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T h e c o nti n u o us dri v e t o hi g h p erf or m a n c e e n er g y c o nv ersi o n b as e d o n n e w wi d e
b a n d g a p s e mi c o n d u ct ors f or c es a n u prisi n g n e w m o d els a n d d esi g n r ul es f or hi g h
p erf or m a n c e m a g n eti c c o m p o n e nts . T h e st at e-of -t h e-art m a g n eti c m o d eli n g ass u m es
hi g h fr e q u e n c y eff e cts i n f errit es as n e gli gi bl e . F errit e m a n uf a ct ur ers pr ovi d e
m at eri als p ar a m et ers as p er mitti vit y a n d c o n d u cti vit y as a c o nst a nt t h at is c o m m o n
f or t h e f errit e f a mil y r a n g e. P o w er l oss u n d er r e ct a n g ul ar w a v e e x cit ati o n ar e
i n v esti g at e d pr e d o mi n a ntl y b y u ni v ersiti es a n d r es e ar c h c e nt ers . Li mit e d d at a
a v ail a bilit y i n m a g n eti c m at eri als d at as h e ets n arr o ws d esi g n pr o c e d ur e t o a v ail a bl e
d at a t h at i n c ur s u bst a nti al err ors at hi g h s wit c hi n g fr e q u e n ci es, t h e o v er c o m e of t h e
a v ail a bl e d at a li mit ati o ns is m oti v ati o n t o st art a n e w r es e ar c h pr oj e ct . T h e r es e ar c h
w or k is f o c us e d o n t h e m a g n eti c fl u x distri b uti o n i n t h e m a g n eti c c or e, f errit e
el e ctri c al pr o p erti es a n d p o w er l oss f or v ari o us m at eri als, c or e si z es a n d
e x cit ati o ns . T h e r es ults ar e i nt e n d e d t o b e a f o u n d ati o n f or f urt h er dis c ussi o n t o
i ntr o d u c e a st a n d ar di z e d t esti n g pr o c e d ur es f or m a g n eti c m at eri als r e q uir e d b y a
d et ail e d d esi g n .

M oti v ati o n
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D u e t o t h e r a n g e of t h e w or k, t h e pr oj e ct is s c o p e d i n fi v e m ai n p a c k a g es :

1. L ar g e c or e t e sti n g – fl u x pr o p a g ati o n i n f errit e s

a) Fl u x distri b uti o n i n T 5 0 f errit e ri n g c or es

b) Fl u x distri b uti o n i n T 1 5 2 f errit e ri n g c or es

c) D esi g n c or es f or e q ui v al e nt cir c uit v erifi c ati o n

T his p a c k a g e is f o c us e d o n t h e f u n d a m e nt als of t h e m a g n eti c fl u x distri b uti o n i n t h e m a g n eti c c or e . T h e

n u m b er of e x p eri m e nt w as c arri e d o ut i n or d er t o d e v el o p t h e n o n u nif or m fl u x distri b uti o n a n d

q u a ntif y t h e eff e ct .

2. C or e p o w er l o s s c o m p ari s o n

a) M at eri al 3 C 9 5 ( v ari o us t or oi d si z es)

b) M at eri al 3 E 1 0 ( v ari o us t or oi d si z es)

c) M at eri al 3 F 3 6 ( v ari o us t or oi d si z es)

T his p a c k a g e i n v esti g at es h o w t h e fl u x distri b uti o n i m p a cts c or e p o w er l oss u n d er si n us oi d al a n d
r e ct a n g ul ar v olt a g e w a v ef or m . T h e r es ults ar e pr es e nt e d as a P erf or m a n c e F a ct or a n d H er b ert’s C ur v e .

Pr oj e ct Str u ct ur e
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3. C or e s h a p e eff e ct o n p o w er l o s s

a) L a mi n at e d f errit e c or es ( c or e l oss a n d i m p e d a n c e c o m p aris o n)

b) H oll o w e d ri n g c or es ( c or e l oss a n d i m p e d a n c e c o m p aris o n)

c) Stri n g of b e a ds ( c or e l oss a n d i m p e d a n c e c o m p aris o n )

T his p a c k a g e i nv esti g at es c or e s h a p e i m p a ct o n fl u x distri b uti o n, p o w er l oss a n d i n d u ct or
p erf or m a n c e . T hr e e c or es w er e d esi g n e d a n d e x p eri m e nt all y i nv esti g at e d f or p ossi bl e
p erf or m a n c e i m pr o v e m e nt.

4. F errit e s el e ctri c al pr o p erti e s

a) M e as ur e m e nt fi xt ur e d e v el o p m e nt

b) S a m pl e si z e s el e cti o n f or m at eri al t esti n g

c) Pr eli mi n ar y m a g n eti c m at eri als t ests

T his p a c k a g e is f o c us e d o n a n o v el m et h o d t o d et er mi n e t h e el e ctri c pr o p erti es of c o n d u cti vit y
a n d p er mitti vit y of f errit e c or es at hi g h fr e q u e n c y.

Pr oj e ct Str u ct ur e
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5. R e ct a n g ul ar w a v e c or e l o s s t e st er

a) H -Bri d g e d e v el o p m e nt a n d c o m p o n e nt s el e cti o n

b) S oft w ar e d e v el o p m e nt f or i nt erf a ci n g m e as ur e m e nt s et u p a n d d at a a c q uisiti o n

c) D at a p ost -pr o c essi n g o n t h e e x a m pl e of s el e ct e d c or e

T his p a c k a g e is f o c us e d o n t h e c or e l oss t est er d e v el o p m e nt f or r e ct a n g ul ar w a v e e x cit ati o n .
R eli a bl e c or e l oss m e as ur e m e nt b as e d o n t h e r e ct a n g ul ar e x cit ati o n is ess e nti al f or m a g n eti c
c o m p o n e nt d esi g n pr o c ess . F urt h er, t h e t est er is t o b e e m pl o y e d t o c h ar a ct eri z e m a g n eti c fl u x
distri b uti o n o n t h e c or e l oss i n r el ati o ns t o t h e a p pli e d v olt a g e w a v ef or m .

Pr oj e ct Str u ct ur e
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W e w o ul d li k e t o e x pr ess o ur d e e p gr atit u d e t o Pr of ess or C h arl es R . S ulli v a n ,
Pr of ess or J o h n G . H a y es a n d Pr of ess or G err y W . H url e y f or t h eir v al u a bl e,
c o nstr u cti v e s u g g esti o ns a n d r es e ar c h s u p er visi o n d uri n g t h e pl a n ni n g a n d
d e v el o pi n g t his r es e ar c h w or k .

W e w o ul d li k e t o off er s p e ci al t h a n ks t o t h e S M A M a g n eti cs R & D t e a m f or t h eir
s u p p ort f or r es e ar c h.

Fi n all y, w e wis h t o t h a n k F air -Rit e Pr o d u cts C or p or ati o n f or fr a m e c or e m a c hi ni n g
a n d pr e cis e drilli n g .

A c k n o wl e d g e m e nts 
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M a g n eti c c or e si z e, m a g n eti c fi el d a m plit u d e a n d fr e q u e n c y h as a str o n g i m p a ct
o n t h e m a g n eti c fl u x distri b uti o n i n t h e c or e . T h e m a g n eti c fl u x distri b uti o n is als o
aff e ct e d b y t h e fr e q u e n c y d e p e n d e nt d y n a mi c eff e cts as e d d y c urr e nts a n d w a v e
pr o p a g ati o n eff e ct . E d d y c urr e nts ar e c h ar a ct eri z e d b y t h e s ki n eff e ct t h at r es ults i n
a n o n -u nif or m fl u x distri b uti o n i n t h e c or e cr oss -s e cti o n. W a v e pr o p a g ati o n eff e ct is
c h ar a ct eri z e d b y m at eri al p ar a m et ers d e p e n d e nt di m e nsi o n al r es o n a n c e. T his
s e cti o n of t h e pr oj e ct pr es e nts e x p eri m e nt al i nv esti g ati o n of t h e m a g n eti c fl u x
distri b uti o n i n s el e ct e d f errit e ri n g c or es .

Pr oj e ct d e v el o p m e nt : 

1. Fl u x distri b uti o n v erifi c ati o n b as e d o n t h e T 5 0 ri n g c or e – si m plifi e d 
m et h o d

2. Fl u x distri b uti o n v erifi c ati o n b as e d o n t h e T 1 5 2 ri n g c or e – d et ail e d 
v erifi c ati o n b as e d o n 4 s h ells a n d 4 9 s e g m e nt c or e drilli n g s c h e m e

3. C or e s a m pl es pr e p ar ati o n ar e s u bs e q u e nt t as k of t his pr oj e ct

I ntr o d u cti o n

1 0



1

2

3

4

5

C o nt e nt

Fl u x di stri b uti o n i n T 5 0 f errit e ri n g c or e

Fl u x di stri b uti o n i n T 1 5 2 f errit e ri n g c or e

C or e s s el e cti o n f or e q ui v al e nt cir c uit vali d ati o n

C o n cl u si o n a n d f ut ur e w or k 

A p p e n di c e s



T h e first st e p w as t o b or e t w o v erti c al a n d o n e h ori z o nt al h ol e i n t w o f errit e c or es
m a d e of 3 E 1 0 a n d 3 C 9 5 m at eri al a n d m e as ur e t h e m a g n eti c fl u x distri b uti o n .

T h e h ol e s di vi d e c or e i nt o t w o s e cti o ns: i n n er a n d o ut er . T h er ef or e, i n n er t o o ut er
c or e s e g m e nts r ati o is c o m p ar e d . T his si m plifi e d a p pr o a c h all o ws t o m e as ur e
m a g n eti c fl u x distri b uti o n u p t o t h e c ert ai n fr e q u e n c y e xt e nt w h er e t h e m a g n eti c
fl u x s ki n d e pt h eff e ct is li mit e d t o t h e m a g n et wir e l o o p.

