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SiC

SiC

SiC

SiC

SiC

Si SiC

SiC

SiC

(di/dt dv/dt)

SiC

SiC

SiC

SiC

SiC

DCDC
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600V 100Ap-p 50kHz 25kW 98.6%

600V 100Ap-p 1MHz
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1

1.1 WBG

[1]

1970 12.7% 2016

25.7%

[2] 1973 [3]

IH

HEV EV

[4]

Si(Silicon: ) 1.1

Si Si

kV Si-PiN

Si-IGBT(Insulated Gate Bipolar Transistor: )

Si-SBD Schottky Barrier Diode: Si-MOSFET(Metal Oxide

Semiconductor Feield Effect Transistor: MOS )

Si

SiC Silicon Carbide: GaN Gal-

lium Nitride: WBG Wide Band Gap:

WBG [5]-[6] 1.2 WBG

WBG Si

1/10

100 [7] Si
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1.1: Si/SiC

1.2: WBG

[8] Si 150◦C WBG

500◦C WGB [9]

WBG

WBG
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1.2 WBG

1.2.1 WBG

WBG SiC SiC

[10]

2017 SiC IPM(Intelligent Power Module:

) [11] 2020

SiC 10%

[12] JR N700S SiC

[13]

[14] [15] [16] [17]

GaN Si GaN

GaN on Si [18]-[19] GaN

USB PD USB

[20] GaN

Ga2O3(Gallium Oxide )

[21]

1.2.2 SiC

WBG WBG

SiC Si

SiC 3

•

•

• WBG

1 SiC

Si [22] SiC Si

Si

2 Si

SiC
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[23] SiC

3 SiC

(di/dt)

[24]

(dv/dt) Si

[25]

[26]-[27] SiC

[28]-[29]

[30]

1.3

SiC

SiC

1.2.2

SiC

SiC SiC-MOSFET& SiC-SBD

SiC

SiC

6



1.4

5

1

Si SiC

2 SiC

SiC

SiC

(di/dt dv/dt)

SiC

SiC

3 SiC

SiC

SiC

4 SiC

SiC

DCDC

600V 100Ap-p 50kHz 25kW 98.6%

7



600V 100Ap-p 1MHz

5

8



2 SiC

SiC

[31]

2.1

2.1.1 PiN

PiN 2.1 PN

i p n

i i

i p n i

i n p i

p n

PiN

0

i

Si-PiN SiC-PiN 4.5kV

[32]

(a) PiN (b) PiN

2.1: PiN

9



2.1.2 SBD

SBD 2.2 n SBD n

SBD

n

Si-SBD

SiC-SBD

Si-PiN

(a) SBD (b) SBD

2.2: SBD

2.1.3 MOSFET

MOSFET Metal-Oxide-Semicoductor Field Effect Transistor ( )

2.3 2.3a

n MOSFET

p

n

n p

p n

MOSFET

Ron = Rms +Rcs +Rch +Racc +RJFET +Rdrift +Rsub +Rcd +Rmd (2.1)

10



(a) MOSFET ( ) (b) MOSFET ( )

(c) (SJ)MOSFET (d) MOSFET

2.3: MOSFET

2.3a Rms Rcs Rch

Racc RJFET JFET Rdrift Rsub

Rcd Rmd

2.3b MOSFET (Trench: )

MOSFET

MOSFET

JFET RJFET

2.3c (SJ) MOSFET n−

p+ n−

p+ n− n−

n− Rdrift SJ n−

11



n− Rdrift

SJ Si-MOSFET 600V

SiC-MOSFET

Si-IGBT SJ SiC-MOSFET

[33]

2.1.4 IGBT

(a) IGBT (b)

(c) 1 (d) 2

2.4: IGBT

IGBT Insulated Gate Bipolar Transistor

2.4 n n

p MOSFET MOSFET n p

12



2.4c

MOSFET pnp

MOSFET pnp

IGBT

2.4d MOSFET PiN IGBT PN

MOSFET

Si-IGBT

2.2

• 0A ∞[Ω]

• 0V 0[Ω]

• 0 dv/dt = ±∞ di/dt = ±∞

0

PLOSS (2.2) [34]

PLOSS = PCOM + PSW

= RON × id
2 + (EON + EOFF )× fsw (2.2)

PCOM [W] PSW [W] RON [Ω] id

[A] EON EOFF [J] fsw

PCOM RON id

PSW

EON

EOFF

(2.3) (2.4)

Eon =

∫ tON

0

vd · iddt (2.3)
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Eoff =

∫ tOFF

0

vd · iddt (2.4)

vd [V] tON tOFF [s]

2.2.1

2.5 PiN & IGBT

2.6 PiN

(a) DH : ON, QH , QL,DL: OFF (b) Reverse recovery current

(c) QL: ON, QH , DH , DL: OFF (d) Tail current

2.5:

DH( 2.5a) 2.1.1 2.5b 2.6a

IGBT QL( 2.5c) 2.1.4 2.5d

14



(a) (b)

2.6:

2.6b

Si

2.2.2

Si SiC

2.7 2.8 2.7

C SiC-MOSFET

3

(i)VGS,L = VGS,ON VGS,PLA VGS,L VGS,on

VGS,PLA CGS,L

VGS,PLA VGS-Id ID

(2.5) (2.6)

VGS,L = VGS,on exp
−t

RG(CGS,L + CGD,L)
(2.5)

VGS,PLA = Vth +
iD
gm

(2.6)

RG CGD,L gm Vth

(ii)VDS,L = Vcc 0V

I ′D

ID − I ′D
dVDS,L

dt (2.7)

dVDS,L

dt
=

Vth

RGCGD
+

id
gmRGCGD

(2.7)

15



(i)VGS,L = VGS,ON VGS,PLA (ii)VDS,L = V cc 0V

(iii)ID,H = I ′D ID (iv)ID,H = ID

2.7:

1©

(iii)ID,H = I ′D ID 0

(2.8)

ID,l(t) = (gmVth + iD) exp
−t

RG(CGS,L + CGD,L)
(2.8)

