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De Doncker, Rik W

Professor and Director Institute for Power Electronics and Electrical Drives (ISEA),
Director E.ON Energy Research Center and Research Campus Flexible Electrical

Networks (FEN), RWTH Aachen University, Germany

In retrospect, I was undeniably overly optimis-
tic when I wrote in my 1981 master thesis on Power
Supplies for Pulsed Power Systems that it would take
just one more decade to have wide bandgap devices
commercially available as a better alternative to sili-
con devices for such high energy pulse applications.
Today, we must recognize that it took three decades
to receive even workable samples. Now, 43 years lat-
er, SiC power MOSFETs and GaN HEMTs are commer-
cially available with static and dynamic performance
characteristics that outperform silicon devices.

At present, primarily the voltage rating determines
the type of wide bandgap material that is used in a
given application. Whereas, GaN HEMT power de-
vices can operate close to GHz switching frequencies
with breakdown voltages up to 800V, SiC MOSFET
devices are available having 1.2kV, 3.3kV up to 10kV
breakdown voltages. Hence, when looking at vehi-
cle electrification, grid and energy management ap-
plications, next to silicon IGBTs, SiC MOSFETs are
currently the only practical alternative power semi-
conductor for 400V,, low-voltage grid applications,
400 V4. or 800 Vq. battery electric vehicles, as well as
mediurn—voltage2 distribution AC and DC grid con-
nected converter applications. Compared to silicon
IGBTs, SiC MOSFETs offer voltage switching speeds
that are at least 20 to 30 times faster than IGBTs.
Indeed, although converter designers were dream-
ing of ever faster switches, power devices with switch-
ing speeds up to 150 kV/ps or 150 V/ns were not even
imaginable a decade ago. Theoretically, ignoring
parasitic effects caused by stray capacitances and in-
ductances, faster switching enables higher switching

WFOSCEER (ELE|REICTIER)

RUBR> THDE. 1981 FITEMEL 2ELiHmXITH WL
T, & 10 EFEBHNIE. BHIHBIIEWNWT, 70 KN
Y RF v w TN AN Si FNA ALY B E MR
REMmE LU THIRSNBD LD ICEDES D EHFLW Y £
NIFFEWE<S BN T S, BiIff>Y JILDOAFET
30 FEZ L., 43 > BIfETIE. Si 7/31 A& R
BREICHWTER I 2MRED SiIC-MOSFET & GaN-
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IGBT & Mg U T. SiC—-MOSFET &4 7% < &% 20 f5H
530 f5DAA v FUIHRETEHET D, BHELEEED
BWEHHIFEER MY F Y THEERE DT NA ADOHE%E
R L TWAN 150kV/ps (B UL IE 150V/ns) D&
DIEEEAA v F U ITBEERFDLDH/INT—F /N1 R
[F. 10 FERTICIFMBRT S TEah > 2. BERMIZIF. #
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1 HEMT - High electron mobility transistor. GaN HEMTs are
currently lateral devices.

2 Medium-voltage starts at 1,000 V,. or 1,500 V4. according to
IEC standards

(F 1) HEMT : BETBHE NS> I 24, GaN—HEMT I$H7E
BRI INA A TH D,

GF 2) IEC HikgIC KB &, HEMEIF ACL,000V F7z1% DC1,500 V
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frequencies. Higher switching frequencies potentially
leads to smaller and lighter passive components, such
as inductors, transformers and capacitors. Reduction
of volume and weight is of particular interest in road
vehicle and aerospace applications. With proper low-
inductive design of the device package and convert-
er lay-out, faster switching leads to lower switching
losses. In addition, as MOSFETs have no forward
threshold voltage, their conduction losses at partial
load operation tend to be lower than those of IGBTs.
Hence, applications which value high efficiencies over
a wide operating range, such as PV inverters, heat
pumps inverters, high-speed propulsion drives poten-
tially benefit from SiC MOSFETs. Nevertheless, to be
commercially successful, the higher cost of SiC versus
silicon devices must be offset by a reduction of costs
of passive components, cooling systems and energy
consumptioﬁ'.

No doubt, effective use of the aforementioned fast
switching characteristics of wide bandgap semicon-
ductors leads to converter designs that have much
higher power densities than what was achievable
with silicon devices. For example, a two-phase 800 V4.
to 400V synchronous buck-boost SiC automotive
DC-to-DC converter switching at 500 kHz was dem-
onstrated with a volumetric power density reaching
100 kW/dms3, whereas the three-phase silicon IGBT
variant switching at 20 kHz reached a power density
of merely 4kwW/dm3”. To achieve such extraordinary
results, many aspects of the circuit had to be reengi-
neered. To lower stray inductance not only the pack-
age design and placement of the SiC chigé) but also
an ultra-compact lay-out of the converter had to be
realized to lower the overall stray inductance of the
converter, in an attempt to reduce over-voltage spikes
and high-frequency ringing during the fast switching
of SiC MOSFETs. Novel compact 3D-printed liquid
cooled heatsinks and 3D-printed bobbins to shape
the foil windings of the inductors and intelligent gate
drivers that switch smoothly the SiC MOSFETSs in pico-
seconds were developed to operate the SiC MOSFETs
at their thermal limits under hard-switching condi-
tions. In practice, circuit designers often slow down
significantly the switching transients of SiC MOSFETs
in hard-switching converters to limit over-voltage
spikes, diode reverse recovery stress and reduce EMI’
high-frequency ringing noise. The latter in an at-
tempt to reduce the cost of EMI filters. However, in
doing so the potential efficiency advantages of SiC
devices switching at high frequencies compared to
silicon IGBTs switching at lower frequencies are par-

Wik, BEIEOHZETTHEANOHRICESWTRICERETH
Do BRA VYUY YR UTe/ Ny o — T & 2 Hfaml g L
A 7O REHWVWDE. AAMvFUITOE#EIEAA v F
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ICEW b o VBED < EEMREOEBIEKG IGBT £
U BE<L 7EDEIAICH D, UeDH> T, RiEGEMHE1 >
N—=F, E=rRYTHAVIN—4 EEREI> 25 LT
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BT BI(CIF. DA NETZHEIHDOHE S X7 LA DHE]
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WS 3BT 5,
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1w F VIR EFERTZIE T SiT /N A THEL
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F IR 500kHz TEIfEL. EIIEED 100 kW/
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2 A wF I EEEH 20kHz T 4kW/dm?3 O 1% &
c%iglﬁcﬁﬁ%@%c$mt\z®$5&%2
HEEEDEHITIE. BB E L HEHH S HRET D
BRI o Tz, FilEA VULV A BRI T BICIE. SiC
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BT B7HDRE >, LT, SiIC-MOSFET = 3#
THBACAA Y FUITBF— RSN &L T,
SiC—MOSFET %&/\— R 2+ v F > T5HET DEWAIR IS
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2A v FUIEBEICH T, SIC-MOSFET DA A v F
TRETRIFICHES BT, @EER/N1 DY 1A —R
DB L 2EMH L. &5 EMIGREED V£
) A XEBBSIEDEDE W, #BEFIFEMI 7 1LY
DA EHIRT B=HTH S, LHL. 3593 &T.
Si—-IGBT I d 2. SiC D@EEABEA A v F > IRE%E 4
DU R OEMNEARDODNTLUE D, EDKDEHE
Ty TA RNV REv vy F)ND—2pBEOREAEEHT
EMTEDOHDEWVDEFMIFMKAE L THE> TWD, Ch
BDEBY. T RNV RF v v SREREFORGHENIC
RMCEDETICIE. FRTUIZFPY U THEEED
o> TWD,

3 EMI - Electromagnetic interference. Wide bandgap devices
can produce conducted EMI beyond 30 MHz, requiring more
sophisticated filter designs.
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tially lost. Hence, the question when and where to use
wide bandgap devices is a valid one. Consequently, it
remains an engineering task to have a commercially
successful product.

Clearly, soft-switching converters, predominantly
DC-DC converters, such as dual active bridge convert-
ers, which use the stray capacitance of the semicon-
ductor as a resonant capacitor thereby greatly de-
coupling the circuit stray inductance from the device
package stray inductance, avoid to great extend the
aforementioned EMI and overvoltage spike issues.
Hence, soft-switching or quasi-resonant DC-DC con-
verters can push wide-bandgap semiconductors up to
their limits. Compact single and three-phase on-board
AC-to-DC chargers are being installed in plug-in hy-
brid and full electric vehicles. SiC based converters are
finding their way in compact DC fast charging stations
that can charge 400 V4. or 800 V4. batteries at power
levels ranging from 50 kW up to 350 kW. Work is on-
going to develop charging stations that can charge
batteries of trucks and small all-electric aircraft up to
3 MW. The target is to charge a 500 kWh battery in just
about 15 min.

Whether wide bandgap devices will replace IGBTs
in inverters for propulsion systems of passenger elec-
tric vehicles, where the maximum speed is around
18,000 rpm is still an open question. Three-phase ro-
tating field machines with (expensive) multi-slot,
two-layer wave windings, which are typically used in
induction machines and permanent magnet synchro-
nous machines, do not require elevated switching
frequencies to fulfil the acoustic noise and efficiency
requirements. Actually, the lower the switching fre-
quency, the more efficiently the drive operates. On
the other hand, low-cost machines with block wind-
ings, such as switched reluctance machines, are prone
to produce annoying tonal acoustic noise as they ex-
cite much stronger the so-called zero-breathing vi-
bration mode of the stator. These vibration modes
have eigenfrequencies that are an order of magnitude
higher than the fundamental frequency of the ma-
chine, i.e. up to 4 kHz. Algorithms have been devel-
oped that actively dampen such vibration modes re-
ducing the emitted noise by 20 dB, making a low-cost
machine nearly as quiet as a rotating field wound ma-
chine. However, to compensate effectively 4 kHz vi-
brations SiC inverters switching at frequencies around
40 kHz and higher are needed. Hence, it can be antici-
pated that mass production of e-Axles drives, i.e. the
integration of high-speed machine, inverter and gear-
ing system, are implemented based on low-cost high-
speed machines (Cup to 30.000 rpm) using SiC invert-
ers that actively control smooth torques and dampen
the stator vibrations that cause most acoustic noise.

