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The Switch: 600 V, 140 mY GaN MBDS 1. Gen. Samples  fineon

y BDS realization from unipolar device$:x Single switch for sami@ !

Ugs
5 ay
R, -
UGsp UGsa
I:etotal - 2I:i)n . !
I:‘)total - R)n
i-AlGaN \ /
S © i-GaN p-GaN
Buffer Layer
A +600V -strat@ -
Amnn YX —>
A PGDSG20-85 —
package mage Source: Package Same chip region used for
e blocking both voltage polarities:
TrueMBDS!

Y GaNMBD® I 4 SR 2 Yy 600WEabIGaN2 ddology
Normally-off gate injection transistor (GIT) | Two gates (one per blocking direction) | Int. corrdrain conf.
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The Topologies

GaN/SiC3-Level TType AGDC PFC Rect. / EXT Inv. All-GaNAGAC CurrerdSource Converter (CSC)
po ' _—
JE‘]Z& FFJEF et :ﬁ:ﬁ:ﬁ :ﬁ:ﬁ:ﬁ
== rL[‘ ] . o A ao | | oA
800 V x -— oB bo | oB
L \ﬁ S o(C Co ' o C
T T 11 111 R 111
v " 1
1200 V, 140 K SiC s /
Ugsp ~ UGs a
ﬁ;ikajf;
i-GaN p-GaN
Buffer Layer
Si Substrate
600 V, 140 nK
GaN MBDS
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GaN MBDS Gate Drive Considerations

APEC. 4
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GaN Gate Injection Transistor (GIT) Gate Behavior

Simplified MOSFET Gate Tu@n

Si
Rg G Rg,int
I :
2 ]

PN A
I

O

S SG
Ly - ' ok = VI(Ry+Ry ind)
N t
V
Vs g
S, _| t

Simplifying assumptiorg,, = const.

APEC.

Simplified Gate Injection Transistor (GIT) Gate T@n

Vl() | Rg G, Rg’im IDgs
Y : N Ohmic gate contact results
S, e T De in diodellike behaviorof GIT
S?
Lk
ISS P Iss= IDgs= (\/C VDggl( F%-'-Rg,int)
| .
Losses i, ’
v o Dgsclamps at typ. 3.5
Dgs
>
Further Reading: Yy FAy S2y ¢ SOKy2ft23A845 4D (
S] | { forCoolGannz+ 1 9ac¢axze 2 KAGS tFLISNE 5S¢

Yy Requirements for GIT gate drive:
SmallR, for fast transients (charging/discharging@f)
LargeR, during steadystate (smallpy.0f a few 10 mA)
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Standard RRC Gate Drive Operating Principle

Yy Key ideaCapacitorC, to decouple transient lowimpedance paths

A
HB Driver RRC Adaption Network
—| s V
|4 l() | -& VCsymaX: Vp q VDgs =
P | S
2. G . FRG
= | - ' FREG
Dl Roff T Vgs > I
VK) Cgs==lSZ D | Duty-cycle }
A
dependent
; ; VDgs | /DgsCIampS Vos i / P
, - FR,G, F R/ R)Gys / ,
A G>>C(typ.): Decoupling of HigBurrent Paths ! g
A R,>>R ., Ry Steadystate current (milliamperes) paR= L’,
A D,: Separate turron/turn-off gate resistors with HB driver ¥~ Transient negative volt
even w/o bipolar supply
S | I Z > f
Note: Dedicated driver ICwith multiple outputs as alternative S, ™ | |
5 :

Note:Bipolar supplyto ensure negativer,at all times (not just
transiently; relevant for CSC commutation cells)

APEC.

AssumptionsR; i, = 0K, G>>G,, simplified gate modelq;;= const)

Note: unipolar supply possible; bipolar supply for better robustness against
parasitic turnon in currentsource converter commutation cells (see later).
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HB Driver
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Advanced RRC Gate Drive Operating Principle

y Key ideaEliminate the dutycycle dependence of dynamics

y Straightforward realization with standard HB driver IC and a few Schottky diodes

APEC 2Xx22

A
- RRC Adaption Network G discharges Vi, D, andD4
23[, Ry VCS max_ V C VDgsc V|:
ZEE FRG
D2 Ron CS Rg,int
S T o S & - e— t
| D Ry | |D | " >
K‘} — q]%} ‘%g - ==fSZDg i \ D, prevents further \ Independent I
| 5 . F ’ Ao | discharge vi |
| _Dyclamps v ge ViR /of duty-cycle
c 0 VDgS -------------------------------------------------
_FRGs - F RoitGs / .t
A D,: Prevents full discharge 6f viaR,, VAV ‘ ,/ ____________________________
A D;: DecoupleR, during offstate ! ™ D, clamps :
A D,: Discharge path fof, during offstate (viaR ; and D) and
clamping of gate to negative supply voltage S
A D.: Prevents negative voltage acragge.g., due to miller ! i >l
current or other distortions; inactive during normal operation) S, ] >~