16



2.8:

2©

2.3

2.3.1

2.9:

2.11

17



(a) 2 in 1
(BSM080D12P2C008 ROHM)

(b) 6 in 1
CC020M12CM2/Wolfspeed

2.10:

2.11:

1 in 1 2 in 1 6 in 1 2.9 2 in 1 6 in 1

2.10

2.3.2 SiC

SiC

Si SiC

SiC

SiC SiC-SBD SiC-MOSFET

Si Si-PiN Si-IGBT

di/dt 2.12a

18



Lpn ESL: Equivalent Series Inductance LC,ESL

VSurge VSurge (2.9)

VSurge = (Lpn + LC,ESL)
di

dt
(2.9)

Lpn LC,ESL

(a) (b)

2.12:

MOSFET

2.13 MOSFET MOSFET CGD

LD LG

[35] dv/dt CGD

SiC

SiC

19



2.13:

2.4 SiC

SiC

2.4.1

2.1 SiC IEMOS 1

3mm SiC-IEMOS(Implantation & Epitaxial MOSFET) 3 3mm SiC-SBD 2

2.14a IEMOS IEMOS

p+

[36] VMOS

1 5mm SiC-VMOS(V-groove Trench MOSFET) SiC-SBD 1

2.14b VMOS VMOS

(0338) V SiC-MOSFET [37]

RCH

2.15a 2.15b 2.15c IEMOS

2 in 1 1200V 50A

600V/50A 30kW EV/HEV

IEMOS

20



2.1:

(a) IEMOS (b) VMOS

2.14:

MOSFET (3.3Ω, size:1608[mm])

2.3.2 MOSFET Q 1/R
√
LC

ESL

2.12b L′
pn 2.15b 2.15c

2 MLCC(Multi Layer Ceramic Capacitor )

P N

2.16 (E4991B/ CSN

PN

21



(a) (b)

(c)

2.15:

18V

Lpn 21nH MLCC ESL 0.24nH 2.15c MLCC

L′
cop (2.10) 9.8nH

L′
cop = 0.2× l × (

ln
2l

w + t
+ 0.2235× w + t

l
+ 0.5

)
= 9.8nH (2.10)

CSN 21.0nH 10.3nH 51%

VMOS

22



2.16: PN

2.4.2

2.17 2.18 B1505AP/

2.17 2.18 2.2 2.17a

2.17c VMOS IEMOS

gm

2.17e CISS( 2.18a) CRSS( 2.18c)

COSS 2.18b CRSS

2.17f IEMOS

IEMOS

2.19

2.20 2.21

IC BM6104FV 1ch gate drive IC/ ROHM MGJ2D052005SC

+20V& -5V/Murata Elec. IC

2.22 /

85.3Ω 84.2Ω

23



(a) VDS- ID (VGS= 20V) (b) VDS- ID (VGS= 0V)

(c) VDS- ID (VGS= 20V) (d) VGS- ID ( )

(e) VGS- ID ( ) (f) Rg,int

2.17: -

24



(a) CISS (b) COSS

(c) CRSS

2.18: ( - )

25



2.2:

(a) (b)

2.19:

2.22a

dv/dt 10.7[kV/μs] di/dt 0.92[kA/μs]

MOSFET

2.23 CSN CSN CSN

CSN CSN

CSN CSN 112V(18%)

CSN CSN 138V(23%)

26



2.20:

27



2.21:

(a) (b)

2.22:

28



2.23:

2.5

SiC

SiC

SiC

29



3 SiC

3.1

SiC

SiC

3.2

WBG

[38]-[39] 3.1a

2 N

N MOSFET QH

QL MOSFET - VGS -

VDS ID [40] MOSFET

VGS

(a) (b)

3.1:

30



3.2:

3.1

MOSFET QL VDS,L

VGS,L

DSO: Digital Storage Oscilloscope

MOSFET QH MOSFET QL

MOSFET QH VDS,H VGS,H

2 QH

3.1b

MOSFET QH VDS,H VGS,H

MOSFET QL VDS,L 3.2

[41]-[42] CMRR Common Mode Rejection Ratio

(CM) CMRR

CMRR CM

MOSFET QH

SiC-MOSFET

MOSFET QH

31



3.2.1

MOSFET

3.1 Probe1 2

3.3 [43]-[44]

3.1:

(a) Probe1 (b) Probe2

3.3:

3.2: CM

600V

60Ap-p

40kHz

64.0μH

100μF 20μF 5

+20V/-5V

0 Ω

32



Digital Storage Oscilloscope: DSO DPO4104B/8bit

1GHz Tektronix

3.4 3.2

(a) (b)

3.4:

QH QL SiC-MOSFET(SCT2080KE/ ROHM) 0Ω CH CL

B32778G1206K000/ EPCOS (64μH) 600V

60Ap-p 40kHz +20/-5V

3.5 3.5a MOSFET

QL VDS,L QL −53.8kV/μs 55.4kV/μs

300V

3.5b GND

MOSFET QH QL VDS,L QH

VGS,H 100V/div

3.9V +20V/-5V VGS,H

3.5c 3.5d

Probe1 Probe2 QH VGS,H

3.5e QL VGS,L

0.6V 3.5f 3.5g Probe1 2

3.4 O VO,SHORT

CM 3.5g Probe2 VO,SHORT

33



(a) VDS,L(single end passive probe)

(b) VGS,H(single end passive probe)

(c) VGS,H(Probe1)

(d) VGS,H(Probe2)

(e) VGS,L(single end passive probe)

(f) VO,SHORT (Probe1)

(g) VO,SHORT (Probe2)

3.5:

34



0V CMRR

VDS,L 3.5f Probe1 VO,SHORT

Probe1 CMRR CM VDS,L

3.5c Probe1 VGS,H CMRR

CM

(a) QH

(b) QH

3.6: MOSFET

3.6 QH VGS,H [ 3.5c 3.5d] CM

VO,SHORT [ 3.5f 3.5g]

CMRR VGS

CMRR (Probe1) CM

CMRR (Probe2)