FAPNFOF4 T Iy IAVN—SmE, I
DC-DCOVN—4%&EULUTHEHSTND YV I NRAYF Y
SRR . PEERORREREE IR VT U E L TE
HALTHY., TNITK> THIEDREELA VS O5 >V A FF
INA 2NN T —J DA VSO A B Y RSN,
BB D EMI & K OSHEBE R /N1 T IZ RS HRIEIC E 7S
W ULEHAS T, VI MRA Y FUITREZIFELILIRIC
F2DC-DCOVN—=HFIE, T RNV RFv v FE
HOBREERAFZ TIESHIT I ENTED, DEIDOHMER
BFU=MREFAC-DCREBIRD TS T 1 VN1 T U v
NEDBEBREAHHEICERSIN TWD, SiC ERE .
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DTEZTHEELTWD,
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WeE LIFBBED N, EBE A v F T AR
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HYFRUSHYYAEDES 75T O s EREET BIE
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C DIREE— R OB IRBR % 151518 0D 3 A% Fl e o
U —HE Rk AKHZ &5, &0k S HIRBIE— K%
PO 4 FICHES BB P T X AABEFRSINTHY.
B % 20 dBASIR L. {5 T 2 ko IR % SA07F o 6] iz
M FIZASCE THELT S, L L. 4kHz ORSY
ER R T BT IE. A A v F > R
40KHz ML LD SiC A Y N— S HBEE 155, Liehi> T,
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hEEIF BEV BFHRE! IGBT E2a

“M675” New IGBT Module for BEVs in China

—JL TM675.

HE {7} TAKASHIMA, Kensuke SH Z=— YOSHIDA, Soichi iffa FfE TATEISHI, Yoshihiro

AR HFEYIC BB OB EMLANGE U RIS P E T IE IR RARD BEV GRS N, RBEHEMOBENEGE > TH
U, NO—FEYa—IViFEhfb, SENBEADRO S N TWD, BLEKIE. 140kW VS AOE—SYHIERE Y —
Fyv hEUT, HBIGBT €Y a—J0 TM6751 =hAFE U7z, KIEK7x RC-IGBT. HEMEAEmHZBROMERITEIY. #Ek
i TM6531 EARBY 1 XFFEU TH YD FeEBERE 13% K. #dEdiz 20% &L HAERZ 30% Nt
Tzo TORER. BEBNEEMAEERBEL. 5y hETDHIE—IHAIEREE M653 O 100kW 05 140 kW TR U 7z,

The electrification of automobiles has recently accelerated worldwide. Especially in China, where the world’s largest BEV mar-
ket has developed, the demand for large vehicles is increasing, so has the demand for power modules with higher output and power
density. Fuji Electric has developed the “M675” new IGBT module for motors with output capacities of 140 kW class. By combining
a low-loss RC-IGBT and high thermal performance cooler, it has reduced power loss by 13% and thermal resistance by 20% and has

increased output current by 30%, while maintaining the same dimensions as the conventional “M653”.

Consequently, it achieves a

higher power density and increases the targeted motor output capacity to 140 kW compared to the 100 kW of the M653.

FANE

VAR, RIGEHFIEOFRZHIEL “2050 EH—HRY
Za— NTIVER” (TS T E R 7B A AN L TL
2. HEEFE TIE, MEIRAAPHEHIROFEE LT,
N T Uw kEHBE (HEV : Hybrid Electric Vehicle)
IS TA N TF Uy ~EEE (PHEV : Plug-in
Hybrid Electric Vehicle). &5 H ® ¥ (BEV : Battery
Electric Vehicle) DKL D7%cEBRE—Y THEITIT 2EEH
(XEV) O¥ KOS N TWD, FICHETIE. BUFH
BEV ¥ K D7z OB MBI ICIT> TWB I &EHHY
WKRELAE <. HFRIRKOD BEV AR L TWD, I
LB (T (F P 7 EE N 22 O REPR O E 1A SR 5N
THY. RAHMHOHBESELEE > TWD, HiliD KA
fLICHEIFTIF. WEE—YDOHIEICHWNSD 1> /N\—451
Zv b ENMULL TI VI VIL—LDERESNTZAR—RIZ
E# Uz ET. SR BERMLT 2HENHGY. &
BHEEAR HEEEGD, TORH. A VN—F 1y
~ DILEER TH B /NT—E Y a1 —IVICHEE N HE LA E
REIhTWD,

COEDTEHERHLD. ELEKE. NT—EJ1—ILD
RENEEAETD TR BT & S EIEi
DHFEICHYMA TWD, FEEEMN TIE. Fv THER
HREHIRIC KB /ND—FEY 2 —I)LO/N{KIZHE I, IGBT
(Insulated Gate Bipolar Transistor) & FWD (Free
Wheel Diode) O=DD&EDFv F& 1 Fwv L7z
RC-IGBT (Reverse—Conducting IGBT) £ifffICHL Y fH
ATET . BRI CIE. T4 YD A= =Tty k
DR Z %< 9 & THEOFEE NS EnilttiEzm
J:ét‘t-jw—&—&"vlf\y N —REI T ¢ > DBHFEITEY
A TS, TNBORIEEMN U THEAEEEKE L.

2017 4EIC 100kW O S ZADE—YHIE
k&L=
7z,
4Bl M653 IZx UHBEMiz@EHA T &Ik Y.
Fl—/\wo—J TEBNEEES SR EU. #HEE 7%
E—YHDEER%Z 100kW HD 140kW £ TIER L 7=
[ a1 BEV H#i 8 IGBT €32 —JL [M675] %=BEF
L7z,

BFHEY v
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Improved Power Cycle Reliability for xEV Modules
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Integrated mechanical and electrical systems for electrified vehicles are being widely developed. They include drive systems,
such as inverters and motors, and power modules for the components are also in need of high power density and reliability. Fuji
Electric’s 4th-generation automotive power module achieves high power density and high reliability by suppressing thermal defor-
mation through the use of lead frame wiring and a resin molding structure. In order to ensure higher reliability, we have developed

a lead frame roughening technology that improves resin adhesion. Compared to untreated roughening, this technology improves
adhesion twofold or more and improves the module’s A T,; power cycle reliability by a factor of 1.3.
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J, L—FHIERETKITBIICDONTARY b DEREHK
ELFEDENGH D, — . FEERAE—REZLIFBIC
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PHELEZY —RIL—LAZTHWTEY 2 —LEERL.
AT, IND—H A DILViREREHEIEL 72,
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LPIVDIE. HEFETHDFY TEETDIHITTHD
CEMRL THY.. UHBEITICOHAL —FHIMERKEL 72,

B L —UHACAEDEMIIKIDAT, /XD —H 12
Uit & /N — 1 D )UERER R DR MG EEE (SAT :
Scanning Acoustic Tomography) DO#ZHERD iK%
AT, MALRMEDOEY 2 —IVICHL T, L—FHLL
EY2—ILTIF 13 FICTiED M E U7z, SAT BIZZIC LY.
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AR Tld. HEH/ND—EY 1 —ILOEBHEENE EE
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WEICDWTIHRARZ, Fiz. c5&dHhmE. EEER
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J—RILU—LDEENALICE> TINDT—FI 2 —ILD
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“HPNC” Industrial Large—Capacity IGBT Module

a1—Jb THPnC,

Hi;E 8ZX HITACHI, Takahisa JIIMH jEts KAWABATA. Junya INFE 1% KODAIRA, Yoshihiro

WMEHNRAADOPHEZHIRT 5720, BETREIXILVF—DEHSINTWS, SEOT 52 RICHEIF T, FHE
T OERB K OFEIRDOME D72, BEHEBEBEORERMDEATVWD, ELERIIINITNIET BH. A
FIEROBRES S EHMNERDOIEREREB Uz, EENIFRERIGBT €22 —JU THPnC) ZHFE Lz, EHEE 1,700V
EFHNEE O RELIC K Y B OEBEREEZ BIF2 2 & T MERRICHABAERDH 33% kU2, Kz EHREE
2,300V &l DC1,500 V OB ZMEEEE TS U PR (CHNHERDH 18% IRk U7z,

Renewable energy has been highlighted as a means of reducing greenhouse gas emissions. For further promote its use, power
conversion equipment capacity is increasing in order to reduce power generation costs and improve efficiency. Fuji Electric has ac-
cordingly developed the “HPnC” industrial large-capacity IGBT module, which can be easily connected in parallel and provides high
output power. Products of a 1,700-V rating have increased approximately 33% available output current by using optimal internal
structure. Products of a 2,300-V rating, which are developed for 1,500-V DC power conversion equipment, have increased the output
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power by approximately 18 %.