Fl u x distri b uti o n i n T 5 0 f errit e ri n g c or e

1 2



T hr e e h ol es w er e b or e d i n s el e ct e d f errit e c or es :

Fl u x distri b uti o n i n T 5 0 f errit e ri n g c or e

1 3

M at eri al 3 E 1 0 3 C 9 5

P er m e a bilit y 1 0 0 0 0 3 0 0 0

Di m e nsi o ns 
O D x I D x H 

5 0 x 3 0 x 1 6. 5 m m 5 0 x 3 0 x 1 6. 5 m m

C or e t ot al cr o ss 
s e cti o n 

1 6 5 m m² 1 6 5 m m²

C or e v ol u m e 2 0. 7 c m³ 2 0. 7 c m³

T est s et u p:



S e cti o n A v olt a g e v x w as d efi n e d i n t hr e e st e ps:

• V 1 m e as ur e m e nt – s e cti o n A + p orti o n a b o v e it

• V 2 m e as ur e m e nt

• M e as ur e d v olt a g e s u btr a cti o n: v x = v 1 – v 2

Fl u x distri b uti o n i n T 5 0 f errit e ri n g c or e

1 4

( )111 si n)(  += tVtv M

𝑣 𝑋 ( 𝑡 ) = 𝑉 𝑋 𝑀 si n ( 𝜔 𝑡 + 𝜙 𝑋 )
𝑣 𝑋 ( 𝑡 ) = 𝑣 1 ( 𝑡 ) − 𝑣 2 ( 𝑡 )

( )222 si n)(  += tVtv M

S e cti o n A

v 1

v 2



Fl u x distri b uti o n i n t h e s e cti o n of T X 5 0 c or e m a d e fr o m 3 E 1 0 m at eri al :

Fl u x distri b uti o n i n T 5 0 f errit e ri n g c or e

1 5

0, 0

0, 2

0, 4

0, 6

0, 8

1, 0

1, 2

1, 4

0 2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0 1 4 0 0 1 6 0 0
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Fr e q u e n c y ( k H z)

S e cti o n A S e cti o n B



Fl u x distri b uti o n i n t h e s e cti o n of T X 5 0 c or e m a d e fr o m 3 C 9 5 m at eri al :

Fl u x distri b uti o n i n T 5 0 f errit e ri n g c or e

1 6

0, 0

0, 2

0, 4

0, 6

0, 8

1, 0

1, 2

1, 4

1, 6

0 2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0 1 4 0 0 1 6 0 0
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It is o bs er v e d t h at m a g n eti c fl u x u n d er g o es a s ki n eff e ct a n al o g o us t o c o n d u ct ors
i n hi g h p er m e a bilit y m at eri als as 3 E 1 0 . I n e xtr e m e c as e, m a g n eti c fl u x i n t h e c or e’s
mi d dl e s e cti o n fl o w i n a n o p p osit e dir e cti o n t o t h e e q ui v al e nt fl u x i n t h e c or e . L o w er
p er m e a bilit y m at eri als s h o ws m a g n eti c fl u x i n cr e as e i n t h e c or e’s mi d dl e s e cti o n
c a us e d b y w a v e pr o p a g ati o n eff e cts .

T o i n cr e as e m e as ur e m e nt a c c ur a c y n u m b er of drill e d h ol es w as tri pl e d. Fl u x
distri b uti o n i n t h e c or e w as m e as ur e d wit h hi g h er r es ol uti o n. Wit h a d diti o n al b or es
m e as ur e d fl u x c h ar a ct eristi cs c o ul d b e pr es e nt e d i n f o ur c or e s e cti o ns i nst e a d of
t w o. Si m ult a n e o usl y c or e si z e w as i n cr e as e d fr o m T 5 0 t o T 1 5 2 t h at all o ws t o
d e v el o p E d d y -c urr e nts a n d di m e nsi o n al r es o n a n c e eff e cts at l o w er fr e q u e n c y.

Fl u x distri b uti o n i n T 5 0 f errit e ri n g c or e

1 7



T hr e e s ets of h ol es w er e b or e d i n s el e ct e d f errit e c or es :

Fl u x distri b uti o n i n T 1 5 2 f errit e ri n g c or e

1 8

T est s et u p:M at eri al 3 C 9 5

P er m e a bilit y 3 0 0 0 

Di m e nsi o ns 
O D x I D x H 

1 5 2 x 1 0 4 x 2 4 m m

C or e t ot al cr o ss 
s e cti o n 

5 7 6 m m²

C or e v ol u m e 2 3 1 c m³

S e cti o n A

S e cti o n B

S e cti o n C

S e cti o n D



Fl u x distri b uti o n i n t h e s e cti o ns of T X 1 5 2 c or e m a d e fr o m 3 C 9 5 m at eri al :

Fl u x distri b uti o n i n T 1 5 2 f errit e ri n g c or e

1 9

0
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7

8

0 0, 5 1 1, 5
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Fr e q u e n c y ( M H z)

S e cti o n A S e cti o n B S e cti o n C S e cti o n D

- 9 0

- 4 5

0

4 5

9 0

1 3 5

1 8 0

2 2 5

2 7 0

3 1 5

3 6 0

0 0, 5 1 1, 5
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Fr e q u e n c y ( M H z)

S e cti o n A S e cti o n B S e cti o n C S e cti o n D



Dir e ct m e as ur e m e nt of fl u x i n s e cti o n D: 

Fl u x distri b uti o n i n T 1 5 2 f errit e ri n g c or e

2 0

0

1

2

3

4

5

6

7

8

0 0, 1 0, 2 0, 3 0, 4 0, 5 0, 6 0, 7 0, 8 0, 9 1 1, 1 1, 2 1, 3 1, 4 1, 5
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S e cti o n D v olt a g e I n p ut v ol at e g e 



M e as ur e m e nt c o m p aris o n wit h F E A 

Fl u x distri b uti o n i n T 1 5 2 f errit e ri n g c or e

2 1

0

1

2

3

4

5

6

7

8

0 0, 1 0, 2 0, 3 0, 4 0, 5 0, 6 0, 7 0, 8 0, 9 1 1, 1 1, 2 1, 3 1, 4 1, 5
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Fr e q u e n c y ( M H z)

S e cti o n A - e x p eri m e nt al S e cti o n D - e x p eri m e nt al S e cti o n A - F E A S e cti o n D - F E A



M e as ur e m e nt c o m p aris o n wit h F E A 

Fl u x distri b uti o n i n T 1 5 2 f errit e ri n g c or e

2 2

0

1

2

3

4

5

6

7

8

0 0, 1 0, 2 0, 3 0, 4 0, 5 0, 6 0, 7 0, 8 0, 9 1 1, 1 1, 2 1, 3 1, 4 1, 5
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Fr e q u e n c y (M H z )

S e cti o n A S e cti o n B S e cti o n C S e cti o n D S e cti o n A - F E A S e cti o n B - F E A S e cti o n C - F E A S e cti o n D - F E A



G o o d c o h er e n c e b et w e e n F E A a n d m e as ur e m e nt w as a c hi e v e d d u e t o a c c ur at e 
m a g n eti c m at eri als c h ar a ct eristi c . 

M a g n eti cs m at eri als pr o p erti es r e q uir e d f or F E A a n al ysis:

1. P er m e a bilit y fr e q u e n c y c h ar a ct eristi c

2. Di el e ctri c c o nst a nt fr e q u e n c y c h ar a ct eristi c

3. C o n d u cti vit y fr e q u e n c y c h ar a ct eristi c

4. P o w er l oss m e as ur e d at si n us oi d al a n d s q u ar e
w a v e e x cit ati o n 

C al c ul ati o n b as e d o n d at a pr o vi d e d b y m at eri al 
m a n uf a ct ur er `s m a y c a us e si g nifi c a nt err or. 

M e as ur e m e nt c o m p aris o n wit h F E A 

2 3

T h e m o st i m p ort a nt i s t o h a v e c orr e ct d at a t h a n 
t h e m o st d et ail e d e q u ati o n or m o d el.



F o ur si m ul ati o ns w er e p erf or m e d t o c h e c k t h e eff e ct of c or e p er m e a bilit y, 
p er mitti vit y a n d c o n d u cti vit y o n fl u x distri b uti o n :

M e as ur e m e nt c o m p aris o n wit h F E A 

2 4

Si m ul ati o n 1 – I d e al
f = 5 0 0 k H z, µ R = 1 0 0 0 0, ɛ R = 1, σ = 0. 1 S/ m  

Si m ul ati o n 2 – Hi g h p er mitti vit y
f = 5 0 0 k H z, µ R = 1 0 0 0 0, ɛ R = 2 0 0 0 0 , σ = 0. 1 S/ m  

Si m ul ati o n 1 – N ot c orr e ct e d F E A 

T h e first si m ul ati o n s h o ws a n i d e al c as e of a 
l ossl ess c or e. M a g n eti c fl u x i nt e nsit y is str o n g er 
at t h e i n n er r a di us of t h e c or e a n d r e d u c es d u e 
t o t h e eff e ct of t h e r el u ct a n c e p at h. 

Si m ul ati o n 2 – Hi g h p er mitti vit y

I n t h e s e c o n d si m ul ati o n r el ati v e p er mitti vit y
w as s et t o 2 0 0 0 0, l ar g e a m plit u d e fl u x o c c urs 
u n d er r es o n a nt c o n diti o ns a n d is c o n c e ntr at e d 
i n t h e i n n er p art of t h e c or e.



M e as ur e m e nt c o m p aris o n wit h F E A 

2 5

Si m ul ati o n 3 – Hi g h c o n d u cti vit y 

T h e m a g n eti c fl u x d e nsit y distri b uti o n is si mil ar 
t o c urr e nt distri b uti o n i n a c o n d u ct or. M a g n eti c 
fl u x is c o n c e ntr at e d i n t h e o ut er cir c u mf er e n c e 
w hil e t h e c or e c e nt er e x hi bits fl u x d e nsit y 
w e a k e ni n g d u e t o c or e s ki n eff e ct. 

Si m ul ati o n 4 – All p ar a m et er s

Hi g h fr e q u e n c y c or e eff e cts ar e visi bl e i n F E A 
m o d eli n g of fi el d distri b uti o n d u e t o 
i ntr o d u cti o n of p er mitti vit y a n d c o n d u cti vit y. 
O nl y t h e i d e ntifi c ati o n of all m a g n eti c m at eri al 
pr o p erti es all o w f or a pr e cis e c al c ul ati o n.   

Si m ul ati o n 3 – Hi g h c o n d u cti vit y
f = 5 0 0 k H z, µ R = 1 0 0 0 0, ɛ R = 1, σ = 5 S / m  

Si m ul ati o n 4 – All p ar a m et ers
f = 5 0 0 k H z, µ R = 1 0 0 0 0, ɛ R = 2 0 0 0 0 , σ = 5 S / m  



F E M a n al ysis wit h i n cl u d e d m a g n eti c m at eri al 
c h ar a ct eristi cs h el p t o u n d erst a n d eff e cts w hi c h s ets t h e 
li mit f or eff e cti v e c or e us e:

M e as ur e m e nt c o m p aris o n wit h F E A 

2 6

0

2 0 0 0

4 0 0 0

6 0 0 0

8 0 0 0

1 0 0 0 0

1 2 0 0 0

1 4 0 0 0

0, 0 1 0, 1 1 1 0

Re
al
 p

er
me

ab
il
it

y
µ'

Fr e q u e n c y f ( M H z)

T X 8 0 - 1 0 0 ° C 

T X 8 0 - 2 5 ° C 

T X 5 0 - 2 5 ° C 

T X 2 5 - 2 5 ° C 

D at a s h e et - 2 5 ° C 

f = 5 0 0 k H z, µ R = 1 0 0 0 0, ɛ R = 2 0 0 0 0 , σ = 5 S/ m  



T h e fl u x distri b uti o n b as e d o n b or e d t hr e e s ets of h ol es gi v es m or e pr e cis e d at a
t h a n si m plifi e d t hr e e h ol es m o d el .

R es ults c o nfir m t h at fl u x distri b uti o n is aff e ct e d b y t h e fr e q u e n c y d e p e n d e nt
d y n a mi c eff e cts as e d d y c urr e nts a n d w a v e pr o p a g ati o n eff e ct .

S h ells r e pr es e nt ati o n gi v e g o o d fl u x distri b uti o n ov er vi e w a n al o g o us t o c urr e nt
distri b uti o n i n c o n d u ct ors .

F E A Si m ul ati o n s h o ws g o o d c orr el ati o n wit h m e as ur e m e nt u p t o 1 .3 M H z .