2 CM

CM

QL VDS,L

35



3.2.2 CMRR

CMRR

3.7 CM |CMRR(f)| θ(f)

33600A/Keysight/ FG 7

(a)

(b)

3.7: CM

BNC (T ) 50Ω FG 50Ω

50Ω (3.1

36



3.8: CMRR

[45]

Z0 =
87√

εr + 1.414
× ln

5.98h

0.8w + t
(3.1)

Z0 εr h FR-4

w t Z0 = 50Ω h = 1.6mm w = 2.56mm

t = 0.21mm Probe1 Probe2

MCXX

CM

Probe1 Probe2 DSO CH1 CH2 CH3

3.7 CM FG

4Vp-p 10MHz 100MHz 2.5MHz DSO

5GSample/s 100,000 DFT Discrete

Fourier Transform 3.9

37



DFT CMRR

(a) f=100MHz (b) IDFT f=100MHz

(c) f=50MHz (d) IDFT f=50MHz

3.9: CMRR

Probe1 CM CMRR Probe2 0V

DFT

CMRR CM

3.10 CMRR 3.10a Probe2

DSO 5V 1bit 0.02V

Probe2 CMRR

3.2.3

CM 3.11 CM

VDS,L DFT (3.2) |VDS,L|(f) δ(f)

CH1

−−−−−−→
VDS,L(f) = |VDS,L(f)|∠δ(f) (3.2)

38



(a) CMRR

(b)

3.10: CMRR -

39



3.11: CM

|CMRR(f)| ∠θf (3.3)

−−−−−−−→
CMRR(f) = |CMRR(f)|∠θf (3.3)

(3.2) (3.3) CM VO,SHORT (3.4)

−−−−−−−−−→
VO,SHORT (f) =|VDS,L(f)| × |CMRR(f)|

∠θ(f) + δ(f)

(3.4)

(3.4) CM IDFT(Inverse Discrete Fourier Transform)

CM VO,SHORT ’(t)

CMRR CMRR

40



Probe1 MOSFET CM

VDS,L DFT 3.10

LUT Look-Up Table

3.12 MOSFETQH 4 5.8μs

6.8μs 3.12a MOSFETQL

VDS,L 3.12b Probe1 2 MOSFETQH

VGS,H VGS,L 3.12c Probe1 2 CM

CM 900V Probe1 CM

3.12d Probe1 CM VO,SHORT

CM VO,SHORT ’

3.12e Probe1 CM VO,SHORT

CM VO,SHORT ’

CM VO,SHORT

3.12f Probe2

VGS,H Probe1 VGS,H CM VO,SHORT ’

3.6 CM

Probe1 2 VGS,H 6.3V

2.1V 3.13 MOSFETQH

4 18.3μs 19.3μs (a)-(f) 3.12

Probe1 2

41



(a) VDS,L(single end passive probe)

(b) VO,SHORT (Probe1 & Probe2)

(c) VGS,H(Probe1 & Probe2) & VGS,L(single end passive probe)

(d) w/ gain compensation, w/o phase compensation

(e) w/ gain and phase compensation

(f) VGS,H - VO,SHORT ’ (Probe1) & VGS,H(Probe2)

3.12: (QH )

42



(a) VDS,L(single end passive probe)

(b) VGS,H(Probe1 & Probe2) & VGS,L(single end passive probe)

(c) VO,SHORT (Probe1 & Probe2)

(d) VO,SHORT (w/ gain compensation, w/o phase compensation )

(e) w/ gain and phase compensation result

(f) VGS,H - VO,SHORT ’ (Probe1) & VGS,H(Probe2)

3.13: (QH )

43



3.3

[46]-[47] SiC

3.3.1

3.3

3.3:

ESL

[48] ESL

44



(a) (b)

3.14:

3.3.2

(SDN-414/ T & M Research Product) SS-282/IWATSU

SiC

N QL

3.14

di/dt -2.2[kA/us] 2.5[kA/us]

di/dt 1[kA/us]

2W

45



3.4

SiC [49]-[51]

3.15

SiC

3.15:

3.4.1

QH1 QL2 QH2 QL1

90

DC (52.1μH

42.1mΩ) LC 2kHz

3.16

1.

• Preactor,cop

• Pshunt

2.

46



(a) LC (b) LC

3.16:

• PCON

• PSW

ESR

PW6001 HIOKI

Vds Id

2.17a-2.17c

3.4.2

IEMOS VMOS

SiC

3.4.3

3.4 3.17

7.5Ω

7.5Ω

3.18

3.19 7.5Ω PN

27.4A

47



3.4:

600V

100Ap-p

50kHz

64μH

80μF ( 20μF /1.3kV 4 )

10μF (CeraLink5μF/1kV 2 )

23.5nF (MLCC 47nF/630V 2 )

5.1, 7.5, 10, 15, 20, 30 Ω

3.17:

50kHz

269mΩ

Preactor,cop = (269× 10−3)× 27.32 = 200.5[W ] (3.5)

100mΩ

Preactor,cop = (100× 10−3)× 27.32 = 74.5[W ] (3.6)

48



(a) IEMOS (b) IEMOS

(c) VMOS (d) VMOS

3.18:

(a) dv/dt (b) di/dt

3.19:

2.17a-2.17c VMOS IEMOS

PCON,IE = 29.0[W ] (3.7)

PCON,IE = 14.9[W ] (3.8)

15.1W
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3.18

3.20

3.19

(2.7)

dv/dt ( 2.17f) 3.19a

VMOS

(2.8)

3.19b IEMOS

IEMOS

Rg = 5.1Ω 14.2W

1© IEMOS

VMOS
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3.20:

3.5

[52] SiC GaN

(DM)

IT

(CM)

EMI( : Electromagnetic Interfere)

EMC

Electromagnetic Compatibility

CISPR22 CISPR11 LISN Line

Impedance Stabilization Network 3.21

DM CM [53] -
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[56] T LISN 3.22 CMDM