1] FAHE

AR, AR E THIBRIRB LA R S HEE SN 2 BER
RKOMEE x> TWD, TD7H. HIERIBEEL O I 7 K
THDMEBENRITAOHHEZHINT B2 &N TEDRE
Y - BN FEEBHZEOHAEMEIRILFEF-—PEEHSIN. ¥K
PHEATWND, HETRTRILF—DSSEDEKXICIH
IFTIE. FEEIRASDERBEFEBIEDOE EHRD SN T
Wd, TDEOHICIFENEHREBDORERMDERITH Y.
Y 2PEATEY 1 —IVIZIE. BB S i E T
EAIRF TN TWD, AT, WHEROES S HERS
nTunsd,

BETIEIINSDERICHZADHIC. FHEMRET
FIF—Tgx EEEAOSHAZ TU S —> 3 VAT RER
IGBT (Insulated Gate Bipolar Transistor) €1 —JU
#E & LTy MTHPnCy (High Power next Core) 7% Bi¥&
L7z (@1,

SHE~TE 1 W140XD100XH40 mm

1 KBEZ2IGBT €Y 2—JL THPnCy

BENERREICHIFIDIANEBEDOFTEEIL

BAEFEHEHEE DO ASIEEH DC1,000V D A5
ﬁiﬁ?%%ﬁ THIEDFEE DA S OIRJRDOFEER)E
DEED7H. ASIEE DC1,500V ¥ A5 LADEADE
ATWD, KEBNHEHEBESY AT LADOHBEMEZE2 (TRT, &
NEIEEICHSWN T, DC1,000V A5/, & DC1,500V
Y AFLAEHET S E. DC1,500V ¥ X5 LD HEE
AEWZo . KRG/ SRILDEFIESH%E 1.5 52D
ZENTED, TNITHEW. EHT DS —JIVEDENE
@%Eb%ﬁ%ﬁﬁMSEEU\CMBHLﬁMbﬁﬁ
DAANZTEIR TS D, Flz. BEZ EIFD & TERD
Y BERETICHEDBHERDNS <D, FEX)
A ET D,

£ 112 DCL500V Y AFALICHIFS 2 LARILA v IN—
FEZILNIWAUN—YDELEERT, REEDENE
P Tl&k. IGBT €Y 2 — )AL WFIERE L THEHT
BTENEL, 2URIA UN—=IDHH. [HIEEH HH
TEEEOEMONES & EICHMS R < ZiFl
fLIZCEM TP B, #MHKD DC1,000VAFD2 L XILA
UN—FITIFEREIE 1,700V O IGBT £ 1 —JUHME
HahTwah, DC1,500V AHICH U TIFEBEBEFED
RUT, MURERBEDS A VP Yy IHEh >, &
Z T4, DC1,500V A IC# U 7z E & &EE 2,300V
DIGBT EY 2 —IVEBFK LUz, CNEMHT D& T,
DC1,500V [T L T2 L AL+ v/N—4 %A U CTEE%
%%%%%mb%%ﬁﬁémﬁT%\%mﬂ%ﬁﬁﬁﬁt
%%
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/ KIS/ SR H KBS 2L

DC1,000 vV

/ KBS S H KBS S

/ T H KBS L

/ KIS/ S H KIS S H KBS S 2L

DC1,500 V / KB SR H I/ SR H KBS L

ABESE/NRIL
BEYERREL 1.5 5

BEHRRKE. BEHRM 32
g—JIE 2/3
XEBO R

2 KBEAHBY AT LOWERDHI

%£1 DC1,500V YRFALICHIFD 2 RIS VIN—F &
3 LRNILA VIN—T DEE

IEE 2UR)LA VIN—F 3ILRNLA VIN—=F

EEs i TEBEROES | O| TOREMEE
BB B0 o 20
3L = o s—e—
RFESEE 2,300V - 1,700V
EVa-18
1) DS Az x A
EEE6)

B ®#ESAIV7vS

R2ICHPNCOEFS A > Fy T&aRT, EHEE
1,700V TrEMEN 1,200 A/1,500A/1,800 A, EMELE
2,300V TEBEI 1,200A DEIV 21— LTS VTP Y
TUT, EMEE 1,700V &iEk DC1,000V ASIZ#EL T
HY. FERMICHENTPIRETEIEE E> TWD. Efg
BE 2,300V fllE 2 L XV > )N—4 12T DC1,500V A
HIZHIETE D, IGBT Fv F& FWD (Free Wheeling
Diode) Fw Fl&, ERBERDHE 7 A IX 2 U —X | i
ERALTHY., BEERIE2inl THD, Y—Z %

F£2 THPnCi1 ODERRBSA V7 v

ZHNEL TH Y. BY 2 —ILNEBOREBA D TRE TH
Do HBMMEZEHERT D72, MBRERICIFLEMLTILI
Zo L (AIN) E5IvomE, X—MITEH (Cw) =
BRI LTS, 72, & —AMEHTHE CTI (e h 5 v
> 8%k : Comparative Tracking Index) g% M L
T, faigitEE EIFS & T R DTE 1,700V 5
52,300V ETICTHIBULI/Nyo—TJ E7gk>TWD,

(4] THPNnC1 D¥HH

4.1 EREBEEOOL

HPnC &, WEEEDORE/IICEDTFv THEHT D
FOIKICEIYVEREENARM EL TWD, RIITEH
1,700 V/1,800 A ® HPnC & Gk Tds S PrimePACK™
DF v IHERTYU FPOKEERT, N—A L — ~HEE
[Zxd 2F v THWMT U PO HEIE PrimePACK™ 0
21.7% I % L. HPNC I 28.4% & 7 U 9 7% i k= U
o FYv7OHEEHBEAMAIE/ERE. X=X —NMHE
I 2EMBEIEERK 1,700V/1,800 A D H A
PrimePACK™ [& 8.1 A/cm?® THBDIZH L T. HPnC I&
12.9 A/em? &5 1.6 f5127 Y . MBSy r— YTk UK
TxEREHOREE x0Tz, BIREEOR LEICKLY., B
TG E K E—RERE CHNIARZIERTED,

K3 FyTEERIUTPOLER

PrimePACK™ * HPnC
=] FAR— F AR —
B (cm?) ?{:_7': i (cm?) ?{:_i
N—FL—hk 222.5 140.0
21.7% 28.4%
FvF 48.2 39.8

* PrimePACK™ : Infineon Technologies AGDMEZRE 1z I EERE1E

KREERN ERBEE (V) EEER (A
2MBI1200XZF170-50 1,200
2MBI1500XZF170-50 1,700 1,500
2MBI1800XZF170-50 1,800
2MBI1200XZF230-50 2,300 1,200

() PrimePACK™ : Infineon Technologies AG D F§% & 7= (£ &
SRmaLE
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PrimePACK™*x2 & | ACHHT /AC TZIN—
R/ r—2)
DC
A GDU iR
DC+
TRIN—
(@) PrimePACK™
HPNCX3 &
RNy r—)
GDU HiR HE T2
DC— "
TZIN— AC iHF
S N #F
TRN— S
(b) HPnC PIWF
* PrimePACK™: Infineon Technologies AG DR 1 (S EEREHIE

X3 WHHEEEFOB I HIREEDEE

4.2 WIFHFEOEHS

PERDREF BB TIMIIBERHRT D5 E. GDU (' —
b B B [a] 1% Gate Drive Unit) 3K A F 8 Fii 2 O
MFMEEEEDI O T AN—ETEHL, s E
W, B3 [CIEFI e OB IHIRED ik & R T, #il &
LT, A—&EmfE7xd HPnC3 & &, kM TH D
PrimePACK™?2 & % M5k U 7= RAEE L 7=,

GDU #: B fF 1 % 5% U 7= 85 &+ PrimePACK™
Tld GDU A AC TAN—DETICRBEIND =0,
GDU EAMR_EDEEIH A AC TAN—& T 9 D algek
9%, HPnC Tldk PN i F-& AC I+ B U CHEIE T D
TEICEKY, TANR—EDTHEMIHE L=,

F7=. PrimePACK™ (& AC ifi 7= A T GDU iK%=
U fHF D7z, WiFlEERR T DD GDU N\ DALFR OV HE
Tdh o7z, HPnC Tl PN i & ACHRFABEN TWLWS
& T, GDU EBRADHELHRA PN 57> AC ¥ 7 & Fkd
BTENELIEDTze TNDBITKY. WMAIBHAES IC
x> 7z,

(5] BHERRBEDERAZIR

5.1 WHERDEX (EEEE 1,700V @)

TEMSEIE 1,700V Sl gD EHYVEREEZRM EU.
Ny —I =PIz, R—A T — %= RS
% &. PrimePACK™ (& 2 & T 445 cm?® (222.5 cm®<2)
E7xdH. HPnC TldA—FBEHEMEIC 34 (420cm”:
140 cm®<3) WM TS D, TNDEZTN TN (B
LemaDdILoYEERI-ILUY - Ty Y HEE
Ve FiEZE4 I3 d, AU Ve THE L7 HPnC @ I
IF#9 1.25 fF&xY . F—REHEME TEIY L < OEWRHV

Tj=150C
7.200
6’000 I mmm
2 0 O 0 O 0 O
L 4800 hpncx3 &
= (420 cm?)
i 3.600 1.25
A
N 2,400}
I-l -]
1,200 |
PrimePACK™*x2 &
(445 cm?)
0 L L L
0 1 2 3 4
aLJ9 - TZYIMEBE Ve (V)
* PrimePACK™: Infineon Technologies AG DR e (F ELREIE

M4 ALIIERI-ILIY - TZVIRERE Ve 1FE (E
ZEE : 1,700V)

B3 EHBDOH D,

524 N—85FEBROLKZERT, B4 OFE=
Kd % & IGBT OELGEBRDH 15% B L. 1 > /X—
Y FAELIE HPnC A8 2,701 W & 75 Y PrimePACK™ D
3,060 W [ZEEXFY 12% 1RIHT B,

6 ([CH @ & IGBT B2 & iRE DR =E= R I, IGBT
BAIRE T,=125 COIK O IGBT O H I & ld HPnC T
1,850 A & 7% Y. PrimePACK™ @ 1,390A [Zx L THY
33% WOITENTE D,

ZD&KSIZ. HPnC IFE—REME TREWHRLTED
728 BENEBRIEORERLICHERT 5,

5.2 WHEEOHK (ES=EME 2,300V M)

HPnC Tl&. PrimePACK™ [Z7x WNEGEE 2,300 V &
ETAVFYITLTWD, DC1,500V W ind 2,300V &
9 %2 & T DCL,000V 3D 1,700V i & FEX
T, A—RERBICHIFIHNERZT EIF2ENTE S,

B®7 (CH AR E IGBT #AREDOBIRZ R Y. 5.1Hi

[ 1GBT &s@igsk Ml \GBT X1 vF v Ii8%k
[ FwWD &5&@i8% [ FWD R+ v FrJ48%k
4,000
3,500 |
s 3,060  #312% KR
< 3,000 | 2,701
f@ 2,500 |
gﬁ 2,000 |
™ 1500}
N 1.000 [ _#9159% 1K
\_ ———————
500 |
L

