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 ( ) 

Ae  effective cross section of core (mm2) 

B  magnetic flux density (T) 

Bs  saturation magnetic flux density (T) 

Cv  input smoothing capacitor  (F) 

Co  output smoothing capacitor (F) 

Cp  stray capacitor (F) 

C r  resonance capacitor (F) 

dt  thickness of magnetic cap (m) 

dl  length of magnetic cap (m) 

f  frequency (Hz) 

f0  

 resonant frequency of leakage inductance and resonance capacitor (Hz) 

fs  

 resonant frequency of primary inductance and resonance capacitor (Hz) 

f r  self-resonant frequency of transformer (Hz) 

I  current (A) 

I i  input current (A) 

Io  output current (A) 

Ip  current of primary coil  (A) 

Is  current of secondary coil  (A) 

Ids1, Ids2 FET - current between source - drain of FET (A) 

Id1, Id2 forward current of diode  (A) 

I r  current of transformer (A) 

J  current density (A/m2) 

k  coupling coefficient  

l  length of conducting wire (m) 

L  inductance (H) 

Lsh  leakage circuit inductance (H) 

Lm  excitation inductance (H) 

Lp  inductance of primary coil (H) 

Ls  inductance of secondary coil (H) 

le  effective magnetic path length of core (mm) 

N  number of turns of coil ( ) 

N1  number of turns of primary coil ( ) 

N2, N3  number of turns of secondary coil ( ) 

n  turn ratio of transformer 

P i   input power (W) 



iv 

Po  output power (W) 

P loss  loss power (W) 

Q  
ratio of equivalent load resistance and characteristic impedance  

R  resistance (�) 

Rdc  DC resistance (�) 

Req  (�) 

output resistance of equivalent circuit  of first harmonic approximation method (V) 

Rp  resistance due to proximity effect (�) 

Rs  resistance due to skin effect (�) 

RL  output resistance (�) 

Rsh  short circuit resistance (�) 

t  time (s)  thickness of rectangular wire (m) 
tg  gap length of transformer (m) 
tp  thickness of magnetic plate (m) 
V  voltage (V) 

Vacin  

input voltage of equivalent circuit of first harmonic approximation method (V) 

V f  forward drop voltage of diode (V) 

V i   input voltage (V) 

Vo  output voltage (V) 

Vds1 FET - 1 voltage between source - drain of FET 1 (V) 

Vds2 FET - 2 voltage between source - drain of FET 2 (V) 

V1  voltage of primary coil (V) 

V2  voltage of secondary coil (V) 

Vcr  voltage of resonance capacitor (V) 

w  width of rectangular wire (m) 

Zo characteristic impedance  ( ) 

� �resistivity���m��

�C u �resistivity of copper�(��1.72 10-8)���m��

�  efficiency (%) 

	  permeability (H/m) 

	r relative  permeability �

	0 �space permeability�(��4
���10�) (H/m)�

	'  real part of complex relative permeability 
	' '  imaginary part of complex relative permeability�

	rCu �space permeability�(��1) (H/m)�

�  skin depth (m) 

�  magnetic flux (Wb) 

�m  excitation magnetic flux (Wb) 



v 

� lk  leakage magnetic flux (Wb) 

�s  magnetic flux of secondary coil (Wb) 
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1.1  

Fig. 1.1 Power supply example. 
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1.2  
Fig. 1.2 Power supply system of satellite. 
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1.3 DC-DC   
Fig. 1.3 Circuit structure of DC-DC converter. 
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1.4  
Fig. 1.4 Elemental technology for downsizing and high efficiency of the power supply. 
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1.5  

Fig. 1.5 Comparison of physical property values of power semiconductors. 
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1.6  

Fig. 1.6 Loss of drive circuit. 
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Tale1.1Characteristic and drive circuit. 
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(a)Circuit structure 

 

 
(b)Circuit wave form 

1.7 LLC  
Fig. 1.7 Circuit structure and wave form of LLC resonant converter. 
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1.8  
Fig. 1.8 Usable frequency band and saturation magnetic flux density of magnetic material. 
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Fig. 1.9 Usable frequency band and loss factor tanδ of magnetic material. 
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(b) ( f = 1 MHz I = 1 A  0.2 mm) 