( CMDM ) [57] CMDM

3.23 2 A B CM/DM CMDM

(VSA) 2

VSA

CM DM

CMDM

3.5.1

CMDM VSA

CMDM

3.22 CMDM (9kHz-30MHz/ CMDM8700/ SCHWARZBECK) V LISN

3.23 CMDM

3.23a b A B

( ) 7kHz

50 3.23c A B CM

CM

DM CM

3.21:
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3.22: CMDM (CMDM8700/SCHWARZBECK)

3.23d A B DM

DM CM CM DM

3.24 (E5071C/ Keysight /300k-20GHz) CMDM

S Ssc12 Ssd12 3 S

(3.9) [58]

⎛
⎜⎜⎜⎜⎝

b1

bd2

bc2

⎞
⎟⎟⎟⎟⎠ =

⎛
⎜⎜⎜⎜⎝

Sss11 Ssd12 Ssc12

Sds21 Sdd22 Sdc22

Scs21 Scd22 Scc22

⎞
⎟⎟⎟⎟⎠

⎛
⎜⎜⎜⎜⎝

a1

ad2

ac2

⎞
⎟⎟⎟⎟⎠ (3.9)

a1 b1 ad2 bd2 DM ac2 bc2

CM S 4

3.24a CM Ssc12 Ssd12 3.24b

DM Ssc12 Ssd12 3.24a

Ssc12 3.24b Ssd12 0dB

3.24a Ssd12 3.24b Ssc12 10MHz

40dB 10MHz 30MHz

32dB

3.5.2 VSA

VSA I Q [59] VSA

2CH 3.25 2
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(a) A (b) B

(c) CM (d) DM

3.23: CMDM

A B IQ IA QA IB QB DM CM

ODM OCM (3.10) (3.11)

�ODM =

√
| �A|2 + | �B|2 − 2| �A|| �B| cos(θA − θB)∠

| �A| sin θA − | �B| sin θB
| �A| cos θA − | �B| cos θB

(3.10)

�OCM =

√
| �A|2 + | �B|2 + 2| �A|| �B| cos(θA − θB)∠

| �A| sin θA + | �B| sin θB
| �A| cos θA + | �B| cos θB

(3.11)

A = |A|∠θA = IA + jQA B = |B|∠θB = IB + jQB j

3.5.3

3.26a CMDM 3.26b

A©B© (AWG 33600A/ Keysight)

2 V-LISN Solar type 9867-5-TS-
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(a) CM

(b) DM

3.24: CMDM

50-N / Solar electronics company CMDM VSA V-LISN

S11 3.26
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3.25:

(a) CMDM (b) VSA

3.26:

CMDM 3.28

A©B© 150kHz 30MHz 3.29

3.29a CM 3.29b

3.29a LISN ( 3.27) 3.29c DM

3.29d 3.29c LISN

CMDM CM DM 3.29b 150kHz-30MHz

3.24 32dB 3.29d

32dB

VSA 30dB
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VSA

VSA 2CH CH

(0.17m) 3.30 (i) CH

(3.12) R θ0

θ = R× f + θ0[deg] (3.12)

f [MHz] R = −1.38 0 = −10.4

0 3.30 (ii)

A 0.17m B 0.96m

3.29 VSA CM DM VSA

30dB CMDM

(3.16) CMDM VSA

�A = �CM + �DM (3.13)

�B = �CM − �DM (3.14)

�CM = 0.5(0.1 sin 16ωt+ 0.2 sin 17ωt+ 0.3 sin 18ωt+ 0.4 sin 19ωt (3.15)

+ 0.5 sin 20ωt+ 0.4 sin 21ωt+ 0.3 sin 22ωt+ 0.2 sin 23ωt+ 0.1 sin 24ωt)

�DM =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

25× 106t (0 ≤ t ≤ 20ns)

0.5 (20ns ≤ t ≤ 250ns)

−25× 106t (250ns ≤ t ≤ 270ns)

0 (270ns ≤ t ≤ 500ns)

(3.16)

ω = 1[MHz]. CM A B 16-24MHz DM

A,B

A B 3.31
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3.33 CMDM VSA 3.33a CM

20MHz VSA 106.9dBμV(0.22V) VSA

FFT

3.32
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3.6

SiC

SiC

(CM) CM CMRR CMRR

CM

CM CM

SiC

SiC

(VSA) 2CH CMDM

CMDM VSA

VSA

SiC
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(a) V-LISN

(b) 50Ω

3.27: V-LISN

(a) (b)

3.28:
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(a) CM LISN

(b) CM LISN

(c) DM LISN

(d) DM LISN

3.29:
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3.30: VSA
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(a) A B

(b) A+B A−B

3.31:
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3.32: A B
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(a) CM

(b) DM

3.33:
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4 SiC

4.1 DCDC

Dual Active Bridge DAB

[60]-[62] DAB SST(Solid-State Transformer) [63]

4.1.1 (DAB)

DAB 4.1a 2

DAB δ

4.1b DAB

4.1c 4.1b T

LM

4.1c 4.1d

(a) Dual active bridge(DAB )

(b) + L (c) (d) 2

4.1: Dual Active Bridge
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DAB

4.2 4.3 VP VS

IL 4.1 ZVS(Zero Voltage

Switching) 0

i(t0) = −i(t3) (4.1)

i(t1) = 0 (4.2)

i(t2) = i(t3)−ΔIL2 (4.3)

i(t3) =
ΔIL1 +ΔIL2

2
(4.4)

i(t4) = 0 (4.5)

ΔIL1 =
Vi + Vo

L
T1 (4.6)

ΔIL2 =
Vi − Vo

L
T2 (4.7)

T = T1 + T2 (4.8)

T1 =
δ

2π
T =

δ

2π

1

fsw
=

δ

ωsw
(4.9)

T2 =
π − δ

2π
T =

π − δ

ωsw
(4.10)

ΔIL1 +ΔIL2 =
1

L

(
(Vi + Vo)T1 + (Vi − Vo)T2

)
(4.11)

=
1

ωswL

(
Viδ + Voδ + Vi(π − δ)− Vo(π − δ)

)
(4.12)