PrimePACK™*X2 & HPNnCX3 &
1,700V/1,800 A 1,700V/1,800 A

* PrimePACK™: Infineon Technologies AG DRz (F ELREIE

5 AVN—IFREBKOLE (ESEE : 1.700V)
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ul
o

# 18 %X
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o
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N
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PrimePACK™*x2 &
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u
o
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HHBE P/ RAIv T (MW)

% PrimePACK™: Infineon Technologies AG DEHES fz [ EiREiE

®7 WHHEEL IGBT EHSEE (EFMEE:2,300V. 1,700V)

EFFRIC, F—RREREE 7wD KD PrimePACK™ &2 &
HPnC I& 3 & U T, PrimePACK™ [FEMEFE 1,700V
7% . HPnC [ZEMKEBE 2,300V @ Z=HHL 285 E&DH
HERZHE U7, IGBT #&IRE T,,=125°CICH1F S
HPnC O NHERIF 1.97 MW &7 Y. PrimePACK™ M
1.67MW ICHARK 18% IhRT BT &N TE D, 2,300V
miE 1,700V WICx U CTEMEEREN LS 2H. HAE
BEEKL THRER TEIE TS D, KER CIFEERET
([ZFES AN TN D726 BAHLHEEDORFHL A L
ERSH

6] HEHE

4 mEBAF L= THPnC) I&. EHEE 1,700V (& FE
IZ DC1,000V O A5 ARIFIZ, EHEE 2,300V & lE
DC1,500VDY AFARFICSAVFPYy TUTz, BHE
BEEE O RARBMICHNIET 572, EVa—ILb1 HEHE
YDEREBEENM LT D EEBIC, MAIERAHHIC TS
DG E Uz, Fle. BAEBEEDOS 575 EMFE
IZrE . B D SiC (RIkIFWE) ~MOSFET (Metal
Oxide Semiconductor Field Effect Transistor) Fw —f
ZHER U 72 EMEIE 2,300V SDBHFEDEDH TWD,

SH%B. BEMBIRIVF-—DTSEDFEE IR DK
WEFEENEDON LICHBR TS LD MR ZTHED T
W< FTFTH Do

SEW

(1) S. Chen et al.
2.3kV Si and SiC Devices to Renewable Energy
System”. Proceeding of PCIM Europe 2023, p.696-700.

(2) BEAB#HmMANIFEL KRERSICONA TUY REIY 22—
MHPnC,. & L&, 2017, vol.90, no.4, p.228-232.

“Application of Newly—-Developed

BE &X

EES A Si—IGBT € ¥ 2 —JL. SiC—MOSFET £
2 — L OBIFEICHES, BIE, mh kR
A A S R R

na  Ete

EEZ M Si—IGBT £ ¥ 2 —JL. SiC—MOSFET £
Y — VORI HER, BITE. Bkt
R SRR S R R

IE R
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£ IGBT-IPM TP638.

“P638” 7th—Generation “X Series” Medium Capacity IGBT-IPM

B B FuJll, Masanari IMIE BEE JOZUKA, Naohiko

BZA i KARAMOTO, Yuki

ELERE. BEORBEEOS 52/, KERMLOERICIEZ D726, H/Ny o — TP638) @M ULZE7
HAR X2 —X]) IGBT-IPM ZBiF U7z, T O#MIE. 2 6 RV IGBT-IPM O TP630] [THAN EY a2 —ILEEH
% 54% D Uz, RTze B 7 ATy THEMICKDFHEEBERD 10% EK e 8 7 HRO/NNy U —IEliO@A 12 &
2 150 ° CTOEMmMENFLOM T ZHKBE T D & T, EHnEEROAMERZ 6 U IGBT-IPM P630 &Y B KTE.

28% RET WA E TREMTIREE 7> 72,

Fuji Electric has developed a 7th-generation “X Series” IGBT-IPM, which utilizes our new “P638” package to meet the demand
for further miniaturization and lower loss in power converters. Compared to the “P630” 6th-generation IGBT-IPM, this 7th-
generation product has a 54% smaller module footprint. The 7th-generation chip technology has reduced the generated loss by 10%
and the 7th-generation package technology has increased the operating temperature to 150°C, allowing the P638 to have the higher
continuous load current than that of the P630 6th-generation IGBT-IPM by 28 %.

1] FAHE

AR, BRGSO RILEOHEE oYU TRV
F—OEHAHALRS DN TVWD, ZOREE L T EEX
TRIVF—ZHHERWICAHAL T, BTRIVF— (BTXR)
BLICEBR S /N0 —T Lo hO=o2 UNDIL) #aEA
DHFRFD EE > TWD, TDTeH. EEHORY hDILIE
AW IF U & LTI WHETHHTND/ND T LU
B THDENEMEEICIE. TEOFEDEIMUA RO SN
TWd, MA T, EHEHILEICIE, BAR—ATEEE
HTHBDZEHRHENTWVDS,

INBEHEBETDOHICIF. BHEHEEETHEAT /N
D —PEAEOMREK, DN SEEETH D N EELE
5%, TM/NT—EMAED—DE L TIGBT (Insulated
Gate Bipolar Transistor) Fv & 1A —KF v
TEEHRUZIGBT ®Y 2 — )LD 3 D, IGBT-IPM
(Intelligent Power Module) [&. IGBT ©4~'— k ZER&)
I BHIE IC ZR L. &5 ICPRERE D 2 7= SR 7
IGBT €E¥a2—J)LTdh Y. EWMEHEEAZERETND NC T.
TERBEMOOR Y haxd. SFEIFEHBRTHERATIhTL
Do

SE. BHEMEBOS 5752/ L SARBERILER(C
RADEHICT, B 7HROF Yy TEM & /Ny o — Tl
ZWA U kB E YN L 29/ \y o —3 TP638)
ZEFH U758 7 1R IGBT-IPM =BAF L. RFIMLL 7=,
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Efforts to achieve a decarbonized society has increased the demand for switching power supplies that deliver low standby
power, high efficiency, and low costs through component reduction. Fuji Electric has developed a LLC current resonant control IC

for switching power supplies with a built-in buck circuit. This IC allows power supply circuits to reduce seven parts. Although the
built-in buck circuit rose concerns about heat generation from the IC, the use of a new level-shift devices for the high-side driver has

enabled the IC to reduce power loss by approximately 40 %, lowering IC surface temperature by approximately 6°C.
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% 7 € 2,300V X ~U—X IGBT/FWD Fv >

“X Series” 7th—Generation 2,300-V IGBT/FWD Chips

WA BEE MATSUMOTO, Haruki H4t PE{E TAMURA, Takahiro BEZA i KARAMOTO, Yuki

KB - BAFER G EFAEMRT RIIVF —rB TEOILHEEICAASN /N0 —FEEDOHHADIERL TWVWD, THF,
FEBHAIERDI=H . ]I 2 IGBT EY 1 —ILOEBIEAOEMEDAROEINTVND, SLEREIE. COBERITIEZ
Bz, EWEE2,300VD X2 U—X] IGBT Fv F& FWD Fv JZFE U7, IGBT & FWD &HI(2. RUTNE
DETZ=H#H< L, BHEEzREMNT DI T WREMEEMEA L. BEFD 3,300V Fv FIZW LT IGBT FOL 2
% - TX v YHfEMEEZ 39%. FWD [F¥iEIE#EKE 43 % KK L 7z,

Power semiconductors has been widely used in power conversion equipment in the renewable energy field, including solar and
wind power generation. IGBT modules are required to deliver a high voltage rating and withstand voltage due to the recent increase
in power generation output. To meet this demand, Fuji Electric has developed an “X Series” IGBT chip and FWD chip with a rated
voltage of 2,300 V. Use of optimal backside structure with a thinned drift layer allows both chips to have enough tolerance and
withstand voltage. The IGBT has a 39% lower collector-emitter saturation voltage and the FWD has a 43% lower reverse recovery-

loss than conventional 3,300-V chips.
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Built-In Gate Resistor Chip Technology for High—Power Modules

JFEF K— KARINO, Taichi =® 5L MIYAZAWA, Yasuhiro #H BE KAMADA, Seigo

BATRIRIVF - TCHWOSNDIENEREBEBOREREY 12—V TR =5 x2EEENL - SRR EEIT D
TeHIT. FEEFEIRINE & RO+« v F U TEHRMMEREM LT DLEND D, TDRH. RERETY 21 —ILD IGBT D
T— b [CERTN D0 — MEPLUC IFRYUE O Rl b (M A R RRICHED It momHi ARk >N TnWd, ELE
F. TDOEDGERITIGA R U OGRS AR Si R ZHAEDE . HEHUEOIRERED 0 ppm/°CULT D
EY 2SS — MEFIF Y TEFELUTE. COEMICEY. SiRKOY—2 A V#EEZE 13% KR U 72,

High-power modules for power converters for the renewable energy field must suppress short-circuit oscillation and reduce
switching loss at high temperatures to further improve reliability and efficiency. Therefore, the gate resistance value of IGBTs in
high-power modules is required to be optimal and is prevented from rising even at high temperatures. In response to these needs,
Fuji Electric has developed a built-in resistor chip for high-power modules that has a temperature coefficient of resistance of less than

0 ppm/°C by combining a polysilicon resistor and a low specific-resistance Si substrate. This technology has reduced turn-on loss at
high temperatures by 13 %.
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SJ Structure to Reduce Loss and Improve Reliability of SIC-MOSFETs

= & TAWARA, Takeshi ch 87T TAKENAKA, Kensuke R ZEE NARITA, Shunki

SiC-MOSFET OHRESRE(ICH T, A—/N—F v o3> (S)) BEOMREZED TWD, TEYFFILEE (n
ANSLWHE) EPIVZZDL (AD) A AVEAN (P HATLER) ZVIRITVILFIEYFI vILIET S] EiEz8EL
7z SiC—=SJ-MOSFET I, Al 1 A VEAICED R U T RNEDS A 79 4 LMEFEIIRICK YU, kD SiIC AL VFH— b
MOSFET [ZHAR T, HHEEROZEEMBOMMAMGHI SN, RF+« 40— ROBEHIAMHI SNz, SiC-SJ-
MOSFET [Z kU, 7 VIBFIDERD AE ST, A1 v F VT EIMEFBDEEER LI DEAD & EITND,

Fuji Electric is conducting research on superjunction (S]) structures to improve the performance of SiC-MOSFETs. A SiC-SJ-
MOSFET has a SJ structure that is fabricated using a multi-epitaxial process, in which epitaxial growth (n-column formation) and
aluminum (Al) ion implantation (p-column formation) are repeated. Al ion implantation reduces a carrier lifetime of the drift layer
and suppresses the increase in reverse recovery charge during reverse recovery, alleviating the bipolar degradation of the body diode
compared to conventional SiC trench gate MOSFETs. SiC-SJ-MOSFETs are expected not only to reduce on-resistance but also reduce
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switching loss and improve reliability.

