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Active DC-Link capacitor discharge
Motivation and Key Requirements
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ISO 6469-4:2015 electric safety requirements
The DC-link capacitor must be discharged to below
60 Vp within 5 seconds.

ASIA SHANGHAI

Target: No additional switches/resistors/snubbers
=> use of the existing inverter power electronics!

Energy to discharge at each event:

— Ep = % Cper (VDC12 - VDCZZ)
— With 1mF capacitor at 500V => 123 Joule

Lifetime to consider:
— 15 years each day minimum 2x discharge event.
=2-365-15 - E, =1.35 Mega Joule

- ED_lifetime



Si/SiC Fusion switch for Active Discharge (iﬁfﬂ]eon pcim
Challenge to distribute Active Discharge load ASIA SHANGHAI

Fusion Switch: Optimized for ,Single Gate Drive” — Single Gate drive leaves no possibility to directly
3 Phase control current share rate.
N — SIiC has smaller area. Efficiency for light load.

]

, i — IGBT has large die area. Carry high currents.
Highside

Jl:}a'}

Lowside
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Si/SiC Fusion switch (,3 Terminal Device®)
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Larger area
Si IGBT/Diode
Challenge: How to distribute the active discharge load proportional

to the die sizes on Si IGBT and the smaller SiC MOSFET!

Smaller area
SiC MOSFETs
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Active DC-Link capacitor discharge
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Methods under Investigation
é . N[ . . N
1) Linear Mode 2) ,\Weak turn-on short circuit®
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3) PWM discharge by IGBT Coes & MOSFET Coss 4) PWM discharge with controlled overlap
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Active DC-Link capacitor discharge with Si/SiC Fusion Switch (iﬁfﬂ]eon pcim
1. Linear Mode ASIA SHANGHAI

Vgs..‘. .............. Highside Vgson_nom Experimental Results with Si/SiC Fusion switch
Lowside — Unpredictable thermal stress.
i [ - // ................................................................................................... V»gs,,; _ Each part and condition behaves different.
Id.A ........................................................................................................... oo \ot within scope of specifications.
....................................................................................................................... HESOA T > Method has high risk! To be avoided where possible!
[ > ~ TestNo 1 acc Figure 1a (IR temperature 30 fps)

Aspects to consider for Si/SiC Fusion ,,Linear Mode*

— SiC MOSFET Vgsth < IGBT Vgeth.

— SIiC MOSFET designed with small die area.

— AECQ and AQG324 do not consider testcoverance of
linear mode operation. S =
Both, SiC MOSFET and IGBT are not specified and ¥ "‘!‘Q_...","*"' -
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Test No 2 (IR temperature 30 fps)
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Active DC-Link capacitor discharge with Si/SiC Fusion Switch

2. Weak turn-on short circuit (WTO SC)

Highside
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Lowside
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Id
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e

Aspects to consider for Si/SiC Fusion ,,WTO SC*

— Si/SiC Fusion switches can be designed short circuit
robust. See also DOI: 10.30420/566262369

— SiC MOSFET Vgsth < IGBT Vgeth.

— Pulse duration must be extreme short due to fast
switching behavior.
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Experimental Results with Si/SiC Fusion switch

— Suitable pulse duration window was only 30 ns
(tpulse from 130 to 160 ns).

— At high currents the IGBT start to contribute.

» A balanced IGBT/SIC stress condition was not
achievable.

Weak turn-on 400V 10kHz with 240W (IR temperature 30 fps)
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Weak turn-on 400V 10kHz with 680W (IR temperature 30 fps)
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Active DC-Link capacitor discharge with Si/SiC Fusion Switch
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3. PWM discharge by IGBT Coes & MOSFET Coss ASIA SHANGHA
s A L iR IR oo conravcvescsootsl - Vgson_nom

Experimental Results with Si/SiC Fusion switch
— A good option with balanced power device stress.

R C N > ¢ — 10 kHz will not provide enough discharge speed.
™ TYeemem % Needs overdimensioning of gate drive power supplies
............................................................................................................................. RBSOA limit to ensure fSW — 50...100 kHZ!
0N 0N 0N >

PWM 400V fsw=10kHz no overlap (IR temperature 30 fps)
T T T T T T T T T T

Aspects to consider for Fusion ,,Coes|oss discharge*
— Both output capacitances Coes and Coss has to be
designed low (light-load efficiency inverter operation).

— Switching frequency 10..100 kHz is OK for the Fusion
switch itself.

| discharge speed |
not sufficient @ 10kHz |

—— i —

0 100 200 300 400 500 600 700 800 900 1000
time [ms]

PWM 400V fsw=50kHz no overlap (IR temperature 30 fps)

M1
M2 |
M3
IGBT | |

— Typical traction inverter gate drive power supply will
be designed for fsw <= 20kHz operation.

0 100 200 300 400 500 600 700 800 900 1000
time [ms]
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Active DC-Link capacitor discharge with Si/SiC Fusion Switch
4. PWM discharge by ,,Controlled Overlap*
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(N Y Y

Aspects to consider for Fusion ,,Overlap discharge*

— A transient shoot-through is not critical as long it is
not ,too long".

