai n  p u rpo s e  o f  th i s  re vi s i o n  i s  to  ad apt  i t  to  m o d e rn  m e as u re m e n t  an d  e val u ati o n  m e th o d s ,  
i n  p arti c u l ar  to  i n tro d u c e  th e  wi d e l y s pre ad  d i g i tal  s am pl i n g  m e th o d  fo r  th e  ac q u i s i t i o n  an d  
e val u ati o n  o f  th e  m e as u re d  d ata.   

I n  ad d i t i o n ,  th e  pro bl e m  o f  th e  ai r  f l u x  co m pe n s ati o n  h ad  to  be  re - c o n s i d e re d  u n d e r  th e  
co n d i t i o n  o f  th e  e l e vate d  fre q u e n c i e s .  C apac i t i ve  c o u p l i n g  o f  m u tu al  i n d u cto r wi n d i n g s  re q u i re  
o bs e rvan ce  o f  s i g n i f i can t  p h as e  s h i ft  i n f l u e n ce  an d  s u g g e s t  co n s i d e rati o n  o f  th e  al te rn ati ve  
m e th o d  o f  n u m e ri cal  ai r  f l u x  c o m pe n s ati o n .  An  i n cre as e  o f  th e  fre q u e n c y ran g e  to  2 0  kH z was  
d i s cu s s e d  b y TC  6 8  s i n ce  s o m e  m an u fac tu re rs  o f  e l e ctri c al  s te e l  i n c l u d e  th i s  ran g e  i n  th e i r  
catal o g u e s .  H o we ve r,  TC  6 8  d e c i d e d  to  ke e p  th e  fre q u e n c y ran g e  to  th at  d e fi n e d  i n  
I E C  6 0 4 0 4- 1 0 : 1 9 8 8 :  4 0 0  H z  to  1 0  kH z .   
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MAGNETIC MATERIALS –  
 

Part  1 0:  Methods of measurement of magnetic  properties  
of electrical  steel  strip  and  sheet  at  medium  frequencies  

 
 
 

1  Scope 

Th i s  p art  o f  I E C  6 0 4 0 4  i s  ap p l i cab l e  to  g rai n - o ri e n te d  an d  n o n - o ri e n te d  e l e c tri cal  s te e l  s tr i p  
an d  s h e e t  fo r  m e as u re m e n ts  o f  a. c.  m ag n e ti c  pro p e rti e s  i n  th e  fre q u e n c y ran g e  4 0 0  H z  to  
1 0  0 0 0  H z .   

Th e  o bj e ct  o f  th i s  d o c u m e n t  i s  to  d e f i n e  th e  g e n e ral  pri n c i p l e s  an d  th e  te ch n i cal  d e tai l s  o f  th e  
m e as u re m e n t  o f  m ag n e ti c  pro p e rti e s  o f  e l e ctri c al  s te e l  s tri p  an d  s h e e t  b y m e an s  o f  an  E ps te i n  
fram e .  

Th e  E ps te i n  fram e  i s  ap p l i c ab l e  to  te s t  s p e c i m e n s  o btai n e d  fro m  e l e ctri cal  s te e l  s tri ps  an d  
s h e e ts  o f  an y g rad e .  Th e  AC  m ag n e ti c  ch aracte ri s ti cs  are  d e te rm i n e d  fo r  s i n u s o i d al  i n d u ce d  
vo l tag e s ,  fo r  s p e c i f i e d  p e ak val u e s  o f  m ag n e ti c  p o l ari zati o n  an d  fo r  a  s p e c i fi e d  fre q u e n c y.   

Th e  m e as u re m e n ts  are  to  b e  m ad e  at  an  am bi e n t  te m p e ratu re  o f  ( 2 3  ±  5 ) ° C  o n  te s t  
spe ci m e n s  wh i ch  h ave  f i rs t  be e n  d e m ag n e ti ze d .  

N O TE  Th ro u g h o u t  th i s  d o c u m e n t  th e  te rm  " m ag n e ti c  p o l a ri z at i o n "  i s  u s e d  as  d e fi n e d  i n  I E C  6 0 0 5 0 - 2 2 1 .  I n  s o m e  
s tan d a rd s  o f  t h e  I E C  6 0 40 4 s e ri e s ,  t h e  t e rm  " m ag n e t i c  f l u x d e n s i ty"  was  u s e d .  

2 Normative references  

Th e  f o l l o wi n g  d o cu m e n ts  are  re fe rre d  to  i n  th e  te xt  i n  s u c h  a  wa y th at  s o m e  o r al l  o f  th e i r  
co n te n t  co n s ti tu te s  re q u i re m e n ts  o f  th i s  d o cu m e n t.  F o r d ate d  re f e re n ce s ,  o n l y th e  e d i t i o n  
ci te d  app l i e s .  F o r u n d ate d  re fe re n ce s ,  th e  l ate s t  e d i t i o n  o f  t h e  re fe re n ce d  d o cu m e n t ( i n c l u d i n g  
an y am e n d m e n ts )  ap pl i e s .  

I E C  6 0 0 5 0 - 1 2 1 ,  International Electrotechnical Vocabulary – Part 121: Electromagnetism 

I E C  6 0 0 5 0 - 2 2 1 ,  International Electrotechnical Vocabulary – Chapter 221: Magnetic materials 
and components 

I E C  6 0 4 0 4- 8  ( al l  parts ) ,  Magnetic materials – Part 8: Specifications for individual materials 

I E C  6 0 4 0 4- 1 3 ,  Magnetic materials – Part 13: Methods of measurement of density,  resistivity 
and stacking factor of electrical steel sheet and strip 

3 Terms and  defin i tions  

Fo r th e  pu rp o s e s  o f  th i s  d o c u m e n t,  th e  te rm s  an d  d e fi n i t i o n s  g i ve n  i n  I E C  6 0 0 5 0 - 2 2 1  an d  
I E C  6 0 0 5 0 - 1 2 1  app l y.   

I S O an d  I E C  m ai n tai n  te rm i n o l o g i cal  d atab as e s  fo r u s e  i n  s tan d ard i zat i o n  at  th e  fo l l o wi n g  
ad d re s s e s :  

•  I E C  E l e ctro pe d i a:  avai l ab l e  at  h ttp : //www. e l e ctro pe d i a. o rg /  

•  I S O O n l i n e  bro ws i n g  p l atfo rm :  avai l ab l e  at  h ttp : //www. i s o . o rg /o b p  
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4 General  principle of  a.c.  measurements  

4.1  General   

C l au s e  4  s p e c i f i e s  th e  g e n e ral  co n d i t i o n s  fo r  th e  d e te rm i n ati o n  o f  a. c. m ag n e ti c  pro p e rti e s  o f  
e l e c tri cal  s te e l  s tr i p  an d  s h e e t  b y m e an s  o f  th e  2 5  cm  E ps te i n  fram e .   

4.2  Principle of  the  25  cm  Epstein  frame method   

Th e  2 5  cm  E ps te i n  fram e ,  wh i ch  co m pri s e s  a  pri m ary wi n d i n g ,  a  s e c o n d ary wi n d i n g  an d  th e  
s pe c i m e n  to  b e  te s te d  as  a  co re ,  fo rm s  an  u n l o ad e d  tran s fo rm e r wh o s e  ch aracte ri s ti cs  are  
m e as u re d  b y th e  m e th o d  d e s cri b e d  i n  th e  fo l l o wi n g  s u bc l au s e s  4. 3  to  4. 1 0 .   

At  th e  h i g h e r e n d  o f  th e  f re q u e n c y ran g e ,  a  s pe ci al l y co n s tru cte d  E ps te i n  fram e  ( s e e  An n e x A)  
m ay be  re q u i re d  i n  wh i c h  th e  i n te rwi n d i n g  cap aci tan ce s  are  l o w,  s o  th at  th e  c ap aci t i ve  p art  o f  
th e  i m pe d an ce  h as  a  n e g l i g i b l e  i m pact  o n  th e  l o s s  re s u l ts .  T h e  m ate ri al  o f  th e  wi n d i n g  fo rm e rs  
s u p p o rti n g  th e  wi n d i n g s  h as  a l o w d i e l e ctri c  l o s s .  

A s e p arate  m e as u ri n g  s ys te m  ( fo r  e x am pl e  a  c o m m e rci al l y  avai l ab l e  d i g i tal  bri d g e  cap ab l e  o f  
m e as u ri n g  re s i s tan c e ,  c apac i tan ce  an d  i n d u ctan c e )  i s  re q u i re d  to  d e te rm i n e  th e  i n te r - wi n d i n g  
cap ac i tan ce  o f  th e  E ps te i n  fram e .  

4.3  Test  specimen   

Th e  s tri ps  to  be  te s te d  are  as s e m b l e d  i n  a  s q u are ,  h avi n g  d o u bl e - o ve rl ap p e d  c o rn e r  j o i n ts  
( s e e  F i g u re  1 )  th u s  fo rm i n g  fo u r l i m bs  o f  e q u al  l e n g th  an d  e q u al  cro s s - s e c ti o n al  are a.  

 

Figure 1  – Double-lapped  jo ints  

Th e  s tri ps  s h al l  be  s am pl e d  i n  acco rd an ce  wi th  th e  appro pri ate  pro d u ct  s tan d ard  i n  th e  
I E C  6 0 4 0 4- 8  s e ri e s .   

Th e y s h al l  b e  cu t  b y a m e th o d  wh i c h  wi l l  pro d u ce  s u bs tan ti al l y bu rr- fre e  e d g e s  an d ,  i f  s o  
s pe c i f i e d ,  h e at  tre ate d  i n  acco rd an ce  wi th  th e  c o rre s p o n d i n g  p ro d u ct  s tan d ard .  Th e y s h al l  
h ave  th e  fo l l o wi n g  d i m e n s i o n s :   

– wi d th   b  =  3 0  m m  ±  0 , 2  m m ;   

– l e n g th   2 8 0  m m  ≤  l  ≤  3 2 0  m m .  

Th e  l e n g th  o f  th e  s tri ps  s h al l  b e  e q u al  wi th i n  a to l e ran c e  o f  ±  0 , 5  m m .   

W h e n  th e  s tri ps  are  c u t  paral l e l  o r  n o rm al  to  th e  d i re cti o n  o f  ro l l i n g ,  th e  e d g e  o f  th e  p are n t  
s h e e t  s h al l  b e  take n  as  th e  re fe re n c e  d i re cti o n .   

Th e  fo l l o wi n g  to l e ran c es  s h al l  app l y f o r  th e  an g l e  b e twe e n  th e  s pe c i f i e d  an d  ac tu al  d i re cti o n  
o f  cu tt i n g :   

IEC  
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– ±  1 °  f o r  g rai n - o ri e n te d  s te e l  s h e e t;   

– ±  5 °  f o r  n o n - o ri e n te d  s te e l  s h e e t.   

On l y f l at  s tr i ps  s h al l  b e  u s e d .  M e as u re m e n ts  s h al l  b e  m ad e  wi th o u t  ad d i t i o n al  i n s u l at i o n .   

Th e  n u m be r o f  s tri ps  co m pri s i n g  th e  te s t  s p e c i m e n  s h al l  be  n o t  l e s s  th an  twe l ve  an d  s h al l  b e  

a  m u l t i p l e  o f  fo u r.  A fo rce  o f  ( 1  ±  0 , 1 )  N  s h al l  b e  app l i e d  to  e ach  c o rn e r,  n o rm al  to  th e  pl an e  o f  
th e  o ve rl ap p i n g  s tri ps .  