1] FAHE

2050 #EDH—RY =2 — b SIVHEBICHEIF TRLRFE
LD L THY . BEESE CRRESEHBEOY ZH
HEATWD, E5E B O i FE#E O R (C (FEHA D%
BILAEBEETHY, NI E—SHIEHr > N—%
D/NEL - ERALDARDHE DN TWD, TDRHITFH. 1V
IN—YHNO/IND —REEZFFHOENN. FTFOEIBRE
IRIZ KD EHERD BRI RNTH D, CDRHA
VN—SRAOND —RERIE kO Y Y (S =
#l& U7z IGBT (Insulated Gate Bipolar Transistor) &
WIS A 7 — ROMEA B RILIFWE (SiC) ZHWE
SiC-MOSFET (Metal—-Oxide-Semiconductor Field—
Effect Transistor) IZBATLDDH 3,

AfE Tldk. SIC-MOSFET D EREb I 1\ F 7z 58t (D EL
FHAZDNWTHN B,

SiIC-MOSFET DEREE & X5k

SiC-MOSFET IFEI M VEBEZEZUETWVI EDPR
AV FUIEEmENHNTED I EDRHER > THY . K&
TRENERFDEBERD X v F U JHEHRIEDMEHBIND, F
7z« SiC ' Si Oy 8 fFE Wit ER > T\WB 2
EDB. RUTRNEFRORHMEERE/NT DS EITkY
MEZHFR L D DR FESZE TIFDZ & AHE T, HE%E
Kild D &EMNTED, THIC. MOSFET BRI fFBE L
THERTNZRT A A— R (FEY 1A —R) &8
FAA—RICAWD I E TRFHEHIHTE D,

—H T, AZKR—SFNARATHDH. BTFHER
LUTZBRIC D o/ VEELIC K Y EFBHEMET L. R
Do MEOEPLAAKRRICHEARAL TLE D, Fiz. SiC-

MOSFET O/RF 4 14 A —RIGBEEBE LRSS, TEYFE
S VB & SRS T B9 > v VB IS O RE K
PR L. A VEES LAY WAL LEEAE SN TO
3. COBGIE. KF 1 51— KB KT S EIC
EASNBPEF T U T OME LRICE > THEEI &N
BT EDIHSTHY. BT BITIEIEAF T U P& I
?%Zgﬁﬁgo

R TIE. RO KU T RS HRE A ORIRE % R
H&?é?"&’) RUTDNBICA—N—F v o3y (S
Superjunction) & A 7z SIC MOSEFET (SiC-SJ-
MOSFET) DBiF 7% it U)TL\ZD S]#E&IFp h>LEn
NS LOBELADEY | 222 HHMA I CIEET 372 0.
NS Lh O RIS 5 TR CE 23, Z0
1. FHMMBEEBYETHEEEH< T3 EICEY.
ER CHETBBIEAME T U COREOMMENHT 3 &
HCE B, SJHELU O KU T N EEHE. R
HBIL TIEF T 3728, EiERT T pn 715 L OSE L
E v FEHiH B [F E SRR E < 755,

dXEC/VB ......................................................... (1)
d pnATLDERELEYF
E. i e S
s o

S EEDELE A EE LTI, L nBMITEYF> v L
ERFPIVE =ML (AD A A VEAERYET & T p.
NASLAEBRT BDVILFIEYEI vILE (B1) HE
PNTHY. TILFTESFS vILEEMANT S iliEs
AlOAAVEATHRLERIZ, RU T NEOET U P
SATHALPMETFT BT EAMESNTND, Thit.
Al A AR ICEA S NI KFAS A T8 A LFS—
ELUTHWTWNBRHEEZBND, RUT REDOF

E1TE#IEER 2023 vol.96 no.4

240 (46)



SJ#EIEEAIC KD SIC-MOSFET DIEiER{E & EFa1tm

n/\wJ7E

@) NyI7ERER (b) AlrZEA
nRUZKE
‘ R U n/INyI7E
— FUZT ~E
e /
PAZL (a) non-SJ (b) semi-SJ
n/\wvJ7E

nt Eik

(d) SJi@is () n TEYFIvILAR

1 SIBEDERE (RIVFIEIFT vILE)

PSATIALDMEIRT D ET. RUTNEANDAEK

n/\wJ7E

T U PHEADHIINDZH. X1 v F U ITROMREIE
BRERED. RUTNEROAEF ) PEEDETICEL (©) full-SJ

USBEES LR OMELHFEEIND,

BIEA D, SJ HED#EAIC KB SiC-MOSFET D{&iH ®2 HfELT SI-MOSFET DiEE
KAt EBELSLINFIIRIC DO W TR D,
:2i=C 3 [ g5 20V 35

non-SJ

if FE 1.2kV & 5 2 THEKER 18AD KU 7 hEHE ] o i 1?0 5
BE &R %= il R e BEHERY 7 b L > F 4 — b MOSFET < .l P
(non-SP. KU T KEDREIDES & T ) Mz # B P
U7 kL YF 45—~ MOSFET (semi-S]). 7%t 5 Of S 20} {20
CRUDNBOREFEC S MEEBRLEN VF %1& 452
47—k MOSFET (full-S]) Z##&fEL 7z, #MEL 7= - ' ‘
MOSFET ORI ZRE 2 [Z7RY, 1.0 1.0

. 0 50 100 150 200

BIE L =R T ORBOGREA VB R, A S LEW B (C)
fHEE Vy, OREREEOFMFGERZR 3 TR T, Vy B

F%DFE T CHER U 7=/%. semi—SJ. full-SJ Tl&&EiE E3 A VRS LS OMEEBEOREKEFMEOHH-ER
RED Ron- A BEMAMHI SNz, TNIEFRU T NED n i
EAEWESH., ETBEHEDKRTICIDHEEZREBL T full-S] #&IC U728&® Si D SJ-MOSFET THlE S &
WBEHEEZBND, full-S] DI R, - A DMELD L. négiﬁﬁ%mﬁ@@%ﬁmﬁnTmuﬁo:nﬁvw
Ny 77 RBICHENXTEAMIIBED n S LDEWVWEZSD FIEYFIPIIVIE TSI MET#E LI EICEY. B
5B, UTRNEOF U FPSATIALAES . £ U FOIEA
—#%1Z MOSFET D Ry, A IEEE b L— R 7 DR TN TWBE=HTH D,
RICH DT BRTOMWMETFTHMG L 72, TEREEORE WIE L@ EEAD KD 7 NEOEEENRE Q, =
BEEAICRT, Bime& 175°C T, HFETFEH 1,500V ARUHREZR7 23T, Q. BMHABDFERTYFY
M EDmMEZRNLUTHY. RUTNEZ S #ET S DR OBEEBEREEMT D, Q. IFRU T MNEOHERIZ
ETIEZHMERF L DD, SiRREOIRIEMEIH &5 2 FDODERT « o4 A — RBERICIEASNEZFFUF
EWMRTE =, ICEBEDDMTHIH. FEAFTUFPERL A VEFRE

RIZ. B5IZRITEPEEIC T, BHEDAA v F >V TINIVA EBIEIWMT 5720, Q, DEWRMAEE (HE) ZF|NXD
[T, FWA VY — )NV TDEHD/INIIVAEE 235 CEICKY. BAFFTUFPOLEEHINT D ENTES,
IV ARERZE TV, RF 1 &'+ 7 — R O#MEIEEE % #H non—-SJ] TlER L1 VEREEBIZ Q, HREBMU.
Nz RF 4 4+« F— K& MOSFET [CIERIBDOFET% RUZREADEAFY U ZHABEMUEZ, —7. semi-

Wiz, B6 12 175°CICH 1T 2 RENTHERE R ZR T, SJ ¥ full-§] Tl& Q,, DEFMAMED /M < BAZENY

BT ERKEIR 2023 vol.96 no.4

241 (47)

- CEBHBEIT R I

NORFHIFT 7\ X\ A — T 3 H

~
-~

Srifik—a



- CEEHBETT AR I

NS BHIHFT 7\ X A —HE K H

~
—

Sriik—a

SJBESEAIC K B SIC—MOSFET DIRiER L & SFE%EmE £

V=0V
1x10-
non-SJ (E&
non-SJ (1757C)
— semi-SJ (Z=8)
< === semi-SJ (175 C)
~ — full-SJ (&
12 == full-SJ (175°C)
'E{"' 5x1074 |
¥
A
i’
0 . .
0 500 1,000 1,500 2,000
R VEFE (V)

T,=175C. Re=75 Q
3
full-SJ
—~ £ 2 [ )
2 0.13
<]
w 2[ —
e 0.27
P semi-SJ
Y
#mﬁ A1
non-SJ
1 L L L
(0] 5 10 15 20
RLA V&R (A)