T o f urt h er i n cr e as e fl u x distri b uti o n m e as ur e m e nt a c c ur a c y t w o f errit e c or es T 1 5 2
w er e drill e d t o o bt ai n fl u x distri b uti o n i n c or e 4 9 s e g m e nts

Fl u x distri b uti o n i n T 1 5 2 f errit e ri n g c or e

2 7



Si x h ori z o nt al h ol es a n d si x v erti c al h ol es e q u all y s p a c e d t o fr a cti o n t h e c or e i nt o 
4 9 s e g m e nts. 

Fl u x distri b uti o n i n T 1 5 2 f errit e ri n g c or e

2 8

T est s et u p:

M at eri al 3 C 9 5 3 E 1 0

P er m e a bilit y 3 0 0 0 1 0 0 0 0 

Di m e nsi o ns 
O D x I D x H 

1 5 2 x 1 0 4 x 2 4 m m 1 5 2 x 1 0 4 x 2 4 m m

C or e t ot al cr o ss 
s e cti o n 

5 7 6 m m² 5 7 6 m m²

C or e v ol u m e 2 3 1 c m³ 2 3 1 c m³



T 1 5 2 c or e drilli n g s c h e m e:
I n f o ur pl a n es, o n e h ori z o nt al h ol e is drill e d fr o m t h e O D t o t h e I D of t h e c or e. 

T o m e as ur e t h e v olt a g e o n a R E D s e g m e nt, t h e pr es e nt e d c o n n e cti o n s w er e us e d. 
D uri n g t h e m e as ur e m e nt pi n k ar e a v olt a g e is c a n c ell e d. 

Fl u x distri b uti o n i n T 1 5 2 f errit e ri n g c or e

2 9



S h ells a n d 4 9 s e g m e nts r es ults ar e c o ntr ast e d f or S e cti o n A a n d B:

Fl u x distri b uti o n i n T 1 5 2 f errit e ri n g c or e

3 0

0, 0

0, 5

1, 0

1, 5

2, 0

2, 5

3, 0

3, 5

0 5 0 0 1 0 0 0 1 5 0 0

Ma
g
ne

ti
c 

fl
ux

 
de

ns
it

y 
ra

ti
o 

Fr e q u e n c y ( k H z)

S e cti o n A - 4 S h ells S e cti o n A - 4 9 S e g m e nts

0, 0

0, 2

0, 4

0, 6

0, 8

1, 0

1, 2

1, 4

1, 6

1, 8

0 5 0 0 1 0 0 0 1 5 0 0
Ma

g
ne

ti
c 

fl
ux

 
de

ns
it

y 
ra

ti
o 

Fr e q u e n c y ( k H z)

S e cti o n B - 4 S h ells S e cti o n B - 4 9 S e g m e nts



S h ells a n d 4 9 s e g m e nts r es ults ar e c o ntr ast e d f or S e cti o n A a n d B:

Fl u x distri b uti o n i n T 1 5 2 f errit e ri n g c or e

3 1

0, 0

1, 0

2, 0

3, 0

4, 0

5, 0

6, 0

0 5 0 0 1 0 0 0 1 5 0 0

Ma
g
ne

ti
c 

fl
ux

 
de

ns
it

y 
ra

ti
o 

Fr e q u e n c y ( k H z)

S e cti o n C - 4 S h ells S e cti o n C - 4 9 S e g m e nts

0, 0

1, 0

2, 0

3, 0

4, 0

5, 0

6, 0

7, 0

8, 0

0 5 0 0 1 0 0 0 1 5 0 0
Ma

g
ne

ti
c 

fl
ux

 
de

ns
it

y 
ra

ti
o 

Fr e q u e n c y ( k H z)

S e cti o n D - 4 S h ells S e cti o n D - 4 9 S e g m e nts



B e as e d o n t h e m e as ur e mt ns a n y c o m bi n ati o n of t h e c or e s e g m e nts c o ul d b e 
c o ntr ast e d wit h e a c h ot h er:

Fl u x distri b uti o n i n T 1 5 2 f errit e ri n g c or e

3 2

0, 1

1, 0

1 0, 0

0 0, 1 0, 2 0, 3 0, 4 0, 5

Ma
g
n
et
ic

 
fl

ux
 
d
e
ns

it
y 
ra

ti
o 

Fr e q u e n c y ( M H z)
S e g m e nt 1 S e g m e nt 2 S e g m e nt 3

S e g m e nt 4 S e g m e nt 5



All m e as ur e m e nt r es ult c oll e ct e d i n E x c el fil es :

Fl u x distri b uti o n i n T 1 5 2 f errit e ri n g c or e

3 3

T h e e x c el fil e is pr es e nt e d i n A p p e n di x 1 - Fl u x pr o p a g ati o n – 3 C 9 5

E x cit ati o n fr e q u e n c y S e cti o n v olt a g e a n d p h as e C or e s e cti o n n u m b er



S e ns e wi n di n g pl a c e m e nt is ti m e c o ns u mi n g a n d c h all e n gi n g . T h er ef or e, t h e
m et h o d f or p er m a n e nt s e ns e wi n di n g pl a c e m e nt w as d efi n e d . T h e i d e a is
pr es e nt e d i n pi ct ur es b el o w :

Fl u x distri b uti o n i n T 1 5 2 f errit e ri n g c or e

3 4

St e p 1. I ns ert wir es 
( 0. 1 m m) i nt o e a c h 
v erti c al h ol e, m a k e s m all 
l o o p at t h e e n d of t h e 
i ns ert e d wir e. L o o ps m ust 
b e i n li n e wit h h ori z o nt al 
h ol e.

St e p 2. I ns ert wir e i nt o t h e 
h ori z o nt al h ol e. Wir e 
di a m et er m ust b e s m all er 
t h a n t h e h ol e r a di us. 
T hr e a d t h e wir e t hr o u g h 
e a c h of t h e l o o ps fr o m first 
st e p. 

St e p 3. P ull wir es 
i ns ert e d i nt o v erti c al 
h ol e. R e p e at f or t h e 
ot h er v erti c al vir es 



C or es e q ui v al e nt cir c uit v ali d ati o n

3 5

M at eri al 3 E 1 0 3 E 1 0 3 E 1 0 3 E 1 0

P er m e a bilit y 1 0 0 0 0 1 0 0 0 0 1 0 0 0 0 1 0 0 0 0 

Di m e nsi o ns 
O D x I D x H 

8 0 x 4 0 x 2 0
m m

7 4. 3 x 4 5. 7 x 1 4. 3
m m

6 8. 6 x 5 1. 4 x 8. 6
m m

6 2. 9 x 5 7. 1 x 2. 9
m m

C or e t ot al cr o ss 
s e cti o n 

4 0 0 m m² 2 0 4. 5 m m² 7 4 m m² 8. 4 m m²

C or e v ol u m e 7 5. 3 c m³ 3 8. 5 c m³ 1 3. 9 c m³ 1. 6 c m³

F o ur c or es w er e m a c hi n e d f or e q ui v al e nt cir c uit v ali d ati o n . 
C o re d et ails :

I n t h e n e xt pr oj e ct p h as e c or e will b e us e d t o i n v esti g at e
c or e e q ui v al e nt cir c uit: 



C o n cl usi o n a n d f ut ur e w or k 

3 6

1. D e ns e m es h of h ol es all o ws t o ass ess fl u x distri b uti o n i n t h e c or e

2. Pr es e nt e d fl u x pr o p a g ati o n r es ults st arti n g fr o m si m pl e t hr e e-h ol e m o d el u p t o
a d v a n c e d 4 9 s e g m e nts m o d el c o nfir ms t h at m a g n eti c fl u x distri b uti o n is
aff e ct e d b y t h e fr e q u e n c y d e p e n d e nt d y n a mi c eff e cts as e d d y c urr e nts a n d
w a v e pr o p a g ati o n eff e ct

3. T h e t hr e e h ol es m et h o ds m a y b e a s u bj e ct f or f urt h er dis c ussi o n o n t h e
a p pr o a c h t o st a n d ar di z e d t est f or m a g n eti c m at eri al pr o p erti es

F ut ur e w or k

1. Fl u x pr o p a g ati o n r es e ar c h f or r e ct a n gul ar w a v e e x cit ati o n



T h e A p p e n di c es c a n b e f o u n d o n t h e P S M A w e bsit e :

1. Fl u x pr o p a g ati o n 4 s h ells – 3 C 9 5. xls m

2. Fl u x pr o p a g ati o n 4 9 s e g m e nts – 3 C 9 5. xls m

3. Fl u x pr o p a g ati o n 4 9 s e g m e nts – 3 E 1 0. xls m

A p p e n di c es

3 7



M ar ci n K ą c ki, dr. M ar e k S. R ył k o, E d w ar d H er b ert

S E C TI O N II – C O R E P O W E R L O S S E S C O M P A RI S O N

S M A M a g n eti c s S p. z o. o.

S p o ns or e d b y

T h e P o w er S o urc es M a n uf act ur ers Ass oci ati o n
e -m ail: p o w er @ ps m a.c o m , htt p: / / w w w. ps m a.c o m /

P. O. B o x 4 1 8 , M e n d h a m, NJ 0 7 9 4 5 -0 4 1 8



T his s e cti o n of t h e pr oj e ct i n v esti g at es h o w c or e si z e i nfl u e n c e m a g n eti c m at eri al 
p erf or m a n c e. T h e p o w er l oss es of diff er e nt si z e d c or es of t h e s a m e m at eri al ar e 
m e as ur e d a n d c o ntr ast e d f or si n us oi d al a n d r e ct a n g ul ar e x cit ati o n.

Pr oj e ct d e v el o p m e nt: 

1. C or e s a m pl es pr e p ar ati o n f or t h e t ests

2. M e as ur e p o w er l oss wit h si n us oi d al e x cit ati o n

3. M e as ur e p o w er l oss wit h r e ct a n g ul ar e x cit ati o n

4. C al c ul at e B F c ur v e a n d H er b ert c ur v e

I ntr o d u cti o n

3 9



1

2

3

4

C o nt e nt

P erf or m a n c e F a ct or c ur v e s f or 3 C 9 5 m at eri al 

P erf or m a n c e F a ct or c ur v e s f or 3 E 1 0 m at eri al 

P erf or m a n c e F a ct or c ur v e s f or 3 F 3 6 m at eri al 

C o n cl u si o n



P erf or m a n c e F a ct or P F is c o m m o nl y us e d c o m p aris o n m et h o d. It is d efi n e d as t h e 
m a xi m u m pr o d u ct of p e a k fl u x d e nsit y a n d fr e q u e n c y as a f u n cti o n of fr e q u e n c y at 
a c o nst a nt p o w er l oss d e nsit y. M a g n eti c c o m p o n e nts p h ysi c al si z e is i n v ers el y 
r el at e d t o P F. P erf or m a n c e f a ct or is d efi n e as f oll o ws: 

𝑣 𝑋 𝑡 𝑉 = 𝑋 ∙ 𝑀 𝜔 𝑡

M ar k et a v ail a bl e m a g n eti c m at eri als 
p erf or m a n c e f a ct or c o m p aris o n ar e 
li mit e d t o t h e s m all ri n g c or es p o w er 
l oss m e as ur e m e nt. 