=
1

ωswL

(
πVi(2δ − π)Vo

)
(4.13)
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i(t3) =
1

2ωswL

(
πE1(2δ − π)E2

)
(4.14)

i(t2) =
ΔIL1 +ΔIL2

2
−ΔIL2 (4.15)

=
ΔIL1 −ΔIL2

2
(4.16)

=
1

2ωswL

(
(2δ − π)Vi + πVo

)
(4.17)

Mode 1-2: t1 − t2

2 Q1−2

Q1−2 =
1

2
i(t2)(t2 − t1) (4.18)

t1 − t0 = T1
i(t3)

i(t2) + i(t3)
(4.19)

t2 − t1 = T1
i(t2)

i(t2) + i(t3)
(4.20)

Q1−2 =
1

2
× T1

(
i(t2)

)2
i(t2) + i(t3)

(4.21)

=
1

2

δ

ωsw

{ 1

4ωsw
2L2

(
(2δ − π)Vi + πVo

)} ωswL

δ(Vi + Vo)
(4.22)

=

(
(2δ − π)Vi + πVo

)2
8ωsw

2L(Vi + Vo)
(4.23)

Mode 2-3: t2 − t3

2 Q2−3

Q2−3 =
1

2

(
i(t2) + i(t3)

)
(t3 − t2) (4.24)

=
1

2
× T2

1

2ωL
(2δVi + 2δVo) (4.25)

=
1

2

π − δ

ωsw

δ

ωswL
(Vi + Vo) (4.26)

=
(π − δ)δ(Vi + Vo)

2ω2
swL

(4.27)
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Mode 3-4: t3 − t4

2 Q3−4

Q3−4 =
1

2
i(t3)(t4 − t3) (4.28)

=
1

2
i(t3)(t1 − t0) (4.29)

=
1

2
T1

i(t3)
2

t2 + t3
(4.30)

=
(πVi + (2δ − π)Vo)

2

8ωsw
2L(Vi + Vo)

(4.31)

Mode 4-5: t4 − t5, Mode 5-0: t5 − t0 Mode 0-1: t0 − t1

Q4−5 = Q1−2 (4.32)

Q5−0 = Q2−3 (4.33)

Q0−1 = Q3−4 (4.34)

1 Q

Q = −Q1−2 +Q2−3 +Q3−4 −Q4−5 +Q5−0 +Q0−1 (4.35)

= 2(−Q1−2 +Q2−3 +Q3−4) (4.36)

= 2
{−

(
(2δ − π)Vi + πVo

)2
8ωsw

2L(Vi + Vo)
+

(π − δ)δ(Vi + Vo)

2ω2
swL

+
(πVi + (2δ − π)Vo)

2

8ωsw
2L(Vi + Vo)

}
(4.37)

=
δ(π − δ)

ωsw
2L

Vi(Vi + Vo) (4.38)

Vi = Vo

Q =
2δ(π − δ)

ωsw
2L

Vi
2 (4.39)

Io

Io = Q · fsw (4.40)

=
2δ(π − δ)

ωsw
2L

Vi
2 · fsw (4.41)

=
Vi

ωL
δ
(
1− δ

π

)
(4.42)
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DAB Po

Po = Vo · Io (4.43)

=
ViVo

ωL
δ
(
1− δ

π

)
(4.44)

POUT [W] N (N = N1/N2) Vi Vo [V] ωsw

(= 2πfsw) L La

LLeakage

4.1d L (4.44) L(= 2(La + LLeakage)) (4.44) 90 δ =

π/2[rad]

4.1.2 DAB

DAB N=1 Vi Vo

4.4 3.4.1

DAB η

η =
Pout

Pin
=

VoIo
ViILoss + VoIo

(4.45)

3.4.1

[49] Pout = 0

1.

•

– Preactor,cop

– Preactor,iron

•

– Ptrans,cop

– Ptrans,iron

2.

• PCON

• PSW
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4.1.3 (DAB)

Single-Board RIO(sbRIO9606/National Instrument)

LabVIEW sbRIO FPGA

CPU FPGA sb-RIO

FPGA Xilinx Spartan-6 FPGA 40MHz

25ns 50kHz

360deg × 25ns

20μs
= 0.45[deg] (4.46)

SiC 600V 50A 50kHz

0 25kW 100

0.45[deg] 21μ H

4.5

Mn-Zn (MBT1/ JFE )

6 10.5μ H

Mn-Zn PC40 EE 86*76*20mm/TDK

(TEX-ELZ/ ) 11

880μ H 1.44μ H

4.2 4.6

4.1.4 (DAB)

4.7 DAB

ZVS

4.8

4.9 ZVS 26kW

96.8%

Rg = 5.1Ω 98.6 %

Rg = 5.1Ω 4.10 22W 0.08%
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4.2

SiC 1MHz

[64]-[66]

4.2.1

4.11 4.3 2

QH1 QL1 QL2 QH2

4.11b 1MHz

1MHz DC

CeraLink 5uF 1000V / TDK

ESL ESR [67] DC

4.12a DC

40uF 1300V /EPCOS CeraLink

150kHz CeraLink 1MHz 4.13 500V 500kHz

CeraLink DC

Δ80V (16%)

CeraLink Δ20V (4%)

(4.49)

LLoad = V × dt

di
(4.47)

= 600× 0.5× 10−6

100
(4.48)

= 3μH (4.49)

4.12b 4.12

1MHz 400ns

4.2.2

4.14 ±600V ±50A

1MHz
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4.3

SiC

DCDC

600V 100Ap-p 50kHz 25kW 98.6%

600V 100Ap-p 1MHz
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(a) Mode 1-2: t1 − t2 (b) Mode 2: t2

(c) Mode 2-3: t2 − t3 (d) Mode 2-3: t2 − t3 after dead time

(e) Mode 3: t3 (f) Mode 3-4: t3 − t4

(g) Mode 3-4: t3 − t4 after dead time (h) Mode 4-5: t4 − t5

(i) Mode 5: t5 (j) Mode 5-6: t5 − t6

(k) Mode 6: t6 after dead time (l) Mode 6: t6

(m) Mode 6-7: t6 − t7 (n) Mode6: t6 − t7 after dead time

4.2: Dual Active Bridge
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4.3: DAB

