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ABSTRACT: The number of Electric and Hybrid vehicles on thalsoia increasing year over year. The role of power

electronics is of paramount importance to imprdartefficiency, keeping lighter and smaller systein this paper, the

authors will specifically cover the use of Wide BaBap (WBG) materials in Electric and Hybrid vehscli will be

shown how SiC MOSFETS bring significant benefits canepl to standard IGBTSs silicon technology, in bdfitiency

and form factor. Comparison of the main electrateracteristics, between SiC-based and IGBT motges simulated

and validated by experimental tests in a real aative environment.
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1. INTRODUCTION

Nowadays, an increased efficiency demand is reduire
power electronics applications to have lighter asmaller
systems and to improve the range of new Electri¢) (Bnd
Hybrid vehicles (HEV). There is an on-going revaatin the
electronics of these cars, considering a) new geltalasses
never seen before (up to 1,200 Volts), b) powehwidreds of
Kilowatts, c) high temperature environment and htigermal
power cycling stresses, d) mechatronics integratiamd
complexity requiring new cooling techniques, €) nfemctional
safety boundaries, not really covered by previoussion
profiles and, on top of all, f) the necessity teefdt within an
affordable cost.

The power semiconductor represents a central ctugdldor
EV & HEV applications, to address the mentionechf®oa) to f),
because they must be optimized to increase powedlihgs,
switching frequencies, efficiency, and, in the satinee, keep
power losses, size ,weight as low as possible abmays with an
optimized overall system cost. Fig. 1 graphicallyows the

power semiconductor challenges for EV and HEV.

When considering power transistors in the highag#trange
(above 600V), SIC MOSFETSs are an excellent altéradb the
standard silicon devices: they guarantee lower R&ONA values
compared to the latest silicon-based Super-Jundl@SFETS,
especially in high temperature environment (1). iiddally,
SiC devices replace also the latest cutting edgentdogy for
IGBTs, because of reduced switching losses andigheh
operating point (2). This allows very significargduction of
bulky and expensive inductances, making final systéighter
and less expensive. Furthermore, when considehree tphase
bridge topologies largely utilized in inverters fetybrid and
Electric Vehicle, SIC MOSFETSs allow great advantageterms
of efficiency thanks to the excellent performanoégs intrinsic
body diode and low power losses at high temperatupeto
200°C, allowing significant reduction of power dtlenics and
cooling mechanism. All these advantages bringhaténd, an
improvement of the battery range of modern electeiticles.

The purpose of this work is to highlight and verityy a
simulation and experiments, the higher
performances. For this reason, STMicroelectrones tesigned

a specific SiC high power module and compared wath
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correspondent IGBT-based module. After, an expertaietest
has been carried out on a boost converter.

This paper is structured as follows: after theddtrction, the
Section 2 describes the Wide Band Gap charactevis$iection 3
introduces some information of the SiC technologgspnce in
the market. Section 4 is dedicated to the Matenal Methods,
together with the Simulation results of the 60kWdule; the
Section 5 follows, with the experimental results thie boost
converter. Finally, the Conclusions summarize tapep, with

considerations on future works.
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Fig. 1 Powesemiconductor challenges for EV and HEV

2. WIDE BAND GAP CHARACTERISTICS

Table 1 compares the main intrinsic characterisitsthe
WBG, in this case GaN and 4H-SiC, and Si materials.

The first line shows that the band gap of WBG malgris
around three times the one of Si materials: a widerd gap is
responsible of keeping the main device paramet&ss |
dependent on the
breakdown voltages. The second line representsetbetron
saturation velocity and it is related, on the fioamponent, to the
switching performance: higher is this parameteghér is the
maximum switching frequency and consequently smalle the
switching losses. It is immediate to notice thatNGaaterial
presents the higher value of electron saturatidocitg, and this
is the reason why it is widely used in applicatiomisere the
switching frequency can reach, for example, few MBizch as
audio amplifiers and miniaturized Switching Mode weo
Suppliers (SMPS). A higher Ec allows for higher dkgown
voltages without compromising on-resistance, exitai why
SiC devices are suitable, for example, in applicetilike rail
traction or smart power grid (Fig. 2). When accngfor better

thermal conductivity k, WBG power switches allow e¢hthigher

temperatures to be reached in a saferer manner ditiaon
semiconductors.

The resulting WBG semiconductor power devices himner
than their Si-based counterparts with smaller drifgion

resistances.