4 MERFEDRERS

Ve
TAA—R

ol
; t} : §/Lﬁﬁ1mH

1

V=5V \\ G A'l

Ve=+20V/-5V

5  F7I/NIL X EHEREHE RS

Tw=175C. Rc=75 Q

1,000 60
non-SJ
— semi-SJ 450
— full-SJ 440
S =~ <
\m, 0 = 30 \;
/ 410 !
3 3
2 ~1.000 [ N A - s
1-10
4-20
-2,000 | | -30
0 100 200 300
B$RE (ns)

6 HAMIREEERAL

ZYUDF+ U PIEABMA non-SJ (XL T. TNFTh
27% & 13% 2984 U 7z semi—S] %> full-S] Tl&k K U
T NEERICELED Q DWMAHEIFEWVWD DD, KEWRZ I
LTH Q, DEMIF/NST< . A1 v F U IHEEDHM%ZEN
HTETTVWBZ EHER TS,

7 BEEEE Q. DETEGBR

M« 54 F— RiBEES{EDINH]

HELREZETFITHL T RF o 74— RDEELLR
BafT >R ER8 (IR T, BTIRE 175°CT/RFT 1
A —RADEEZ LR (DC 100A/cm® T 10 min.
JXJU A 500 ~ 1,500 A/cm® TR 5min) % H F. R
F o A — ROV EEDOGIHMED D DEA T L 72,
FHli U7 Y TIVEIF SIS T7 ~8FTF ThHhD, HE
ICELYAVBEBESNEIEIEXSDE (0.5%) M EICERUE
HD%E., BEHIOFKELZEFE UL,

non-SJ & Tldk. BEX ~ L X 500 A/cm?® H S HEH
fERSI N, RBMBEEBEZTDICDONTHILAKREL &> 7,
—J7.semi—-SJ [FZH LA RSN ZWHE A kL A& 1,000 A/
cm? (21 E Uy &5 (T full-S] Tl 1,500 A/cm? & 7%
U, S &AM A R TFIFEESAELIC< VW D
ANz, TNIE. YILFITEYFI pILEETHEEL 7=
SIBEICEIYRUTRNBDOF VY UTPSATYALDMET

10 I
non-SJ
T X
5| g % —
O,
< O
< 10
S semi-SJ T
\“q # -
>t 0
¥ 10
full-SJ
5 L
YIHAE 100 500 1,000 1,500
A KLURER (A/cm?)
%4 :175°C. 5~10 min

8 T« FA 74— RDOBESLHBRIER

E1TE#IEER 2023 vol.96 no.4

242 (48)



SJ#EIEEAIC KD SIC-MOSFET DIEiER{E & EFa1tm

U RF a0 51 74— REBERCAHEF+ U ZEADIGIE
NTRIERKAMEA L IZ< < 75> TWBRHEERSND,
semi—SJ IZ AT full-SJ D J5 A8 E S (Ll zh 1A
WA IhiE full-S] TIER U T Mg S] #E&EH o
BEHIC. RUTRNBEEKOREETS 1 791 LD
EKTLTWBTeHEEZOND, HEHILDOKRKE XD
RIGIFERANICL < BET D720, Sz lifld 5I(2IE
HIRICEBET 208+ v+ U PEEEINHITD2HENG D,
semi—S] DFE. SA TV A LDHEBEHEWNWNY 77 E
NTHAEFvr U PEHEENEFLTLEUVL, full-SJ ITHEAX
CHBSUMHEIZIRIMED > T2 & E B ND,

HENE

RUTRNBEIZAl A FAVFEAZTHWT S EEZERL
7z SiC—SJ-MOSFET I&. €3k D SiC-MOSFET (non-—
SI) IZHART. EiRRO A VIR mME i s, Fiz.
KERERUEZBICODA 1 v F U JEROEMZINH TS
D&, THICRFA YA A—ROBEELSLENFHI TED
TR U Tz, RBRTEWMSY 1 7 — R OAMF FHFEE
7% SiC-SJ-MOSFET ##HIT DT &I kFU. 1 2/N—%
DEIFRELE N - BRLS L PZENICHED BEXREBHED
Mt FERE DR DA T NS,

Gt B 7o 4 M VA S 43 M 1 B AT & 47 L SiC-S) -
MOSFET OFEMH{bZi#ESD. BEREHHEOWL KICEHBEL T
W< FTEETH Do

ARWFgZelE. HAPEGE DLIENTD—IL I NOZTR
OV L —3> (TPEC) BOFEHE L TfThbNz,
A - B, DL UEMICEIL TITHHITEWTZZRAR B,
FEHEA K. MEEESR K, @HRMRK, AHERRICE<
WMEELT D,

SEHR

(1) Tawara, T. et al. “Injected carrier concentration

dependence of the expansion of single Shockley—type
stacking faults in 4H-SiC PiN diodes”. J. Appl. Phys.
123 (2018), p.025707.

(2) Kobayashi, Y. et al. “High—temperature Performance
of 1.2 kV-class SiC Super Junction MOSFET”. Proc.
ISPSD2019 (2019) 31b.

(3) Fujihira, T. “Theory of Semiconductor Superjunction
Devices”. Jpn. J. Appl. Phys. 36 (1997), p.6254.

(4) Harada, S. et al. “First Demonstration of Dynamic
Characteristics for SiC Superjunction MOSFET Realized
using Multi—epitaxial Growth Method”. IEDM (2018),
p.181.

(5) Fukui, T. et al. “Effects of ion implantation process
on defect distribution in SiC SJ-MOSFET”. Jpn. J. Appl.
Phys. 62 (2023), p.016508.

(6) Saito, W. et al. “600V Semi-superjunction MOSFET”.
Proc. ISPSD2003 (2003), p.45.

= HE&

SiC /ND — MOSFET. SBD O#f%t - BAFE ICHEH,
WAE. ESIUTEBRIE N R TR & T FeiT Saitk
NO—ILoubOZoAMEEYY— (FLERE
KU HHED,

I &R

SiC /XD — MOSFET O #iff 52 B & |Z it 5, BL7E.
[EISZAF TR B S IR N BE S B i A T FE T SadE/ N0 —
IO NOZOAMEEYY— (BELBEHLUH
), YA EE,

RH FEE

SiC /3o« A DBAFE - KA ICHESF, BiE, ELE
BRIk Rtk R S AR B FE e B 5~/ N B
FEER o

BT ERKEIR 2023 vol.96 no.4

243 (49)

- CEBHBEIT R I

NS BHIHFT 7\ X A —HE K H

~
—

Srifik—a



vz 1

0
=

u]

=

B—iIKRI X557 L TALPHA7) 2232 3

“ALPHA7” Servo System Diagnostic Option

W@ SCEE* HIGUCHI, Fumiya TIEE IR

NIKAIDO, Tokihiro

T—Ta VI AT LI BTSSR, P
BAABLEEFET S, S FE TS E T E D EE,
NEEE, Hig el T SEHIHEHTNTNDS,

INFETDE—Ya VI AT ATIEK, EEER LD
HEFEADER SN TSR FEEIFMA T, MR
DRI PILY A LATEARMBZEHRE L. AR O
HZEH<ZEARODNTWVD,

COERICIBADIz2HE L EBI(F. Al (Artificial
Intelligence) £ #Mi=ziEH L 2. ¥ —R ¥ X5 A
FALPHA7 | Wit 7> 3 v &BIFE LTz,

1 BWREICHFDITREIREDRE

ARMDFHT D & BEMEINICE R T X b AYED
BDRIFTIEL REAA-IPMET L Catte2hnsE
WA DIENB AN D D, TDTeH. TV RI1—H—
DOBEMEEE A —HN— I U, REEZEGD J &%<
UPILY A LATRBOREZMRAL. T RO % B
1L 9 2 A E AR E ICHARAA TIEFLWE WD ER
MEEZTWB,

BIZIE. ST EERR CITEROESEAIRE ) PILY
AALATHHIDLORDEINTVWD, BEHMEBEA—H—
TlF. TEIEFHEVHEHERL THRRMOBEHEER
EEEHTEN KEFEIX N HHL>THY, TR
N ERIRL & A B RS FE D HMERS - ] L OWISZAOVERE & 7 >
W3,

B2t 7Y a VICKBEERE

BE1Ict—R¥ A5, ALPHA7 B X WA+ > 3
VONRERT, BWiA T3 vk, B—AKRP U THS
DIEET—. flHFZ TV or—2 a3 VOERET — 9 7x
E'HICC PFUFT A URA Al TH DL EREFINT
Ot 2 & # (MSPC : Multivariate Statistical Process
Control) IC& Y. BEZWZIT D, CNICLY. BV
HEBMTS <. BREOCARMEHZEBU Tz,
Fh. i AFLTEZD LY —REHET, IE
HEEEOMEOEZRZHICL T, FEMHAEEICED L

* B LEEBRRS A VI AN —HERFE T F O —FA—
— 2 3 ARSI

\a

B1 Y—IRYRXF L TALPHA71 BKUBHKA V3>

UBRTICMLETRETHEELU TVWIREZRAITDSED
TE %o

2.1 ESHROD{tLHEP

Wi T a ik, BEFIVAEREEE &S S WEREE R o

TW3, EF VARSI, BBEEEDIER ITEIRL T
WRDIREEERITZHET IV AEERT DEAETH D, ZW
BB IE. ET VAR THER LU ZZ2HET IV & EBED
BERFDINS A —SZ L TRMOHAEEIT D EAET
BB, TNBOHEREIF MSPC ICKYEBL TWB,
MSPC &, $ZEBOTOCAT—4% UNSA—%) [
DHBBIRE LT RMICHWNT, IEFETIRE TH D Hib
TZWETIVE L TEREL., BTSN A—SDt Y
r OB EST VORI E®RBLL 2856, BE ST DM
FHETH D, @2ICMSPC ICLDEWiAERT ., ZWHEST

, ERERTR

F—IDRMEET

WEL. ZDEFIL
DEEAIFIERE L2
g3

[ yote=xiE1 70
2 {E 2 DRIRHIE
BREEH SHNT
Wafesh, BEE L2
HcED

FOERME 2

Y

FOERE1

2 MSPC Kk B2

E1TE#IEER 2023 vol.96 no.4

244 (50)