Further reading5 @

AssumptionsR; ;= 0K, G>>Gy, simplified gate modelq;;= const)

C2NIOA&S hao Yy SOK G ZComptehansyexdlliaoNdE GaNGI Rinlowtand highfreqieficy NE &
bridgelegapplication& ¢ Prdcy8th IEEE Int. PowElectron Motion Ctrl. Conf (IPEMEECCE Asiajefei, China, May 2016, pp.c&D.
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Advanced RRC Gate Drive for MBDS: Realization

y" Twogates per MBDS |Twoisolated power supplies [Two control signals
az2zaidfe @SNIA O tnHidel paékage)2 ALIRRCOetWrk priXT®R | HB driver sup. dec. on BOT

4 Isol HB driver SMC conn. for

e Power supply  Th | vias /
— IsoVUM probe ermal vias
@E: Z.S C (2EDF7275F) transformer  peat sinkinterf.
R Gate A
4 e e /
Ctrl. A — = RRC Ven N - . HHHH!!!O
j ‘EB Buﬂ'ﬂ‘Laicr
Ctrl. B— RRC -
E ki
.- I 4 Top View Bottom view
—_ | G . (mirrored) GD supply
@E: Z’S B " GateB Kelvin decoupling caps.
R Source

Yy Remark:Integration of gate driveA, Significant reduction of PCB area!

APEC 2Xx22 8



ETH:zurich

"1C I Power Electronic Systems
I'— Laboratory

Advanced RRC Gate Drive for MBDS: Layout / Meas.

y" Twogates per MBDS |Twoisolated power supplies [Two control signals
az2zaidfe @SNIA O tnHidel paékage)2 ALIRRCOetWrk priXT®R | HB driver sup. dec. on BOT

Isol HB driver SMC conn. for .
(2EDF7275F) lsoVdprobe PO SUPPIY  Thermal vias /
ranstormer  heat sinkinterf.

Measured GaN MBD Sy Gate A
;’/
e fBAasdlo

10

Ves (V)

Bottom view
(mirrored) GD supply
decoupling caps.

10 i 3 12 16 20 Top View
Time (us)

V,=8VV,=5V Con Gate B Kelvin

Rnl  PRgRZ nd=2RKERS cyn X Source

Yy Remark:Integration of gate driveA, Significant reduction of PCB area!

APEC 2Xx22



Laboratory

APEC.

1cC 5 Power Electronic Systems

3-Level FType Inverters/Rectifiers with GaN MBDSs
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3-Level T-Type (TT) Main Converter Stage
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y" Bidirectional voltagesource AGDC or DEAC conv. |Basic building blockor PFC rect. or motor drive inv.
y" Phasemodular DGlink-referenced first L&ilter stage: DM and CM filtering

PFC Rectifier

: . : -
L1 LG Jés Jézs ,,Jés ol
L, -S"H S| Sam| o pn

EMI Lz- SI,MH

Filter I N H

3 2Mb 4

L H
AC Grid B B Sl{; Sl}_ Sl}_ Simld i

TT T JoF IoF ok o

0

Main Converter Stage

800V

y Threelevel bridgelegvia connectionto D& A Y
y 800V DC S, S ;: 1200V, 140 K SICMOSFET &, ,,: 600 V, 140 ik GaN MBDS

APEC.

Motor Drive Inverter

- .
E+CD'C JE} DJIH_'J-} JE CF__B_= 1 1
MBDS | 3H| Sex EZg—
Sev 1 L,
I
Ss,MJI_Il Ls
L
+56,MH Sar| Ssp| SeL
TCpe  JoE J9F g Csl T T
(o

Main Converter Stage

YARLERZAYGOY

OARANBOWMBDBY I f O2YyR® 39
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3-Level TT Bridge-Leg Commutation Cells

Highside commutation

cell: §, Sua
400 Vl D Sy
Vw
M o o ol
o
400Vl (D T sl

APEC.

Low-side commutation

cell: iy S

Positive Output Voltage

A Highsidecommutation cell active

400 V - Vew
>
—400V
Sy I 1 .
SM,A _I I I >
SM,B > [
SL :t
wa > 0
1/ e
A% ?B 5 —a,
A B

Negative Output Voltage

ETH:zurich

A Lowsidecommutation cell active

400V
>
—400 V .
Sk y
SmA 3
Smp 1 ] g
s, [ —
sz<0 Vﬁ)(.)
A‘jﬂEQB - p2lls)
S A 2

12
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3-Level TT Bridge-Leg Evaluation Board

y 800V DQ S, S;: 1200 V, 140 K SICMOSFET (IMBG120R140M1Hj |,: 600 V, 140 rK GaN MBDS
Two commutation loopsHighside& Lowside| Commutation inductance ca. 18H (incl. package)
Advanced RRC gate drive with HB driver (2EDS8265HXUMA1BREM

Gate Signals - @
M-BDS Driver l > +—0
L nmin__':’;r < :
SI,H ﬁgé...ﬁ"i R SI,HOJEQ— AN — CDC
SN o L ' |
’ - | e :
QI Sim
@ A\ o + o
: £
| = Cpc
—y - — o

Cooling through PCB (thermal viasS)jp-side cooled packagesould facilitate improved layouts!

APEC 2x22 13
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Continuous MBDS Operation at N400 V in CCM
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Q2:v,,> 0 &i,, < 0 >0
. 600 &hard turrion 1© 6
'—
§l (D Sl 400 4 4
i .0 0 =, i 0 -
> = =200 SMsoft turn-on {-2 T S, soft turn-on {-2
§l I l 400 ; ; 4 Sy hard turnron  {-4
|
——————— -600 -6 00 -6
0 4 8 12 16 20 Physical current 0 4 8 12 16 20
Time (us) flow direction * Time (us)
600 6 600 6
M
400 S, hard turnon 4 400 S hard 4
< 200 softturnon42 ~ o200 ardturnon o _
= L 2 3 | 3
z 0 0~ > 0F—1 ' U
=200 27 =200 U U 27
-400 -4 -400 7Y i -4
600 6 600 —— 20O
0 4 8 12 16 20 0 4 8 12 16 20
Q3:Vy, < 0 &g, < 01 (1) Q4:Vg, < 0 &ig, >0 Time (s)

APEC 2Xx22

L Filter capacitor current not shown for better visibility

14
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Remark: CCM and TCM Operation of TT Bridge-Leg
y" CCM: Hard switching & fixed switching frequency{f CM: Soft switchiné variable switching frequency

CCM: Continuous Cond. Mode  TCM: Triangular Current Mod.

107 10
< i, < 3
% g 0 :é 0
= i = .
= I @) I . .
400Vl<> Su < -5 -5 - ZeroVoltage Switching
iL | i -10 - , , : -10 - . . (2VS) for all transitions
ﬁﬂl - 0 1/4T 12T 3/4T T 0 Wl _ Wl %Il T
ac ac ac ac ac ac ac ac
Sum — Time (p.u.) Time (p.u.)
wv|D | M = [ o -
I 250 T 250
~ S
2200} > 200
. . Q
Exemplary simulations for 55) 150 g 150
800 V DC and 2 kW. g %
= 100¢ &= 100
2 50t 2 50
= g :
2 9 - : - 2 0 Variable sw. frequency
g 0 T WI Wl T E 0 Wl AT AT T

Time (p.u.) Time (p.u.)

AP=C 2x22 15
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Cont. MBDS Operation at N400 V with TCM (Soft-Switching)

Q2:Vg,> 0 &igy0q< 0

ETH:zurich

600 S, soft turn-om6 6
v
400 4 4
E 200 2 ”~ 2
;Y ° A } 0
= =200 -2 S; soft turnron{-2
Su Soft turn-on T
-400 -4 S soft turn-on -4
— 600 6 - 6
Physical current flow 02 4 6 810 Note: prior to S, turn-off, 0 2 4 6 810
direction ©Ccomp.})* Time (ps) current changes direction> zvs! ~ Time (ps)
- 600 §, soft turn-on 6 600 6
81 C - 400 Sleoft turn-on{4 400 4
< = < Sasoftiturn-on
200 J 2 :1\ \>/ 200 M 2
0 0 -, = 0 0
> > -200 2" > 200 -2
HON= T o0 4 A0 n
= 6 600 S soft turn- 9n6
0 2 4 6 8 10 0 2 4 6 8 10

APEC 2Xx22

Q3:Vgy < 0 &igyqug< O™ 1Y)