P erf or m a n c e f a ct or

4 1

A.J. H a ns o n, J. A. B el k, D.J. P err e a ult, C. R. S ulli v a n, „ M e as ur e m e nts a n d 
p erf or m a n c e f a ct or c o m p aris o n of m a g n eti c m at eri als at hi g h fr e q u e n c y, ”
I E E E E n er g y C o n v ersi o n C o n gr ess a n d E x p ositi o n ( E C C E) 2 0 1 5



C or e c o nstr u cti o n d et ails : 

P erf or m a n c e F a ct or c ur v es f or 3 C 9 5

4 2

T e st e d s a m pl es

S a m pl e 1 S a m pl e 2 S a m pl e 3

M at eri al n a m e 3 C 9 5 3 C 9 5 3 C 9 5

M at eri al t y p e M n -Z n M n -Z n M n -Z n

Di m e nsi o ns 
O D x I D x H 

1 5 2 x 1 0 4 x 2 4 m m 8 7 x 5 6 x 2 0 m m 5 0 x 3 0 x 1 6. 5 m m

C or e t ot al cr oss 
s e cti o n 

5 7 1 m m² 3 0 5 m m² 1 6 0 m m²

C or e v ol u m e 2 2 6 c m³ 6 6. 9 c m³ 1 9. 3 c m³

S a m pl e 3S a m pl e 2

S a m pl e 1



P erf or m a n c e F a ct or c ur v es f or 3 C 9 5 m at eri al 

4 3

C or e p erf or m a n c e f a ct or c o m p aris o n :

T est s et u p:

 -

 1

 2

 3

 4

 5

 6

 7

 8

1 0 1 0 0 1 0 0 0

PF
 =

 
B
‧
f 
(

mT
‧
M

Hz
)

Fr e q u e n c y ( k H z)

3 C 9 5 _ T 1 5 2/ 1 0 4/ 2 4 - @ 2 0° C 3 C 9 5 _ T 5 0/ 3 0/ 1 6. 5 - @ 2 0° C 3 C 9 5 _ T 8 7/ 5 6/ 2 0 - @ 2 0° C

2 0 m W / c m³



P erf or m a n c e F a ct or c ur v es f or 3 C 9 5 m at eri al 

4 4

P o w er l oss d e nsit y c o m p aris o n :

T est s et u p:

3

3 0

1 0 1 0 0 1 0 0 0

P
o

we
r

L
os

s 
D
e
ns

it
y  

(
mW

/c
m³

)

Fr e q u e n c y ( kH z )

H er b ert Gr a p h

3 C 9 5 _ T 1 5 2/ 1 0 4/ 2 4 - @ 2 0° C 3 C 9 5 _ T 8 7/ 5 6/ 2 0 - @ 2 0° C

3 C 9 5 _ T 5 0/ 3 0/ 1 6. 5 - @ 2 0° C

Size i
ncreas

e

6 V/ T ur n



P erf or m a n c e F a ct or c ur v es f or 3 E 1 0 m at eri al 

4 5

C or e c o nstr u cti o n d et ails :

T e st e d s a m pl es

S a m pl e 1 S a m pl e 2 S a m pl e 3

M at eri al n a m e 3 E 1 0 3 E 1 0 3 E 1 0

M at eri al t y p e M n -Z n M n -Z n M n -Z n

Di m e nsi o ns 
O D x I D x H 

1 5 2 x 1 0 4 x 2 4 m m 8 0 x 4 3 x 1 7. 5 m m 5 0 x 3 0 x 1 6. 5 m m

C or e t ot al cr o ss 
s e cti o n 

5 7 1 m m² 3 1 8 m m² 1 6 0 m m²

C or e v ol u m e 2 2 6 c m³ 5 9. 9 c m³ 1 9. 3 c m³

S a m pl e 3S a m pl e 2

S a m pl e 1



P erf or m a n c e F a ct or c ur v es f or 3 E 1 0 m at eri al 

4 6

C or e p erf or m a n c e f a ct or c o m p aris o n :

T est s et u p:

0, 0

0, 5

1, 0

1, 5

2, 0

2, 5

3, 0

3, 5

4, 0

4, 5

5, 0

1 0 1 0 0 1 0 0 0

PF
 =

 
B
‧
f 
(

mT
‧
M

Hz
)

Fr e q u e n c y ( k H z)

3 E 1 0 _ T 1 5 2/ 1 0 4/ 2 4 - @ 2 0° C 3 E 1 0 _ T 8 0/ 4 3/ 1 7. 5 - @ 2 0° C 3 E 1 0 _ T 5 0/ 3 0/ 1 6. 5 - @ 2 0° C

2 0 m W/ c m³



P erf or m a n c e F a ct or c ur v es f or 3 E 1 0 m at eri al 

4 7

P o w er l oss d e nsit y c o m p aris o n :

T est s et u p:

1 0

1 0 0

1 0 1 0 0 1 0 0 0

P
o

we
r

D
e
ns

it
y  

(
m

W
/c

m
3)

Fr e q u e n c y ( kH z )

H er b ert Gr a p h

3 E 1 0 _ T 1 5 2/ 1 0 4/ 2 4 - @ 2 0° C 3 E 1 0 _ T 8 0/ 4 3/ 1 7. 5 - @ 2 0° C

3 E 1 0 _ T 5 0/ 3 0/ 1 6. 5 - @ 2 0° C

6 V/ T ur n

Size i
ncreas

e



P erf or m a n c e F a ct or c ur v es f or 3 F 3 6 m at eri al 

4 8

C or e c o nstr u cti o n d et ails :

T e st e d s a m pl es

S a m pl e 1 S a m pl e 2 S a m pl e 3

M a t eri al n a m e 3 F 3 6 3 F 3 6 3 F 3 6

M at eri al t y p e M n -Z n M n -Z n M n -Z n

Di m e nsi o ns 
O D x I D x H 

8 0 x 6 0 x 2 6 m m 5 0 x 3 0 x 1 6. 5 m m 2 9 x 1 9 x 1 5 m m

C or e t ot al cr o ss 
s e cti o n 

2 5 5 m m² 1 6 0 m m² 7 0 m m²

C or e v ol u m e 5 4. 8 c m³ 1 9. 6 c m³ 4. 9 c m³

S a m pl e 3

S a m pl e 2 S a m pl e 1



P erf or m a n c e F a ct or c ur v es f or 3 F 3 6 m at eri al 

4 9

C or e p erf or m a n c e f a ct or c o m p aris o n :

T est s et u p:

 -

 2

 4

 6

 8

 1 0

 1 2

1 0 1 0 0 1 0 0 0

PF
 =

 
B
‧
f 
(

mT
‧
M

Hz
)

Fr e q u e n c y ( k H z)

3 F 3 6 _ T 8 0 / 6 0/ 2 6 - @ 2 0° C 3 F 3 6 _ T 5 0 / 3 0/ 1 6. 5 - @ 2 0° C 3 F 3 6 _ T 2 9 / 1 9/ 1 5 - @ 2 0° C

2 0 m W/ c m³



P erf or m a n c e F a ct or c ur v es f or 3 F 3 6 m at eri al 

5 0

P o w er l oss d e nsit y c o m p aris o n :

T est s et u p:

1

1 0

1 0 1 0 0 1 0 0 0

P
o

we
r

D
e
ns

it
y  

(
m

W
/c

m
3)

Fr e q u e n c y ( kH z )

H er b ert Gr a p h

3 F 3 6 _ T 8 0/ 6 0/ 2 6 - @ 2 0° C 3 F 3 6 _ T 5 0/ 3 0/ 1 6. 5 - @ 2 0° C

3 F 3 6 _ T 2 9/ 1 9/ 1 5 - @ 2 0° C

6 

V/ T ur n
6 V/ T ur n

Size i
ncrease



C o n cl usi o n

5 1

1. O pti m u m o p er ati n g fr e q u e n c y d e cr e as es as c or e si z e i n cr e as es

2. C or e s h a p e a n d si z e h as si g nifi c a nt i nfl u e n c e o n t h e c or e p ar a m et ers. C or e 
o v er all si z e o pti mi z ati o n is as i m p ort a nt as m at eri al s el e cti o n 

3. Pr es e nt e d c or e p ar a m et ers a n al ysis i n di c at es i m p ort a n c e of c o nsi d er ati o n of 
c or e si z e f or a p pli c ati o n



M ar ci n K ą c ki, dr. M ar e k S. R ył k o, E d w ar d H er b ert
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T h e P o w er S o urc es M a n uf act ur ers Ass oci ati o n
e -m ail: p o w er @ ps m a.c o m , htt p: / / w w w. ps m a.c o m /

P. O. B o x 4 1 8 , M e n d h a m, NJ 0 7 9 4 5 -0 4 1 8



F errit e m a g n eti c m at eri als ar e s u bj e ct t o hi g h fr e q u e n c y eff e cts s u c h as e d d y -
c urr e nts a n d di m e nsi o n al r es o n a n c e w hi c h r es ult i n n o n -u nif or m fr e q u e n c y -
d e p e n d e nt m a g n eti c fl u x distri b uti o ns. T h e m a g n eti c fl u x distri b uti o n is d et er mi n e d 
b y t h e c or e s h a p e; a n d t h us, m a g n eti c l oss es ar e c or e s h a p e d e p e n d e nt. T h er ef or e 
t his s e cti o n of t h e pr oj e ct i n v esti g at es h o w c or e s h a p e  i nfl u e n c e m a g n eti c m at eri al 
p erf or m a n c e

Pr oj e ct d e v el o p m e nt: 

1. C or e s a m pl es pr e p ar ati o n f or t h e t ests 

2. M e as ur e p o w er l oss wit h si n us oi d al e x cit ati o n

3. M e as ur e p o w er l oss wit h r e ct a n g ul ar e x cit ati o n

4. M e as ur e i m p e d a n c e c h ar a ct eristi cs 

I ntr o d u cti o n

5 3



1

2

3

4

5

C o nt e nt

L a mi n at e d f errit e ri n g c or e s

L a mi n at e d f errit e E -s h a p e c or e s

H oll o w e d f errit e ri n g c or e s 

Stri n g of b e a d s

C o n cl u si o n a n d f ut ur e w or kC o n cl u si o n a n d f ut ur e w or kC o n cl u si o n a n d f ut ur e w or k 



L a mi n at e d f errit e ri n g c or e

5 5

Tr a diti o n al l a mi n at e d ir o n c or es ar e d esi g n e d a n d us e d i n hi g h p o w er m a g n eti cs
i n t h e fr e q u e n c y r a n g e of 5 0 H z t o s e v er al kil o h ert z . L a mi n ati o ns li mit t h e e d d y
c urr e nt t h at ar e i n d u c e d i n c o n d u cti v e c or e m at eri al . F errit e a p p e ars as a b ul k
hi g hl y r esisti v e m at eri al t h at b y i nt uiti o n s h all n ot b e pr o n e t o e d d y c urr e nts .
H o w ev er, t h e f errit e c or e hi g h i m p e d a n c e is a r es ult of t h e m at eri al str u ct ur e t h at is
b uilt of s m all, el e ctri c all y c o n d u cti v e, ir o n-o xi d e p arti cl es is ol at e d b y t h e fill er. At
hi g h fr e q u e n c y, t h e f errit e c or e b e c o m es d o mi n at e d b y c a p a citi v e eff e cts t h at
all o ws f or t h e c a p a citi v e c urr e nt t o fl o w. T h e l a mi n ar str u ct ur e s e cti o ns t h e
c o n d u cti o n p at h w hi c h r e d u c e hi g h -fr e q u e n c y eff e cts .