4.4  The 25  cm  Epstein  frame  

Th e  2 5  cm  E ps te i n  fram e  ( h e re i n afte r  re f e rre d  to  as  th e  E ps te i n  fram e )  s h al l  c o n s i s t  o f  fo u r 
s o l e n o i d s  i n to  wh i ch  th e  te s t  s p e c i m e n  s tri ps  are  i n s e rte d  i n  s u ch  a  m an n e r th at  a  c l o s e d  
m ag n e ti c  c i rc u i t  i s  fo rm e d  ( s e e  F i g u re  2 ) .  

D i m e n s i o n s  i n  m i l l i m e t re s  

 

Figure 2  – The 25  cm  Epstein  frame  

I f  m e as u re m e n ts  are  to  be  m ad e  u n d e r th e  c o n d i t i o n s  s p e ci fi e d  i n  4. 5 ,  a  m u tu al  i n d u c to r f o r  
ai r  f l u x  co m pe n s ati o n  m ay b e  pro vi d e d .   

Th e  wi n d i n g  fo rm e rs  s u p po rti n g  th e  wi n d i n g s  s h al l  b e  m ad e  o f  h ard  i n s u l at i n g  m ate ri al  o f  l o w 
d i e l e ctri c  l o s s ,  s u ch  as  p o l ys t yre n e .  Th e y h ave  a  re ctan g u l ar cro s s - se cti o n  wi th  3 2  m m  i n n e r 
wi d th .  A h e i g h t  o f  ap pro xi m ate l y 5  m m  i s  re c o m m e n d e d .   

Th e  s o l e n o i d s  s h al l  b e  f i xe d  to  an  i n s u l ati n g  an d  n o n - m ag n e ti c  b as e  i n  s u ch  a  wa y to  fo rm  a  
s q u are  ( s e e  F i g u re  2 ) .  Th e  l e n g th  o f  th e  s i d e s  o f  th e  s q u are  fo rm e d  b y th e  i n te rn al  e d g e s  o f  

th e  s tri ps  o f  th e  te s t  s pe c i m e n  s h al l  be  2 2 0  + 1
0  m m  (s e e  F i g u re  2 ) .   

I n  o rd e r  to  avo i d  u n d u e  we ar o f  th e  wi n d i n g  fo rm e rs  an d  e s p e ci al l y o f  th e i r  i n n e r s u rfac e s ,  
wi n d i n g  fo rm e rs  o f  l arg e r  cro s s - s e c ti o n  can  be  u s e d  i n to  wh i c h  re p l ace ab l e  l i n e rs  o f  
ap pro p ri ate  d i m e n s i o n s  m ay be  i n s e rte d .   

E ach  o f  th e  fo u r s o l e n o i d s  s h al l  h ave  two  wi n d i n g s :   

l =  9 40  

2 8 0  
      + 1  

2 2 0    0  

≥1 9 0  

IEC  
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– a pri m ary wi n d i n g ,  o n  th e  o u ts i d e  ( m ag n e ti zi n g  wi n d i n g ) ;   

– a  s e c o n d ar y wi n d i n g ,  o n  th e  i n s i d e  ( vo l tag e  wi n d i n g ) .   

Th e  wi n d i n g s  s h al l  b e  d i s tri b u te d  u n i fo rm l y o ve r a m i n i m u m  l e n g th  o f  1 9 0  m m ,  e ac h  s o l e n o i d  
h avi n g  o n e  q u arte r  o f  th e  to tal  n u m be r o f  tu rn s .   

Th e  i n d i vi d u al  pri m ary wi n d i n g s  o f  th e  fo u r s o l e n o i d s  s h al l  b e  c o n n e c te d  i n  s e ri e s ,  an d  th e  
i n d i vi d u al  s e c o n d ary wi n d i n g s  s h al l  be  co n n e cte d  i n  a  s i m i l ar  fas h i o n .   

At  th e  h i g h e r  e n d  o f  th e  fre q u e n c y ran g e ,  th e  l o s s  c o n tri b u ti o n  d u e  to  th e  c ap aci tan ce  
be twe e n  th e  p ri m ar y an d  s e c o n d ar y wi n d i n g s  an d  al s o  th e  s e l f - c ap aci tan c e  o f  th e  s e c o n d ary 
wi n d i n g  co u l d  b e  s i g n i f i c an t.  Th e  wi n d i n g s  s h al l  b e  s p ace d  to  m i n i m i z e  th i s  l o s s .   

Th e  c ap aci tan ce  b e twe e n  th e  wi n d i n g s  an d  th e  s e l f - cap ac i tan c e  o f  th e  s e co n d ary wi n d i n g  
s h al l  b e  m e as u re d .  I f  n e c e s s ar y,  a  co rre c ti o n  s h al l  b e  app l i e d  fo r  th e  l o s s  i n tro d u ce d .   

Th e  n u m b e r o f  tu rn s  o f  p ri m ary an d  s e c o n d ary wi n d i n g s  s h al l  b e  c h o s e n  to  s u i t  th e  parti cu l ar  
co n d i t i o n s  o f  th e  po we r s u p p l y,  m e as u ri n g  e q u i pm e n t an d  fre q u e n c y.   

A to tal  n u m be r o f  2 0 0  tu rn s  fo r  e ac h  o f  th e  pri m ary an d  s e co n d ary wi n d i n g s  i s  re c o m m e n d e d  
an d  i s  c o m m o n l y u s e d  fo r te s ts  i n  th e  fre q u e n c y ran g e  4 0 0  H z  to  1 0  0 0 0  H z .   

Th e  i m pe d an c e  o f  th e  m ag n e ti z i n g  wi n d i n g s  s h al l  b e  s u ff i c i e n tl y s m al l  to  avo i d  wave f o rm  
d i s to rt i o n  an d  m i n i m i ze  i n te rn al  vo l tag e  d ro ps .   

Th e  e ffe cti ve  m ag n e ti c  p ath  l e n g th ,  lm ,  o f  th e  m ag n e ti c  c i rc u i t  s h al l  b e  co n ve n ti o n al l y 

as s u m e d  to  b e  e q u al  to  0 , 9 4  m .   

Th e  acti ve  m as s ,  ma,  i . e .  th e  m ag n e ti cal l y ac t i ve  m as s  o f  th e  te s t  s pe c i m e n ,  i s  g i ve n  b y:   

 m
l

l
m

4
m

a =  ( 1 )  

wh e re :   

ma  i s  th e  m ag n e ti cal l y acti ve  m as s  o f  te s t  s p e ci m e n ,  i n  ki l o g ram s ;   

m  i s  th e  m as s  o f  te s t  s p e ci m e n ,  i n  ki l o g ram s ;   

lm  i s  th e  co n ve n ti o n al  e ffe cti ve  m ag n e ti c  p ath  l e n g th ,  i n  m e tre s  (lm  =  0 , 9 4  m ) ;   

l  i s  th e  l e n g th  o f  a  te s t  s p e ci m e n  s tri p,  i n  m e tre s .  

4.5  Ai r f lux compensation   

A co m p e n s ati o n  f o r  ai r  f l u x  s h al l  b e  m ad e  fo r  m ag n e ti c  f i e l d  s tre n g th s  g re ate r  th an  o r  e q u al  to  
1  0 0 0  A/m .  At  th e  l o we r  e n d  o f  th e  fre q u e n c y ran g e  ( l e s s  th an  o r e q u al  to  1  0 0 0  H z)  a  m u tu al  
i n d u cto r  m ay b e  u s e d  to  co m pe n s ate  fo r  th e  ai r  f l u x.   

Th e  pri m ary wi n d i n g  o f  th e  m u tu al  i n d u c to r s h al l  be  co n n e cte d  i n  s e ri e s  wi th  th e  pri m ary 
wi n d i n g  o f  th e  E ps te i n  f ram e ,  an d  th e  s e co n d ary wi n d i n g  o f  th e  m u tu al  i n d u c to r s h al l  b e  
co n n e cte d  to  th e  s e co n d ar y wi n d i n g  o f  th e  E ps te i n  fram e  i n  s e ri e s  o pp o s i t i o n  ( s e e  F i g u re  3 ) .  

An  ad j u s tm e n t o f  th e  val u e  o f  th e  m u tu al  i n d u c tan ce  s h al l  b e  m ad e  s o  th at,  wh e n  p as s i n g  an  
al te rn ati n g  c u rre n t  th ro u g h  th e  c o m bi n e d  pri m ary wi n d i n g s  i n  th e  abs e n ce  o f  th e  s pe c i m e n  i n  
th e  ap paratu s ,  th e  vo l tag e  m e as u re d  be twe e n  th e  n o n - c o m m o n  te rm i n al s  o f  th e  co m bi n e d  
se co n d ar y wi n d i n g s  s h al l  be  n o  m o re  th an  0 , 1  % o f  th e  vo l tag e  ap p e ari n g  acro s s  th e  
se co n d ar y wi n d i n g  o f  th e  te s t  ap paratu s  al o n e .   
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Th u s  th e  ave rag e  re cti f i e d  val u e  o f  th e  vo l tag e  i n d u c e d  i n  th e  c o m bi n e d  s e co n d ar y wi n d i n g s  
i s  pro p o rti o n al  to  th e  pe ak val u e  o f  th e  m ag n e ti c  p o l ari zati o n  i n  th e  te s t  s p e ci m e n .   

At  th e  h i g h e r  e n d  o f  th e  fre q u e n c y ran g e ,  c o u p l i n g  th ro u g h  i n te rwi n d i n g  cap aci tan ce s  o f  th e  
m u tu al  i n d u cto r  c an  l e ad  to  a  s i g n i f i c an t  p h as e  s h i ft  o f  th e  s e co n d ary i n d u c e d  vo l tag e  
fol l o we d  b y a  re l e van t  e rro r i n  th e  m e as u re m e n t  o f  th e  m ag n e ti c  l o s s  val u e .  I t  h as  to  be  
en s u re d  th at  th e  m u tu al  i n d u c tan c e  d o e s  n o t  l e ad  to  a  s i g n i f i c an t  p h as e  s h i ft  o f  th e  s e c o n d ar y 
i n d u c e d  vo l tag e .  Ap pro p ri ate  d e s i g n  o f  th e  s e co n d ary wi n d i n g  o f  th e  m u tu al  i n d u cto r,  i . e .  
l arg e r d i s tan ce s  b e twe e n  th e  wi n d i n g s ,  can  avo i d  th e  ph as e  s h i ft .  I f ,  at  th e  h i g h e r  e n d  o f  th e  
fre q u e n c y ran g e ,  a  re l e van t  p h as e  s h i ft  can n o t  b e  avo i d e d  i n  th i s  wa y,  th e  m u tu al  i n d u c to r 
s h al l  b e  re m o ve d  fro m  th e  m e as u re m e n t c i rcu i t  an d  n u m e ri c al  ai r  f l u x  co m pe n s ati o n  s h al l  be  
ap p l i e d  ( s e e  C l au s e  B . 4) .  

4.6  Power supply  

Th e  po we r s u pp l y s h al l  h ave  a  l o w i n te rn al  i m pe d an ce  an d  a  h i g h  s tab i l i t y o f  vo l tag e  an d  
fre q u e n c y.  D u ri n g  th e  m e as u re m e n t,  th e  vo l tag e  an d  fre q u e n c y vari ati o n s  s h al l  n o t  e xc e e d  

±  0 , 2  %  o f  th e  re q u i re d  val u e .   