1.10  
Fig. 1.10 Causes of copper loss. 
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1.11  

Fig. 1.11 Characteristics of copper loss resistance vs. frequency. 
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1.12  

Fig. 1.12 Physical phenomena occurring in winding wire of the transformer. 
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1.2  
Table. 1.2 Type of winding wire used in transformer. 
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1.13  

Fig. 1.13 Copper loss reduction of transformer by interleave winding. 
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1.14   

Fig. 1.14 Technology to reduce concentrated magnetic flux of core by matrix transformer. 
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1.15   
Fig. 1.15 Technology to reduce concentrated magnetic flux of core by matrix transformer. 
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1.16  

Fig. 1.16 Magnetic flux path control of wire with round cross section. 
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1.17  
Fig. 1.17 Magnetic flux path control of wire with rectangular cross section. 

  
 
 

  



1

21/130 
 

1.18

1.28), 

1.29) LLC
LLC

LLC
 

 
 
 

Core

I

Primary coil

Secondary coil

Excitation magnetic flux

Leakage magnetic flux

Copper wire
Magnetic film   

 
1.18  
Fig. 1.18 Usable frequency band of winding wire used in transformer. 
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1.19  

Fig. 1.19 Usable frequency band of winding wire with magnetic flux path control. 
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2.1  LLC  
Fig. 2.1 Circuit structure of LLC resonant converter. 
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2.2 a-b  
Fig. 2.2 Electoric current flow of Mode a-b. 

 
 
 

 
 

2.3 b-c  
Fig. 2.3 Electoric current flow of Mode b-c. 
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2.4 c-d  
Fig. 2.4 Electoric current flow of Mode c-d. 

 
 
 

 
 

2.5 d-e  
Fig. 2.5 Electoric current flow of Mode d-e. 
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Fig. 2.6 Timing diagram. 
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(a) Circuit structure of LLC resonant converter 

 
 

 
(b) Equivalent circuit of LLC resonant converter by first harmonic approximation method 

 
2.7  LLC  

Fig. 2.7 Circuit structure of LLC resonant converter  
and equivalent circuit by first harmonic approximation method. 
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2.8 LLC -  
Fig. 2.8 Gain vs. frequency characteristics of LLC resonant converter. 



32/130 
 

2.2.3 LLC  
LLC n

n 2.8 fs~ f0
0.85~0.95  

 
i

   

o f

= 
2 ( )

Vn
k V V� � �

 (2.3) 

k Vi  (V) Vo  (V) Vf

 (V) 
 

2.7 Req  
 

2 2
o

   eq
2

o

8= ( )
π

n VR
P

�
� �  (2.4) 

Po  (W) 
 

(2.4) Req Lsh Cr

2.8 Q Q 0.3 
~0.5  

 
eq

      
o

eq

sh

r

= RQ
Z

R
L
C

 (2.5) 

Zo  ( ) 
 

(2.4) Lsh

Lp Cr  
 

o
   sh

0
= (H)

2 π
ZL

f� �
 (2.6) 

sh
   p

2
= (H)

1
LL

k�
 (2.7) 

   r
0o

1= (F)
2 π

C
Z f� � �

 (2.8) 

 
  



33/130 
 

Lp n
μr le Ae

 
 

p e
   p

0 r e

= L lN
A	 	

�
� �

 (2.9) 

p
   s = NN

n
 (2.10) 

μ0 �(��4
���10�) (H/m) μr le (mm)
Ae (mm2) 

 

 
LLC  

  



34/130 
 

2.3   
2.3.1   

2.9 2.10
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2.9  
Fig. 2.9 Appearance of copper wire and litz copper wire. 
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2.10  