F E A r es ults of fl u x distri b uti o n i n s oli d a n d l a mi n ar c or e at 5 0 0 k H z: . 



L a mi n at e d f errit e ri n g c or e

5 6

I n d u ct or c o nstr u cti o n d et ails:

P ar a m et er U nit S oli d L a mi n at e d 

M at eri al n a m e - 3 E 1 0 3 E 1 0

M at eri al t y p e M n -Z n M n -Z n

Di m e nsi o ns 
O D x I D x H 

m m
8 0 x 4 5 x 1 7. 5

s oli d
8 0 x 4 5 x 3. 5
5 l a mi n ati o n s

C or e t ot al cr o ss 
s e cti o n 

m m² 3 2 4 3 2 4

C or e v ol u m e c m³ 6 2. 5 5 6 2. 5 5

N u m b er of t ur ns 8/ p h as e 8/ p h as e

D esi g n e d a n d b uilt i n d u ct ors: 



L a mi n at e d f errit e ri n g c or e

5 7

C or e p erf or m a n c e u n d er si n us oi d al e x cit ati o n :

1, 5

2, 0

2, 5

3, 0

3, 5

4, 0

0, 0 1 0, 1 0 1, 0 0

PF
= 

B
‧f

(
mT

‧M
Hz

)

Fr e q u e n c y ( M H z)

T 8 0/ 4 3/ 1 7. 5 _ 3 E 1 0 _ S oli d - @ 2 0° C T 8 0/ 4 3/ 1 7. 5 _ 3 E 1 0 _ St a c k e d - @ 2 0° C

1 0 m W/ c m³
T est s et u p:

L a mi n at e d c or e

S oli d c or e



0, 5

1, 0

2, 0

4, 0

0, 0 1 0, 1 0 1, 0 0

P
o

we
r

L
os

s  
(

W)

Fr e q u e n c y ( MH z )

H er b ert Gr a p h

T 8 0/ 4 3/ 1 7. 5 _ 3 E 1 0 _ S oli d - @ 2 0° C

T 8 0/ 4 3/ 1 7. 5 _ 3 E 1 0 _ St a c k e d - @ 2 0° C

6 V/ T ur n

L a mi n at e d f errit e ri n g c or e

5 8

P o w er l osses wit h r e ct a n g ul ar e x cit ati o n :

T est s et u p:

L a mi n at e d c or e

S oli d c or e



L a mi n at e d f errit e ri n g c or e

5 9

Fr e q u e n c y c h ar a ct eristi c :

- 9 0

- 6 0

- 3 0

0

3 0

6 0

9 0

0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0

2 5 0 0

3 0 0 0

3 5 0 0

4 0 0 0

0, 0 0 0, 0 1 0, 1 0 1, 0 0 1 0, 0 0

P
ha

se
 (

°)

I
m
pe

da
nc

e 
Z 
(Ω

)

Fr e q u e n c y (M H z )

T 8 0/ 4 3/ 1 7. 5 _ 3 E 1 0 _ S oli d - @ 2 0° C T 8 0/ 4 3/ 1 7. 5 _ 3 E 1 0 _ St a c k e d - @ 2 0° C

T 8 0/ 4 3/ 1 7. 5 _ 3 E 1 0 _ S oli d - @ 2 0° C T 8 0/ 4 3/ 1 7. 5 _ 3 E 1 0 _ St a c k e d - @ 2 0° C

A m plit u d e

P h as e



L a mi n at e d f errit e E-s h a p e c or es

6 0

C or e c o nstr u cti o n d et ails :

P ar a m et er U nit S oli d L a mi n at e d 

M at eri al n a m e - 3 C 9 5 3 C 9 5

M at eri al t y p e M n -Z n M n -Z n

Di m e nsi o ns A m m 6 5 6 5

Di m e nsi o ns B m m 4 5 4 5

Di m e nsi o ns C m m 2 0 2 0

Di m e nsi o ns D m m 1 2 1 2

Di m e nsi o ns E m m 2 2 2 2

Di m e nsi o ns F m m 2 0
5

4 l a mi n ati o ns 

D esi g n e d a n d b uilt i n d u ct ors: 



L a mi n at e d f errit e E-s h a p e c or es

6 1

Fr e q u e n c y c h ar a ct eristi c :

- 1 0 0

- 7 0

- 4 0

- 1 0

2 0

5 0

8 0

1

1 0 0 0 0

0, 0 0 0, 0 1 0, 1 0 1, 0 0 1 0, 0 0

Ph
as

e 
(
°)

I
mp

ed
a
nc

e 
Z 
(Ω

)

Fr e q u e n c y f (M H z )

E _ C or es _ 3 C 9 5 _ L a mi n at e d - @ 2 0 ° C E _ C or es _ 3 C 9 5 _ S oli d - @ 2 0 ° C

E _ C or es _ 3 C 9 5 _ L a mi n at e d - @ 2 0 ° C E _ C or es _ 3 C 9 5 _ S oli d - @ 2 0 ° C

A m plit u d e

P h as e



H oll o w e d f errit e ri n g c or e

6 2

I n d u ct or c o nstr u cti o n d et ails:

P ar a m et er U nit S oli d H oll o w e d

M at eri al n a m e - 3 E 1 2 3 E 1 2

M at eri al t y p e M n -Z n M n -Z n

Di m e nsi o ns 
O D x I D x H 

m m 8 6 x 6 0 x 1 3. 5 8 6 x 6 0 x 2 8

C or e t ot al cr o ss 
s e cti o n 

m m² 1 7 7 1 7 7

C or e v ol u m e c m³ 4 0. 5 0 4 0. 5 0

D esi g n e d a n d b uilt i n d u ct ors: 



H oll o w e d f errit e ri n g c or e

6 3

C or e c o nstr u cti o n d et ails :



H oll o w e d f errit e ri n g c or e

6 4

C or e p erf or m a n c e u n d er si n us oi d al e x cit ati o n :

T est s et u p:
2, 0

2, 5

3, 0

3, 5

4, 0

4, 5

0, 0 1 0, 1 0 1, 0 0

PF
 
= 

B
‧f

(m
T

‧M
Hz

)

Fr e q u e n c y ( M H z)

T 8 0/ 4 3/ 1 7. 5 _ 3 E 1 0 _ S oli d - @ 2 0° C T 8 0/ 4 3/ 1 7. 5 _ 3 E 1 0 _ H olll o w e d - @ 2 0° C

1 0 m W/ c m³

H oll o w e d c or e

S oli d c or e



H oll o w e d f errit e ri n g c or e

6 5

P o w er l osses wit h r e ct a n g ul ar e x cit ati o n :

T est s et u p:

0, 5

1, 0

2, 0

0, 0 1 0, 1 0 1, 0 0

P
o

we
r

L
os

s  
(

W)

Fr e q u e n c y ( MH z )

H er b ert Gr a p h

T 8 0/ 4 3/ 1 7. 5 _ 3 E 1 0 _ S oli d - @ 2 0° C

T 8 0/ 4 3/ 1 7. 5 _ 3 E 1 0 _ H olll o w e d - @ 2 0° C

6 V/ T ur n

H oll o w e d c or e

S oli d c or e



H oll o w e d f errit e ri n g c or e

6 6

Fr e q u e n c y c h ar a ct eristi c :

- 9 0

- 6 0

- 3 0

0

3 0

6 0

9 0

0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0

0, 0 0 0, 0 1 0, 1 0 1, 0 0 1 0, 0 0

P
ha

se
(°

)

I
m
p
e
da

nc
e 

Z 
(Ω

)

Fr e q u e n c y (M H z )

T 8 0/ 4 3/ 1 7. 5 _ 3 E 1 0 _ H olll o w e d - @ 2 0° C T 8 0/ 4 3/ 1 7. 5 _ 3 E 1 0 _ S oli d - @ 2 0° C

T 8 0/ 4 3/ 1 7. 5 _ 3 E 1 0 _ H olll o w e d - @ 2 0° C T 8 0/ 4 3/ 1 7. 5 _ 3 E 1 0 _ S oli d - @ 2 0° C

A m plit u d e

P h as e



Stri n g of b e a ds

6 7

C or e c o nstr u cti o n d et ails :

P ar a m et er U nit C or e 1 C or e 2 C or e 3 C or e 4

M at eri al n a m e - 3 E 1 0 3 E 1 0 3 E 1 0 3 E 1 0

M at eri al t a p e M n -Z n M n -Z n M n -Z n M n -Z n

Di m e nsi o ns 
O D x I D x H 

m m 8 0 x 4 0 x 1 5 ( 6 0 x 4 0 x 1 5) x 2 ( 5 0 x 4 0 x 1 5) x 4 ( 1 4 x 9 x 9) x 6 4

C or e t ot al cr o ss 
s e cti o n 

m m² 3 0 0 3 0 0 3 0 0 1 4 7 2

C or e t ot al 
v ol u m e

c m³ 5 6. 5 5 4 7. 1 2 4 2. 4 1 5 1. 5 8

T ur ns n u m b er - 5 5 5 1



Stri n g of b e a ds

6 8

C or e s et u p

C or e 1 C or e 2 C or e 3

C or e 4



Stri n g of b e a ds

6 9

C or e p erf or m a n c e u n d er si n us oi d al e x cit ati o n :

T est s et u p:
1, 5

2, 0

2, 5

3, 0

3, 5

4, 0

4, 5

0, 0 1 0, 1 0 1, 0 0

PF
= 

B
‧f

(m
T

‧M
Hz

)

Fr e q u e n c y ( M H z)

T 1 4/ 9/ 9 _ 3 E 1 0 - @ 2 0° C T 5 0/ 4 0/ 6 0 _ 3 E 1 0 - @ 2 0° C

T 6 0/ 4 0/ 3 0 _ 3 E 1 0 - @ 2 0° C T 8 0/ 4 0/ 1 5 _ 3 E 1 0 - @ 2 0° C

1 0 m W/ c m³

C or e 1

C or e 2

C or e 3

C or e 4



Stri n g of b e a ds

7 0

P o w er l osses wit h r e ct a n g ul ar e x cit ati o n :

T est s et u p:

1 0

2 0

4 0

0, 0 1 0, 1 0 1, 0 0

P
o

we
r

L
os

s 
D
e
ns

it
y  

(
m

W/
c

m³
)

Fr e q u e n c y ( MH z )

H er b ert Gr a p h

T 1 4/ 9/ 9 _ 3 E 1 0 - @ 2 0° C T 5 0/ 4 0/ 6 0 _ 3 E 1 0 - @ 2 0° C

T 6 0/ 4 0/ 3 0 _ 3 E 1 0 - @ 2 0° C T 8 0/ 4 0/ 1 5 _ 3 E 1 0 - @ 2 0° C

6 V/ T ur n

C or e 1

C or e 2

C or e 3

C or e 4



Stri n g of b e a ds

7 1

Fr e q u e n c y c h ar a ct eristi c :

- 9 0

- 6 0

- 3 0

0

3 0

6 0

9 0

0

2 0 0

4 0 0

6 0 0

8 0 0

1 0 0 0

1 2 0 0

1 4 0 0

1 6 0 0

1 8 0 0

2 0 0 0

0, 0 1 0, 1 0 1, 0 0 1 0, 0 0

P
ha

se
(°

)

I
m
pe

da
nc

e 
Z 
(Ω

)

Fr e q u e n c y (M H z )

C or e 1 _ 3 E 1 0 - @ 2 0° C C or e 2 _ 3 E 1 0 - @ 2 0° C C or e 3 _ 3 E 1 0 - @ 2 0° C C or e 4 _ 3 E 1 0 - @ 2 0° C

C or e 1 _ 3 E 1 0 - @ 2 0° C C or e 2 _ 3 E 1 0 - @ 2 0° C C or e 3 _ 3 E 1 0 - @ 2 0° C C or e 4 _ 3 E 1 0 - @ 2 0° C

A m plit u d e

P h as e



C o n cl usi o n a n d f ut ur e w or k 

7 2

1. L a mi n ar f errit e str u ct ur e s h o ws si g nifi c a nt i m pr ov e m e nt of t h e i m p e d a n c e 
c h ar a ct eristi c w hil e m ai nt ai ni n g t h e s a m e c or e si z e a n d miti g at e p ar a m et ers 
d et eri or ati o n of t h e l ar g e si z e b ul k c or es. T h e l a mi n ar str u ct ur e r e d u c es hi g h -
fr e q u e n c y eff e cts.