Fo r  th e  d e te rm i n ati o n  o f  th e  s p e ci f i c  to tal  l o s s ,  th e  s pe ci fi c  app are n t  po we r an d  r. m . s .  val u e  o f  
th e  m ag n e ti c  f i e l d  s tre n g th ,  th e  fo rm  facto r o f  th e  s e c o n d ary i n d u c e d  vo l tag e  s h al l  be  

1 , 1 1 1  wi th i n  ±  1  % .  

N O TE   Th i s  i s  p o s s i b l e  i n  s e ve ra l  ways ;  fo r e xam pl e  by  u s i n g  an  e l e ct ri cal l y  c o n t ro l l e d  p o we r s u pp l y o r a  n e g ati ve  
fe e d back p o we r am p l i f i e r.   

Th e  fo rm  facto r o f  th e  s e co n d ar y i n d u c e d  vo l tag e  i s  th e  rati o  o f  i ts  r. m . s .  val u e  to  i ts  ave rag e  
re cti f i e d  val u e .  T wo  vo l tm e te rs ,  o n e  re s p o n s i ve  to  r. m . s .  val u e s  an d  th e  o th e r re s p o n s i ve  to  
ave rag e  re cti f i e d  val u e s  s h al l  b e  u s e d  to  d e te rm i n e  th e  fo rm  facto r.   

W h e n  a n e g ati ve  fe e d back am pl i f i e r  i s  u s e d  fo r th e  s u p p l y,  i t  m a y be  n e ce s s ar y to  o bs e rve  
th e  wave f o rm  o f  th e  s e c o n d ar y i n d u c e d  vo l tag e  o n  an  o s c i l l o s c o p e  to  e n s u re  th at  th e  co rre c t  
wave fo rm  o f  th e  f u n d am e n tal  fre q u e n c y i s  be i n g  pro d u c e d .   

4.7  Vol tage  measurement  

4.7. 1  General  

Th e  s e co n d ary i n d u c e d  vo l tag e  s h al l  be  m e as u re d  b y m e an s  o f  appro pri ate  vo l tm e te rs  h avi n g  

an  i n p u t  i m pe d an ce  g re ate r th an  o r  e q u al  to  1  0 0 0  Ω/V.   

N O TE  F o r t h e  ap pl i cat i o n  o f  d i g i tal  s am p l i n g  m e t h o d s ,  s e e  An n e x B .  

4.7.2  Average  type vol tmeter  

A vo l tm e te r re s p o n s i ve  to  ave rag e  re cti f i e d  val u e s  h avi n g  an  accu rac y o f  ±  0 , 5  %  o r  b e tte r  
s h al l  b e  u s e d .   

N O TE  1  I n s tru m e n ts  o f  t h i s  t ype  a re  u s u al l y  g rad u at e d  i n  ave ra g e  re c ti f i e d  va l u e  m u l t i p l i e d  b y 1 , 1 1 1 .   

Th e  l o ad  o n  th e  s e co n d ary c i rc u i t  o f  th e  n e two rk s h al l  be  as  s m al l  as  po s s i bl e .  C o n s e q u e n tl y,  

th e  i n te rn al  re s i s tan c e  o f  th e  ave rag e  t yp e  vo l tm e te r s h al l  b e  at  l e as t  1  0 0 0  Ω/V.   

N O TE  2  Th e  p re fe rre d  i n s t ru m e n t  i s  a  d i g i tal  vo l t m e t e r.  

4.7.3  RMS vol tmeter  

A vo l tm e te r  re s p o n s i ve  to  r. m . s .  val u e s  h avi n g  an  acc u rac y o f  ±  0 , 5  %  o r  b e tte r  s h al l  b e  u s e d .   

N O TE  Th e  p re f e rre d  i n s t ru m e n t  i s  a  d i g i t a l  vo l t m e t e r.  
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4.8  Current  measurement   

Th e  m ag n e ti z i n g  cu rre n t  s h al l  b e  m e as u re d  b y e i th e r:   

– an  am m e te r h avi n g  an  ac cu rac y ±  0 , 5  %  o r  be tte r  o f  l o w i m pe d an c e ;   

o r   

– m e as u ri n g  th e  vo l tag e  d ro p acro s s  a n o n - i n d u cti ve  p re c i s i o n  re s i s to r c o n n e cte d  i n  s e ri e s  
wi th  th e  pri m ar y wi n d i n g .  Th e  c o m bi n e d  u n c e rtai n ti e s  o f  th e  re s i s to r  an d  th e  vo l tm e te r 
s h al l  n o t  e xce e d  1  %.   

Th e  cu rre n t  m e as u ri n g  d e vi ce  s h al l  b e  s h o rt- ci rcu i te d  wh e n  th e  s e c o n d ar y i n d u ce d  vo l tag e  
h as  be e n  ad j u s te d  an d  th e  l o s s  i s  b e i n g  m e as u re d .   

N O TE  1  Th e  pre fe rre d  i n s t ru m e n t  i s  a  d i g i tal  am m e te r o r a  d i g i t a l  vo l t m e t e r.  

N O TE  2  F o r t h e  ap pl i cat i o n  o f  d i g i tal  s am p l i n g  m e th o d s ,  s e e  An n e x B .  

4.9  Frequency measurement   

A fre q u e n c y m e te r h avi n g  an  accu rac y ±  0 , 1  % o r  b e tte r s h al l  b e  u s e d .   

N O TE  F o r t h e  ap pl i cat i o n  o f  d i g i tal  s am pl i n g  m e t h o d s ,  s e e  An n e x B .  

4.1 0  Power measurement   

Th e  p o we r  s h al l  b e  m e as u re d  b y a  wattm e te r  h avi n g  an  accu rac y o f  ±  0 , 5  %  o r  be tte r  at  th e  
fre q u e n c y,  p o we r  facto r,  an d  cre s t  fac to r  to  be  u s e d .  R e ad i n g s  i n  th e  f i rs t  q u arte r  o f  th e  s cal e  
s h al l  b e  avo i d e d  as  far as  p o s s i b l e .   

N O TE  F o r t h e  ap pl i cat i o n  o f  d i g i tal  s am p l i n g  m e t h o d s ,  s e e  An n e x B .   

Th e  re s i s tan ce  o f  th e  vo l tag e  ci rc u i t  o f  th e  wattm e te r  s h al l  b e  at  l e as t  1 0 0  Ω/V fo r  al l  ran g e s .  
I f  n e c e s s ary th e  l o s s e s  i n  th e  s e co n d ar y c i rcu i t  s h al l  b e  s u b tracte d  fro m  th e  i n d i c ate d  l o s s  
val u e .   

M o re o ve r,  th e  o h m i c  re s i s tan c e  o f  th e  vo l tag e  ci rcu i t  o f  th e  wattm e te r  s h al l  b e  at  l e as t  5  0 0 0  
ti m e s  i ts  re ac tan ce ,  u n l e s s  th e  wattm e te r i s  co m pe n s ate d  fo r i ts  re actan ce ,  to  avo i d  
n e ce s s ar y co rre cti o n s  o f  ph as e  an g l e .  

5 Procedure for the determination  of  the speci fic  total  loss  

5.1  General   

C l au s e  5  d e s cri b e s  th e  wattm e te r  m e th o d  fo r  th e  d e te rm i n ati o n  o f  th e  s pe ci f i c  to tal  l o s s  o f  
e l e c tri cal  s te e l  s tr i p  an d  s h e e t  at  fre q u e n ci e s  i n  th e  ran g e  4 0 0  H z  to  1 0  0 0 0  H z .  

Th e  s pe c i f i c  to tal  l o s s  i s  d e te rm i n e d ,  acc o rd i n g  to  th i s  m e th o d ,  fo r  s p e ci f i e d  p e ak val u e s  o f  
m ag n e ti c  p o l ari z ati o n  an d  fo r  a  s pe ci f i e d  fre q u e n c y.   

I n  o rd e r to  o b tai n  co m parab l e  re s u l ts ,  te s t  val u e s  s h al l  b e  re f e rre d  to  m ag n e ti c  p o l ari zati o n  o f  
s i n u s o i d al  wave f o rm .  

5.2  Preparation  for  measurement   

Th e  E ps te i n  fram e  an d  m e as u ri n g  e q u i pm e n t  s h al l  b e  c o n n e c te d  as  s h o wn  i n  F i g u re  3 .  



I E C  6 0 4 0 4- 1 0 : 2 0 1 6  © I E C  2 0 1 6  – 1 3  – 

 

Components  

V1  ave ra g e  t yp e  vo l t m e t e r 

V2  r. m . s .  vo l tm e t e r  

A1  cu rre n t  m e as u ri n g  d e vi c e  

F1  fre q u e n c y m e t e r  

W 1  wat tm e te r  

M   m u tu al  i n d u c to r  

E   E p s t e i n  fram e  

S 1  s wi t ch  

N O TE  Th e  ci rcu i t  d i a g ram  o f  F i g u re  3  i l l u s trat e s  th e  p ri n ci p l e  o f  th e  wat tm e te r m e t h o d .  I t  al s o  s e t s  o u t  th e  
fu n d am e n tal s  o f  th e  d i g i t al  Wat tm e t e r m e th o d  wh e re  th e  i n s t ru m e n t al  fu n cti o n s  are  re al i z e d  p art l y  t h ro u g h  th e  
e va l u ati n g  s o ft ware .   

Figure 3  – Ci rcu i t  for  the wattmeter method   

Th e  te s t  s p e c i m e n  s h al l  be  we i g h e d  an d  i ts  m as s  d e te rm i n e d  wi th i n  ±  0 , 1  %.  Afte r we i g h i n g ,  
th e  s tri ps  s h al l  b e  l o ad e d  i n to  th e  s o l e n o i d s  o f  th e  E ps te i n  fram e  fo rm i n g  d o u b l e - o ve rl ap p i n g  
co rn e r  j o i n ts .  I n  th e  cas e  o f  s tri ps  wh i c h  are  c u t  h al f  i n  th e  d i re c ti o n  o f  ro l l i n g  an d  h al f  n o rm al  
to  th at  d i re c ti o n ,  c are  s h al l  b e  take n  th at  al l  th e  s tri ps  cu t  i n  th e  d i re cti o n  o f  ro l l i n g  are  p l ac e d  
i n  two  o p po s i te  s o l e n o i d s  o f  th e  fram e  an d  th at  th o s e  c u t  n o rm al  to  th at  d i re cti o n  are  p l ace d  i n  
th e  two  o th e r  o p po s i te  s o l e n o i d s .  Th e  j o i n ts  s h al l  f o rm  a m i n i m u m  g ap  b e twe e n  th e  s tri ps .  Th e  
s tri ps  s h al l  b e  po s i ti o n e d  s o  as  to  co n fo rm  wi th  th e  re q u i re m e n ts  o f  4 . 4 .  Th e  n u m be r  o f  s tri ps  
s h al l  b e  th e  s am e  i n  e ach  s o l e n o i d .   

B e fo re  m e as u re m e n t,  th e  te s t  s p e ci m e n  s h al l  b e  d e m ag n e ti z e d  b y a  d e cre as i n g  al te rn ati n g  
m ag n e ti c  f i e l d  o f  an  i n i t i al  l e ve l  h i g h e r th an  u s e d  i n  pre vi o u s  m e as u re m e n ts .  