Fig. 2.10 Cross section structure of copper wire and litz copper wire. 
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2.11  
Fig. 2.11 Physical phenomenon to occur in litz copper wire. 
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Fig. 2.12 Stray capacitance of conductive wire with round cross section. 
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Fig. 2.13 Appearance of litz magnetoplated wire. 
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2.14  
Fig. 2.14 Physical phenomenon to occur in magnetoplated wire. 
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Fig. 2.15 Appearance of magnetocoated wire. 
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2.16  

Fig. 2.16 Cross section structure of magnetocoated wire. 
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2.17  

Fig. 2.17 Appearance of rectangular wire. 
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2.18  

Fig. 2.18 Cross section structure of rectangular wire. 
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Fig. 2.19 Physical phenomenon to occur in rectangular wire. 
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2.20  

Fig. 2.20 Stray capacitance of conductive wire with rectangular cross section. 
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2.21  

Fig. 2.21 Physical phenomenon to occur in rectangular wire with magnetic flux path control. 
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Fig. 2.22 Physical phenomenon to occur in air gap transformer. 
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Fig. 2.23 Physical phenomenon to occur in air gap transformer with magnetic flux path control. 
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2.24  
Fig. 2.24 Physical phenomenon in planar transformer using low permeability core. 

 



46/130 
 

2.5.4  
2.25 2.16)

LLC
 

 
 
 

�m
�lk

�s

Core
Secondary coil

Is

Primary coil

Ip

Magnetic cap
Magnetic plate

Eddy currentA B Eddy current

A

B

 
2.25  

Fig. 2.25 Physical phenomenon in planar transformer with magnetic flux path control. 
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3.1  
Fig. 3.1 Characteristics of litz magnetoplated wire and magnetocoated wire. 
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3.2  LLC  
Fig. 3.2 Circuit constitution of LLC resonant converter. 
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Fig. 3.3 Circuit structure of LLC resonant converter. 
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3.1  LLC  
Table. 3.1 Specification of LLC resonant converter and core. 

 
  

 380 V 
 250 V 
 1 kW 

 1 MHz 

 
 1250 

 201 mm2 
 97.8 mm 
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3.2 LLC  

Table. 3.2 Calculation result of parameter for LLC resonant converter. 
 

  
 46.1 μH 
 12.8 μH 
 1.98 nF 

 1.78 
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Fig. 3.4 Structure of litz wire (unit : mm). 
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Fig. 3.5 Structure of transformer (unit : mm). 
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Fig. 3.6 Transformer appearance. 
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Fig. 3.7 Winding structure of transformer (unit : mm). 
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3.8  
Fig. 3.8 Method for measurement of Impedance characteristic. 
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3.9 -  
Fig. 3.9 Comparison with impedance of transformer vs. frequency characteristics. 
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3.10 Ploss - Io  

Fig. 3.10 Power loss vs. output current characteristics. 
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Fig. 3.11 Efficiency vs. output current characteristics (f = 1MHz). 
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3.12  LLC  
Fig. 3.12 LLC resonant converter appearance. 
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3.13  
(f = 1 MHz Vi = 380 V Io = 4.01 A room temperature : 27 ) 

Fig. 3.13  Generate heat of transformer. 
(f = 1 MHz Vi = 380 V Io = 4.01 A room temperature : 27 ) 
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4 MHz Q1 Q2 GaN-
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3.14  LLC  
Fig. 3.14 Circuit constitution of LLC resonant converter. 
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3.15 LLC  

Fig. 3.15 Circuit structure of LLC resonant converter. 
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3.3 LLC 2 2
 

 
 

3.3  LLC  
Table. 3.3 Specification of LLC resonant converter and core. 

 
  

 48 V 
 12 V 
 60 W 

 4 MHz 

 
 10.5 

 110 mm2 
 77.8 mm 
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3.4 LLC
 

 
 

3.4 LLC  
Table. 3.4 Calculation result of parameter for LLC resonant converter. 

 
  

 727 nH 
 262 nH 
 7.9 nF 

 1.17 
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3.16  
Fig. 3.16 Manufacturing method of MCW by spray method. 
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Fig. 3.17 Structure of winding wire (unit: mm). 
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3.18  
Fig. 3.18 Production process of magnetic composite core. 
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Fig. 3.19 Complex permeability vs. frequency characteristics  
of magnetic composite material using amorphous powder. 
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3.20  
Fig. 3.20 Structure of transformer (unit : mm). 
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Fig. 3.21 Winding structure of transformer (unit : mm). 
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3.22  
Fig. 3.22 Method for measurement of Impedance characteristic. 
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Fig. 3.23 Comparison with resistance of transformer vs. frequency characteristics. 
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3.24 Ploss��- Io (f = 4 MHz) 
Fig. 3.24 Efficiency vs. output current characteristics (f = 4 MHz). 
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3.25 ��- Io (f = 4 MHz) 
Fig. 3.25 Efficiency vs. output current characteristics (f = 4 MHz). 
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3.3.7  
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3.26  LLC  
Fig. 3.26 LLC resonant converter appearance. 
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(f = 4 MHz Vi = 48 V Po = 60 W room temperature : 25 ) 

Fig. 3.27 Generate heat of transformer. 
(f = 4 MHz Vi = 48 V Po = 60 W room temperature : 25 ) 
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4.1  
4.1.1  

4.1 (Payton SIZE 50)

t � 2
t > 2� �
t < 2� �

 

 
4.1 (Payton SIZE 50) 

Fig. 4.1 Planar transformer using rectangular wire(Payton SIZE 50). 
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Fig. 4.2 Analysis model of straight rectangular wire (unit: mm). 
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Fig. 4.3 Analysis model of series straight rectangular wire (unit: mm). 
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Fig. 4.4 Analysis model of 3 series rectangular wire coil (unit: mm). 
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4.1 5 MHz 5 MHz
 

 
 
 

4.1  
Table 4.1 Analysis condition of rectangular wire 

 
  

 JMAG-Designer (x64) Ver.17 
 ( ) 

( ) 
 FEM 

,   
  

,  1) 5 	m  
2)  
 ( 10 ) 

( ) 1 m 
 5 MHz 

 I = 1 Apeak 
 1) �Cu = 1.72 10-8 �m 	rCu�= 1 

2) � =  �m 	0�= 4
�10-7H/m�
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(c)Resistance ratio R/ Rdc 

 
4.5 ( f = 5 MHz I = 1 Apeak) 

Fig. 4.5 Analysis result of straight rectangular wire 
(frequency f = 5 MHz current I = 1 Apeak) 

 



91/130 
 

4.6 3 3 R
1 105 	m 5 mm

Rdc Rs Rp

1
R/ Rdc 35 	m

t � 
/2
d

105 	m 5 mm  
 

 R
es

ist
an

ce
 R

 (m
�

)

 W
idth w (m

m)Thickness t (	m)

 

 R
es

ist
an

ce
 R

 (m
�

)

 W
idth w (m

m)Thickness t (	m)

 
(a)Resistance R                       (b)DC resistance Rdc 

 

Thickness t (	m)

Re
sis

ta
nc

e 
ra

tio
 R

/R
dc

Width w (m
m)

 
(c)Resistance ratio R/ Rdc 

 
4.6 3 ( f = 5 MHz I = 1 Apeak) 

Fig. 4.6 Analysis result of 3 series straight rectangular wire 
(frequency f = 5 MHz current I = 1 Apeak) 
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4.7 3 ( f = 5 MHz I = 1 Apeak) 

Fig. 4.7 Analysis result of 3 series rectangular wire coil 
(frequency f = 5 MHz current I = 1 Apeak) 
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4.8  
Fig. 4.8 Physical phenomenon to occur in rectangular wire with magnetic flux path control. 
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4.9 ( : mm) 
Fig. 4.9 Analysis model of straight rectangular wire with magnetic cap (unit: mm). 
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Fig. 4.10 Analysis model of series straight rectangular wire with magnetic cap (unit: mm). 
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4.11 3 ( : mm) 
Fig. 4.11 Analysis model of 3 series rectangular wire coil with magnetic cap (unit: mm). 
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4.2 5 MHz 5 MHz

3.19 	’ = 10 	’’ = 0.1  
 
 
 