4.1: Dual Active Bridge

Mode Time instant Conducting devices ZVS Turn on

Primary side Secondary side

1-2 t1 − t2 QH1 , QL2 QL3 , QH4

2 t2 QH1 , QL2 CH3 , CL3 , CH4 , CL4

2-3 t2 − t3 QH1 , QL2 DH3 , DL4 QH3, QL4

after dead time QH1 , QL2 QH3, DH3, QL4 DL4

3 t3 CH1 , CL1, CH2, CL2 QH3, DH3, QL4 DL4

3-4 t3 − t4 DL1, DH2 QH3, DH3, QL4 DL4

after dead time QL1 , DL1, QH2 DH2 QH3, DH3, QL4 DL4 QL1, QH2

4-5 t4 − t5 QL1, QH2 QH3, QL4

5 t5 QL1 , QH2 CH3 , CL3 , CH4,CL4

5-6 t5 − t6 QL1 , QH2 DL3 , DH4

after dead time QL1 , QH2 QL3, DL3, QH4 DH4 QL3, QH4

6 t6 CH1 , CL1, CH2, CL2 QL3, DL3, QH4 DH4

6-1 t6 − t7 DH1, DL2 QL3, DL3, QH4 DH4

after dead time QH1 , DH1, QL2 DL2 QL3, DL3, QH4 DH4 QH1, QL2
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4.4:

4.2: DAB

600V

100Ap-p

50kHz

10.5 μ H 1 2

880 μ H

1.44 μ H

80μF ( 20μF/1.3kV 4 )

10μF (CeraLink5μF/1kV 2 )

23.5nF (MLCC 47nF/630V 2 )

30 Ω

0 25kW (0 35.1deg)

4.3:

600V

100Ap-p

1MHz

2.8 μH

5.1 Ω
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(a) (b)

(c) (d)

(e)

4.5: DAB
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4.6:

4.7: DAB
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4.8: DAB 1

(a) (b)

(c) (d)

4.9: (Pout=25kW)
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4.10: DAB (Pout=25kW)

(a) (b)

4.11:

(a) DC —Z—-f (b) —Z—- f

4.12: —Z—-f
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4.13: DC 500V, 500kHz

(a) VGS

(b) VDS

(c) ILoad

4.14: 1MHz,600V,100Ap-p
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5

SiC

SiC

5.1

SiC

SiC

SiC

2

CM

MOSFET

2

(VSA) 2CH CMDM

CMDM VSA

VSA
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SiC

DCDC

25kW 98.6%

SiC

SiC 600V, 100Ap-p, 1MHz

1MHz

SiC

5.2

1.2.2 SiC SiC

SiC

SiC

SiC
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TDK TDK

TPEC Tsukuba Power

Electronics Constellation SIP: Strategic

Innovation Promotion Program

84



[1] ; 29

http://www.enecho.meti.go.jp/about/whitepaper/2018pdf/

[2] ; , ISBN:978-4-274-21715-9 (2015)

[3] W. E. Newell; Power Electronics-Emerging from Limbo” IEEE Transactions on Industry Ap-

plications, Vol. IA-10, No. 1, pp. 7-11(1974)

[4] ; 30

,pp.1-6(2018)

[5] J. L. Hudgins, G. S. Simin, E. Santi and M. A. Khan; An assessment of Wide Bandgap

Semiconductors for Power Devices IEEE Transactions on Power Electronics, Vol.18, No.3,

pp.907-914 (2003)

[6] J. Milln, P. Godignon, X. Perpi, A. Prez-Toms and J. Rebollo; A Survey of Wide Bandgap

Power Semiconductor Devices” IEEE Transactions on Power Electronics, Vol. 29, No. 5, pp.

2155-2163 (2014)

[7] , , , ; SiC 2

ISBN:978-4-526-06754-9 (2013)

[8] ; , 54 , 8 1990

[9] T. Funaki et al.; Power Conversion with SiC Devices at Extremely High Ambient Temperatures

IEEE Transaction on Power Electronics,Vol.22,No.4pp.1321-1329(2003)

[10] ROHM ; SiC

https://www.rohm.co.jp/n(2017/11 )

[11] , ; SiC , 5 ,

pp.7(2016)

[12] 2014/5/21; SiC 2020

https://www.nikkei.com

[13] , , , , ; SiC

28 , V , pp.307-308(2016)

85



[14] , , , , ; SiC

D, 137 , 4 , pp.334-341 2017

[15] , , All-SiC PCS PVI1000AJ-

3/1000 , Vol.88,No.1 pp.13-17(2015)

[16] , , , , 13kV

Proceedings of the 15th Annual Meeting of PASJ, pp.1010-1014(2018)

[17] , , , , , ; SiC-MOSFET 400kW-

200kHz 29 , 4 , pp.29-30(2017)

[18] D. Christy, T. Egawa, Y. Yano, H. Tokunaga, H. Shimamura, Y. Yamaoka, A. Ubukata, T.

Tabuchi and K. Matsumoto; Uniform Growth of AlGaN/GaN High Electron Mobility Tran-

sistors on 200 mm Silicon (111) Substrate Applied Physics Express, Vol.6, No.2, 026501 (2013)

[19] , ; GaN on Si , 137 , 10 , p. 681-684

(2017)

[20] ANKER PowerPort Atom PD1

https://www.anker.com

[21] , , ; Si, SiC, GaN, ,

Ga2O3 , 137 , 10 , pp.673-674 (2017)

[22] ; SiC DENSO Techenical Review, vol.22, pp.41-50 (2017)

[23] ; SiC/GaN ISBN:978-4-526-

07339-7 (2014)

[24] Shigenori Toyoshima, Sathoshi Hatsukawa, Noriyuki Hirakata and Yasuki Mikamura; Compact

SiC Power Module for High Speed Switching SEI Technical Review, No. 80, pp. 81-84 (2015).