5.3  Adjustment  of  power supply  

I n  o rd e r to  ac h i e ve  th e  s pe c i f i e d  pe ak val u e  o f  th e  p o l ari s ati o n ,  Ĵ ,  th e  p o we r s u p p l y o u tp u t  

s h al l  b e  ad j u s te d  s o  th at  th e  ave rag e  re cti f i e d  val u e  o f  th e  s e co n d ary i n d u ce d  vo l tag e  i s :   

 JA
RR

R
fNU ˆ4

ti

i
22 









+
=  ( 2 )  

wh e re :  

2U  i s  th e  ave rag e  re cti f i e d  val u e  o f  th e  vo l tag e  i n d u c e d  i n  th e  co m b i n e d  s e c o n d ar y 

wi n d i n g s ,  i n  vo l ts ;  

f i s  th e  fre q u e n c y,  i n  h e rtz ;  
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R i   i s  th e  co m b i n e d  e q u i val e n t  re s i s tan c e  o f  i n s tr u m e n ts  i n  th e  s e co n d ary c i rc u i t,  i n  o h m s ;  

Rt   i s  th e  s e ri e s  re s i s tan ce  o f  th e  co m bi n e d  s e co n d ary wi n d i n g s ,  i n  o h m s ;  

N2   i s  th e  n u m be r o f  tu rn s  o f  th e  s e c o n d ar y wi n d i n g  o f  th e  E ps te i n  fram e ;   

A   i s  th e  cro s s - s e c ti o n al  are a o f  th e  te s t  s p e ci m e n ,  i n  s q u are  m e tre s ;  

Ĵ  i s  th e  p e ak val u e  o f  m ag n e ti c  p o l ari zati o n ,  i n  te s l as .  

Th e  cro s s - s e cti o n al  are a o f  th e  te s t  s p e ci m e n ,  A ,  i s  o btai n e d  b y th e  fo rm u l a:   

 

m4 ρl
m

A =  ( 3 )  

wh e re :   

m  i s  th e  to tal  m as s  o f  te s t  s pe ci m e n ,  i n  ki l o g ram s ;  

l  i s  th e  l e n g th  o f  a  te s t  s p e ci m e n  s tri p,  i n  m e tre s ;  

m
ρ  i s  th e  co n ve n ti o n al  d e n s i ty,  o r  th e  val u e  d e te rm i n e d  i n  acco rd an ce  wi th  I E C  6 0 4 0 4 - 1 3 ,  

o f  th e  te s t  m ate ri al ,  i n  ki l o g ram s  p e r cu b i c  m e tre .  

5.4  Measurements of  power  

Th e am m e te r i n  th e  pri m ar y ci rc u i t  s h al l  be  o bs e rve d  to  e n s u re  th at  th e  c u rre n t  c i rc u i t  o f  th e  
wattm e te r  i s  n o t  o ve rl o ad e d .  Th e n  th e  am m e te r s h al l  b e  s h o rt- c i rcu i te d  an d  th e  s e c o n d ary 
i n d u ce d  vo l tag e  re ad j u s te d .  Afte r  ch e cki n g  th e  wave f o rm  o f  th e  s e co n d ary i n d u ce d  vo l tag e  i n  
co m pl i an ce  wi th  4 . 6 ,  th e  wattm e te r s h al l  be  re ad .   

I n  ord e r  to  avo i d  u n d u e  h e ati n g  o f  th e  te s t  s pe c i m e n  an d  to  fac i l i tate  re pro d u ci b i l i t y,  
m e as u re m e n ts  s h o u l d  b e  m ad e  as  q u i ckl y as  p o s s i bl e  afte r e n e rg i zi n g  th e  E ps te i n  fram e .  Th e  
s pec i m e n  s h o u l d  be  al l o we d  to  c o o l  b e twe e n  re ad i n g s .  

N O TE  F o r t h e  ap pl i cat i o n  o f  d i g i tal  s am p l i n g  m e t h o d s ,  s e e  An n e x B .  

5.5  Determination  of  the speci fi c  total  loss   

Th e  p o we r,  Pm ,  m e as u re d  b y th e  wattm e te r i n c l u d e s  th e  p o we r co n s u m e d  b y th e  i n s tru m e n ts  

i n  th e  s e c o n d ary c i rc u i t,  wh i ch  to  a  f i rs t  ap pro x i m ati o n  i s  e q u al  to  i
2

2 /)1 1 1,1( RU⋅  
s i n ce  th e  

s e co n d ar y i n d u c e d  vo l tag e  i s  e s s e n ti al l y s i n u s o i d al .   

N O TE  F o r t h e  ap pl i cat i o n  o f  d i g i tal  s am p l i n g  m e t h o d s ,  s e e  An n e x B .   

Th u s ,  th e  to tal  l o s s ,  P   o f  th e  te s t  s pe c i m e n  s h al l  be  c al c u l ate d  fro m  th e  fo rm u l a :   
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⋅=  ( 4)  

wh e re :   

Pc   i s  th e  cal c u l ate d  to tal  l o s s  o f  te s t  s p e c i m e n ,  i n  watts ;   

Pm  i s  th e  p o we r m e as u re d  b y th e  wattm e te r,  i n  watts ;   

N1  i s  th e  n u m be r  o f  tu rn s  o f  th e  pri m ary wi n d i n g ;   

N2  i s  th e  n u m be r  o f  tu rn s  o f  th e  s e co n d ary wi n d i n g ;   

R i  i s  th e  co m b i n e d  e q u i val e n t  re s i s tan c e  o f  th e  i n s tru m e n ts  i n  th e  s e co n d ar y ci rcu i t,  i n  
o h m s ;  
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2U  i s  th e  ave rag e  re c ti f i e d  val u e  o f  th e  vo l tag e  i n d u ce d  i n  th e  c o m bi n e d  s e co n d ary wi n d i n g ,  

i n  vo l ts .   

Th e  s p e c i f i c  to tal  l o s s e s ,  Ps  s h al l  b e  o btai n e d  b y d i vi d i n g  Pc  b y th e  m ag n e ti c al l y act i ve  m as s  

o f  th e  te s t  s p e ci m e n  ( s e e  4 . 4) .   

 
m

c

a

c
s

4

lm

lP

m

P
P

⋅

⋅
==  ( 5 )  

wh e re :   

Ps  i s  th e  s p e c i f i c  to tal  l o s s e s  o f  te s t  s p e c i m e n ,  i n  watts  p e r ki l o g ram  ( co rre cte d  i f  
n e ce s s ar y fo r f l u x  wave f o rm  d i s to rt i o n  acco rd i n g  to  4. 4) ;  

m  i s  th e  to tal  m as s  o f  te s t  s pe c i m e n ,  i n  ki l o g ram s ;  

ma  i s  th e  m ag n e ti cal l y acti ve  m as s  o f  te s t  s p e ci m e n ,  i n  ki l o g ram s ;   

l  i s  th e  l e n g th  o f  a  te s t  s p e ci m e n ,  i n  m e tre s ;   

lm  i s  th e  co n ve n ti o n al  e ffe cti ve  m ag n e ti c  p ath  l e n g th ,  i n  m e tre s  ( lm  =  0 , 9 4  m ) .  

5.6  Reproducibi l i ty of  the  speci fic  total  l oss measurement   

Th e  re pro d u ci b i l i t y o f  th e  re s u l ts  o b tai n e d  fro m  th i s  m e th o d  i s  ch arac te ri ze d  b y a re l at i ve  
s tan d ard  d e vi ati o n  i n  th e  ran g e  b e twe e n  2  % an d  5  % ,  th e  val u e  o f  th i s  s tan d ard  d e vi at i o n  
d e p e n d i n g  o n  th e  fre q u e n c y an d  th e  m ag n e ti c  p o l ari zati o n  wh i ch  are  u s e d .  

6 Procedure for the determination  of  the peak value of  magnetic  polarization,  
r.m.s.  value of  magnetic  field  strength,  peak value of  magnetic  fi eld  strength  
and  speci fic  apparent  power 

6.1  General   

C l au s e  6  d e s c ri b e s  m e as u ri n g  m e th o d s  fo r  th e  d e te rm i n ati o n  o f  th e  fo l l o wi n g  q u an ti t i e s :   

– pe ak val u e  o f  m ag n e ti c  p o l ari zati o n  Ĵ ;   

– r. m . s .  val u e  o f  m ag n e ti c  f i e l d  s tre n g th  H
~

;   

– pe ak val u e  o f  m ag n e ti c  f i e l d  s tre n g th  Ĥ ;   

– s pe ci f i c  ap p are n t  p o we r 
sS .   

Th e  q u an ti t i e s  are  d e te rm i n e d ,  acco rd i n g  to  th e s e  m e th o d s ,  fo r  s p e c i fi e d  pe ak val u e s  o f  
m ag n e ti c  p o l ari z ati o n  an d  fo r  a s pe c i f i e d  fre q u e n c y.  

6.2  Test  specimen  

Th e  te s t  s p e ci m e n  s h al l  co m pl y wi th  4 . 3 .  

6.3  Principle of  measurement   

6.3. 1  Peak value  of  magnetic  polarization  Ĵ  

Th e  p e ak val u e  o f  m ag n e ti c  p o l ari z ati o n ,  Ĵ ,  s h al l  b e  d e ri ve d  fro m  th e  ave rag e  re cti f i e d  val u e  

o f  th e  s e co n d ary i n d u c e d  vo l tag e  m e as u re d  as  d e s cri be d  i n  4 . 7  an d  u s i n g  fo rm u l a ( 2 )  i n  5 . 3 .  

N O TE  F o r t h e  ap pl i cat i o n  o f  d i g i tal  s am pl i n g  m e t h o d s ,  s e e  An n e x B .   
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6.3.2  RMS value  of  the  magnetizing  current  (of  the magnetic  f ield  strength )  

Th e  r. m . s .  val u e  o f  th e  m ag n e ti zi n g  c u rre n t  s h al l  be  m e as u re d  b y a cu rre n t  m e as u ri n g  d e vi ce  
re s p o n s i ve  to  r. m . s .  val u e s  i n  th e  ci rc u i t  as  s h o wn  i n  F i g u re  4.  

 

Components  

V1  ave ra g e  t yp e  vo l t m e t e r 

A1  cu rre n t  m e as u ri n g  d e vi c e  

E
 
 E p s t e i n  fram e  

N OTE  F o r th e  ap pl i c at i o n  o f  d i g i tal  s am p l i n g  m e t h o d s ,  s e e  An n e x B .   

Figure 4  – Ci rcu i t  for  measuring  r.m .s.  value  of  the  magnetizing  cu rrent   

6.3.3  Peak value  of  magnetic  field  strength   

6.3.3.1  General  

Th e  p e ak val u e  o f  m ag n e ti c  f i e l d  s tre n g th  s h al l  b e  d e ri ve d  fro m  th e  pe ak val u e  o f  th e  

m ag n e ti zi n g  cu rre n t,  
1
Î  ,  m e as u re d  b y o n e  o f  th e  fo l l o wi n g  m e th o d s :   

6.3.3.2  Method  A  

Th e  p e ak val u e  o f  th e  m ag n e ti zi n g  c u rre n t,  
1Î ,  s h al l  b e  d e te rm i n e d  b y m e as u ri n g  th e  vo l tag e  

d ro p acro s s  a kn o wn  n o n - i n d u cti ve  pre ci s i o n  re s i s to r  R n  u s i n g  a p e ak vo l tm e te r as  s h o wn  i n  
Fi g u re  5 .  

 

Components  

V1  ave ra g e  t yp e  vo l t m e t e r 

V2  p e ak vo l t m e t e r  

R n  
 n o n - i n d u ct i ve  p re c i s i o n  re s i s to r  

E
 
 E p s t e i n  fram e  

N OTE  F o r th e  ap pl i c at i o n  o f  d i g i tal  s am p l i n g  m e t h o d s ,  s e e  An n e x B .   