2024-S01-1



Y—RY X5 L [ALPHA7] 2t T ar

SR
B LIBE

ALPHA7
(G4 Foavid)

S4t EtherCAT
Xty PLC

Y—IRIY AT A
MONITOUCH

*1 Ethernet : BT 4 IVLAEIRZA / RX— 3 VAR OEIZ
FIEEFEE
* 2 EtherCAT : Beckhoff Automation GmbH DE1ZEE 1z (3 B EREEHE

K3 HY—RIYRFTL TALPHA7) L84 Y avICkBDUR
T LB

WDINS A— 5 BOHBAD DFNE Q Histik, FHfE
ABOINE T fiaHite L. o 2 MO i 325
TEREOMHEET D, COFEETHWD I E T, HLxD
NS A= D EFHEIC L BBHClREESNTLES
BT D W ORI S 75D,

2.2 WAV aOEm

B3 ([CH—RY A5 L ALPHA7 E38WiAt 72 3 > O
Bl &R, "j’—/"l’\'"\/lj_fla ALPHA7 [C2WiA T>a v
TR LD EtherCAT %0 PLC (Programmable
Logic Controller) &fiAEHEDI I &ICLY. HHI
REZWERB TS 2,

BWiA T3 VTl BEFIVERS K BRI KB
FPIVT—ravhEESNTHY., I —Y—[F@BWiIC
PDEIGERERE T BDES T, HrelcTOT S L=ER
TR EFELKBWHZEHIT TS D, Ffz. 7OISIY T
#R gt TMONITOUCH J [ZHTIB D E D ZHHRHLD T
AUV REEEm Y Y SIVEAE L. Y
fHHEICBWIZR TE DL DT LT,

BERASEH

MTESROARRMHIZER 4 ITRT, ek, MTHES
M TIE. B4 DK DEEFRFOBEW (D) ADOEIT
BICEBDARZEIET 272, fiBEtE VO EHmEEES
MHABEDE THFESAIREHA T DEHEATHEEL T
Wiz UL BV DBREREZBNITSIETYA
FLDMEEDNEME S EDHENG >, Tzl Tl &
(AR FARE AN LI S 7 U . PRSI Z 2L T ULV,

Z I T. ALPHA7 Q& ML EZ S HAE & zWit
TavEEAUR, RSICEWATa vy eI DA

(#) EtherCAT : Beckhoff Automation GmbH D FifE & 7z [ &
R

(a) TR : K=

(b) FRf : =5

B = =

(c) BR&
X4 HFEEROFRRRA
2,000 600
1,500 |
1,000 | 500
= |
£ 500 400
N (o} B
= ]
"Eed Bl T LooBsIc Q fEtEnn 300
# 1,000 =RERA
= 1,500 | g2
C ~2,000
’ i 4100
-2,500 |
PO e ——" -.|.I|I...|....i .
1 11 21 31 41 51 61 71 81 91 101111121131
B (ms)
(a) EEDITNES
600
500
? 400
= 300 e
g (¢}
2 200
100
5 0
1 11 21 31 41 51 61 71 81 91 101111121131
B (ms)
(b) BEIMLIDITNES
5 WAV avTERIDIANT—IHI

75—l Rd, IR EEREEEDERM NILID
TNEEEST—YELUTHAL, U—AREZtE>HELT
WMHITDZEICKY. AT EED EHE<ESFAR
REBRANT D ENAREE ko Tz, o BWiA T3
> D MSPC A U, ST O I & ICIEFIREED 21
EFINEERT D EICKIYFARREOEHEERT D
EEBIT. EEARBAIOKEEDR LU,

SE3

(1) EREMED. VP LATARMEHZHEB T DA%
WHUEMEBRmIFZEY U —>3 Y. ELEBER.
2021, vol.94, no.3, p.141-145.

2024-S01-2

BT ERFEFR 2023 vol.96 no.4

245 (51)

ESEOEEA I

-~



Py I

[u

>

-~

HB—IRY X5 L [ALPHA7] 243>

FEoThHA
2023 4 6 H

BRERIVLWSDHLEL
B hEER st
AT AN —HFEARLR
T 7O MU =T — b A= 3 R S
3% (03)5435-7091

(2024 £ 2 A 29 H Web 23F)

E1EMKER 2023 vol.96 no.4 2024-S01-3

246 (52)



B&5E (RS TE > TcE/RHEEE)

Al Artificial Intelligence AN TLHIRE

BEV Battery Electric Vehicle B E B

CTI Comparative Tracking Index g s S wF> T

EMI Electromagnetic Interference TR

FEM Finite Element Method AR R

FWD Free Wheeling Diode

GDU Gate Drive Unit ' — b BXEh[a] %

GHG Green House Gas

HEMT High Electron Mobility Transistor HETBHENS VIS
HEV Hybrid Electric Vehicle N T Uy REBE

HPnC High Power next Core

HVNMOS High—Voltage N—channel Metal —Oxide—Semiconductor

IGBT Insulated Gate Bipolar Transistor MRk — RRINAR—S h ST RY
IPM Intelligent Power Module

IPS Intelligent Power Switch

MOS Metal —Oxide—Semiconductor

MOSFET Metal —Oxide—Semiconductor Field —Effect Transistor

MSPC Multivariate Statistical Process Control EZ 3 Vit anhc Nt
PCS Power Conditioning System NDO—aVF 41> 3aF

PFC Power Factor Correction JIRYE

PHEV Plug—in Hybrid Vehicle TSTAVNA Ty REBE
PLC Programmable Logic Controller JoJsvJiarso—3
RC-IGBT Reverse—Conducting IGBT WIEE IGBT

SAT Scanning Acoustic Tomography B WUGREE E

UPS Uninterruptible Power System I {52 7 R R

BEiR (FASICERHE U CELTEIRE CXEREHR)

EtherCAT Beckhoff Automation GmbH O #i#E & 7= & & SRk i
Ethernet BLEIAIWALETIRAA I RX—=2 3 VRSO REE F 7= (LB SR
PrimePACK™ Infineon Technologies AG D RiAE 3 7z [ B R ra 1

ZODRLE. HEEF. ZNENORHOBIREIEEREFHRTH S,

BT ERFEFR 2023 vol.96 no.4

247 (53)

qEt - BHER I



Fo =t

ot
@

&

https://www.fujielectric.co.jp |[El

FEEXAT

Ix)LF¥F— Eal ==
IRLE—DOREHE. BB, RELCERULET, BXLSH. ZFEHWLE
e - yya—v3v
REFSU N IT YUJ3=2/: -
HoBFEER, K. PANEN. NHRE ICT [cRIDBHEEs - V7 b )
IRILFE—TRIAY "
BEEE 2T L. ABNFB. AARE FIE(R
e D LA BLRE, TEHEESRE, B - AT XMECERUED .
TERE. EEER JND —EE
sk - BRIV AT L EERENE. BEhENE
TSRS (UPS). SBHeg
B8 BooineE
SEFCES - HEIEE Bl - AT REBEORS - BDEEDITRELET.
‘ EIARH
AP A RNY— WRIEIR. BS - WREIRE
HOWBIEENFOBIEEBEIXRICEMUET,. EAENE
S hX—S g B ee. St

AVN=9, E=9, Y—RYZF L, IV O—3.
FOISTIIVERES. sHAKES. VY. FAYRT AL
EXEHIE > A5 A, SRR A5 A
#HavYUa1—vay

HEEMARBEN Y T L - RPYZF L
RORBABEA LY R T L. [RFIBSIEER .
WETHRIEES - AT A

(AFECHBSN TWDIMXEED. BIFIHDSDF—H+ FRIFTFE URL THIAHTE &,

B LERER (S0
https://www.fujielectric.co.jp/about/company/contents_02_03.html

FUJI ELECTRIC REVIEW (3£32) https://www.fujielectric.com/company/tech/contents3.html
B EEEAT T (b0 http://www.fujielectric.com.cn/jtkw.html

ELTEHREER $£9%6E $£45

A6 4E2 420 H AR 4R16 42 H 29 H 547
ETEHRER $£97E £15

IS HINEEaEERE EEME L ICERT B FRAARTEAT A riilr s
INDO—IU&obrO=ORX * 1T Pr BLEEKRASE FiNBEIRAL

T 141-0032 HURHEREIEARK— T H 11 % 2 5
(F— k2T 1 R —2 &9 —)

=i AN THRTENE:

B TRREREaSN WOEE R BT R&S A T — B RRR AN
- H LI WfT FELEEEwR WE=E

. . . T 191-8502 HUHHE H 5T 10T 1 %
M A > NN— TR OEE Hij FH B — BB e 2 TEER  HEE EE (042) 585-6965

mwE X A PE— [SSES N O T FAX (042) 585-6539

B ® A OWE A HEh B

] \ ~ % A g6 HRAHA— Lk
® & R AR IR WA M PR A T 101-8460 FECERTREKMEFHIT= T H 1 FH
%ﬁ % = EAR Fiiid NP AR ARAF -9 JNEP EfE HIE (03) 3233-0641

miE BRI S5 6-20018

*ARFICHMS N TVB S A E CBERLIE, TNTNOXHATHT 3 IS SRR TH 3R aDBY F T,
© 2024 Fuji Electric Co., Ltd., Printed in Japan (ZEfEWiR#ER

248 (54)



TE#I¥R vol96 2023 F {EH

U1 B EmteaTL+— kT 350 - 5l - BBV A7 L

[H‘:;ﬂé(:%ﬂ——(j VI RtEIHY—ITEDY PIVY A LEERHLDRERH covcreeorrrerrerreantiniiiiiiiiiiiiiiiiiiiiiiiiee. g A 3(3)
BIREEYE) B8 AT RIVF—ICEHBRT 2