Table 1 Comparison between Si and WBG Materials

S GaN 4H-SC
Ey [eV] — Band gap 11 3.4 3.3
V; [cm/s] — Electron saturation| 1 x 10 2.2x10 2x10
velocity
g — dielectric constant 11.8 10 9.7
E. [V/cm] — critical electric field | 3 x 1G 2.2x 16 3x 16
k [W/cm K] — thermal 15 1.7 5
conductivity

temperature and withstanding highe ., | M

It can be summarized that, thanks to higher ctitedactric
field, better thermal conductivity and dielectrimnstant, SiC will
provide low on-resistance, low leakage current eaerhigher
temperatures and overall improved performance ah hi
temperature environment. With reduced electron rattun
velocity, GaN materials allow higher frequency a@tiem,

making both technologies co-exist for different kersegments.
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Fig. 2 SiC and GaN market positioning

3. STMICROELECTRONICS SiC COMPONENTSAND
THEIR PRESENCE IN THE MARKET

For many years ST has been a worldwide leader ghn hi
voltage power devices dedicated to energy conuverdburing
the last decade, electronic systems have followedrdinuous
trend towards higher power density and more enaayings
driven by governments’ environmental awareness.dPaupply
designers are permanently confronted with efficyeregulations,
such as Energy Star, 80Plus, European Efficienoy sa on. The
designers are forced to consider the use of newepoanverter

topologies and more efficient electronic componesiish as
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transistors. Actually, for the reasons explainedhia Session 2,

high-voltage silicon-carbide (SiC) Schottky

Wide Band Gap (WBG) devices offer some advantages o
silicon in the voltage range of 600V, up to 1700&presenting a
solution to the quest for increased power densiéfer thermal
operation, better efficiency and reduced systemmftactor (1).
For example, in hard-switching applications suchhagh end
server and telecom power supplies, materials sscBi& and
GaN show significant power losses reduction andcaremonly
used. A growing use of those materials is alsoroembin solar
inverters, motor drives, UPS and EV applicatiomsparticular,
in the automotive ecosystem, WBG materials canifsigntly
help reducing fuel consumption, mitigating coolimgjuirements
and minimizing environment impact.

To assist the designers facing the mentioned cigele since

2008, ST has been developing 600V SiC diodes. 13280
further help designers in their quest for more entrdensity and
helping them to reduce cost, STMicroelectronicsetigped a
second generation of SiC Schottky rectifiers. Thsigh of these
new diodes provides increased robustness whileimpéacting
their performance and blocks the effect of the tpasithermal
coefficient of the silicon carbide material; furthreore, the peak
reverse voltage was increased to 650 V in ordensure a safer
operation in certain designs (3). Lastly, in 2014 r8leased its
first 1200V SiC MOSFET, the only in the market tach the
junction temperature of 200 degC, thanks to a newpretary
package HiP247TM. This easy-to-drive device canraipeat
several times the switching frequency of similaedalGBTs and
results in more compact, reliable and efficient igles in
applications such as solar inverters, high-voltageer supplies
and high-efficiency drives.
To the WBG
STMicroelectronics released, in 2015, a dedicatethied driver
for SIC MOSFET, GAPDRIVELS, with positive gate dnv
capability up to 36V, an extended negative drivapability
down to -10V, together with a 1500V of voltage (@i.

complete ecosystem  of

4. 60kw MODULE FOR AUTOMOTIVE
In a previous paper, STMicroelectronics introductite
exercise done in simulating a 60kW inverter forvishg an
electric motor present in an electric vehicle, canmg the
results using a full SiC module and a full IGBT mé(5). The
simulated inverter includes a three phase bridgeerev each
switch is implemented by SiC MOSFETs or IGBTs irrgtial
without freewheeling diodes, a gate resistor ofd for each SiC

MOSFET (to compensate the possible gate voltagestiotds’
mismatches) and six 1200V diodes to implement geatliration
protection for the inverter.

We have simulated, using Matlab, operative condgti@s
follows: switching frequency = 20 KHz, sinusoidabdulation
with carrier frequency = 400 Hz, PF = 0.8, peakentr= 250 A
and a bus voltage Vdc = 900 V.

To be more specific, the IGBT module consists oénth
Field-stop IGBT switch with 2 devices in parallefch one rated
at 1,200V, 140A, while the SiC module is composgd3bSiC
MOSFETSs rated at 1,200V, 30A each.