Figure 5  – Ci rcu i t  for  measuring  the peak value  of  magnetic  f i eld  
strength  using  a  peak vol tmeter   
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V2  E  V1  

R n  

IEC  
A1  

E  V1  



I E C  6 0 4 0 4- 1 0 : 2 0 1 6  © I E C  2 0 1 6  – 1 7  – 

6.3.3.3  Method  B   

Th e  p e ak val u e  o f  th e  m ag n e ti z i n g  c u rre n t,  
1
Î ,  s h al l  be  d e te rm i n e d  b y m e as u ri n g  th e  ave rag e  

re cti f i e d  vo l tag e  app e ari n g  acro s s  th e  s e co n d ary wi n d i n g  o f  a  m u tu al  i n d u cto r  o f  an  accu rac y 

o f  ±  0 , 5  %,  th e  pri m ary wi n d i n g  o f  wh i ch  i s  co n n e cte d  i n  s e ri e s  wi th  th e  pri m ary wi n d i n g  o f  th e  
E ps te i n  fram e ,  b y u s i n g  an  ave rag e  t yp e  vo l tm e te r i n  acco rd an ce  wi th  th e  ci rcu i t  g i ve n  i n  
Fi g u re  6 .   

 

Components  

V1  ave ra g e  t yp e  vo l t m e t e r 

M
 
 m u tu al  i n d u c to r  

S 1  s wi tch  

E
 
 E p s t e i n  fram e  

N OTE  1  I n  th i s  c as e ,  t h e  vo l t m e t e r c an  b e  th e  s am e  i n s tru m e n t  as  i s  u s e d  fo r  m e as u ri n g  t h e  s e c o n d a ry i n d u ce d  
vo l ta g e  u n l e s s  t h e re  are  m o re  t h an  t wo  z e ro  cro s s i n g s  o f  t h e  vo l t ag e  p e r pe ri o d ,  i n  wh i ch  c as e  a  ph as e  co n t ro l l e d  
ave ra g e  t yp e  vo l tm e te r i s  u s e d .  

N OTE  2  F o r t h e  a p pl i c at i o n  o f  d i g i tal  s am p l i n g  m e t h o d s ,  s e e  An n e x B .   

Figure 6  – Ci rcu i t  for  measuring  the peak value  of  magnetic  f i eld  
strength  using  a  mutual  inductor  M   

6 .4  Apparatus   

6.4. 1  Average recti fi ed  vol tage measurement   

To  m e as u re  th e  ave rag e  re cti f i e d  val u e  o f  th e  s e co n d ary i n d u ce d  vo l tag e  an d ,  i n  th e  cas e  o f  

M e th o d  B ,  o f  th e  m u tu al  i n d u cto r,  an  ave rag e  t ype  vo l tm e te r  wi th  at  l e as t  1  0 0 0  Ω/V i n te rn al  

re s i s tan c e  s h al l  b e  u s e d .  Th e  accu rac y o f  th e  i n s tru m e n t  u s e d  s h al l  b e  o f  accu rac y ±  0 , 5  %  o r  
be tte r  ( s e e  4 . 7) .  

N O TE  F o r t h e  ap pl i cat i o n  o f  d i g i tal  s am p l i n g  m e t h o d s ,  s e e  An n e x B .   

6.4.2  Current  measurement   

Th e  r. m . s .  val u e  o f  th e  m ag n e ti zi n g  cu rre n t  s h al l  be  m e as u re d  b y a c u rre n t  m e as u ri n g  d e vi ce  

re s p o n s i ve  to  r . m . s .  val u e s .  Th e  acc u rac y o f  th e  i n s tru m e n t u s e d  s h al l  be  o f  accu rac y ±  0 , 5  %  
or b e tte r  ( s e e  4 . 8 ) .  

N O TE  F o r t h e  ap pl i cat i o n  o f  d i g i tal  s am p l i n g  m e t h o d s ,  s e e  An n e x B .   

6.4.3  Peak current  measurement   

Th e  m e as u re m e n t  o f  th e  p e ak val u e  o f  th e  vo l tag e  d ro p  acro s s  re s i s to r R n  acco rd i n g  to  
M e th o d  A s h al l  be  ac h i e ve d  e i th e r b y m e an s  o f  an  e l e c tro n i c  vo l tm e te r  o f  h i g h  s e n s i t i vi t y 
re s p o n s i ve  to  p e ak val u e s ,  o r  b y m e an s  o f  a  cal i brate d  o s c i l l o s c o p e .  Th e  fu l l - s cal e  e rro r o f  

th e  d e vi ce  u s e d  s h al l  b e  ±  3  %  o r  be tte r.  

IEC  

E  

S 1  

V1  
M  
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N O TE  F o r t h e  ap pl i cat i o n  o f  d i g i tal  s am p l i n g  m e t h o d s ,  s e e  An n e x B .   

6.4.4  Resistor  Rn  

M e th o d  A re q u i re s  a n o n - i n d u cti ve  pre ci s i o n  re s i s to r o f  an  acc u rac y o f  ±  0 , 5  %.   

Th e  re s i s tan c e  val u e  to  be  ch o s e n  d e pe n d s  u p o n  th e  s e n s i t i vi t y o f  th e  p e ak vo l tm e te r.  I t  s h al l  
n o t  e xc e e d  1  W  wh e n  u s i n g  an  E ps te i n  fram e  wi th  N1  =  2 0 0  tu rn s  i n  o rd e r to  m i n i m i ze  
d i s to rti o n  o f  th e  i n d u c e d  vo l tag e  wave f o rm .  

6.4.5  Mutual  i nductor MD  

Th e  m u tu al  i n d u c to r  o f  th e  c i rc u i t  s h o wn  i n  F i g u re  6  s h al l  be  c al i brate d  an d  i ts  m u tu al  

i n d u ctan ce ,  MD ,  d e te rm i n e d  wi th i n  ±  0 , 5  % ;  th e  pri m ary i m pe d an ce  o f  th i s  i n d u cto r  s h al l  be  as  
l o w as  p o s s i b l e.  To  m i n i m i ze  e rro rs ,  th e  s e c o n d ary i m pe d an ce  o f  th e  i n d u cto r s h al l  b e  l o w 
co m pare d  to  th at  o f  th e  m e as u ri n g  i n s tru m e n t c o n n e c te d  to  i t .   

D u ri n g  c al i brati on  an d  u s e  o f  th e  i n d u cto r,  care  s h al l  b e  take n  th at  m e as u re m e n ts  wi l l  n o t  b e  
affe cte d  b y th e  l e akag e  f l u x  o f  th e  E ps te i n  fram e  o r o th e r  ap paratu s .  

6.5  Measuring  procedure  

Th e  te s t  s p e ci m e n  s h al l  be  pre p are d  as  fo r  5 . 2 .  

I n  practi c e ,  s i n g l e  val u e s  o r g ro u ps  o f  val u e s  o f  m ag n e ti c  po l ari z ati o n , Ĵ ,  an d  m ag n e ti c  f i e l d  

s tre n g th ,  Ĥ  o r  H
~

,  are  d e te rm i n e d .   

I f  th e  m ag n e ti c  f i e l d  s tre n g th  i s  s p e ci f i e d  an d  m ag n e ti c  p o l ari z ati o n  i s  to  be  d e te rm i n e d ,  th e  
m ag n e ti zi n g  cu rre n t  s h al l  be  s e t  to  g i ve  th e  re l e van t  m ag n e ti c  f i e l d  s tre n g th  ( s e e  b e l o w) .  Th e n  
th e  s e c o n d ar y i n d u c e d  vo l tag e  s h al l  be  re ad  o n  th e  ave rag e  t yp e  vo l tm e te r  ( s e e  5 . 3 ) .   

Al te rn ati ve l y,  i f  th e  m ag n e ti c  p o l ari zati o n  i s  s p e ci f i e d  an d  m ag n e ti c  f i e l d  s tre n g th  i s  to  b e  
d e te rm i n e d ,  th e  s ec o n d ary i n d u ce d  vo l tag e  s h al l  be  s e t  to  i ts  s p e c i f i e d  val u e  as  d e s cri be d  i n  
5 . 3 .   

Fo r  th e  d e te rm i n ati o n  o f  th e  r. m . s .  val u e  o f  th e  m ag n e ti c  f i e l d  s tre n g th ,  H
~

,  th e  m ag n e ti z i n g  
cu rre n t  s h al l  b e  re ad  o n  th e  c u rre n t  m e as u ri n g  d e vi c e .   

Fo r  th e  d e te rm i n ati o n  o f  th e  pe ak val u e  o f  m ag n e ti c  f i e l d  s tre n g th ,  Ĥ ,  acco rd i n g  to  M e th o d  A,  
th e  p e ak val u e  o f  th e  vo l tag e  d ro p acro s s  re s i s to r  Rn  s h al l  be  re ad  o n  th e  p e ak vo l tm e te r.   

Acc o rd i n g  to  M e th o d  B ,  th e  ave rag e  re cti f i e d  vo l tag e  at  th e  s e co n d ar y wi n d i n g  o f  th e  m u tu al  
i n d u cto r  M

 
 s h al l  be  re ad  o n  th e  ave rag e  t yp e  vo l tm e te r.  

6.6  Determination  of  the peak value of  magnetic  polarization  Ĵ   

Th e  pe ak val u e  o f  m ag n e ti c  po l ari zati o n  i s  g i ve n  b y th e  fo rm u l a:   

 
2

2
4

1ˆ U
AfN

J =  ( 6 )  

To  o btai n  
2U ,  th e  vo l tm e te r re ad i n g  s h al l  b e  c o rre cte d  b y th e  facto r:   
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i

ti

R

RR +
 ( 7)  

wh e re :   

Ĵ  i s  th e  p e ak val u e  o f  th e  m ag n e ti c  p o l ari z ati o n ,  i n  te s l as ;  

f i s  th e  fre q u e n c y,  i n  h e rtz ;  

N2  i s  th e  n u m be r o f  tu rn s  o f  th e  s e c o n d ar y wi n d i n g  o f  th e  E ps te i n  fram e ;  

A  i s  th e  cro s s - s e cti o n al  are a o f  te s t  s pe c i m e n ,  i n  s q u are  m e tre s ;  

R i  i s  th e  co m b i n e d  e q u i val e n t  re s i s tan c e  o f  th e  i n s tru m e n ts  i n  th e  s e c o n d ary c i rcu i t,  i n  
o h m s ;  

Rt  i s  th e  s e ri e s  re s i s tan c e  o f  th e  s e co n d ar y wi n d i n g s  o f  th e  E ps te i n  fram e  an d  m u tu al  
i n d u cto r,  i n  o h m s ;   

2U  i s  th e  ave rag e  re c ti f i e d  val u e  o f  th e  vo l tag e  i n d u c e d  i n  th e  c o m bi n e d  s e co n d ary wi n d i n g ,  

i n  vo l ts .  

6.7  Determination  of  the r.m.s.  value  of  magnetic  field  strength  H
~
 

Th e  r. m . s .  val u e  o f  m ag n e ti c  f i e l d  s tre n g th ,  H
~

,  s h al l  be  c al c u l ate d  fro m  th e  r. m . s .  val u e  o f  
m ag n e ti zi n g  c u rre n t  i n d i cate d  b y th e  cu rre n t  m e as u ri n g  d e vi ce  acc o rd i n g  to  th e  c i rcu i t  o f  
Fi g u re  4 .   

 1
m

1 ~~
I

l

N
H =  ( 8 )  

wh e re :  

H
~

  i s  th e  r. m . s .  val u e  o f  m ag n e ti c  f i e l d  s tre n g th ,  i n  am pe re s  p e r  m e tre ;  

N1  i s  th e  n u m be r o f  tu rn s  o f  th e  pri m ary wi n d i n g  o f  th e  E ps te i n  fram e ;  

lm  i s  th e  co n ve n ti o n al  e ffe cti ve  m ag n e ti c  p ath  l e n g th ,  i n  m e tre s  ( lm  =  0 , 9 4  m ) ;  

1
~
I   i s  th e  r. m . s .  val u e  o f  th e  m ag n e ti z i n g  cu rre n t,  i n  am pe re s .  

Afte r  s e ve ral  g ro u ps  o f  co rre s p o n d i n g  val u e s  o f  Ĵ  an d  H
~

h ave  b e e n  d e te rm i n e d ,  a  

m ag n e ti z ati o n  cu rve  o f Ĵ  ag ai n s t  H
~

can  b e  d rawn .   

6.8  Determination  of  the  peak value of  magnetic  f ield  strength  Ĥ  

I f  m e as u ri n g  M e th o d  A h as  be e n  u s e d ,  th e  p e ak val u e  o f  m ag n e ti c  f i e l d  s tre n g th  s h al l  b e  

cal cu l ate d  fro m  th e  re ad i n g  
RÛ  o f  th e  p e ak vo l tm e te r:   

 R
m

1 ˆˆ U
Rl

N
H =  ( 9 )  

wh e re :   

Ĥ  i s  th e  p e ak val u e  o f  m ag n e ti c  f i e l d  s tre n g th ,  i n  am pe re s  p e r  m e tre ;  

R
 

i s  th e  re s i s tan c e  val u e  o f  th e  n o n - i n d u cti ve  pre c i s i o n  re s i s to r  R n  i n  F i g u re  5 ,  i n  o h m s ;  

RÛ  i s  th e  pe ak val u e  o f  th e  vo l tag e  d ro p  acro s s  th e  n o n - i n d u cti ve  pre c i s i o n  re s i s to r  R n ,  i n  

vo l ts .  
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I n  th e  c as e  o f  m e as u ri n g  M e th o d  B ,  Ĥ  s h al l  be  cal cu l ate d  fro m  th e  re ad i n g  
mU  o f  th e  

ave rag e  t yp e  vo l tm e te r  ( bu t  s e e  n o te  to  6 . 3 . 3 . 3 )  i n  c o n j u n cti o n  wi th  th e  m u tu al  i n d u cto r  MD :   

 m
i

mi

m

1

4
ˆ U

R

RR

fMl

N
H ⋅

+
⋅=  ( 1 0 )  

wh e re :   

M i s  th e  m u tu al  i n d u c tan c e  i n  th e  c i rcu i t  g i ve n  i n  F i g u re  6 ,  i n  h e n ri e s ;  

Rm  i s  th e  re s i s tan c e  o f  th e  s e co n d ary wi n d i n g  o f  th e  m u tu al  i n d u cto r  M  ,  i n  o h m s ;  

R i  i s  th e  co m b i n e d  e q u i val e n t  re s i s tan ce  o f  i n s tru m e n ts  i n  th e  s e co n d ar y ci rc u i t ,  i n  o h m s ;  

mU  i s  th e  ave rag e  re cti f i e d  val u e  o f  th e  vo l tag e  i n d u ce d  i n  th e  s e c o n d ar y wi n d i n g  o f  th e  

m u tu al  i n d u cto r  M  ,  i n  vo l ts .  

Afte r s e ve ral  g ro u ps  of  co rre s p o n d i n g  val u e s  o f  Ĵ  an d  Ĥ  h ave  b e e n  d e te rm i n e d ,  a  

m ag n e ti zati o n  cu rve  Ĵ  ag ai n s t  Ĥ  can  be  d rawn .   

N O TE  Th e  re l at i ve  am p l i tu d e  pe rm e ab i l i ty,  µ
r  

m ay b e  c o n ve n t i o n al l y  e xp re s s e d  as :   

1
ˆ

ˆ

0

+=
H

J
rµ

µ

 

6.9  Determination  of  the speci fi c  apparent  power Ss  

Th e  ap p are n t  p o we r i s  g i ve n  b y:  

 
2

1
2

2

1
21 1 1 1,1

~~~

N

N
UI

N

N
UIS ⋅⋅⋅=⋅⋅=  ( 1 1 )  

N O TE  Th e  re l at i o n  
22 111,1

~
UU ⋅=  i s  val i d  o n l y  fo r  s i n u s o i d a l  vo l tag e s .   

wh e re :   

S  i s  th e  ap pare n t  po we r,  i n  vo l tam pe re s ;  

2

~
U  i s  th e  r. m . s .  val u e  o f  th e  vo l tag e  i n d u c e d  i n  th e  co m bi n e d  s e co n d ar y wi n d i n g ,  i n  vo l ts .  

D i vi s i o n  o f  th i s  q u an ti t y b y th e  e ffe cti ve  m as s ,  m
 
,  i n  acco rd an c e  wi th  fo rm u l a  ( 1 ) ,  g i ve s  th e  

s pe c i f i c  ap p are n t  p o we r:   

 
2m

12

a
s

41 1 1,1
~

Nml

lNUI

m

S
S

⋅⋅⋅
==  ( 1 2 )  

wh e re :   

SS  i s  th e  s p e c i f i c  ap pare n t  p o we r,  i n  vo l tam pe re s  pe r  ki l o g ram ;  

l  i s  th e  l e n g th  o f  a  te s t  s p e ci m e n  s tri p,  i n  m e tre s ;   

m  i s  th e  to tal  m as s  o f  te s t  s pe ci m e n ,  i n  ki l o g ram s ;  

ma  
i s  th e  e ffe c ti ve  m as s  o f  te s t  s p e c i m e n ,  i n  ki l o g ram s ;   

2U  i s  th e  ave rag e  re cti f i e d  val u e  o f  th e  vo l tag e  i n d u ce d  i n  th e  co m b i n e d  s e co n d ar y 

wi n d i n g s ,  i n  vo l ts ;   
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N1  i s  th e  to tal  n u m be r o f  tu rn s  o f  th e  pri m ary wi n d i n g  o f  th e  E ps te i n  fram e ;  

N2  i s  th e  to tal  n u m be r o f  tu rn s  o f  th e  s e co n d ar y wi n d i n g  o f  th e  E ps te i n  fram e ;   

lm  i s  th e  co n ve n ti o n al  e ffe cti ve  m ag n e ti c  p ath  l e n g th ,  i n  m e tre s  ( lm  =  0 , 9 4  m ) ;   

1

~
I   i s  th e  r. m . s .  val u e  o f  m ag n e ti zi n g  c u rre n t,  i n  am pe re s .   

6. 1 0  Reproducibi l i ty  

Th e  re pro d u c i b i l i t y o f  th e  re s u l ts  o btai n e d  fro m  th e  pro ce d u re  d e s cri b e d  i n  C l au s e  6  d e p e n d s  
e s se n ti al l y u po n  th e  u n ce rtai n t y o f  th e  i n s tru m e n ts  u s e d  fo r th e  m e as u re m e n t,  an d  u po n  
care f u l  atte n ti o n  to  th e  p h ys i cal  d e tai l s  o f  th e  te s t  e q u i pm e n t.  W h e n  u s i n g  i n s tru m e n ts  o f  an  

accu rac y o f  ±  0 , 5  % ,  th e  re pro d u ci b i l i t y o f  th e  m e th o d  i s  ch aracte ri ze d  b y a re l ati ve  s tan d ard  
d e vi ati o n  o f  th e  o rd e r  o f  3  %.  

7 Test  report  

Th e  te s t  re po rt  s h al l  i n cl u d e  th e  fo l l o wi n g ,  as  ap p l i cab l e :  

a)  typ e  an d  i d e n ti t y o f  te s t  s pe c i m e n ;  

b)  d e n s i t y o f  m ate ri al  ( c o n ve n ti o n al ,  o r  as  m e as u re d  i n  acco rd an ce  wi th  I E C  6 0 4 0 4- 1 3 ) ;  

c)  l e n g th  o f  te s t  s p e c i m e n  s tri ps ;  

d )  n u m be r o f  s tr i ps ;  

e )  am bi e n t  te m p e ratu re  d u ri n g  th e  m e as u re m e n ts ;  

f)  fre q u e n c y o f  th e  m ag n e ti zati o n ;  

g )  val u e s  o f  th e  m ag n e ti c  p o l ari z ati o n ;  

h )  re s u l ts  o f  th e  m e as u re m e n ts .  
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Annex A 
( i n fo rm ati ve )  

 
Epstein  frame for use at  medium  frequencies 

At  m e d i u m  fre q u e n c i e s ,  th e  e n e rg y l o s s  ari s i n g  fro m  th e  d i e l e c tri c  l o s s  o f  th e  m ate ri al  u s e d  fo r 
th e  wi n d i n g  fo rm e rs  an d  fro m  th e  i n te rwi n d i n g  c ap ac i tan ce  o f  th e  E ps te i n  fram e  b e co m e s  
s i g n i f i c an t.   

Th e  d i e l e ctri c  l o s s  can  be  re d u c e d  to  a  n e g l i g i b l e  pro p o rti o n  b y s e l e c ti n g  a m ate ri al  o f  l o w 
pe rm i tt i vi t y.  P o l ys t yre n e  i s  s u ch  a  m ate ri al  an d  m ay e as i l y b e  c u t  an d  ce m e n te d  to  pro vi d e  th e  
re q u i re d  fo rm e rs ,  te rm i n al  p o s ts  an d  b as e p l ate  o f  th e  E ps te i n  fram e .   

S i n c e  m e as u re m e n ts  at  m e d i u m  fre q u e n c i e s  are  u s u al l y re s tri c te d  to  l o w l o s s  m ate ri al  
o p e rati n g  at  co m parati ve l y l o w m ag n e ti c  po l ari zati o n ,  i t  i s  po s s i b l e  to  re d u ce  th e  n u m b e r o f  
tu rn s  an d  d i am e te r  o f  wi re  o f  th e  wi n d i n g s .  I n  ad d i t i o n ,  b y m aki n g  th e  pri m ar y an d  s e c o n d ar y 
a s p ace d  s i n g l e  l a ye r wi n d i n g ,  wi th  e q u al  s p ace s  b e twe e n  th e  pri m ary an d  s e c o n d ar y tu rn s ,  
th e  i n te rwi n d i n g  cap aci tan ce  can  b e  re d u ce d  to  a m i n i m u m .   

Fo r  an  E ps te i n  fram e  c o n s tru cte d  i n  acco rd an ce  wi th  4 . 4  an d  th e  ab o ve  re co m m e n d ati o n s ,  
th e  i n te rwi n d i n g  cap ac i tan ce  fo r  2 0 0  tu rn s  o f  0 , 1 2 5  m m  d i am e te r  wi re  o n  b o th  th e  pri m ary an d  
s e co n d ar y wi n d i n g s  h as  be e n  fo u n d  to  b e  ap pro x i m ate l y 3 0 0  pF  an d  th e  re s i s tan c e  o f  e ach  

wi n d i n g  app ro x i m ate l y 3 , 5  Ω .   

Th e  ad d i t i o n al  l o s s  i n tro d u ce d  b y th i s  capac i tan c e  i s  g i ve n  b y:   

 
i c

2

2
1 1 1,1

Z

U
P ⋅=∆  ( A. 1 )  

W h e re  

∆P  i s  th e  ad d i t i o n al  l o s s  i n d u ce d  b y th e  c apac i tan ce ,  i n  watts ;  

Zi c  =  

i

i

21 fCR

R

π+
;  

R i  i s  th e  co m b i n e d  e q u i val e n t  re s i s tan c e  o f  th e  i n s tru m e n ts  i n  th e  s e co n d ar y ci rcu i t,  i n  
o h m s ;   

C i s  th e  i n te rwi n d i n g  c ap ac i tan ce ,  i n  farad s .   

At  l o w m ag n e ti c  p o l ari z ati o n s ,  th i s  q u an ti t y wi l l  pro b ab l y b e  n e g l i g i bl e  b u t  i f  i t  re ach e s  
s i g n i f i c an t  pro po rti o n s ,  th e n  i t  s h o u l d  b e  d e d u cte d  fro m  th e  cal cu l ate d  l o s s  g i ve n  i n  
form u l a  ( 4 ) .  
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Annex B  
( in formative)  

 
Digi tal  sampl ing  method  for the determination  of the magnetic properties  

B.1  General   

The d ig i ta l  sampl ing  method  i s  an  advanced  techn ique  that i s  becom ing  a lmost exclus ive l y 
appl ied  to  the  e lectrica l  part  of the  measurement procedure  of th is  s tandard .  Appl ied  to  the  
wattmeter method ,  i t  i s  characterized  by the  d ig i ti zation  of the  secondary i nduced  vol tage,  

U2(t)  and  the  vol tage  d rop  across  the  non- inductive  precis ion  resistor i n  series  wi th  the  
primary wind i ng  (see  F igure  5) ,  U1 (t)  (corresponds  to  UR  i n  formu la  (9)),  and  by the  eval uation  
of these  data  for the  determ ination  of the  magnetic  properties  of the  test specimen .  For th is  

purpose,  i nstantaneous  va lues  of these  vol tages  having  i ndex  j,  u2J and  u1 J respective l y,  are  
sampled  and  he ld  s imu l taneousl y from  the  time-dependent vol tage  s ignals  during  a  narrow 
and  equ id istant  t ime period  each  by sample-and-hold  ci rcu i ts .  They are  then  immed iatel y 
converted  to  d ig i ta l  va lues  by analogue-to-d ig i ta l  converters  (ADC).  The  data  pai rs  sampled  
over one  or more  periods  together wi th  the  specimen  and  the  set-up  parameters,  provide  the  
complete  i n formation  for one  measurement.  Th is  data  set enables  computer processing  for 
the  determ ination  of a l l  magnetic  properties  requ i red  in  th is  d ocument.   

Wh i lst the  d i g i tal  sampl i ng  method  has  perfectl y proved  i ts  worth  appl ied  wi th  the  techn ica l  
frequency range,  i t  i s  expected  that i t  wi l l  be  effecti vel y appl icable  to  med ium  frequencies,  i . e .  
that i t  can  be  appl i ed  to  the  measurement procedures  wh ich  are  described  i n  the  main  part of 
th is  standard .  Th is  expectation  is  based  on  the  recent avai l abi l i ty of fast sample  and  hold  
e lectron ics.  The  b lock d iagram  in  F igure  3  appl i es  equal l y to  the  analogue  methods  and  the  
d ig i ta l  sampl i ng  method ;  the  d i g i ta l  sampl ing  method  a l lows  a l l  functions  of the  measurement 
equ ipment in  F igure  3  and  F igure  6  to  be  real i zed  by a  combined  system  of a  data  acqu is i ti on  
equ ipment and  software.  The  control  of the  s inusoidal  waveform  of the  secondary i nduced  
vol tage  can  a lso  be  rea l i zed  by a  d ig i ta l  method .  However,  the  purpose  and  procedure  of th is  
techn ique  are  d i fferent from  those  of th is  Annex B  and  are  not treated  here.  More  i n formation  

can  be  found  i n  [1 ]  and  [2] 1 .   

Annex B  i s  he lpfu l  i n  understand ing  the  impact of the  d ig i ta l  sampl ing  method  on  the  precis ion  
ach ievable  by the  methods  of th is  s tandard .  Th is  i s  particu larl y important  because  ADC 
ci rcu i ts,  transient recorders  and  supporti ng  software  are  read i l y avai l ab le  and  make i t  
poss ib le  to  establ ish  a  sampl i ng  wattmeter.  The  d i g i ta l  sampl i ng  method  can  offer l ow 
uncertain ty,  bu t  i t  l eads  to  l arge  errors  i f improperly used .  

B.2  Technical  detai ls  and  requirements   

The  pri ncip le  of the  d i g i ta l  sampl i ng  method  i s  the  d iscreti zati on  of vol tage  and  time,  i . e.  the  

replacement of the  i n fin i tes imal  time  i n terval  dt  by the  fi n i te  time i n terval  Δt:   

 
s

11

fnfn

T
t =

⋅
==Δ  (B . 1 )  

where:   

Δt  i s  the  time in terval  between  the  sampled  poin ts ,  i n  seconds;   

T i s  the  length  of the  period  of the  magneti zati on ,  i n  seconds;   

n  i s  the  number of i nstantaneous  values  sampled  over one  period ;   

______________ 

1   Numbers  i n  square  brackets  refer to  the  B i b l i ography.  
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f i s  th e  fre q u e n c y o f  th e  m ag n e ti zati o n ,  i n  h e rtz;   

fs  i s  th e  s am p l i n g  fre q u e n c y,  i n  po i n ts  pe r  s e co n d s .   

I n  o rd e r to  ac h i e ve  l o we r u n c e rtai n t i e s ,  th e  l e n g th  o f  th e  p e ri o d  o f  th e  m ag n e ti zati o n  d i vi d e d  

b y th e  t i m e  i n te rval  be twe e n  th e  s am p l e d  p o i n ts ,  i . e .  th e  rati o  fs/f,  s h o u l d  b e  an  i n te g e r 

( N yq u i s t  c o n d i t i o n  [5 ] )  an d  th e  s am p l i n g  fre q u e n c y,  fs ,  s h o u l d  be  g re ate r  th an  twi ce  th e  i n p u t  

s i g n al  b an d wi d th .   

Acc o rd i n g  to  an  ave rag e - s e n s i n g  vo l tm e te r,  th e  p e ak val u e  o f  th e  f l u x  d e n s i t y c an  b e 

cal cu l ate d  b y th e  s u m  o f  th e  u2j  
val u e s  s am p l e d  o ve r o n e  p e ri o d  as  fo l l o ws :   
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Th e  cal c u l at i o n  o f  th e  s pe ci f i c  to tal  l o s s  i s  c arri e d  o u t  b y p o i n t- b y- p o i n t  m u l ti p l i c ati o n  o f  th e  

u2j  an d  u1 j  
val u e s  an d  s u m m ati o n  o ve r o n e  pe ri o d  as  fo l l o ws :   
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wh e re :   

Ĵ  i s  th e  p e ak val u e  o f  th e  m ag n e ti c  p o l ari zati o n ,  i n  te s l as ;   

Ps  i s  th e  s p e ci fi c  to tal  l o s s  o f  th e  s p e c i m e n ,  i n  watts  pe r  ki l o g ram ;   

T i s  th e  l e n g th  o f  th e  p e ri o d  o f  th e  m ag n e ti z ati o n ,  i n  s e co n d s ;   

f i s  th e  fre q u e n c y o f  th e  m ag n e ti zati o n ,  i n  h e rtz;   