4.2  
Table 4.2 Analysis condition of rectangular wire with magnetic cap 

 
 

  
 JMAG-Designer (x64) Ver.17 

 ( ) 
( ) 

 FEM 
,   

  
,  1) 5 	m  

2) 5 	m  
2)  
 ( 10 ) 

( ) 1 m 
 5 MHz 

 I = 1 Apeak 
 1) �Cu = 1.72 10-8 �m 	rCu�= 1 

2) � =  �m 	0�= 4
�10-7H/m 
3) �	'�= 10 	''�= 0.1 
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4.12 ( f = 5 MHz I = 1 Apeak) 

Fig. 4.12 Analysis result of straight rectangular wire with magnetic cap 
(frequency f = 5 MHz current I = 1 Apeak) 
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4.13 3  

( f = 5 MHz I = 1 Apeak) 
Fig. 4.13 Analysis result of 3 series straight rectangular wire with magnetic cap 

(frequency f = 5 MHz current I = 1 Apeak) 
 



100/130 
 

4.14 3
dt

dl dl
dt 3

dt
z  

 
without magnetic cap 31 m�

 R
es

ist
an

ce
 R

 (m
�

)

 Magnetic cap length dl (mm) Magnetic
 cap

 thick
ness

 dt (m
m)

Re
sis

ta
nc

e 
ra

tio
 R

/R
dc

Magnetic cap length dl (mm)
Magnetic

 cap
 thick

ness
 dt (m

m)

 
(a)Resistance R                       (b)Resistance ratio R/ Rdc 
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Fig. 4.14 Analysis result of rectangular wire coil with magnetic cap 

(frequency f = 5 MHz current I = 1 Apeak) 
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4.15  
Fig. 4.15 Magnetic flux path of planar transformer with magnetic flux path control. 
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4.16 ( : mm) 
Fig. 4.16 Analysis model of planar transformer with magnetic flux path control (unit: mm). 
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4.17  

( f = 5 MHz I = 1 Apeak) 
Fig. 4.17 Analysis result of planar transformer with magnetic flux path control 

(secondary shorted frequency f = 5 MHz current I = 1 Apeak) 
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4.18  

( f = 5 MHz I = 1 Apeak) 
Fig. 4.18 Flux line and current density distribution of planar transformer  

with magnetic flux path control 
(secondary shorted frequency f = 5 MHz current I = 1 Apeak) 
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48 V 12 V 50 W

5 MHz Q1 Q2 GaN-
FET D1 D2  

 
 

 
 

4.19  LLC  
Fig. 4.19 Circuit constitution of LLC resonant converter. 
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4.20 LLC  

Fig. 4.20 Circuit structure of LLC resonant converter. 
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4.3 LLC 2 2
 

 
 

4.3  LLC  
Table. 4.3 Specification of LLC resonant converter and core. 

 
  

 48 V 
 12 V 
 50 W 

 5 MHz 

 
 10 

 85.7 mm2 
 30 mm 
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4.4 LLC
 

 
4.4 LLC  

Table. 4.4 Calculation result of parameter for LLC resonant converter. 
 

  
 541 nH 
  212 nH 
 4.78 nF 

 2.4 
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Fig. 4.21 Structure of planar transformer with magnetic flux path control (unit: mm). 
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4.22  
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Fig. 4.22 Complex permeability vs. frequency characteristics  
of magnetic composite material using amorphous powder. 
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4.23  
Fig. 4.23 Method for measurement of Impedance characteristic. 
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4.24 -  

Fig. 4.24 Comparison with impedance of transformer vs. frequency characteristics. 
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4.25 Ploss��- Io (f = 5 MHz) 

Fig. 4.25 Efficiency vs. output current characteristics (f = 5 MHz). 
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Fig. 4.26 Efficiency vs. output power characteristics (f = 5 MHz). 
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Fig. 4.27 LLC resonant converter appearance. 
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Fig. 4.28 Generate heat of transformer. 

(f = 5 MHz Vi = 48 V Po = 50 W room temperature : 25 ) 
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