The selected SiC MOSFET from STMicroelectronics tre
following main characteristics: BV > 1,200 V; In45 A @
25 °C; Ron 80 m typical; Qg(typ) < 105nC; Gate Driving
Voltage = +20/-5 V.

The simulation results based on comparison of SITSKAETS
versus the state-of-the-art Trench Field-stop IGBfes reported
on the Table 2.

Table 2 Comparison between IGBT and SiC solutions

S-1IGBT Full SC
solution solution
Total chip area per switch [nfin 300 168
Conduction losses [W] 125 55
Turn-on losses [W] 280 90
Turn-off losses [W] 246 40
Body diode conduction losses [W] NA 12.3
Diode conduction losses [W] 5 NA
Diode Qr losses [W] 260 5.3
Total losses[W] 916 203

portfolio,

The simulation of the SiC module results in pouesses
reduction about 75% compared to IGBT, with final dule
dimensions of the full SiC module of 100 mm x 17éhm 14
mm, which is smaller by a factor 25% compared \withiIGBT-
based module. Further optimization can be madelgeshanks
to larger die size limiting paralleling, integratiof Rg into SiC

MOSFET structure and optimized module structure.

5. 4kW BOOST CONVERTER
This session reports the performance comparistrbétaeen
SiC MOSFET and Si IGBT on a 4kw DC/DC boost corsern
particular, the goal is to demonstrate that a smiubased on SiC
can achieve the same electrical performance ofstiiations
based on IGBT, with a switching frequency of 4 tintégher,

thus reducing the cost of the overall system.
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measurements have been performed in steady-sttde 46

minutes from the power-on.

The results are summarized in Fig. 5.

Table 3 Component and settings of the 4kW DC/Dé&rt®

IGBT SC MOSFET
STGW25H120DF2 SCT30N120
Transistor type 1200V, 25A, 1200V, 45 A,
Veesar= 2.1V Rpson=90
AUX power supply +15V. -5V +20V. -5V
(gate voltages) [V] ’ '
Gate resistancé)] 2.4 2.4
Switching frequency o5 100

[kHz]
Power inductor

1.2 mH /25 kHz

0.3 mH /100 kHz

Fig. 3 4kw DC/DC boost converter developed in @loratory

Fig.3 shows the picture of the 4kW board used fus t
experiment (5). For the purpose of the performaramaparison
test, two DC/DC Converters with output power ugtteW have
been used. The first board has been modified ameldtdor the
IGBT as main switch, while the second for the SIOSFET.
Both boards are equipped with 1200 V SiC boost elod’he
main features of the proposed boost converteriapeit voltage
Vinmin=400 V and Vinmax=600 V; output voltage Vo869 V;
maximum power Pmax=4 kW. The board has also over
temperature, inrush, under voltage input protestion

The simplified block diagram is showed in Fig. 4.
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Fig. 4 4kW DC/DC boost converter developed in @loratory

Table 3 shows the components and settings of taedbavith
the different transistors. It is possible to noticat we have used
two boost inductors to optimize the switching fregaies.

Both the DC/DC converters have been tested witkff8rent
loads: 1.3 kW, 2.6 kW and 4 kW. Three temperatdrasbient
temperature, heat-sink temperature and transista@ise c
temperature) — have been measured by thermocouwypitds

FLUKE 189, while the input/output voltage and injputput
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The results clearly show that the DC/DC conventith SiC Electronics Conference and Exposition (APEC), 2014
switching at 100kHz and IGBT switching at 25kHz aathe Twenty-Ninth Annual IEEE, 1835 - 1837 (2014).
same performance of efficiency. In (6) it was destated that
the cost of the boost inductor and heat-sink canatteally
reduced with SiC solution, bringing at the conadasthat SiC
MOSFET has to be preferred over an IGBT based isalut
whenever the highest possible efficiency with lowest have to

be achieved.

3. CONCLUSIONS

In this papers, the authors showed different acwged of the
usage of SiC devices compared with the standatdc&inology.
In particular, it was presented a simulation of Gk inverter
and a real set of measurements of a 4kwW DC/DC ctevéoth
the topologies are very common in electric carsliegjions,
respectively for the traction and for the on boahdrger. It is
interesting to notice that the WBG materials do Ioiig only a
terrific advantage in term of efficiency and tengiare
performance, but also in term of costs. Future yeiglwill
include the investigation of limitations of veryghi frequencies
in those topologies, in addition to simulations atest
verifications on different promising topologies &automotive,
like bridgeless power factor correctors or bidiieeal DC/DC

converter for battery charger.
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