fs  i s  th e  s am p l i n g  fre q u e n c y,  i n  po i n ts  pe r  s e co n d ;   

N1  i s  th e  n u m be r o f  tu rn s  o f  th e  pri m ary wi n d i n g ;   

N2  i s  th e  n u m be r o f  tu rn s  o f  th e  s e c o n d ar y wi n d i n g ;   

A  i s  th e  cro s s - s e cti o n al  are a o f  th e  te s t  s p e ci m e n ,  i n  s q u are  m e tre s ;   

R  i s  th e  re s i s tan c e  o f  th e  n o n - i n d u c ti ve  pre ci s i o n  re s i s to r R n  i n  s e ri e s  wi th  th e  pri m ary 

wi n d i n g  ( s e e  Fi g u re  5 ) ,  i n  o h m s ;   

u1  i s  th e  vo l tag e  d ro p  acro s s  th e  n o n - i n d u cti ve  pre ci s i o n  re s i s to r  R n ,  i n  vo l ts ;   

u2  i s  th e  s e c o n d ary i n d u ce d  vo l tag e ,  i n  vo l ts ;   

n  i s  th e  n u m be r o f  i n s tan tan e o u s  val u e s  s am p l e d  o ve r o n e  p e r i o d ;   

j  i s  th e  i n d e x o f  i n s tan tan e o u s  val u e s ;   

lm  i s  th e  co n ve n ti o n al  e ffe cti ve  m ag n e ti c  p ath  l e n g th ,  i n  m e tre s  ( lm  =  0 , 9 4  m ) ;   

ρm  i s  th e  co n ve n ti o n al  d e n s i ty o f  th e  te s t  m ate ri al ,  i n  ki l o g ram s  pe r c u b i c  m e tre ;  

2

~
U   i s  th e  r. m . s .  val u e  o f  s e c o n d ar y i n d u c e d  vo l tag e ,  i n  vo l ts ;  

R i  i s  th e  co m b i n e d  e q u i val e n t  re s i s tan c e  o f  th e  i n s tru m e n ts  i n  th e  s e co n d ar y ci rcu i t,  i n  
o h m s ;  

Rt   i s  th e  s e ri e s  re s i s tan c e  o f  th e  s e c o n d ary wi n d i n g s  o f  E ps te i n  fram e  an d  m u tu al  i n d u c to r,  
i n  o h m s .  
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Th e  pe ak val u e  o f  th e  m ag n e ti c  f i e l d  s tre n g th  c an  be  cal c u l ate d  b y u s i n g :   
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an d  th e  cal c u l at i o n  o f  th e  s p e c i f i c  ap pare n t  p o we r  fo l l o ws :  
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Th e  pai rs  o f  val u e s ,  u2j  an d  u1 j,  can  th e n  b e  pro c e s s e d  b y a  co m pu te r o r,  fo r  re al  t i m e  

pro c e s s i n g ,  b y a d i g i tal  s i g n al  p roc e s s o r ( D S P )  u s i n g  a s u ff i c i e n tl y fas t  d i g i tal  m u l t i p l i e r  an d  
ad d e r wi th o u t  i n te rm e d i ate  s to rag e  be i n g  re q u i re d .  Ke e p i n g  th e  N yq u i s t  co n d i t i o n  i s  p o s s i bl e  

o n l y wh e re  th e  s am p l i n g  fre q u e n c y  fs  an d  th e  fre q u e n c y f o f  th e  m ag n e ti zati o n  are  d e ri ve d  

fro m  a co m m o n  h i g h  fre q u e n c y c l o ck an d  th u s ,  h ave  an  i n te g e r rati o  fs/f.  I n  th at  cas e ,  U1 (t)  

an d  U2(t)  m ay b e  s c an n e d  u s i n g  1 2 8  s am pl e s  p e r  p e ri o d  wi th  s u ff i ci e n t  accu rac y ( ab o ve  
1  0 0 0  H z  6 4  s am pl e s  pe r pe ri o d  m ay b e  s u ffi ci e n t) .  Th i s  f i g u re  i s ,  acc o rd i n g  to  th e  S h an n o n  

th e o re m ,  d e te rm i n e d  b y th e  h i g h e s t  re l e van t  fre q u e n c y i n  th e  H(t)  s i g n al ,  wh i ch  i s  n o rm al l y 
n o t  h i g h e r  th an  th at  o f  th e  41 s t  h arm o n i c  [3 ]  i n  te c h n i cal  fre q u e n ci e s .  H o we ve r,  s o m e  
co m m e rci al  d ata ac q u i s i ti o n  e q u i pm e n t  can n o t  be  s yn c h ro n i ze d  wi th  th e  fre q u e n c y o f  th e  

m ag n e ti zati o n  an d ,  as  a  co n s e q u e n ce ,  th e  rati o  fs/f i s  n o t  an  i n te g e r,  i . e .  th e  N yq u i s t  co n d i ti o n  
i s  n o t  m e t.  I n  th at  cas e ,  th e  s am pl i n g  fre q u e n c y s h o u l d  b e  c o n s i d e rab l y h i g h e r ( 5 0 0  s am pl e s  
pe r  p e ri o d  o r m o re )  i n  o rd e r  to  ke e p  th e  d e vi ati o n  o f  th e  tru e  p e ri o d  l e n g th  fro m  th e  n e are s t  
t i m e  o f  s am pl e d  po i n t  s m al l .  Ke e p i n g  th e  N yq u i s t  co n d i t i o n  b e co m e s  a  d e c i s i ve  ad van tag e  i n  
th e  cas e  o f  h i g h e r  fre q u e n c y app l i c ati o n s  to  ke e p  th e  s am p l i n g  fre q u e n c y re as o n ab l e  l o w.  Th e  
u s e  o f  a  l o w- pas s  an ti - al i as i n g  f i l te r  [ 5 ]  i s  re c o m m e n d e d  i n  o rd e r  to  e l i m i n ate  i rre l e van t  h i g h e r  
fre q u e n c y co m po n e n ts  wh i c h  wo u l d  o th e rwi s e  i n te rac t  wi th  th e  d i g i tal  s am pl i n g  pro c e s s  
pro d u ci n g  al i as i n g  n o i s e .   

R e g ard i n g  th e  am p l i tu d e  re s o l u t i o n ,  s tu d i e s  [3 , 4]  h ave  s h o wn  th at  b e l o w a 1 2  b i t  re s o l u t i o n ,  
th e  d i g i t i zati o n  e rro r c an  be  co n s i d e rab l e ,  part i cu l arl y f o r n o n - o ri e n te d  m ate ri al  wi th  h i g h  
s i l i co n  co n te n t.  Th u s ,  at  l e as t  a  1 2  b i t  re s o l u ti o n  o f  th e  g i ve n  am pl i tu d e  i s  re co m m e n d e d .  
M o re o ve r,  th e  two  vo l tag e  c h an n e l s  s h o u l d  tran s fe r  th e  s i g n al s  wi th o u t  a  s i g n i f i can t  ph as e  
s h i ft.  A part i cu l arl y s i g n i f i c an t  co n d i t i o n  i n  m e d i u m  fre q u e n c i e s  app l i c ati o n  i s  th at  th e  ph as e  
s h i ft  s h o u l d  b e  s m al l  e n o u g h  s o  th at  th e  p o we r  m e as u re m e n t  u n c e rtai n t y s p e ci f i e d  i n  th i s  
s tan d ard ,  n am e l y 0 , 5  % ,  i s  n o t  e xce e d e d .  Th e  co n s i d e rati o n  o f  th e  p h as e  s h i ft  i s  m o re  
re l e van t  th e  l o we r th e  p o we r fac to r  c o s (φ)  b e c o m es  (φ  be i n g  th e  p h as e  d i ffe re n ce  b e twe e n  
th e  fu n d am e n tal  c o m po n e n ts  o f  th e  two  vo l tag e  si g n al s ) .  S i g n al  co n d i t i o n i n g  am pl i f i e rs  are  
pre f e rab l y d . c. co u p l e d  to  avo i d  an y l o w fre q u e n cy p h as e  s h i ft .  H o we ve r,  d . c .  o ffs e ts  i n  th e  
s i g n al  c o n d i ti o n i n g  am p l i f i e rs  can  l e ad  to  s i g n i f i can t  e rro rs  i n  th e  n u m e ri cal l y cal c u l ate d  
val u e s .  N u m e ri c al  c o rre cti o n  can c e l l i n g  c an  be  ap p l i e d  to  re m o ve  s u c h  d . c .  o ffs e ts .  

B.3  Cal ibration  aspects  

Th e  ve ri f i c ati o n  o f  th e  re pro d u ci b i l i t y re q u i re m e n ts  o f  th i s  d o c u m e n t  m ake  care fu l  cal i brati o n  
o f  th e  m e as u re m e n t e q u i pm e n t n e ce s s ar y.  Th e  two  vo l tag e  ch an n e l s  i n cl u d i n g  p re am pl i f i e rs  
an d  AD C  c an  be  cal i b rate d  u s i n g  a  cal i brate d  re f e re n c e  AC  vo l tag e  s o u rce  [ 6 ] .  I n  ad d i t i o n ,  th e  
ph as e  p e rfo rm an ce  o f  th e  two  ch an n e l s  an d  i ts  d e p e n d e n c e  o n  th e  fre q u e n c y s h o u l d  b e  
ve ri f i e d  an d  p o s s i b l y b e  take n  i n to  acco u n t  wi th  th e  e val u ati o n  pro ce s s i n g  i n  th e  co m p u te r.  I n  
an y cas e ,  i t  wo u l d  n o t  b e  s u ffi ci e n t  to  c al i brate  th e  s e t- u p  u s i n g  re fe re n c e  s am pl e s  be cau s e  
th at  cal i brati o n  wo u l d  o n l y b e  e ffe cti ve  fo r  th at  co m bi n ati o n  o f  m ate ri al  an d  m e as u re m e n t 
co n d i t i o n .   
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B.4  Numerical  ai r  flux compensation  

Th e  n u m e ri cal  ai r  f l u x  co m pe n s a ti o n  can  b e  d o n e  s i m i l ar  to  th e  pri n c i p l e  o f  m u tu al  i n d u cto r.  
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)(2c tU  i s  th e  co m pe n s ate d  s e c o n d ar y i n d u ce d  vo l tag e ,  i n  vo l ts ;  

)(
2m

tU  i s  th e  u n c o m pe n s ate d  s e co n d ary i n d u c e d  vo l tag e ,  i n  vo l ts ;  

C i s  th e  val u e  o f  co m p e n s ati o n  facto r,  i n  O h m  s e co n d s ;  

)(1 tU  i s  th e  vo l tag e  d ro p  acro s s  th e  pre ci s i o n  re s i s to r  R n ( s e e  Fi g u re  5 ) ,  i n  vo l ts ;  

R
 

i s  th e  re s i s tan c e  o f  th e  n o n - i n d u c ti ve  pre c i s i o n  re s i s to r  R n  i n  s e ri e s  wi th  th e  pri m ar y 
wi n d i n g ,  i n  o h m s .  

Fi rs t  th e  vo l tag e  d ro p acro s s  th e  pre c i s i o n  re s i s to r  R  ,  )(1 tU ,  i s  d i ffe re n ti ate d  i n  a  wa y to  

avo i d  ph as e  s h i fts  an d  s i g n i f i can t  n o i s e  am p l i f i c ati o n  i n j e c ted  fro m  th e  c u rre n t  s i g n al .  A 
po s s i b l e  m e th o d  c an  b e  a f i ve - p o i n t  o r  twe l ve - p o i n t  d i ffe re n ti ati o n .   

S e co n d l y th e  c o m pe n s ati o n  c an  b e  d o n e  as  s h o wn  i n  fo rm u l a  ( B. 6 ) .   

Th e  ad j u s tm e n t o f  th e  val u e  o f  co m pe n s ati o n  f acto r c an  be  m ad e  s o  th at,  wh e n  pas s i n g  an  
al te rn ati n g  c u rre n t  th ro u g h  th e  pri m ary wi n d i n g s  i n  th e  abs e n ce  o f  th e  s p e ci m e n  i n  th e  
ap p aratu s ,  th e  co m pe n s ate d  vo l tag e  s h al l  b e  n o  m o re  th an  0 , 1  % o f  th e  n o n - c o m pe n s ate d  
vo l tag e  ap pe ari n g  ac ro s s  th e  s e co n d ar y wi n d i n g  o f  th e  te s t  ap paratu s  al o n e .   

Th e  n u m e ri c al  ai r  f l u x  c o m pe n s ati o n  i s  ad van tag e o u s  to  avo i d  i n cre as e s  i n  p h as e  s h i ft  an d  
i m pe d an c e  o f  wi n d i n g s  cau s e d  b y ad d i t i o n  o f  m u tu al  i n d u cto r.   

 



I E C  6 0 4 0 4- 1 0 : 2 0 1 6  © I E C  2 0 1 6  – 2 7  – 

B i bl i o g raph y 

[1 ]  FI OR I LLO ,  F. ,  Measurement and characterization of magnetic materials.  E l s e vi e r  
S e ri e s  i n  E l e c tro m ag n e ti s m .  Acad e m i c  P re s s  ( 2 0 0 4) ,  I S B N :  0 - 1 2 - 2 5 72 5 1 - 3   

[2 ]  I E C  6 0 4 0 4- 6 : 2 0 0 3 ,  Magnetic materials – Part 6: Methods of measurement of the 
magnetic properties of magnetically soft metallic and powder materials at frequencies 
in the range 20 Hz to 200 kHz by the use of ring specimens,  Annex B:  Sinusoidal 
waveform control by digital means  

[3 ]  AH LE R S ,  H .  an d  S I E VE R T,  J . ,  Uncertainties of Magnetic Loss Measurements,  
particularly in Digital Procedures.  P TB - M i tt.  9 4  ( 1 9 8 4)  p . 9 9 - 1 0 7   

[4 ]  D e  W U LF,  M .  an d  M E LKE B E E K,  J . ,  On the advantage and drawbacks of using digital 
acquisition systems for the determination of magnetic properties of electrical steel 
sheet and strip.  J .  M ag n .  M ag n .  M ate r. ,  1 9 6 - 1 9 7  ( 1 9 9 9 )  p . 9 4 0 - 9 4 2  

[5 ]  S TE R N S ,  S . D . ,  Digital Signal Analysis.  5 th  E d i t i o n ,  H a yd e n  B o o k ( 1 9 9 1 ) ,  I S B N :  0 -
8 1 0 4- 5 8 2 8 - 4   

[6 ]  AH LE R S ,  H . ,  Precision calibration procedure for magnetic loss testers using a digital 
two-channel function generator.  S M M 1 1  Ve n i c e  1 9 9 3 ,  J .  M ag n .  M ag n .  M ate r. ,  1 3 3  
( 1 9 9 4)  p . 4 3 7 - 4 3 9  

[7 ]  I S O /I E C  G u i d e  9 8 - 3 : 2 0 0 8 ,  Uncertainty of measurement – Part 3: Guide to the 
expression of uncertainty in measurement (GUM: 1995)  

 

_____________ 

 



 

 





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

INTERNATIONAL 

ELECTROTECHNICAL 

COMMISSION 

 

3,  rue de Varembé 

PO Box 1 31  

CH-1 21 1  Geneva 20 

Switzerland 

 

Tel:  + 41  22 91 9 02 1 1  

Fax:  +  41  22 91 9 03 00 

info@iec.ch  

www. iec.ch  