%«I—?ﬁu . fﬁuﬁu . ‘I%W*‘/Z?L\Gﬁﬁ#ﬁtﬁ‘éé ..................................................................... ﬁge{e‘. %’a‘,ﬁ‘[ )I:_/L}z'g F§ 4 (4)
TSUNVAFLDIVIZFY U IHENEEBT D

O — NIV EE LRI S/ 2 55 Lo eeererrnrensesenreneniii e EHH K& FRE IR HE KB 11 (11D
TS b OBEREALICEBT DY T Rt (£ 1S L 5 51 g o OME BEER 17 an
IVIZFUVTDY— REY o LFEHME WER L%

EBLL T DX BMIET B SR — Il eereeernrernmrermerieteietiei et Jbkt fER HIF % Bl HEA 22 (22)
BUYETHIL D DX [T EIHR T B HUEGEAT S A T5 /o rrerrrrrrrrrrrsrrrsmmnnnnnnninnnnaasaaaaaasasaasasaaaees thilp 2K E=AN B 27 (27)
I%%ﬁﬁ@ﬁgfhl:ﬁﬁ?%%—‘\/ﬂ\/j\/l\D—ﬁ ........................................................................... K{%K% E[J 31 (31)
TS5 N OEBHIES A5 LOEELICEIRNT BHEE - FEAFEIGER e, IFE—E R/E & 35 (35)
EV BREN R O (I BRE % BB T BUERERUBR S AT Ly woreereeseessessessnssnesnenenes KA =F M HA EE 39 39
HEH 2L AT DRI R A 78 S B A BT BRI JOT S/ AT Lo veeeerernrennsenneermnmerueeneereenenenens 22 K 44 (44)
G2y - BT EIRT DICEERATBEY 1) 0 — 3/ 5 D/ eeenrrerrnnreetmin ettt ettt e il 3 FIEE  PESF 48 (48)
BRAF ROBFAL & PARBDEBUTEIRT B AT — MMRZH — B e iR HifE B K 53 (53)
SRIBITERN
1,700 V/75 ~ 200 A 4 INT TS/ 0 — )l oreerrereensmmmntttt ettt ettt ettt et 59 (59)
ﬁaﬁl‘}iﬁﬂlﬁﬁ%‘% {E ﬁ%ﬁ%ﬁﬁﬂ@ﬂ%&ﬁ?/\/ FJDtjﬁ?ﬁ/\— ................................................................................ 62 (62)

([l B 2022 FEOHGITAR & RE
RHRICHFET

“TRIVF— - BRI OFH T

%% . ﬂ,b‘c}%ﬁﬂﬁ%;&*ﬂ:%@%}ﬂ[:ﬁm” .................................................................................... i&% EEEB 71 (3)

“TRIVFE— - BEEAROFER LY. WHEEOZEMITHIEU .

PBEEIFOH /= IAlifE DB & H B DRI G T 7 e verererererrrrrr i dal fIER 72 (4)
/\/r 5/( |\ ..................................................................................................................................................... 73 ( 5 )
JNO T L I*)[/:!i— ...................................................................................................................................... 82 (14)

OILRIVF—IRIAVES OFBEBIAT A
Oz - BIH> A5 ORECE - BIEA - SR D >V R—x > b
A D - A A N ) TR ) 87 (19)
OJ70K)—FA—brA—3>y OJOBRA—LA—T3Y
OFwyYyVa—ray OffavUa—r3>y O7J1—IVRY—EX
5'&;:%’,{2'; ........................................................................................................................................................... 94 (26)

%%ﬁ’jg > |\ .................................................................................................................................................. 97 (29)
OfFETMRIRILVF— - HIXRILF— OVvUai—Iary - -HP—ER

T 17 R P PP 101 (33)
D ESpRseRE  )E&HRE

B s TR PP 103 (35)
O RN O Jabmik ity




E=DY

Norel 35 A— RV Za—hSIVOFERICEIF Y Ya— 3 - #Hiln

FFEEICHE T) I R T a— R SV E BT/ AT L vorreeerretete ettt ettt eeneaes

(BUREBEYE) h—RYy =21 — NSILOEBICHEIF=

LHE—HE 119 (3)

S 3= T - R DB & B G e eenneern et AP i ARILHEEAER 120 (4)
DR EEIT DT IIIVY A VBT IVEL CEMS  crreererrreseree.. T H B WA i 127 (1D
HEWRBTRILVF—DOBEAILRELZZDEHITIEY ) 21— 3 e [ft] A ZHERZAY BEFE  Ey5h 133 (17)
N OLEBAGCEIRT D BHE D AT Laeweereersessmss, S EBH O RIE B M#E 138 (22)
BICIe o BB > A5 LA DBIEEACH T 72

B e R U I 5 2 R LR s A E g mE o BT 145 (29)
AAAE - B SEICHIFT D= R 22— B SIUADBEHR e & Mo wEEB I B 151 (35)
HEEOBINGICERRT D/ ST — e ervvereerrmreereretieeei e Ek W B WE CHA 156 (40)
j\Jt":I\/ZRF?E%ﬁm[j’%l*ﬂ/:‘f—yu:L—‘\/E\/ .................................................................. EE Kﬁjﬁ 162 (46)
IR DTEBLCEIRT DEREFEEILYS 1) 1 — S/ 5 S/ eerererneenn ettt ettt ettt ettt e e e a2 P 166 (50)
ERRISETELE S A5 ADREERETREC T D DC/DC T2 /X4 eeereeeeeeeees fRkH HEMFZA  IUH = 170 (54)
BT O ADBEMICEHIRT DHEBMANN - BT oeeerrerrrerrreeeeees k=] B &z BE 175 (59
IKE - PR PO T R DI MG - eevvrervrrernrermmeernmeramernnene NG I U R EFE 179 (63)
FRRIBITERSL
LED HEHAF] 55 4 HHAREEFLTE — K PEC I IC TEATBTON Jreeeetereeerernnnternumtetuuettitttiettieetiietii et et 184 (68)
FHAVEFUTE TOT U RZAAWTF | (P16 R P22 TR nrrrrnrrerrmeeette ettt ettt ettt 187 (71)
A RSAABINURBHE 0 — A AT i TR B B - eervmeeemmmr ettt ettt et e et et et et et 189 (73)

L #% SBEEBL - TRLF—IRIAY NCERT 5/ (T8

URFEICFET) 94 RNV RE v v F/ND—f8 kK

— T RIVFE—JRHLD HEGT IR L ——  cveveerrrere et

(BRREEHE) BHHEBEL - TRIVF-IRIAYIHMRT D

A R 1 o~ P P PP K
hE A S BEV FHEHTEL IGBT B 2 —Jb TIMEO75 [ rorreerrerreeerenceaceantancacacannes BB
XEV [JFET 2 —ILDIND —H A T JUFRATMAI [ coeerererereeeeeenriiiniiiaieanes [=2F )
PEERIFREREIGBT €Y 21— rHPl’lCJ ............................................. Hi
B7HAA TX U —X ) FEE IGBT-IPM TPE38 | rrreorerrerrecenteeaiicaninns B
55 4.5 AR LLC EHRIRHIE IC TFAGC60 /1) — K J wooerereesesenesesnseencees AR
%71ﬁ{—§ 2,300\/ rx:/u_jJ IGBT/FWD T“Jj ................................. ;I:IAZI;
KEBEY 1 — VRS — NEPLT W TR eveerrrerrrrrrmrei S
SJ WSS (2 &k B SIC-MOSFET OEAHIAL & fFMEPEI [ -vevereeeeeeeeneens t#
HFERmIBITERS

IR

==
=

JEEE
Ji
7S
1L
FHAF
i
Freh

De Doncker, RikW 197 (3)

it

EIEE 52

\
Y

EE
TS
G
FREHA
s

FNI
AV E]
It
NS
JEA
1A
JEAR
B
BRI

f& 201 (7)
i 207 (13
BE 211 (17)
Bi 216 (22)
it 220 (26)

% 225 (31)
s 231 (37)
BE 235 (41)
ZEH 240 (46)

H—IRT AT /s TALPHAT | ZWI T TP/ 9 3/ ceereerernenetetetae ittt ettt e ettt eeataes 244 (50)




1€

Innovating Energy Technology

BEOND—IULI bOZIAEIMEMEDOAREMZE R UL, ELBRO/ND 8K, ST KBE(t.
REERIE, NEERE/\y T —ILZEEDTVNDZDF—FT/)\1 RE. KIFAFRE, BAORBELEOIYU—Y
IRIVF—DEH. EXPRECKDSNDEIRILF—REH. N\(TUy FH— EREFBEEVOEDEH
FT. RREBECTERLTVET . &5IC, #izmit SIC ZHRA L. KO BEMARFRIM/ D —FEHZFFE.
ELEHE. INDSHBEIRILF—HEMZEHL. BE - WL THRABRTHIORRBICERLTVEXT,




ELEEER W96k 45 GEEH 920%) 2024 4 2 H 29 H¥EfT

KI—ILYFO=IR%E
HtE2DEHM5IC. BLIICS

O
r_____;g '
00000000
00000000

fele]

—

Y —

Courtesy of PT. SEML

WHRETSS Vb NO—aVF1var RIEETERKXE IND—E1K \ BEARTTH

5 )
B 277Gt RRUICEHHK :I:
Innovating Energy Technology

x5 i) {0y SENG; @ SvsR
) o ( ; - Jng = Syl ( VEGETABLE
BOTVTHYA Y ONFEEFBLTNET, sy FSC® C017911 ®IL INK FONT

MEEO— KR 07797-2





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Japan Color 2001 Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /RyuminPro-Light
    /RyuminPro-Medium
    /RyuminPro-Regular
    /ShinGoPro-Medium
    /ShinGoPro-Regular
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 144
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 144
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Japan Color 2001 Coated)
  /PDFXOutputConditionIdentifier (JC200103)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /JPN <FFFE5B00270080623158480050002875270020006B30FA5765304F305D002000426631586E30480050002875673059300230>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (Japan Color 2001 Coated)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 0
      /MarksWeight 0.283460
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /JapaneseWithCircle
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice




