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Scope and purpose
Thisdocumentintroduces) H @C hhéwlly keleddedCoolSiGA00 V/440 V Gdlicon carbide (SIC)MOSFETS.

It introduces the new400 V/440 Voltage clasof SiC MOSFEBsd their target applications It also discusses
the keytechnology parameterof these MOSFEBd how they provide systemlevel benefits for designers.
Finally,the document providesapplication benchmarkingin the major targeted topologiesikaddressing a wide
range of applications.

Intended audience

This documentis intended fordesign engineers, technicians, and developers of electronic systems.
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) H @C KCodISKEAEZ 400 WIOSFEThave beendesignedto bridge the gap betweetthe newest generatios
of switching optimized200V Sirench MOSFETs andd6V Sisuperjunction §J MOSFET&to address twolevel
topologies for busvoltagesof up to 300V, and enable the adoption of innovative threkevel topologies for bus
voltagesof up to 600Vic.

Scaling up the 20¥ Sirench MOSFETS or scaling down the 608iISJ MOSFETsaveresulted in compromises
in the switching performance due to large and ndinear input-, output-, and reversecapacitancesand higher
reverse recovery charge3he optimization of CoolSiB/G2 for a breakdown voltage of 480enables significant
gains in switching figuresf merit (FoM)as shown inFigure 1 Thesemake them a perfect fit for hargwitching
applications such agontinuous conduction mode (CCMytem-pole (TP)PFCand softswitching applications
such assynchronous rectifiersThese devices helpchievethe optimal system efficiencyand power density,
while maximizing the performanceo-costratio.
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Note: Switching FoMs are defined at the typical operating voltages of each voltage class, namsty200 V for 400 V SiC ang400 V for 650 V SiC and¥/500 V for 750 V SUDSFETS)

Figure 1 Switching and conduction FoM of CoolSCHIG2 400 V MOSFETs

In hard-switching applications like CCM totefpole, inverters and buck/boost converters, the
switching-related losses depend an

1 The output charge Qsof the hardswitching MOSFET and the complementary MOSFET

1 Forward recovery charge £bf the complementary MOSFET where the haammutation of the bodydiode
occurs

1 Miller capacitance charge &
1 Output energy Essof the hardswitching MOSFET

The substantial improvements in these switchirigpMindicate the significant reduction in switching losses
achievablewith multi-level topologies where the blocking voltages are reducedmparedto their 2-level
counterparts.

In synchronous rectification applications like in the secondasigle of a phaseshift full-bridge (PSFB) or dual
active bridge (DAB) DDC convertes, where hardcommutation of the body diode under nozerocurrent
switching (nonZCS) condition occurs, the lower bipolargformerly denoted by reverse recovery charg@:)
contribution to the forward recovery charge {elps mitigate the overshoots and ringing (EMI). In soft
switching applications like the primargide of an LLC or DAB DT converter where zergoltage switching
occurs, the lower output charge L facilitates easierzero voltage switchingonditions.
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The temperature dependence dhe on-state resistance Ryn)is quite flat, with roughlyan~11% increase at
junction temperature T, = 100°Cwhich results in a consistent conduction loss profile throughout various load
conditions. It alsoenables the use of higheroRn) parts with smaller parasitic capacitances and chargimst
improve the switching behavior and reduce switching loss@is is particularly important to consider when
redesigning systems where legacy Si technologies are yssthe Rygon rise vsjunction temperatureT; for Si
technologiesis significantly steeperand therefore, a CoolSiG400 VWOSFEWith a higher Bgony may bethe
right fit.

1.1 Ol LN@I FCI

Table land Table 2show the released product portfolio in SMD and THD packages. The next ssedfdhis
document providea short introduction to the key technology parameters and value propositions in various
power electronics topologies fotarget applications such as Al, server, telecom, industrial SMPS, setargy
storage systemKESS, and motor control among many othersFormore information on Infineon productsyisit
the webpage

Table 1 CoolSidG2400V/ 440V MOSFETortfolio in SMD packages
Rosnyyp | TOLL w. TOLL w. Kelvinsource | D’PAK7w. Kelvin TOLT w.
[mJS] Kelvin source source Kelvin source
45 IMT40R045M2H X IMBGIOR045M2H IMLT40R045M2H
36 IMT40RG6M2H X IMBGOR@B6M2H IMLT40RG6M2H
25 IMT40R@5M2H IMT44R025M2H IMBGOR@5M2H IMLT40R@5M2H
15 IMT40RQ5M2H IMT44R015M2H IMBGORA5M2H IMLT40RA5M2H
11 IMT40RQ1IM2H IMT44R011M2H IMBGORAIM2H IMLT40RAQ.1IM2H
Table 2 CoolSidHG2400VMOSFETportfolio in THD packages
Ros(on).typ TO2473 TO247-4 w.
6GH 6 Kelvin source

& Y
45 IMMVAOR045M2H IMZA40R045M2H
36 IMMVAOR@B6M2H IMZAAOR@BEM2H
25 IMVAOR@5M2H IMZAA0R@5M2H
15 IMVAORA5M2H IMZAA0RA5M2H
11 IMMVAORA IM2H IMZAAORA.IM2H
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The new 400 V SiC MOSFET trench cell structure is based on the design of the higher voltage classes and is
shownin Figure 2 It is an evolutionary next step to the higher voltage classe} ¢ @C HC0ISHESAA family,
with a reduced ceHpitch®and refined chann€eP properties, which helpachievesignificant improvement in

device performance over the reference HV SiC MOSFET technologies. An enhanced control over the drift
region® properties enables a more precise design of the device. Through meticulous optimization of the chip
design, e.g., the junction termination, the active area loss has been minimized. This results in a 400 V SiC
MOSFET technology that sets new standardsgderformance, reliability, and efficiency, enabling the
development of innovative power electronic topologies and sustainable energy systems.

Source Gate

n+

p+ p+

B — (1)
Drain
Figure 2 400 V SiC MOSFET cell structure showing (1) cell pitch, (2) channaind (3) drift region

The important switching and conduction figures of merit (FoMs§ discussedearlierin Sectionl. Thissection
further describesthe most important technology parameters angrovidesgeneral recommendatios for using
CoolSiGG2 400 V MOSFETSs.

2.1 #1 GGON; NCI H LI <OMN <!l >SS >CIl >7 QCNB

Note: CoolSi®€ G2 MOSFETs use a different nomenclature for the body diode recovery parameters
compared toCoolSi€ G1 MOSFETSs. The old nomenclature afd@e does not fullgxplain the
values froma standards perspectiveé), representnlythe reverse recovery charge. During the
reverse recovery chargeeasurement, @sisalsomeasured. It means that the value in the
datasheet of Qis the sum of Qand Q.

Figure 3shows the harccommutation of the body diodeat various temperature and load current conditions.
The switching waveforms show negligible dependence on the operating temperature and load current. This
shows the commutation robustness of the body diode due to the very low bipolar recovery chargesglthin
forward recovery process.

Application note 5 V 1.
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Figure 3 Double pulse test showing hard commutation of the body diode at various (a) temperature

and (b) load current conditions

Comparedto older Si technologies in the similar voltage clasetween 2504800 V, significant improvements
in the body diodeA tdverse recoverghargehave been achievedas shown irFigure 4

IMW40R025M2H vs IRFP4868 (300 B i IMW40R025M2H vs IPP220N25FD 2 50  Bi

280

140 280 140
240 120 240 120
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_ _ IPP220N25NFD
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Figure 4 Comparison of hard commutation of body diode between CoolSiCHG2 400V and older Si
technologies in 250300 V voltage class
2.2 4L; HM@?L =B; L; =N?LCMNC=M

The transfer characteristicprovide information relevant to determine thelriving capability of theCoolSiGG2
MOSFETS, as well as the ruggedness in the linear mode of operaitoere the MOSFET is susceptible to
thermal runaway The crossing point between the 25°C (straight line) and 175°C (dashed ling)dinamed the
ANB?LG; F CHMN; <CFCNS JI CHNAn "?F1 Q NB? NB?LG; F
higher temperature that can lead to thermal runaway in the applicatiodepending on the applied gate source
voltage. The lower the thermal instability point is located in the transfer characteristics, the more rugged it is in
the linear mode of operation to avoid thermal runawagresulting in an enhanced SOA.

CHM|

For CoolSiEuG2400 WMOSFETS, the thermal instability point is ais¥~12.2 Ywhich makes it fully compatible
with 15 V gate driving. Howevaét,is recommended to operate the device with a driving voltage of 18agit
providesan additional Rsenbenefit of approximately 2%.
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Figure 5 Transfer characteristics comparison: CoolSidHG2 400V vs 650V reference MOSFETs
2.3 # gt e, J s =CN; H=?7 M

The output capacitanceC,sshas a major impact on the / 3 & %witdhivig losses

1 Itinfluencesthe required chargeQ,ssto affectany change in the MOSFET draiource voltaged\bhddt,
thereby impacting the switching times ando¥lpsoverlap losses. The linearity of,&is also importantnot to
only ensure clean and controllable switching waveforms with minimal overshaqdmst also minimize the
switching times and Ylpsoverlap losses

71 Ina synchronously switching haléridge cell, the Qssr0f the complementary synchronous rectifier
MOSFET needs to be provided during the haainmutation of the body diode to raise the blocking voltage
of the diode/SR. This additional srrelated current flows through the haréwitching control switch and
therefore has a major impact on the hasslwitching turn-on energy E.o. 0f the MOSFET

1 The energy stored in the output capacitandgssis dissipated in the channel durinthe hard switching turn
on

The reverse capacitance£also has important effects on the switching behavior:

9 Itinfluencesthese=; FF?> a- CFF?L JF ;-sNifthinQ dkents and GérdloreteyissHA B L
overlap losses

1 The charging/discharging of Gduring any déddt event injects a certain amount of current to the gate
source capacitance of the complementary SR MOSFET in a synchronoubridgg, leading to potential
Miller (Ga x d\bddt) induced parasitic turnon

The input capacitance &impacts the gate drive losses in the systeRigure 6 Figure 7 and Figure 8showthe
capacitance characteristics of CoolS#I52 400/comparedto the reference 65 SiC MOSFET technology. The
general behavior is similar, with the 400 V SiC MOSFETs showcasing slightly more linear characteristics.
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The Essand the Qssare derived by the s using the following two equations:

0O . 6 ww

. . f6,
0 0 -
RGP
Equation1  Eossand Qosscalculation
Ty Ty Ty = ervarmy=c i R R Y
e |MBG40R015M2H - Qoss [nC] ! ! ! !
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200 | === IMBG40R015M2H - Eoss [uJ] | "1~~~ i 40
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Figure 9 Esssand Q.sscomparison: CoolSidHG2 400V vs 650V reference MOSFETSs
2.4 1. %A; N? =B; LA?

The gate charge is an indicator of how fast a device can be turned on antt aféodescribes the charge
needed to fully activate the device and provides an indicator for switching losses.
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Figure 10 Qs comparison: CoolSiGUG2 400V vs 650V reference MOSFETSs
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Figure 11shows the benchmarking of key switching and conduction parametef£oolSCHG2 400 With
CoolMCBHAB 600 \and OptiMGBHI3 250 V fastliode (FDYechnologies Theparts are chosero have similar
Rogon at Tj= 100°C.

The key conclusion is that CoolGiuG2 400 V MOSFETSs exhibit linear and lower parasitic capacitawbésh
should provide better and faster switching characteristics with lower switching losses. Rkg. dependence
on the temperature is also significantly lower for CoalEUG2 400 V MOSFETS, leading stable loss profile as
a function of load and enabling the choice of high&sg.n parts with lower parasitic capacitance to further
reduce switching losses and improve efficiency.
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(b) Benchmarking to OptiMOS™ 3 FD 250 V

Figure 11 Benchmarking and positioning of CoolSiGG2 400V vs 250 Vand 600V SIMOSFETSs

In summary, Cool&HG2 400/ MOSFETS can be positioned in systems where a blocking voltage 158 M« V
< 300V is neede@omparedto 250800 V Si technologies, provides aperformance benefit leading t@

good costperformance ratio.Compared to500\#650 V Si technologie#t,providescost and performance
benefitsandgivesyouthel J NCI H NI -@QCNZE P I & NC ABgNerVErjps#¥ BOOMBBOIr&ing is
not required.

Application note 10 V 1.
202511-13



o _.
Co0lSiGH400 V and 440 V G2 MOSFETS Infineon
Infineon’'s latest generation of SIC MOSFETs

Gate driving
3 "y N? >SLCPCHA
3.1 &F?RC<CFCNS MCOLEHRCIKDA L+ MIVOLER ®? L?H="?

CoolSi¢A00 V MOSFETS are offerec #iterminal configuration with a Kelvirsource (KS) pinkalso known as
sourceSense(S9 kwhichyou can useas a reference for driving the gate. This helps decouple the power path
and gate drive path by effectively excluding te®mmon source inductanc€CSI) from the gate drive path, as
shown inFigure 12a).

¥

(a) 4-terminal gate driving using Kelvin Source (b) 3-terminal gate driving using Power Source

Figure 12 Gate driving using (a) Kelvinsource (4-terminal) vs. (b) power source (3-terminal)

=
g)ﬂ
£ CSl reduces dv/dt foragivenR__ ->potential toreduceR__ forfaster dv/dt! — Voesss POW_C'SOWCC
S gext gext Vosns - KelvinSource
g — V.5~ PowerSource
= Vy,s 1 - KelvinSource
0
=<
€
&
5
@ — lps s - PowerSource
- -+ lps s - KelvinSource
DS LS
0
[/ —
=
@
o CSI slows down the switching speed of hard-switching MOSFET - Bad! — Viusns - POWerSource
° .- KelvinSource
>§ — . - PowerSource
=7 . - KelvinSource

CSl adds a "pull-down" negative feedback on SR/diode - Good!

0 />/ V

=

=4

>

<

2

w — E, - PowerSource

A CSlincreasestheE_ foragivenR,  -> potentially negatewithalowerR <o E, o - KelvinSource
0

Time [ns]

Figure 13 lllustrative switching waveforms showing the effect of CSI on hard-switching control
switch and synchronous rectifier
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The effect of CSI on the hagvitching control MOSFET and the complementary synchronous rectifier is shown

in Figure 13and discussed ii14]. For a given gate drive network {& on.or), the CSI slows down the switching
speeds of the hareswitching control MOSFET during tuon and off, which increases the switching losses in

the control FET. On the other hand, during the tuwn of the control MOSFET and hazdmmutation of the

<| >S >Cl>?H NB? #3) ; >>M OM®R@IcENhéphitigate CEXRIBIE MBE-? > < ; =
induced parasitic turron, especially in cases where thpaill down strength of the gate driver is insufficient.

) H @C KCodISBHIMWDSFETS are offered in leénductance packages like TOLL, where it may be beneficial to
leverage the CSI and ug®wer sourcereference for 3terminal driving to tune the gate drive network
impedance and control the switching behavior. This is showrFigure 14with half-bridge buckmode
measurements using a combination of Kelh@ourceand power sourcereferenced driving and variousgRx

IMT40R011M2H: Effect of using KelvinSource vs PowerSource and varying Ry e

———————————————— Cocrestreseressi 993w
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350 |- Fooorosero-ef —==KelvinSource - 3q |
' PowerSource - 1q_|!

| [ —Kelvinsource - 1q_|!
——KelvinSource -3 |1 regt conditions:
PowerSource - 1q | . .

. Half-bridge in buck-mode
! Vpen = 200V

I Viowp = 100V

/BB O/t S ‘ Tl fy, = 65kHZ

1.4 _40avis o A n ofi-beod Y A L Vgeaw = 18VIOV

‘ ‘ ‘ i i i i ’ Y Rygex = variable

5Vins

-43.2Vins

BN
=3
S

Drain-source voltage, Vps, 5 [V]
wu
o

I3y
=}

o
{

0 5 10 15 20 25 30 35 40 45 50 55 60 65
Time [ns]

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
ILOAD‘DC[A]

IMT40R045M2H: Effect of using KelvinSource vs PowerSource and varying Ry o
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Figure 14 Flexible controllability of switching speeds using 4 -terminal and 3-terminal gate driving

In summary, the choice of Kelvisourcevs. Powersourcereference forthe gate driving of Cool$HG2 400 V
MOSFETSs should consider the following aspects:

1 With unipolar driving:

T For lowinductance packages like TOLL, it may be beneficial to evaluaterginal gate driving with
power sourceto use the CSI and tune the gate impedance network (e.g., by lowerijng) For the
L?KOCL?> MQCN=BCHA MJ?2?>M NI ONCFCT? NB? &@H?A; NC
This is also demonstrated in reference desigigl], [17], and [1]

T For highinductance packages like TO24Z-terminal gate driving with Kelvin source would likely provide
optimal switching performance

1 With bipolar driving:

T For all packages, it is recommended to evaluatéetminal gate driving with Kelvirsourceto get the best
switching performance

Application note 12 V 1.
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3.2 "y N? >LCPCHA PI FN; A?

As shown inTable 3 CoolSCHG2 400/ MOSFETs have an extended static and transient maximum rating for
gatesource voltage to allow a robust design with 80% deratjiag recommended by the IPCO5®standard
evenwhile using bipolar gate driving with 18 V5 V.

Table 3 Maximum gate drive voltage ratings of CoolSiG-HG2 400 V enabling IPC 9598 derating
Parameter Symbol Values Unit | Note/test condition
Min. | Typ. | Max.
Gate source voltage (static) Ves,oc -7 X 23 \% X
Gate source voltage (dynamic) | Vesac -10 |k 25 |V tuwseY KT T HMH >0

The recommended gate driving voltage window during operation is show able 4 Although it is possible to
use +15 V turon gate voltage, it comes with a penalty of approximately-21% higheRogon) at
datasheetspecified conditions. Therefore, to get the loweRBbgon), it is recommended to use +18 V tuom gate
voltage. CoolSiEUG2 MOSFETS fully support bipolar gate driving with negative gate-taffivoltages of

-5 \#0 V, as covered iBection3.2.1 This is especially beneficial to design circuits compatible w2thsource
SICMOSFETSs in the mark#gtat require bipolar driving.

In summary, unipolar driving with 18 V / 0 V for Coolsi&2 400 V MOSFE3secommendeddue to the
simplicity of the gate driving and aubary supply circuits.

Table 4 Recommended gate drive voltages for CoolSiEUG2 400 V MOSFETSs
Parameter Symbol Values Unit | Note

Min. Typ. Max.
Recommended VGs(on) 15 18 X \% X
turn-on voltages (higher Rsen); supported) | (lowest Rson);

recommended)

Recommended Ves(off) -5 0 X \% X
turn-off voltages (higher complexity; (simpler;

supported) recommended)
3.2.1 . ?2A; NCP? AQ@I?PINFONHA? M QCNB <CJI F; L

) H @C KCRAISKEIMDSFETSs have a very low Miller ratige(Q,s) and an industryleading gatethreshold
voltage (Més.n) which make them robust againsiys X dVbddt induced parasitic return-on (PTO). Therefore, they
do not need negative gate drive voltage for tuoff and show the best behaviaegardingPTOin the market
with unipolar gate driving €.9.,Vss,onor= 18 V/0 V).

However, a lot of SIC MOSFETS in the maskiditrequire a negative turroff voltage with bipolar gate driving
(e.g, Vesonoi= 18 VA5 V). Therefore, to facilitate second sourcing, Coold&2 MOSFETSs have an improved gate
oxide, enablingnegative gate source voltage during turoff and are fully compatible with bipolar gate driving.
This results in an even easin-use and easieto-drive CoolSiEUG2 MOSFETwhich support both unipolar

and bipolar gate driving.

Figure 15shows the expected &R drift as a function of the number of switching stress cycles over the lifetime.
It must be highlighted that there is still a positivesyMndrift and a corresponding Ren/drift over the lifetime, as
with all SiC MOSFETSs availaimdghe market. However, this & .nimpactis negligible, as shown irFigure 15

and in the following example for a typical harsiwitched CCMPPFC application profilg¢16].
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9 Operation lifetime(s): 1.577E+8 (5 years)

1 Switching frequencykH2): 65

1 Cycle duration(s): 1/switching frequency $.0000154

1 Number of cycles at the end of life: operational lifetime/cycle duration = ~1.025 E+13

For a gate drive voltage of +18-%¥N at 100°C, the expectg®oson iS < 3%This driftis within datasheet
specifications and hasminimal impact on efficiency and performancat the system level.

SiC 400V Gen2

10F ]

— — = === ===

0.5} ]
-25°C
-100°C

0.2 175°C

01 L L L L L
10° 100 10" 102 10"3 10" 10"
Stress cycles

Figure 15 Roson) drift over lifetime

Furthermore, CoolSiBuG2400 V/440 WIOSFETSs allowvansient gate-sourcevoltage peaks down te10 V,
leavingheadroom for voltage peaks coming from high dV/dt gate loopparasitic inductances from the PCB
design.

3.3 32F?2=NCIH | @ A; N?HFLGRR?IL 6) #M 3@ %4 M |
) H@CH? | HEMDRYBERGIE Siver I@5 suitable to drive CoolSBIOSFETS is shown figure 16

Input-to-output isolation
Output peak .
UVLO typ " . Propagation Propagation
Product N. channel Package Rating ON/OFF VDD range soELcr(ree;flmk CMTI (min.) delay (typ.) delay accuracy
1EDN95508 . MR: 149V /14.4V
; SOT-23 Non-isolated < 20V
* 1EDN65508 el epn  (Epn-TDy  ON200Voo 155y 115y (22vmaxabsy SAT9A na B | s DS
ORN400 Vo
1EDB9275F Isolated 149V /14.4V
] DSO0-8 (Functional /' Viso = 3 kKVims 20V
~ 1EDB6275F Leh 150mil single (UL1577)  122V/115V (2Vmaxabs) ~OAOA S00VINS aens “nslxans
° protection)
~ DSO0-16 Isolated Viso = 3 kVpc 20V
2EDB9259Y 2-ch e (Functional) (OL 1577) 14.9 V/ 14.4 V @2V maxabs) SAI9A 150 Vins 38 ns -5ns /+9 ns
2EDR9259X Viorm =8 kVp  14.9 v/ 14.4 V
’ (VDE 0884-10)
2EDR6259X P DSO 1‘|6 Is_olfated 122 V/11.5V 20V SANDA AV s DSOS
2EDR9258X 300mil (Reinforced) Viso = 5.7 kVims 149 V/ 144V (22V max abs)
2EDR6258X (UL 1577) 12.2V/ 115V
. 1ED3124MU12F 1-ch Isolated 125V/105V 135A/-14 A N
2. : DSO0-8 (Functional /' Viso = 3 kVims 35V 200 V/ns 90 ns N10 ns
1ED3125MU12F  L7Ch Miller - 150mil Sligl2 (UL1577)  1p5v 105y (4OVmaxabs) 454 .9a
Clamp protection)
For more information visitGate driver ICs

Figure 16 ) H@CH? | RINBRLgH#EdriRBICs for CoolSIGUMOSFETS
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4 4; LAINFC=; NCJ HBI MH>

CoolSiGUG2 400 WIOSFETare suitable for any application and topologyat needs a typical drairsource
blocking voltage of ¥s,= 150300 VThis newgenerationtechnologyis specificallyideal forvarious
applicationswith continuoushard commutation on a conducting body diod& hefollowing sectionsintroduce
some targetapplicationsthat provide usagescenarioswithout limits for designers

2-level topology O~ 300 Vpc
VBus ;
3-level topology O~ 600 Vpe

&L ;HS NIJIFIAS ;H> ;JJIFC=, NOJHARBEL 2 LF IHE

Bl B2 = 8 & b DL &d & ]

3?2LP?L 4?2F?=1G 3-03 %H?LAS 3NI3U;FAL! O>CI ; GJEC@ERCA, %6 ?1 PC; NCIaH#"
$; N; =?HN?L

Figure 17 Positioning of CoolSiGHG2 400 V MOSFETSs fearious applications and topologies

4.1 FE?PHREEF 2P?F =@F S QNOWNAVGR F 2% # & #

For industrial applications witta nominal singlephase AC line voltage oRQ V;. (e.g, in US and Japanand
rectified DCIink voltages up to 300, CoolSiGUG2 400 ¥an be used in twdevel (2L)CCMIPPFCsIn such
applications, which does not requireés50 V voltage blocking capability, tHeoolSiGUG2 400 WIOSFETSs offer all
the advantages of using Silide bandgap YWBG technology at a reduced price.

For Al servers, traditional datacenters and telecom applications with nominal sifgase AC line voltages
ranging from180WB847V,. (e.g, in Canadapndrectified DGlink voltages ranging from 4085600V, CoolSiGL
G2 400 WIOSFETsnable the adoption of a novehree-level (3L)flying capacitor(FC)YCCMIPtopology for the
highest performance in efficiency and power density

Up to 300 Vdc Up to 600 Vdc

_ o ] _
B OE- g

Qhsi J:l
L L ~ C
AC Y AC YA ] FC
EMI + i
. ¢ Line EMI 1
Iilzr:)eVac filter * 1g0vac- filter 7= Coc
347 Vac |J
o | Qusi J |_‘
Qis J"' J QLS,SR J QLS,SR
'_
CoolSiC™ 400/440 V CoolSiC™ 400/440 V Qiso J
CoolMOS™ . CoolMOS™
v v
(a) Two-level CCM totem-pole (b) Three-level flying capacitor CCM totem-pole
Figure 18 Application examples for CoolSidHG2400V/440V:(a) two -level and (b) three-level
bidirectional totem pole topology depending on the AC voltage
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Advantages of using CoolSiGUG2400V in 4 flying capacitor CCMtotem pole PFCs

1 High-frequency leg MOSFEDB#ock ~\4d2, enabling the usageof 400 \fated switches with better FoMs
effectively lowering the switching losses significantly

1 Commutation robust body diode witlalow Q: helps minimize bodydiode reverse recovery losses

1 Lower voltage swing across the inductor (0.5axtore =1 G<CH? > QCNB NB? <?H? @CN
where the inductor ripple frequency isvice that of the HF leg MOSFET switching frequerenyablesa
significant reduction (0.25 factor) in the required inductance value

1 CCM mode results ialower PFC inductor rip@ current, leading to lower RMS currents and THD compared
to CrCM oifCM mods. Additionally, the fixedfrequency operation simplifies the control and EMI filter
desigrs

4.1.1 &OH>; G? HN@FMCHM® # # 3 0=8CGN\M L

The3Lflying capacitorhigh-frequencyswitching cell can be simplified into two halfridgesyinner and outenk
as shown inFigure 19 Each of them has a higside (HS and low-side (LS MOSFET, which are switched with
complementary PWM signals. The inner and outer leg PWM signals have a ghiftsef 180%leading to a
aM?LC?M CHN?L.RAPanyRyiVdn AmE, twoIMDEEERsCdndtlict and two MOSFETstheehilocking
state, with the flying capacitor (charged to o¢/2) ensuring the voltage stress of MOSFETSs in blocking state is
~\hd2. This enablesisinglower voltage rated switches in the 3EC switching cell with better FoMs and lower
cost.

Power commutation loops
Vic
LS Duty cycle=0.75
— _
J"' } Quso = Ls| HSI | Lsi
v = z I
FcPos o DT ¢ =DT,,
s LSO HSO
] z
JI" } QHS| “—~ DT
— time [s] of Tsw
inner loop
Coc=— :F— Crc |
LS Duty cycle=0.25
'_
b} Q =
JI— } LSI g HSI LSI HSI
[a
o “DT4n DT ot
VFC,NEG ] z' LSO HSO
=
J'(- Qiso o Hor
- off time [s] Tsw
N outer loop
L
GND
Figure 19 Simplified structure of the three -level flying capacitor high -frequency switching cell

A detailed representation of the PWM signalsd operation modes in a 3ECCCMIPPFCfor boostPFC
operation in positive Adine cycleis shown inFigure 20Some keydetails to highlightare:
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1 The switching node voltag®., can have three level&(1) Vg (2) Ycor Wbk Ve and (3) OV (GNDxleading
NI NB? HI G? HEFP NOAE ?NIANIBRI?RSn 5H>?L ; FF =1 H>CNCI HM
maintained around ¥J2 with a voltage ripple oV

1 The timeperiod of the inductor current ripple is half that of the MOSFET switching perigd This indicates
NB? 4@L?KO?H=S >1 O<FCHAA ? @@7EfféttivelyQlz cunéntrippL C? M CHN
frequency of the inductor is twice the switching frequency of the MOSFETSs

1 In every switching cycle, the flying capacitor has a charging and discharging state of operation. By
controlling the duration of these periods and ensuring a steastate balance of Qarge= Qischarge the voltage
of the flying capacitor can be regulated as discussedlih [2], and Section 5.1

Vo
D > 0.5 in boost PFC operation >
g Lsi Hsi Lsi
o
o DT o DT,
s LSO HSO
g
v DT o
v
o W2 Ve O i Voo Vee B L i Vee L
lz—-((‘" ~o Y G TE ¢
| 1 — ——g oc
: < 1
[k] Cec charging
/\/ Qi J l iy
Qrc charge |‘ | Vac6> |‘ oy Qus.sr J:jl ji
Vic
V] Voo/2 ave Qo J
L e T
T‘w/z T hig
time [s] | GND
. . - VDC
D < 0.5 in boost PFC operation >
—
Z HSI LSI HSI
g : |
o ~DT,, DT oy — = ; ]
§ LSO HSO I '1_ QHS,SR Jl‘_}
a
. DTy o7, Qs J:F} ]
W)
Voe/2 2 Vic | J L Vec
B - o S T e
‘l f > tﬁ‘ o¢
[IAL] Cec charging —
\ Qi J:] I
Qrc charge ] | Voo 6) - Ly Qusr J:l_ fi
Vic
M g2 S 2 |«
e T e L
hl
Tol2 Tow = +>
time [s] < Y GND
Figure 20 Idealized operational waveforms at D < 0.5 and D > 0.5 modes of operation in a 3ECCCM
TPPFC showing the conduction states and current pathsfor positive AC line cycle
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4.1.2 #1 GJ; LCHH?HP ?IF@ @F S CPHMAF- =P JFE =#CMN-1 L4 0 0 &1

Figure 21shows the voltseconds applied to the inductor by 2&levelflying capacitor switching cell compared

to its conventional2-level half-bridge counterpart.

2-level switching cell operating at D = 0.5 for a given fgy and L
v 1 i ' | 1

volt-seconds applied to the inductor = (vg,, - Vo) X Tg,/2

i, AV VAN
| |
i |
|

_ JLmaxaL

,' iL,max,ZL
Lo — T T £
(Al Al |
: iL,max,ZL : “ :
i i i ' Time [s]
3L-FC-switching cell operating at D = 0.25 for a given fgy and L
o | | | 1
[V] i i i :
v volt-seconds applied to the inductor = (vg,, - Va) X Ty, /4 !
DC . : ‘ !
v oy | ‘
VDC/2 | l l F\ :V
Vac
Time [s]

| | T ATipen |
E E 3  Time [s]
TSW/2 TSW
Figure 21 Comparison of volt-seconds applied to the inductor in 2L and 3L flying capacitor switching

cells

For a given value of inductance and device switching frequency, the woaste inductor ripple current with a-3
levelflying capacitor switching is 1/#that of a 2level switching cell. The dependence of ripple current as a
function ofthe duty cycle of operation is represented irigure 221t is evident thatto get the same ripple
current asa 2-level switching cell, an inductance value oftiat of its 2-levelcounterpartis sufficient. This is

due to two factors

1. Frequency doubling athe switching node due to series interleavingvhich reduces the ripple time

2. 3-level voltage waveformwhich reduces the voltage applied across the inductor
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Figure 22 Normalized ripple current as a function of duty cycle of operation for a given switching
frequency and inductance value with a 2L and 3L flying capacitor switching cell

There are two degrees of freedom in designing-gegel flying capacitor topology

1. Potentialto reducethe inductance

2. Choice of switching frequency as a lever to balance the reduction of inductance and converter efficiency, as
summarized inTable 5

Table 5 Degrees of freedom in designing a devel flying capacitor topology
Topology Case 1fs (3L) =fu (2L) | Case 2fs (3L) = (2L)/2
Conduction losses | 2-level Peond = hms? Ron Peond = kms” Ron
3-level Peond = 2 tns” Ron Peond = 2 ns® Ron
Switching losse8 2-level Psw= fw Esw Psw= fw Eow
3-level Psw=2 {u (ESV\JZ) Psw=2 (jW/Z) (EW/Z)
Inductance and ESR 2-level L and ESR L and ESR
for samesi
" 3-level L/, much lower ESR ang L/2, lower ESR and smaller inducto
smallest inductor
Design outcome - .
Optimized for highest | 76 for highest efficiency
power density

1) A simplified representation to show that the overlap idealized switching losses reduce by at least hiaéf 3level topology,but the reduction
in realityis higher

A detailed comparison between the-evel flying capacitor and 2evel CCM TP TPCs using measurements from
their Infineon reference designs @venin Section5.1

4.1.3 $? MCAH =1 HUVNGFPPROFBCHAM# # 3 0=0KKIM

4.1.3.1 $CG?HMCI HCHA | @ NB? @FSCHA =; J; =CNI

The following parameters impact the dimensioning of the flying capacitor:

1 Switching frequency (fs.): Higher fs, ALower Cec
1 Maximum allowed voltage ripple (s ViQ: Higher s Vic ALower Cec Typically,s Vic=10-20% of c.yp
1 Maximum load dependent inductor current (i .): Higheri. AHigher Cec
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The following equations describe the impact of these parameters on the dimensioning of the flying capacitor.

30 0z 30
30 ™ O ™S z7Y
30 6 z3m
Equation 2 Equations for dimensioning of the flying capacitor

For high power density designs (e.g., Al server PSUs and BBUS) that also require high reliability, MLCC
capacitors with softedge termination or metaicap termination, along with a good PCB design to minimize
solderstress can be a good solutidi3]. Typically, MLCCs with X7T or similar material also have capacitance
drop under DC and temperature bias. Therefore, 450 V rated single or stacked wagialILCC capacitosan

be considered to mitigate the capacitance drop under DC bias.

4.1.3.2 3N; LNOJ&EBH*X ALCHA | @ NB? @FSCHA =; J,;

Duringa cold startup of the PSU with the flying capacitor uncharged{¥ 0V), two possible scenarios can
occur depending on the location dhe DClink pre-charging NTC telay, as shown inFigure 23 leading to a
potential overvoltage stress on outeleg MOSFET® soand Qso(NOTon inner leg MOSFET3siand Qg), if
CoolSi¢A00 V MOSFETSs are usAd an example, WithVmsmax= 305 V, 3¢ o= ~431 V.

Scenario 1: NTC + Relay connected in AC-side Scenario 2: NTC + Relay connected in DC-side
Vocpk = V2 X Ve pms =~ 431V Ve Voc,ok = V2 X Vo rms =~ 431V Ve
4 > hd >
DC-link pre-charging -
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Figure 23 Cold startup scenarios under two DClink pre -charging NTC + relay configurationswithout
flying capacitor charged

V 1.
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1 Scenario 1XNTC + relay connected in AGide
T The voltage stress dhe outer leg MOSFETSHsonsoand Vbsorsd follows the DC link voltag@hsd
1 Itis therefore possible to have hardwarer firmware-basedsolutions to precharge the flying capacitor
before the Ddink is fully chargedand avoidthe overvoltage stress on the outer leg MOSFEIssuming
400V SiC MOSFETSs are used
1 Startup methods:
1. Passive clamping andCpre-charging using TVS diodes
2. Firmwarebasedflying capacitor £Q pre-charging
3. ActiveFCpre-charging[1]
4. Usingextended440Vy/455 \ rated SiC MOSFETSs withoECpre-charging
1 Scenario 2XNTC + relay connected in D&ide
T The voltage stress dhe outer leg MGFETS\s.onsc@and Vos oLsg follows the AC voltageV), with
Vbsorso,osex = ~431V immediately upon AC carection at 90° grid voltage phase angle
1 Start-up methods:
1. Passiveclamping andFCpre-charging using TVS diodes
2. Usingextended440Vy/455 \; rated SiC MOSFETSs withoECpre-charging

Figure 24shows the behavior of the CoolSt#3Z100V MOSFE&using IMT40R045M2H, chosen from a lot
showing the worstcasebreakdown voltage Verosg kduring cold-startup without pre-charging the flying
capacitor. It is important to highlight that evemwith \Vbs> 400 V, the MOSFETSs do not go into avalanche or full
breakdownuntil the tested voltage of ¥ms= 325 Vindicating the robustness of00lSit1A00V MOSFETe
overvoltagestresses

1 Case Dxkwith Vams = 295 equipment limited) : Thepeak drainsource voltages o the outer leg
MOSFETSs are around ~416 V. With multiple repetitive AC line cycles, the charging and discharging of C
results in some charges injected into the flying capacitor, which results in a linear rise indheNlage

1 Case 2 with \ims = 325 Mapplied using an auto-transformer) : Muchhigher peak drairsource voltages
of around ~461.3 ¥h the outer leg MOSFETS are observed. As expected, this results in much higher drain
source leakage currents of ~20A, but this leakage current charges up the flying capacind in the
subsequent Adine cycles, the drairsource voltage stress is reduced in a shkiffiting manner.

Consequently, two regions are observed

1. Anon-linear higher bssrelated \iccharging asindicated inFigure 24(b)

2. Thelinear Gsscharging/discharging related M-charging asindicated inFigure 24b)
#1986 uf 36 oudf T 6

—— - i

% BRE

linear rise due to
FC Coss charging/discharging =«

linear rise due to
C,ss Charging/discharging

non-linear rise due to
higher I,ss leakage

DUT: IMT40R045M2H (from worst-case Vg lot)

5 il R e R seoe e [
Figure 24 Startup of 3L FCPFC without pre-charging the flying capacitor

DUT: IMT40R045M2H (from worst-case Vg lot)
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To understand and distinguish between the highegdleakage and avalanche breakdown GoolSiG400 V
MOSFETS, additional DC and pulsed overvoltage stress tests were done on the IMT40R045M2H samples from
the same lot showindhe worst-case breakdown voltage. As shownfigure 25a), in the region of Ws= ~431 V

at Viermsmax= 305 V, the MOSFETSs exhibit merely highglelakage currents and do not go into avalanche.

(a) DC-bias stress DUTs: IMT40R045M2H (from worst-case Vg lot) (b) Pulsed stress
13 . 510
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8 3 o o L7 |V, <~475V >
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. — During Vpg overvoltage conditions, there are two modes:
Under DC-bias (much harsher than 50Hz AC peak), the DUTs . . s .
. - . — Higher Iygg leakage currents with resistive behaviour
showed low Ipgs < 0.5mA with minimal temperature rises ] . ] . .
— Avalanche breakdown with I, with diode-like behaviour

Figure 25 DC and pulsed overvoltage stress tests to distinguish between higher leakage and
avalanche breakdown regions

Extended voltage rated CoolSidH440V MOSFETSs with 4404¥/455 \; ratings for 3L FCCCMTP PFGvithout
flying capacitor pre -charging

Although the regulaiCoolSiG400 V SiC MOSFETSs can safely withstand the stantepvoltageswithout flying
capacitor precharging, h order tocomply withthe derating guidelines recommended bstandards like the
IPC9592B (seesummarized inTable §, a technology variant of th€o00oISiGA00 V MOSFETSs with higher epi
thickness is offeregwith Vgrpss= 440 V and@dépss.— 455 o enable 95% derating atayimsmax= 305 V.

Note: During the operational lifetime in the ICCCMIPPFC, the Hleg MOSFETS blockMm= \bd2 =
~200 Vand henceoffer a derating of >50% ftire drain-source voltage.

Table 6 Derating guidelines for drain-source voltage provided by IPC 95928
Device type Parameter Derating factor
Power MOSFET and IGBT | Drain¥source Y80 % including repetitive spikes for devices

rated > 200 V

Collectontemitter voltage Single event spike at 95% tfe maximum
rating

Cold startup without FCpre-charging using CoolSiG1440 V MOSFETSs to comply with IPC 959

1 Gusand Qshaveno overvoltage stress at colsgtartup. Quscand Qsoexperience the overvoltage stress for a
few milliseconds at the AC line frequency (50 Hz/ 60 Hz)

1 MOSFETdo notswitchimmediately duringcold startup. Cumulative stress time faan estimated10k PSU
startup cyclesover lifetimewould be << 1h. Aftehe controller is initialized, it is assumed thahe flying
capacitorvoltageis regulated at W= \b42 = ~200 Vsuch that all HFeg MOSFETSs bloekbd2 during
normal and idle operation
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Therefore, the startup Aline frequency stress voltages can be considered as a cumulative single event stress
and 95%\psderating can be appliedor Vacmsmax= 305 V Oé = ~431 V) onsidering \rypss— 455 Vas shown
in Table 7

Table 7 Key electrical static parameters of IMT44R011M2H enabling IPC 959B derating without
flying capacitor pre -charging
Parameter Symbol Values Unit | Note/Test condition
Min. | Typ. | Max.
Drain-source breakdown voltage | Vigripss | 440 | X X \% Ves= 0 V]p=1.33 mA
Transient drainsource Vierpssr | 455 | X X \% Vos= 0 VIp=13.3 mALpuse Y
breakdown voltage® 10ms, dutycycle Y50%

In summary, thekey considerations irselection of voltageclass to apply the derating guidelineare:

1 DGlink pre -charging NTC + relay connection
i Connected to AGide:FCpre= B; LACHA GMluaje 400NMIGY MOSFETS

T Connected to D@nk: FCpree B; LACHA CM JI| MMC< F ? Hal&e3140¢/650M 6 3 > C|
MOSFETs

7 Input AC voltage range
T 180-305Vic
i FCpre= B; L A C H Bvalzate400V/420V MOSFETs

i FC prechargingnot > | H Evaldate440V MOSFETS for 95% derating and 850OSFETs fo80%
derating at startup

T 100265 V;c
i FCpre= B; L A C H Bvalzate400V/420V MOSFETs

i FC prechargingnot > | H Evalate440V MOSFETSs with close t6% derating and 650/ MOSFETs
for >80% derating at startup

1 Dimensioning of the flying capacitor (G-g
T SufficientG:c AEven AC sekbalancing could be sufficient
T LimitedGcA  &pple voltage can be hard to limit withoua dedicated control loop
T With goodVkc< ; F; H A0DWAOVMOSFETS foB0% derating during operational lifetime
i Without goodVic< ; F ; H= CWMOSRETB0% derating during operational lifetime

If measures to precharge the flying capacitor during the startup are implemented, it is possible to avoid any
overvoltageconcernsduring startupaltogether. Some ofhe possible methods to preharge the flying
capacitor during startup can be summarized as follows:

1 Passive clamping andflying capacitor pre-charging using TVS diodes

UsingTVS diodes in parallel to outéeg MOSFETs-&and Qscensuresthe TVS diodes clamp the voltage
across outeleg MOSFETs wherd¥ Vvscamp Theclampingcurrent through the TVS diode passthrough the
flying capacitor, thus precharging it and seHimiting the severity of the TVS diode clamping in subsequent AC
line cycles as shown irFigure 26

It must bementionedthat the TVS diodes add additional parasifienction capacitance(C), which effectively
gets added in parallel to the & of the outer MOSFETSs cang additional losses (slower slew rates and
additional Q.s/Eqsslosses)However, the magnitude of ©f TVS diods aretypically a fraction of the Gsof the
MOSFETSs. Therefore, the impact of the additionadiCpower dissipation is expected to be low, thanks also to
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the lowinherent switching losses in the 3ECPFC due to multilevel operatioThis method can be used for
both scenarios of DGnk pre-charging NTC + relay configurations discussed earligsrdware measurements
and validationsof this methodhave been demonstrated if4] and [5].
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Figure 26 Passive clamping and flying capacitor pre-charging using TVS diodes
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1 Firmware-based methods to pre-charge the flying capacitor

Firmware-based methods require the DC link paharging NTC + relay to be connected to the-gide and a fast
auxiliary supply enabling controlling the gates of MOSFETSs from the controller (MCU) before the DC link is fully
charged. This is feasible due to the largeltage headroom of 400 V SiC MOSFE#&.4\v= 200 V).

a) Charging the flying capacitor in parallel with the DGlink capacitor

This method precharges both the DGnk capacitor and flying capacitor in paralleThis is shown in
Figure 27wherethe outer lowside MOSFET, §is turned on to provide a charging path for the flying
capacitor.
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Figure 27 Charging the flying capacitor in parallel with DC -link capacitor
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Figure 28 Complementary HF switching of outer MOSFETS to precharge the Cecusing Q.ssinjection

b) Active high-frequency switching and Qossinjection to charge the flying capacitor

The complementaryhigh-frequencyswitching ofthe outer leg MOSFETS injects charges{Jdnto the
flying capacitor during each switching evepds shown inFigure 28 During the switching events, the,&
energy stored in Gsis dissipated in the channel of the MOSFET that is kedtchingon. The speed of
pre-charging is dependent on

1. Capacitance of flying capacitd@-c
2. Switching frequency during precharging (fw precharge)
3. Qussof MOSFET

As an example, with IMT40R015M2E5=C8uF and § precharge= 200kHZz, around 50ns are needed to pre
charge the &from OV to 200/.Similarly, in the case of complementary switching of the inner leg
MOSFETS, the charge{is extracted from the flying capacitor. Therefore, this method is suitable for
charging and discharging theg€ Itcanalso be used to balance the flying capacitor during the P8Lh
off.

A detailed review othe firmware-based flying capacitor preeharging and balancing methods is provided [i].
1 Active pre-charging of the flying capacitor

Similar to the passive diode clamped solution, an actively controlled current source introducddjican be
used to precharge the flying capacitgras shown irFigure 29 This method works independent of control
intervention without the need for a fasaux. supply and MCHaitialization but requires the D@ink pre-
charging NTC and relay to be placed on the-gi@e. It is turnedon and-off based on a hysteresis value to
ensure that the flying capacitor is always charged to,d®. The biggest advantage of this solution is that it is
cost effective,occupies a small spac&nd is completely disabled during the normal operation of the PSU.
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REF_3K3W_3LFC_PSU (1 x 3LFC-CCM-TP PFC)
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Figure 29 Active pre-charging of the flying capacitor using a controlled current source [1]

4.1.3.3 'ORCFC; LS JI Q?L NMO®N?J PI CPHHACMI F; N? >

In conventional 2level topologies, it is common to usebootstrapping scheme to derive the power supply of
high-side switches. Although it is a lowost andlow-complexity solution, it poses some challenges in the 3
level flying capacitor topology if cascaded bootstrapping is used to supply all the three floating-Bidh
switches.

Namely, overcharging could occur due to the higher forward voltage drop of$ie MOSFHJody diode (o~
3.5 Ywhile undervoltage could occur for higher levels of bootstrapping due to the forward voltage drop of the
bootstrap diodes(Vsp~ 0.5V)

One solutionisto use bootstrapping to higher gate drive bus voltagand then using an LDO for
post-regulationto 18 VV However, a more proven and robust solution is proposedlih which uses a
cost-effective lowspace planaPCBbased isolated auxiliary power supplp generate four isolated 18 V
outputs to drive the four HHeg MOSFETS, as showrHigure 30and Figure 31

Isolated gate driver Front View
auxiliary supply with ER 14.5/6  Isolated gate drivers Back View

3LFC-HF legs

Detailed view of planar PCB transformer wmdlngs

°
° 0
0
°
°
A °
- o0
o .
6o st
° 43

L1 (TOP) L3 L6 (BOT)

Figure 30 Low-cost and Iow—space isolated auxiliary power supply mtegrated in the 3L flying
capacitor HFswitching cell daughterboard (70 mm x 36 mm)[1]
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