2. H oll o w e d c or e i m pr ov e c or e p erf or m a n c e at e x p e ns e of i n cr e as e d si z e. T h e 
p erf or m a n c e is w ors e t h a n f or l a mi n at e d c or e.

3. C or e s h a p e a n d si z e h as si g nifi c a nt i nfl u e n c e o n t h e c or e p ar a m et ers. C or e 
o v er all si z e o pti mi z ati o n is as i m p ort a nt as m at eri al s el e cti o n.



M ar ci n K ą c ki, dr. M ar e k S. R ył k o, E d w ar d H er b ert, D a wi d Pr o s z a k
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T h e st at e-of -t h e-art m a g n eti c m o d elli n g ass u m es hi g h fr e q u e n c y eff e cts i n f errit es as
n e gli gi bl e w h er e m at eri al p ar a m et ers as p er m e a bilit y a n d p er mitti vit y ar e pr ovi d e d as a
c o nst a nt t h at is v ali d f or t h e f errit e f a mil y r a n g e. M ar k et a v ail a bl e m e as ur e m e nt fi xt ur es
t o d et er mi n e f errit e’s el e ctri c al pr o p erti es ar e li mit e d t o t h e ri n g c or es wit h a n e xt er n al
di a m et er u p t o 3 0 m m ; a n d t h us, eff e cti v e u p t o 1 M H z d u e t o s a m pl e si z e a n d
ass o ci at e d fr e q u e n c y eff e cts . T h e c o m m o n s e ns e p er c e pti o n of f errit es p erf or m a n c e is
i ns uffi ci e nt as fr e q u e n c y eff e cts b e c o m e si g nifi c a nt; t h er ef or e, t h e n e w a p pr o a c h t o
f errit e el e ctri c al pr o p erti es m e as ur e m e nts is r e q uir e d t o d et er mi n e m a g n eti c m at eri al
p erf or m a n c e b e y o n d 1 M H z .

Pr oj e ct d e v el o p m e nt :

1. C ust o m m e as ur e m e nt fi xt ur e d esi g n a n d c o nstr u cti o n

2. S a m pl e si z e s el e cti o n 

3. Pr eli mi n ar y m at eri al t est – pr o of of t h e o p er ati o n

4. D at a p ost -pr o c essi n g (f errit e el e ctri c al pr o p erti es c al c ul ati o n)

I ntr o d u cti o n

7 4



1

2

3

4

5

C o nt e nt

M e a s ur e m e nt s fi xt ur e d e v el o p m e nt

S a m pl e si z e s el e cti o n f or m at eri al t e sti n g

M a g n eti c m at eri al el e ctri c al pr o p erti e s

C o n cl u si o n a n d f ut ur e w or k 

C o n cl u si o n a n d f ut ur e w or kC o n cl u si o n a n d f ut ur e w or kA p p e n di c e s



M e as ur e m e nts fi xt ur e d e v el o p m e nt

7 6

I n or d er t o d efi n e f errit e el e ctri c al c h ar a ct eristi cs f or di el e ctri c c o nst a nt, ε a n d 
c o n d u cti vit y, σ d e di c at e d t est fi xt ur e w as d e v el o p e d as b el o w:  

B N C c o n n e ct ors

El e ctr o d e

S hi el di n g

T e ns o m et er

El e ctr o d e s hi el di n g f or r e d u c e d str a y 
c a p a cit a n c e at t h e e d g e of t h e 

el e ctr o d es El e ctr o d e s h a p e a n d si z e a d a pt e d t o 
t h e t est e d S a m pl e si z e a n d s h a p e  

C o m pr essi o n f or c e c o ntr olW a y n e K err 6 5 5 0 B i nt erf a c e



M e as ur e m e nts fi xt ur e d e v el o p m e nt

7 7

T h e t est fi xt ur e h as t hr e e e x c h a n g e a bl e s ets of el e ctr o d es t h at c a n b e us e d f or
m e as ur e m e nt of c ust o m s h a p e s a m pl es: t w o el e ctr o d es f or t esti n g r o u n d cr oss
s e cti o n s a m pl es wit h di a m et er 1 0 a n d 1 .8 m m a n d o n e el e ctr o d e f or t esti n g
r e ct a n g ul ar cr oss s e cti o n s a m pl es wit h di m e nsi o ns 2 .4 a n d 1 0 m m . E a c h el e ctr o d e
is s hi el d e d t o mi ni mi z e fri n gi n g fi el ds’ eff e ct .



S a m pl e si z e s el e cti o n f or m at eri al t esti n g

7 8

T h e s a m pl e si z e s el e cti o n pl a ys i m p ort a nt r ol e i n m a g n eti c m at eri al t esti n g. T h e
di m e nsi o ns of t est e d s a m pl e m a y b e c o m e wit hi n t h e r a n g e of t h e el e ctr o m a g n eti c
w a v e w a v el e n gt h f or t h e fr e q u e n ci es of i nt er est a n d d e v el o p e d di m e nsi o n al
r es o n a n c e c a n d o mi n at e m e as ur e m e nt .

S a m pl e N o. S a m pl e 1 S a m pl e 2 S a m pl e 3 S a m pl e 4 S a m pl e 5

S h a p e

C o nt a ct s urf a c e 
cr o ss s e cti o n

7 8. 5 m m² 7 8. 5 m m² 7 8. 5 m m² 1. 5 x 8 m m² 2. 5 4 m m²

T hi c k n ess / H ei g ht 2 m m 5 m m 1 0 m m 1 0 m m 1 8 m m

M at eri al 3 C 9 0

T e nsi o n 0. 5 N/ m m 2 0. 5 N/ m m 2 0. 5 N/ m m 2 0. 5 N/ m m 2 0. 5 N/ m m 2



S a m pl e si z e s el e cti o n f or m at eri al t esti n g

7 9

M e as ur e d m at eri al pr o p erti es: 

M e as ur e m e nt of t h e m at eri al pr o p erti es ar e d o mi n at e d b y t h e di m e nsi o n al 
r es o n a n c e at c ert ai n s a m pl e si z e. 

1 0

1 0 0

0, 0 1 0, 1 1 1 0

Re
al
 p

er
mi
tt
i
vi
t
y 

ɛ'‧
10

³ 

Fr e q u e n c y f (M H z )

S a m pl e 1 S a m pl e 2 S a m pl e 3
S a m pl e 4 S a m pl e 5

M e as ur e m e nt c o n diti o n:
T e nsi o n – 0. 5 N / m m 2

T e m p er at ur e – 2 0 ᵒ C

1 0

1 0 0

0, 0 1 0, 1 1 1 0
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Fr e q u e n c y f (M H z )
S a m pl e 1 S a m pl e 2 S a m pl e 3
S a m pl e 4 S a m pl e 5



S a m pl e si z e s el e cti o n f or m at eri al t esti n g

8 0

T h e s a m pl e l e n gt h i nfl u e n c e o n m e as ur e d m a g n eti c m at eri al pr o p erti es w as t est e d 
o n t hr e e s a m pl es:  

S a m pl e N o. S a m pl e 5 -1 S a m pl e 5 -2 S a m pl e 5 -3

S h a p e

C o nt a ct s urf a c e 
cr oss s e cti o n

2. 5 4 m m² 2. 5 4 m m² 2. 5 4 m m²

H ei g ht 1 8 m m 1 0 m m 5 m m

M at eri al 3 C 9 0

T e nsi o n 0. 5 N/ m m 2 0. 5 N/ m m 2 0. 5 N/ m m 2



S a m pl e si z e s el e cti o n f or m at eri al t esti n g

8 1

M e as ur e d m at eri al pr o p erti es: 

S a m pl e l e n gt h h as n o i m p a ct o n m e as ur e d p ar a m et ers. 

M e as ur e m e nt c o n diti o n:
T e nsi o n – 0. 5 N / m m 2

T e m p er at ur e – 2 0 ᵒ C

1 0

1 0 0

0, 0 1 0, 1 1 1 0
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Fr e q u e n c y f (M H z )

S a m pl e 5- 3 S a m pl e 5- 2 S a m pl e 5- 1
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Fr e q u e n c y f (M H z )

S a m pl e 5- 3 S a m pl e 5- 2 S a m pl e 5- 1



S a m pl e si z e s el e cti o n f or m at eri al t esti n g

8 2

T h e pr o p os e d t est fi xt ur e is e q ui p p e d wit h str ai n g a u g es f or c o m pr essi o n f or c e
c o ntr ol . T h e f or c e a p pli e d d uri n g m e as ur e m e nts all o ws mi ni mi zi n g t h e n e g ati v e
i m p a ct of s a m pl e c o nt a ct r esist a n c e. H o w ev er, e x c essi v e f or c e w o ul d c a us e
si g nifi c a nt p ar a m et er d et eri or ati o n .

S a m pl e N o. S a m pl e 3 – F 1 S a m pl e 3 – F 2 S a m pl e 3 – F 3 S a m pl e 3 – F 4 S a m pl e 3 – F 5

S h a p e

C o nt a ct s urf a c e 
cr o ss s e cti o n

7 8. 5 m m² 7 8. 5 m m² 7 8. 5 m m² 7 8. 5 m m² 7 8. 5 m m²

H ei g ht 1 0 m m 1 0 m m 1 0 m m 1 0 m m 1 0 m m

M at eri al 3 C 9 0

F or c e 4 0 N 8 0 N 1 2 0 N 1 6 0 N 2 0 0 N

T e nsi o n 0. 5 N/ m m 2 1. 0 N/ m m 2 1. 5 N/ m m 2 2. 0 N/ m m 2 2. 5 N/ m m 2



S a m pl e si z e s el e cti o n f or m at eri al t esti n g

8 3

M e as ur e d m at eri al pr o p erti es: 
M e as ur e m e nt c o n diti o n:
T e nsi o n – v ari a bl e 
T e m p er at ur e – 2 0 ᵒ C

1 0

1 0 0

0, 0 1 0, 1 1 1 0
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Fr e q u e n c y f (M H z )

S a m pl e 3 - F 1 S a m pl e 3 - F 2 S a m pl e 3 - F 3
S a m pl e 3 - F 4 S a m pl e 3 - F 5
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Fr e q u e n c y f (M H z )

S a m pl e 3 - F 1 S a m pl e 3 - F 2 S a m pl e 3 - F 3
S a m pl e 3 - F 4 S a m pl e 3 - F 5



S a m pl e si z e s el e cti o n f or m at eri al t esti n g

8 4

F errit e m at eri als s h o w a hi g h t e m p er at ur e d e p e n d e n c y . T e m p er at ur e i n cr e as e
c a us es a n i n cr e as e i n r e al. I m a gi n ar y p er m e a bilit y als o i n cr e as e t o g et h er wit h
t e m p er at ur e; t h e bi g g est p ar a m et ers v ari ati o n is o bs er v e d at l o w fr e q u e n ci es.

S a m pl e N o. S a m pl e 5 – T 1 S a m pl e 5 – T 2 S a m pl e 5 – T 3 S a m pl e 5 – T 4 S a m pl e 5 – T 5

S h a p e

C o nt a ct s urf a c e 
cr o ss s e cti o n

2. 5 4 m m² 2. 5 4 m m² 2. 5 4 m m² 2. 5 4 m m² 2. 5 4 m m²

H ei g ht 1 8 m m 1 8 m m 1 8 m m 1 8 m m 1 8 m m

M at eri al 3 C 9 0

T e nsi o n 0. 5 N/ m m 2 0. 5 N/ m m 2 0. 5 N/ m m 2 0. 5 N/ m m 2 0. 5 N/ m m 2

T e m p er at ur e 2 0 ᵒ C 3 0 ᵒ C 4 0 ᵒ C 5 0 ᵒ C 6 0 ᵒ C



S a m pl e si z e s el e cti o n f or m at eri al t esti n g

8 5

M e as ur e d m at eri al pr o p erti es: 
M e as ur e m e nt c o n diti o n:
T e nsi o n – 0. 5 N / m m 2

T e m p er at ur e – v ar ai bl e

1 0

1 0 0

0, 0 1 0, 1 1 1 0
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Fr e q u e n c y f (M H z )

T = 2 0° C T = 3 0° C T = 4 0° C
T = 5 0° C T = 6 0° C
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1 0 0

0, 0 1 0, 1 1 1 0

I
ma

gi
na

r
y 

pe
r

mi
tt
i
vi
t
y 

ɛ''
‧1

0³
 

Fr e q u e n c y f (M H z )

T = 2 0° C T = 3 0° C T = 4 0° C
T = 5 0° C T = 6 0° C



M a g n eti c m at eri al el e ctri c al pr o p erti es

8 6

T h e p er mitti vit y a n d c o n d u cti vit y c h ar a ct eristi cs ar e m e as ur e d usi n g a W a y n e
K err 6 5 5 0 B a n al y z er u p t o 2 0 M H z . T h e r e al p art of t h e a d mitt a n c e d et er mi n es
fr e q u e n c y d e p e n d e nt c o n d u ct a n c e G p . T h e i m a gi n ar y p er mitti vit y is c al c ul at e d
b as e d o n t h e c o n d u ct a n c e c h ar a ct eristi c . T h e i m a gi n ar y p art of t h e a d mitt a n c e
gi v es t h e c or e r e al p er mitti vit y c h ar a ct eristi cs

E q ui v al e nt cir c uit f or p ar all el 
r e pr es e nt ati o n of c o m pl e x p er mitti vit y

𝑣 𝑋 = 𝑡 𝑉 + 𝑋 𝑀𝜔 𝑡 , 𝜙 𝑋 = 𝑣 𝑋
′ + 𝑡 𝑣

′′

𝑡 𝑣
′ =

𝑡 𝑃 ℎ

𝜀 0 𝐴 𝑐

𝜀 𝑃
′′ =

𝐺 𝑃 ℎ

𝜔 𝜀 0 𝐴 𝑐
=

𝜎

𝜔 𝜀 0
, 𝜎 = 𝜔 𝜀 0 𝜀 𝑃

′′

𝐺 𝑃 – m e as ur e d c o n d u ct a n c e 
𝐶 𝑃 – m e as ur e d c a p a cit a n c e 
𝜀 𝑃 – p ar all el r el ati v e c o m pl e x p er mitti vit y
𝜀 ′ – r e al c o m p o n e nt of t h e p ar all el r el ati v e c o m pl e x p er mitti vit y
𝜀 ′′ – i m a gi n ar y c o m p o n e nt of t h e p ar all el r el ati v e c o m pl e x p er mitti vit y
𝜀 0 – fr e e s p a c e p er mitti vit y
ℎ – t est e d s a m pl e h ei g ht / l e n g ht
𝐴 𝑐 – t est e d s a m pl es cr oss s e cti o n 



M a g n eti c m at eri al el e ctri c al pr o p erti es

8 7

F errit e 3 C 9 0 
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Fr e q u e n c y f (M H z )

F errit e 3 C 9 0
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Fr e q u e n c y f (M H z )

F errit e 3 C 9 0
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Fr e q u e n c y f (M H z )

F errit e 3 C 9 0

0, 0 0 0

0, 0 0 0

0, 0 0 1

0, 0 1 0
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Fr e q u e n c y f (M H z )

F errit e 3 C 9 0



M a g n eti c m at eri al el e ctri c al pr o p erti es

8 8

F errit e F R 7 8
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Fr e q u e n c y f (M H z )

F errit e F R- 7 8
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Fr e q u e n c y f (M H z )

F errit e F R- 7 8
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Fr e q u e n c y f (M H z )

F errit e F R- 7 8
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Fr e q u e n c y f (M H z )

F errit e F R- 7 8



M a g n eti c m at eri al el e ctri c al pr o p erti es

8 9

F errit e 3 E 1 0

0, 1
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Fr e q u e n c y f (M H z )

F errit e 3 E 1 0
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Fr e q u e n c y f (M H z )

F errit e 3 E 1 0
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Fr e q u e n c y f (M H z )

F errit e 3 E 1 0

1 0

1 0 0

1 0 0 0

0, 0 1 0, 1 1 1 0

I
ma

gi
na

r
y 

pe
r

mi
tt
iv

it
y 

ɛ''
‧
1
0³
 

Fr e q u e n c y f (M H z )

F errit e 3 E 1 0



C o n cl usi o n a n d f ut ur e w or k 

9 0

1. M e as ur e m e nt fi xt ur e w as d esi g n e d, b uilt a n d t est e d

2. T ests b as e d o n fi v e s a m pl es of v ari o us di m e nsi o ns m a d e of t h e s a m e m at eri al 
3 C 9 0 all o ws f or s el e cti o n of t h e b est s a m pl e si z e t o d et er mi n e f errit e’s 
p er mitti vit y a n d c o n d u cti vit y. 

3. T hr e e m at eri als: 3 C 9 0, F R -7 8 a n d 3 E 1 0 ar e v ali d at e d u p t o 5 M H z d u e t o 
s a m pl e’s mi ni m u m si z e d u e t o hi g h fr e q u e n c y eff e ct d e v el o p m e nt. 

4. Pr es e nt e d m et h o ds f or c or e p ar a m et ers m e as ur e m e nt ar e b as e f or f urt h er 
dis c ussi o n o n t h e st a n d ar di z e d t est f or m a g n eti c m at eri al pr o p erti es a n d a 
g e n eri c s p e cifi c ati o n.

F ut ur e w or k 

1. F errit e v ali d ati o n u p t o 1 1 0 ᵒC d uri n g t h e t ests

2. F errit e v ali d ati o n u n d er hi g h d e nsit y m a g n eti c fi el d



T h e A p p e n di c es c a n b e f o u n d o n t h e P S M A w e bsit e :

1. F errit e 3 C 9 0 M e as ur e m e nt r es ults. xls

2. F errit e F R 7 8 M e as ur e m e nt r es ults. xls

3. F errti e 3 E 1 0 M e as ur e m e nt r es ults. xls

A p p e n di c es

9 1



M ar ci n K ą c ki, dr. M ar e k S. R ył k o, E d w ar d H er b ert, dr. Mił o s z S z ar e k  

S E C TI O N V – R E C T A N G UL A R W A V E C O R E L O S S T E S T E R

S M A M a g n eti c s S p. z o. o.

S p o ns or e d b y

T h e P o w er S o urc es M a n uf act ur ers Ass oci ati o n
e -m ail: p o w er @ ps m a.c o m , htt p: / / w w w. ps m a.c o m /

P. O. B o x 4 1 8 , M e n d h a m, NJ 0 7 9 4 5 -0 4 1 8



A c c ur at e c or e l oss c al c ul ati o n is ess e nti al p art of m a g n eti c c o m p o n e nt d esi g n 
pr o c ess i n p o w er el e ctr o ni cs a p pli c ati o ns. St at e of t h e art m et h o ds b e c o m e 
i ns uffi ci e nt d u e t o t h e i n p ut d at a w hi c h ar e b as e d o n t h e si n us oi d al e x cit ati o n c or e 
l oss m e as ur e m e nt. T h er ef or e t his s e cti o n of t h e pr oj e ct d e als wit h c or e l oss t est er 
d e v el o p m e nt f or r e ct a n g ul ar w a v e e x cit ati o n. 

Pr oj e ct d e v el o p m e nt: 

1. H -bri d g e d esi g n a n d c o nstr u cti o n

2. A ut o m at e d d at a a c q uisiti o n t o C S V e x c el fil e
(i nt erf a c e b et w e e n p o w er s u p pl y, ar bitr ar y w a v ef or m g e n er at or a n d 
os cill os c o p e)

3. D at a p ost -pr o c essi n g (r es ult c o m p ati bl e wit h D art h m o ut h st u di es)

4. Pr eli mi n ar y m at eri al t est – pr o of of t h e o p er ati o n

I ntr o d u cti o n

9 3



1

2

3

4

5

C o nt e nt

H -bri d g e t e st er d e v el o p m e nt a n d c o m p o n e nt s el e cti o n 

S oft w ar e d e v el o p m e nt f or i nt erf a ci n g m e a s ur e m e nt s et u p a n d d at a a c q ui siti o n

D at a p o st -pr o c e s si n g o n t h e e x a m pl e of s el e ct e d c or e s

C o n cl u si o n a n d f ut ur e w or k 

C o n cl u si o n a n d f ut ur e w or kC o n cl u si o n a n d f ut ur e w or kA p p e n di c e s



H -bri d g e t est er d e v el o p m e nt

D U T

v A C

iA C
C o ntr oll e d D C 
V olt a g e S o ur c e 
(C V S )

S q u ar e 
v olt a g e 

w a v ef or m 
g e n er at or

9 5

S yst e m r e q uir e m e nts: 

> I n p ut v olt a g e r a n g e ( VA C p e a k ): ± 6 0 V

> I n p ut c urr e nt r a n g e(IA C p e a k ): ± 1 0 A

> S wit c hi n g fr e q u e n c y ( fS W ): 1 0– 5 0 0 k H z

> R e ct a n g u lar v olt a g e w a v e g e n er ati o n wit h 
v ari a bl e d ut y c y cl e ( D = 0 – 1)

> As y m m etri c r e ct a n gu lar e v olt a g e w a v e g e n er ati o n
( c o nst a nt v olt-s e c o n ds i n e a c h h alf) 

> Mi ni mi z e d tr a nsiti o n ti m e: T O N , TO F F < 5 ns

> O pti mi z e d d e a d -ti m e a n d o n-r esist a n c e

G e n er al s yst e m s c h e m ati c 



H -bri d g e t est er d e v el o p m e nt

9 6

A n al y z e d t o p ol o g y: 

1) F ull bri d g e t o p ol o g y – s el e ct e d f or 

C D C 1

DRV S 1 b

D R V

D C 1

v D C 1

iI N V I N 1iD C 1

S 1 a

A C A C 11

DR
V

S 2 b

V D C 1

C V S 1

v drv 1 a

v
drv

1
bv d

rv
2
b

D U T

v A C

iA C

D R V

S 2 a

v drv 2 a

C D C 2

D C 2

v D C 2

iI N V I N 2iD C 2

V D C 2

C V S 2

G N D

t est er

C D C 1

D R V

S 1 b

D R V

D C 1

v D C 1

iI N V I N 1iD C 1

S 1 a

A C A C 11 A C A C 22

D R V

S 2 b

D R V

S 2 a

V D C 1

C V S 1 C D C 2

D C 2

v D C 2

iI N V I N 2 iD C 2

V D C 2

C V S 2

v drv 1 a

v drv 1 b

v drv 2 a

v drv 2 b

D U T

v A C

iA C

G N D

C D C 1

S 1 b

D C 1

v D C 1

iI N V I N 1iD C 1

S 1 a

A C A C 11 A C A C 22

S 2 b

S 2 a

V D C 1

C V S 1 C D C 2

D C 2

v D C 2

iI N V I N 2 iD C 2

V D C 2

C V S 2

D U T

v A C

iA C
v I N 1 v I N 2

G N D

2) T w o h alf -bri d g es

3) T -N P C t o p ol o g y



H -bri d g e t est er d e v el o p m e nt

9 7

H alf bri d g e Si M O S F E T

H alf bri d g e Si M O S F E T dri v er s



H -bri d g e t est er d e v el o p m e nt

9 8

S el e ct e d s e mi c o n d u ct ors f or t h e c or e l oss t est er: 

P a c k a g e: L G A 4. 1 x 1. 6 m m

S e mi c o n d u ct ors ar e i nt e gr at e d i nt o t h e 
d esi g n e d s yst e m o n e v al u ati o n b o ar ds:

M a n uf a ct ur er C o d e T y p e St r u ct u r e
V I R d s O N Q G -T O T A L Q G S Q G D Q O S S

[ V] [ A] [ m O h m] [n C ] [ n C] [ n C] [ n C]

E P C E P C 2 0 0 1 C G a N F E T s Si n gl e 1 0 0 3 6 7 @ V g s = 5 V 7. 5 2. 4 1. 2 3 1



H -bri d g e t est er d e v el o p m e nt

9 9

Pr ot ot y p e c or e l oss t est er f or r e ct a n g ul ar w a v e e x cit ati o n:



H -bri d g e t est er d e v el o p m e nt

1 0 0

D et ails pr o vi d e d i n t h e A p p e n di x 1 - M ai n _ P C B. p df

M ai n P C B b o ar d

E P C e v al u ati o n P C B b o ar d



H -bri d g e t est er d e v el o p m e nt

1 0 1

D et ails pr o vi d e d i n t h e A p p e n di x 1 - M ai n _ P C B. p df



H -bri d g e t est er d e v el o p m e nt

1 0 2



S oft w ar e d e v el o p m e nt f or i nt erf a ci n g 
m e as ur e m e nt s et u p a n d d at a a c q uisiti o n

1 0 3

M e as ur e m e nt s yst e m: 



S oft w ar e d e v el o p m e nt f or i nt erf a ci n g 
m e as ur e m e nt s et u p a n d d at a a c q uisiti o n

1 0 4

M e as ur e m e nt s yst e m el e m e nts:

> Os cill os c o p e - T e ktr o ni x M S O 5 6

> Ar bitr ar y w a v ef or m g e n er at or – T e ktr o ni x A F G 3 1 0 0 0

> D C p o w er s o ur c e 1 & 2 – K eit hl e y 2 2 3 0 G -6 0 -3

> V olt a g e pr o b e – T e ktr o ni x TI V H 0 8

> C urr e nt pr o b e – T e ktr o ni x T C P 0 0 3 0 A

> F P G A c o ntr ol b o ar d – Alt er a D E 0

> C or e u n d er t est – m a g n eti c c or e wit h t w o: e x cit ati o n a n d 

s e nsi n g wi n di n g ( B ot h wi n di n g m a d e t o h a v e a n H -fil e d w hi c h
is ali g n e d wit h t h e cir c u mf er e n c e of t h e c or e t o c o m p e ns at e 
a n y cir c u mf er e nti al H -fi el d as w ell as r e d u ci n g str a y i n d u ct a n c e)



S oft w ar e d e v el o p m e nt f or i nt erf a ci n g 
m e as ur e m e nt s et u p a n d d at a a c q uisiti o n

1 0 5

D esi g n e d s yst e m all o ws t o g e n er at e p uls es b y:

1. F P G A al g orit h m 

(fr e q u e n ci es a n d v olt a g es ar e d efi n e d i n t h e c o ntr ol al g orit h m. All p ar a m et ers c a n

b e a dj ust e d b y us er vi a c o ntr oll er's b utt o ns )

2. Ar bitr ar y w a v ef or m g e n er at or 
(fr e q u e n ci es a n d v olt a g es ar e d efi n e d i n t h e e x c el fil e, p ar a m et er c o ul d b e e asil y 
a dj ust e d d uri n g t h e t est)

H -bri d g e c o ntr oll e d b y F P G A H -bri d g e c o ntr oll e d b y A W G



S oft w ar e d e v el o p m e nt f or i nt erf a ci n g 
m e as ur e m e nt s et u p a n d d at a a c q uisiti o n

1 0 6

E x c el fil e c o ntr ol all c o n n e ct e d d e vi c es : os cill os c o p e, p o w er s u p pl y, p uls e 
g e n er at or a n d als o pr o vi d es d at a a q uisiti o n a n d d at a p ost pr o c essi n g . 
C o m m u ni c ati o n is d o n e usi n g P yt h o n. 

All c o ntr ol s cri pts ar e pr es e nt e d i n A p p e n di c es 3 – 6 . 



S oft w ar e d e v el o p m e nt f or i nt erf a ci n g 
m e as ur e m e nt s et u p a n d d at a a c q uisiti o n

1 0 7

C o ntr ol fil e d es cri pti o n:

Pr es e nt e d fil e will t est c or e wit h e v er y c o m bi n ati o n of list e d p ar a m et ers : fr e q u e n c y, d ut y 
c y cl e, v olt a g e

T h e e x c el fil e is pr es e nt e d i n A p p e n di x 7 - M ai n _ c o ntr ol _fil e

A W G U S B a d dr ess A d diti o n al s u p pl y f or P C B Os cill o s c o p e U S B a d dr ess

M e as ur e m e nt 
tri g g er 

T e st fr e q u e n c y P uls e d ut y c y cl e T est v olt a g e



S oft w ar e d e v el o p m e nt f or i nt erf a ci n g 
m e as ur e m e nt s et u p a n d d at a a c q uisiti o n

1 0 8

M e as ur e m e nts d at a ar e c oll e ct e d i n o n e f ol d er as pr es e nt e d b el o w:

R es ults ar e c o m p ati bl e wit h s cri pts d e v el o p e d
d uri n g pr e vi o us st u di es.

T est fr e q u e n c y

P uls e d ut y c y cl e

T est v olt a g e



D at a p ost -pr o c essi n g

1 0 9

M atl a b s cri pt is e m pl o y e d f or d et aile d a n al ysis ( e. g. p o w er l oss c al c ul ati o n). 
C al c ul ati o n e x a m pl e f or t or oi d al c or e T 5 0 / 3 0 / 1 6. 5 m m, 4 V /t ur n, 8 0 k H z : 



D at a p ost -pr o c essi n g o n t h e e x a m pl e of 
s el e ct e d c or es

1 1 0

P o w er l oss m e as ur e d f or t hr e e t or oi d al c or e s
m a d e of t h e s a m e m at eri al 3 C 9 5 i n t hr e e

si z es: 

T e st e d s a m pl es

M a t eri al 3 C 9 5 3 C 9 5 3 C 9 5

Di m e nsi o ns 
O D x I D x H 

1 5 2 x 1 0 4 x 2 4 m m 8 7 x 5 6 x 2 0 m m 5 0 x 3 0 x 1 6. 5 m m

C or e t ot al cr o ss 
s e cti o n 

5 5 8 m m² 3 1 0 m m² 1 6 4 m m²

C or e v ol u m e 2 2 4 c m³ 6 9. 6 c m³ 2 0. 4 7 c m³

3

3 0

1 0 1 0 0 1 0 0 0

P
o

we
r

L
os

s 
D
e
ns

it
y  

(
mW

/c
m³

)

Fr e q u e n c y ( kH z )

H er b ert Gr a p h

3 C 9 5 _ T 1 5 2/ 1 0 4/ 2 4 - @ 2 0° C 3 C 9 5 _ T 8 7/ 5 6/ 2 0 - @ 2 0° C

3 C 9 5 _ T 5 0/ 3 0/ 1 6. 5 - @ 2 0° C

Size i
ncreas

e



D at a p ost -pr o c essi n g o n t h e e x a m pl e of 
s el e ct e d c or es

1 1 1

M e as ur e d d at a ar e pr es e nt e d o n t h e 
H er b ert gr a p h. 

O pti m u m o p er ati n g p oi nt f or a c or e is 
dir e ctl y i d e ntifi e d as w ell as c or e l oss es 
at t h e ot h er o p er ati n g p oi nts. 

C ur v e fitti n g f or m ul a



C o n cl usi o n a n d f ut ur e w or k 

1 1 2

1. H -bri d g e w as d esi g n e d, b uilt a n d t est e d

2. A ut o m at e d d at a a c q uisiti o n e x c el fil e w as d e v el o p e d

3. M e as ur e d d at a ar e c o m p ati bl e wit h pr e vi o us st u di es

4. Pr eli mi n ar y t ests b as e d o n t h e t hr e e t or oi d al c or es m a d e of t h e s a m e m at eri al 
3 C 9 5 i n t hr e e si z es w er e p erf or m e d 

5. Pr es e nt e d m et h o ds f or c or e p ar a m et ers m e as ur e m e nt ar e b as e f or f urt h er 
dis c ussi o n o n t h e st a n d ar di z e d t est f or m a g n eti c m at eri al pr o p erti es a n d a 
g e n eri c s p e cifi c ati o n   

F ut ur e w or k 

1. St u d y o n fl u x pr o p a g ati o n u n d er r e ct a n g ul ar w a v ef or m 

2. C h ar a ct eri z ati o n of p o w er l oss es u n d er v ari o us r e ct a n g ul ar fl u x p att er n 
c o n diti o ns i n r a n g e of a m bi e nt t e m p er at ur e 



T h e A p p e n di c es c a n b e f o u n d o n t h e P S M A w e bsit e :

1. M ai n _ P C B. p df

2. A W G _ P C B. p df 

3. P yt h o n - P o w ers u p pl y _f u n cti o n. p y

4. P yt h o n - G e n er at or _f u n cti o n. p y

5. P yt h o n - Os cill os c o p e _f u n cti o n. p y

6. P yt h o n - F u n cti o ns _f u n cti o n. p y

7. E x c el - M ai n _ c o ntr ol _fil e. xls m

A p p e n di c es

1 1 3



S O CI A L M E DI A
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