[25] K. Murata and K. Harada; A self turn-on mechanism of the synchronous rectifier in a DC-DC

converter INTELEC 2004. 26th Annual International Telecommunications Energy Conference,

pp. 642-646 2004 .

[26] Tsuyoshi Funaki, Shuhei Yamamoto, Shin Harada, Yuji Iizuka, Kenji Fukuda, Akio Sugiki,

Tatsuhiko Hiratani, Hiroshi Kimura, Takao Saitou Development of SiC Power Module and

86



Loss Evaluation in DC-DC Converter Circuit Application Materials Science Forum Vols. 821-

823, pp. 879-883 (2015)

[27] Tsuyoshi Funaki, Shuhei Fukunaga, Difficulties in characterizing transient thermal resistance

of SiC MOSFETs 22nd International Workshop on Thermal Investigation of ICs and Systems

(Therminic 2016) proceeding (2016).

[28] D. Rothmund, D. Bortis and J. W. Kolar; Accurate Transient Calorimetric Measurement of

Soft-Switching Losses of 10-kV SiC mosfets and Diodes” IEEE Transactions on Power Electron-

ics, vol. 33, no. 6, pp. 5240-5250, (2018)

[29] A. Kadavelugu, H. Suryanarayana, L. Liu, Z. Pan, C. Belcastro and E. Paatero; A simple

and accurate efficiency measurement method for power converters 2017 IEEE Applied Power

Electronics Conference and Exposition (APEC), pp. 3265-3270(2017)

[30] , , , , ; SiC-MOSFET AC/DC

, , 4 , pp. 199-200(2016)

[31] B. Jayant Baliga; Power Semiconductor Device PWS publishing Co. ISBN: 978-0534940980(1995)

[32] R. Singh, J. A. Cooper, M. R. Melloch, T. P. Chow and J. W. Palmour; SiC power Schottky

and PiN diodes IEEE Transactions on Electron Devices, vol. 49, no. 4, pp. 665-672 (2002)

[33] T. Masuda, Y. Saito, T. Kumazawa, T. Hatayama and S. Harada; 0.63m cm2 / 1170V 4H-

SiC Super Junction V-groove trench MOSFET 2018 International Electron Devices Meeting,

pp8.1.1-8.1.4(2018)

[34] Duan Graovac, Marco Prschel, Andreas Kiep; MOSFET Power Losses Calculation Using the

Data sheet Parameter Infineon Application Note, ver.1.1 (2006)

[35] International Rectifier Application Note; AN-941: Paralleling power MOSFETs

http://www.irf.com/application-notes

[36] S. Harada et al.; 1.8 m cm2, 10 A Power MOSFET in 4H-SiC 2006 International Electron

Devices Meeting, pp.1-4(2006)

[37] Hideto Tamaso, Takeyoshi Masuda, Yu Saitoh, Hiroshi Notsu, Hisato Michikoshi and Yasuki

Mikamura; Fast Switching SiC V-groove Trench MOSFETs SEI Technical Review, No. 86,

pp. 91-95, April. (2018).

87



[38] S. Jahdi, O. Alatise, C. Fisher, L. Ran and P. Mawby; An Evaluation of Silicon Carbide

Unipolar Technologies for Electric Vehicle Drive-Trains IEEE Journal of Emerging and Selected

Topics in Power Electronics, vol. 2, no. 3, pp. 517-528 (2014).

[39] H. Sakairi, T. Yanagi, H. Otake, N. Kuroda and H. Tanigawa; Measurement Methodology

for Accurate Modeling of SiC MOSFET Switching Behavior Over Wide Voltage and Current

Ranges IEEE Transactions on Power Electronics, vol. 33, no. 9, pp. 7314-7325(2018)

[40] JEC-2406, MOS ISBN: 978-4-485-98940-1(2014)

[41] , ” , Vol.37, pp.130-

133, Mar. 2012.

[42] K. Johnson, D. Maliniak; Oscilloscope Probes for Power Electronics: Be Sure to Choose the

Right Probe for Accurate Measurements IEEE Power Electronics Magazine, vol. 5, no. 1, pp.

37-44 (2018)

[43] Tektronixs Datasheet; High-voltage Differential Probes TMDP0200 - THDP0200 - THDP0100

- P5200A - P5202A - P5205A -P5210A ,

https://jp.tek.com/

[44] Tektronixs User Manual; TIVM Series IsoVuTM Measurement System ,

https://jp.tek.com/

[45] ANALOG DEVICES Tutorial; Microstirp and Stripline Design , MT-094(2009)

[46] E. Oyarbide, C. Bernal and P. Molina-Gaud; New Current Measurement Procedure Using

a Conventional Rogowski Transducer for the Analysis of Switching Transients in Transistors

IEEE Transactions on Power Electronics Letter, pp.2490-2492 (2016)

[47] Youichirou Suzuki, Shuichi Kouno, Ryohei Kataoka, Tomonori Kimura and Hiroki Kuwano;

Study of compact and broad spectrum coil by the laminated substrates structure Transactions

of the JSME, Vol.81, No.828, pp.1-6(2015).

[48] J. A. Ferreira, W. A. Cronje and W. A. Relihan; Integration of high frequency current shunts

in power electronic circuits IEEE Transactions on Power Electronics, vol. 10, no. 1, pp. 32-37

(1995)

88



[49] T. Yamagishi, H. Akagi, S. Kinouchi, Y. Miyazaki, and M. Koyama; A 750-V, 100-kW, 20-kHz

Bidirectional Isolated DC/DC Converter Using SiC-MOSFET/SBD Modules , IEEJ Transac-

tions, Vol.134, No.5, pp.544-553 (2014)

[50] Koji Yamaguchi and Junichi Magome; SiC-MOSFET Converter for Switched Reluctance Mo-

tors , IEEJ Transactions., Vol.135, No.7, pp.761-768 (2015)

[51] Otto Kreulzer, Martin Marz and Hideki Nakata; Full SiC DCDC-Converter with a Power

Density of more than 100kW/dm3 , Mayerials Science Forum., Vol.821-823, pp.844-888 (2015)