— One switch dissipate turn-on energy (mainly SiC)
where the complementary switch dissipate turn-off
energy (mainly IGBT).
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Experimental Results with Si/SiC Fusion switch
— Stable discharge conditions.

— |GBT/SIC stress is ,self-balanced”
— Low currents => SiC MOSFET with small die area
— High currents => IGBT with larger die area

PWM with overlap. 400V 10kHz 270W (IR temperature 30 fps)
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Active DC-Link capacitor discharge with Si/SiC Fusion Switch @eo/n pcim
4. PWM discharge by ,,Controlled Overlap* ASIA SHANGHA

Challenge & Motivation:

Discharge method should work robust eI
Wlthout any sensor feedbaCk. Qo0 150 a0 20 300 a0 400 450 500

PWM Deadtime [ns]

Key Findinds of Si/SiC Fusion in ,, Controlled Overlap” 1000 o
— The PWM signal dead time where overlap begin is ol ey
stable over voltage & temperature. z —mouon
— The ,start point“ is also stable over part-to-part ; o e
tolerances: Rg*Cies for Fusion is lower compared to § s
only IGBT or full SiC solutions. 200
0 - - - - - A
— Dead time need to be adjusted during discharge to e Coedimema
ensure sufficient discharge speed: =" T
e.g., 350..400ns dead time needed @500V £ ol —]
e.g., 150..200ns dead time needed @100V § ol —
5 oy
5 4 - 175°C 100V
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Active DC-Link capacitor discharge with Si/SiC Fusion Switch @eo/n pcim
4. PWM discharge by ,,Controlled Overlap* ASIA SHANGHA

Robust Discharge Approach:
The measurement was done

» A simple linear PWM dead time ramp can solve the - Without coolant fluid

problem. " - Only one half bridge
. . . 1mF; 500V DC-capacitor 1x half-bridge discharge at 10kHz PWM
» Low peak currents during discharge achieved 500
p g g > PWM signal deadtime
< 0.5 x RBSOA limit. g 400 e
>
» Low AT of the power switches (<20K). 2 300
£
g 200
3
§ 100
o
0 1 1 1 1 1 1 1 1 !
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
T 60 - time [s]
5 0 5 = measured dT of IGBT (on die sensor)
Remaining Question: 1y sim SIC Temp
Any device degradation to expect? 220 === ———
g 0 I I I 1 ; " I I S
0 0.2 0.4 0.6 0.8 1 1:2 1.4 1.6 1.8 2
time [s]
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Active DC-Link capacitor discharge with Si/SiC Fusion Switch @ pcim
4. PWM discharge by ,,Controlled Overlap* ASIA SHANGHA

Method:

— Double Pulse Readout "o .
— Stress Test (11k cycles capacitor discharge)
— Double Pulse Readout after 40x lifetime

initial
1 X X 35 ol after lifetime ot
P, ST after 4x lifetime
eadou _ress = after 40x lifetime
Double Pulse | Discharge 10 10

100 200 300

initial
after lifetime
after 4x lifetime

10t

ot

100 200 300 100

o F

-100

1500 1500
iy <
Stress Test Condition: S 1000} 1000f
| 5
— 1000 uF Capacitor charged at 500V < 50| so0l
— Start Temperature: Tvj = 150°C g ,,
— Discharge on Sing|e Phase-Leg ° -100 0 100 200 300 ° -100 0 100 200 300
) ) ) ] ] time [ns] time [ns]
— 11 kcyCIGS of CapaC|t0r dISCharge (l.e. 15y ||fet|me) *Due to 100% identical behavior the curves were plotted with a + 3ns relative time shift.
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Active DC-Link capacitor discharge with Si/SiC Fusion Switch (iﬁfﬁ]eon pcim

Conclusion ASIA SHANGHAI
o
s
o | g 5
Active DC-Link discharge @ 3 °
via the Si/SiC Fusion power 8 2 g 9
module £ S 3 D S - -
. . S8 | =& Key Findings
£ © = 3 = 5
4 < 0 o o o
Discharge time <5 s with . . . 1) ,Controlled overlap® discharge method
fsw < 20 kHz . P . .
e = = = = fits best to Si/SiC Fusion switches.
maintained . .
IZ(I:Etﬁg\T short circuit detection o o ol 2) Device Stress between IGBT/SIiC
is ,Self-Balanced”.
Shoot-through protection active | V]
Salanced stress [GBT/SIC = 3) No consumption of of ,Lifetime
ST observed.
alanced stress Highside an
Lowside M |
Device stress covered by std
specification and reliability testing M M
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Thank you for attending the presentation.

Any Questions?

Switching Behavior / Calorimetric Measurements Vehicle Benefits / Cost Comparison

Paper on Si/SiC Fusion: Paper on Si/SiC Fusion:

Rites

a &

Benefits of Si/SiC Fusion Switch for EREV
Architectures

Fusion switch concept addresses the cost-
performance dilemma in EV powertrains

Si/SiC Fusion Power Module Evaluation Kit (open design files)
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