[52] , ; EMC , A, 134 , 1 , pp. 36-40,

(2014)

[53] Shuo Wang, F. C. Lee and W. G. Odendaal; ”Improving the performance of boost PFC EMI fil-

ters” Eighteenth Annual IEEE Applied Power Electronics Conference and Exposition (APEC2003),

USA, pp. 368-374 vol.1, (2003)

[54] Shuo Wang, F. C. Lee and W. G. Odendaal; ”Characterization, evaluation, and design of

noise Separator for conducted EMI noise diagnosis” IEEE Transactions on Power Electronics,

vol. 20, no.4, pp. 974-982, (2005)

[55] P. Hillenbrand, S. Tenbohlen, C. Keller and K. Spanos; ”Understanding conducted emissions

from an automotive inverter using a common-mode model” IEEE International Symposium on

Electromagnetic Compatibility (EMC), Dresden, pp. 685-690(2015)

[56] M. C. Caponet, F. Profumo, L. Ferraris, A. Bertoz and D. Marzella; ”Common and differential

mode noise separation: comparison of two different approaches” IEEE 32nd Annual Power

Electronics Specialists Conference, vol. 3, pp. 1383-1388.(2001)

[57] CMDM 8700 data sheet http://www.schwarzbeck.de/Datenblatt/k8700.pdf

[58] W. Fan, A.Lu, L.L. Wai, B.K. Lok; Mixed-mode S-parameter characterization of differential

structures Proceedings of the 5th Electronics Packaging Technology Conference (EPTC 2003),

pp. 533-537(2003)

[59] ; CQ ,

ISBN: 978-4789837224 (2006)

89



[60] R. W. De Doncker, D. M. Divan and M. H. Kheraluwala; A three-phase soft-switched high

power density DC/DC converter for high power applications Conference Record of the 1988

IEEE Industry Applications Society Annual Meeting, vol.1, pp. 796-805(1988)

[61] M. N. Kheraluwala, R. W. Gascoigne, D. M. Divan and E. D. Baumann; Performance char-

acterization of a high-power dual active bridge DC-to-DC converter IEEE Transactions on

Industry Applications, vol. 28, no. 6, pp. 1294-1301, (1992)

[62] , ; DC/DC D, 127 , 2 ,

pp. 189-197 (2007)

[63] J. E. Huber, J. W. Kolar; ”Solid-State Transformers: On the Origins and Evolution of Key

Concepts” IEEE Industrial Electronics Magazine, vol. 10, no. 3, pp. 19-28(2016).

[64] , ; PWM

D, Vol.134, No.8, pp. 734-741(2014)

[65] Ahmed M. Abou-Alfotouh, Arthur V. Radun, Hsueh-Rong Chang and Craig Winterhalter; A 1-

MHz Hard-Switched Silicon Carbide DCDC Converter IEEE Transaction on Power Electronics,

Vol.21, No.3, pp.880-889(2016)

[66] X. Xu et al.; Performance Evaluation of SiC MOSFET/BJT/Schottky Diode in A 1MHz

Single Phase PFC Annual IEEE Applied Power Electronics Conference and Exposition, USA,

pp. 1268-1272(2007)

[67] J.Konrad. M.Koini, M. Schossmann and M.Puff; New demands on DC link power capacitors ,

TDK white paper, https://jp.tdk-electronics.tdk.com/

90



1. Kei Hayashi, Tsuyoshi Funaki,Hisato Michikoshi, Kenji Fukuda ”1MHz Switching Operation

of 1200V Full SiC Power Module” Materials Science Forum, Vol. 924, pp.832-835,(2018).

2. , , :

B 2019 [ ]

3. Kei Hayashi, Shunji Mori, Takaaki Ibuchi and Tsuyoshi Funaki: ”Mode decomposition of con-

ducted noise voltage with synchronized vector signal measurement”, IEICE Communications

Express(2019)[ ]

1. Kei Hayashi, Tsuyoshi Funaki: ”Switching sequence for balancing heat generation in integrated

switched reluctance motor drive circuit” the 12th IEEE International Conference on Power

Electronics and Drive Systems (IEEE PEDS 2017), Honolulu, Hawaii, USA, Dec. 12-15, 2017.

2. Kei Hayashi, Tsuyoshi Funaki,Hisato Michikoshi, Kenji Fukuda: ”1MHz Switching Operation of

1200V Full SiC Power Module” 2017 International Conference on Silicon Carbide and Related

Materials (ICSCRM) ,Washington, D.C., USA,Sep. 17-22, 2017.

3. Kei Hayashi, Tsuyoshi Funaki,Hisato Michikoshi, Kenji Fukuda: ”Comparative Study of Full

SiC Power Module in 1MHz, 600V, 50A Switching Operation” International Exhibition and

Conference for Power Electronics, Intelligent Motion, Renewable Energy and Energy Manage-

ment(PCIM Europe 2018) ,Nuremberg, Germany ,June. 5-7, 2018.

4. Kei Hayashi, Tsuyoshi Funaki,Hisato,Michikoshi, Kenji Fukuda: ”Comparative Study of devel-

oped 1200V/50A full SiC IEMOS and VMOS power module” 12th European Conference on

Silicon Carbide and Related Materials (ECSCRM2018) , Birmingham, UK ,September. 2-6,

2018.

91



1. : SiC

2015 12 17-18 .

2. : SiC MOSFET

, 2017 3 .

3. , 1200V, 50A Full-SiC 1MHz

4 2017 11 .

4.

2017 11 .

5.

, 2017 12 .

6.

, 2018 3

7.

EMC-18-032 2018 10 .

8.

EMC-18-032 2018

11 .

1. (2013 12 )

2. (2017 11 )

92



3. TPEC (2017 12 )

4. 29 A

5. International Student Symposium 2018 - [ ,

, , , ], , (2018 8 ).

6. 30

1. 2015 , 2015 12

2. Student Travel Grant (International Exhibition and Conference for Power Electronics, Intelligent

Motion, Renewable Energy and Energy Management: PCIM Europe 2018)

93