LFilter capacitor current not shown for better visibility

Q4:Vgy < 0 &igyavg™ 0 Time (us)

16
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Transient Calorimetric Loss Measurement: Principle (1)

y Constant power dissipation into metal block Step 1:Calibration withKnownDC Power Accurate electrical

» measurement
]Et\h -
T

Fit model and extract model parametetg andR;,

-4
P@ CmI Ray ]AT(” Wwwd 0Y 't'(p Q —)

T, amb T amb T amb

Record3"Y30) for several (at least two) known powers
amb

Step 2:Measurement ofUnknownPower Dissipation
Measure timent to reach temperature differencpT
Use calibrated model to calculate power dissipation

AT = PRy, |-
| - - W'Y
a IR ‘
0 Y f(p A )
Pl Alternative for Step 2
Record3"Y30) for unknownpower dissipationt Q
- Fit model with knowrR,, and G, to identifyt Q

APEC 2x22 17
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Transient Calorimetric Loss Measurement: Principle (2)

y Half-bridge with identical switches Yy Switching loss extraction
5 Calorimetric loss meas. giviedal losses
p—— Conduction lossesan be calculated:
o T == W PCB From cilibration Proxy for junction temp.
Spreader lhel mal 6 ['Y ( )(6 /j t "O

Insulating Heat
Box Sink

Switching energiefllow from switching frequency

0 0 0
| | o o
- P17 0

1 \ Haltbridge switching energy dissipation per switching period

W W
S oo O
¥

, ] y" Soft-switching losses
—— Measurement —
— Model ] Bow = Fop for TCM : .
A Direct & &curate meas. afesidual softswitching losses!

w
[N]

w
o

Heat Sink Temp. - Tjs (°C)
W
=

0 250 500 750 1000
Time - ¢ (s)

Heat sink size(;,) follows from desired temp. rise (resolution), meas. time, and power dissipation

Ap=c 2*22 Figure / Further readingM. GuaccS i I f ®X G 9ELISNAYSy il f OKIFNIOGSNATIFGA2Yy 2F AAfAO2y FyR JFffAdzY YAGNARS wnn = LI gSNI ¢
<} - B mulii-f S@St O2y PSNISNE dzaAy3 | REEE EegSel W SpicsiPdseBEestynil. 8,n&. G, p/ 228&281 3SERE 2020 18
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TT Bridge-Leg Switching Losses: Method (1)

y Different device types$iG M-BDS) [Loss separationMeas. individual case temp.T§, ; Ty Ts1) andTyg

Direct dissipation to

ambient(Ry, ;, Ry, Rn3) | Thermal cros€ouplings
through PCBRy;, 12, R 23 Ri.19)

mh T Amb T Amb

g> SLH
lh 1 111 2 PS] L
Rth 12 R:hzz

R[h.3

@Sensor

Position

PCB
Heatspreader
Thermal Pad

Ty N — ~ Heatsink
T R'th,HS-Amb

Cth,HS

TAmb ©
A Thermal network with 11 parameters

A Calibration with DC power injection
& particle swarm fit (MATLAB)

APEC 2Xx22

Calibration Example

75
TSl,H s TS].,M/

9.55 W injected
7 into M-BDS

0 300 600 900 1200 0 300 600 900 1200
Time (s) Time (s)
T. M
S1,L 45t "HS
8 40
=35
=~

25
0 300 600 900 1200 0 300 600 900 1200
Time (s) Time (s)

Measured Temperatures ~ — Modeled Temperatures ‘

19



PEN [oaratony e e ETH:iirich
TT Bridge-Leg Switching Losses: Method (2)

y Different device types$iG M-BDS) [Loss separationMeas. individual case temp.T§, ; Ty Ts1) andTyg

Direct dissipation to Precision NTC temp. sensors (PS104J2)
ambient(Ry, ;, Ry, Rn3) | Thermal cros€ouplings

r mb T, Amb T Amb

6PSI,H PSI,M F
R | Ris l R Psi )
11—

through PCBR,, 15 R 23 Rn.13) e

R[h‘3

th,12

@Sensor

Position

PCB
Heatspreader

Thermal Pad — Brass heat sink

N — ~ Heatsink
]él:lﬁs== Rth,HS-Amb

— vy Ye o Ye Ye YR Ve Y

Amb U h . s . 3
] _ Y i Y i Y i Y i
A Thermal network with 11 parameters . L L )
4 - - 0 - - - V V v
A Callbrgtlon with D_C power injection Direct to Cross To heat sink

& particle swarm fit (MATLAB) ambient couplings

APEC 2Xx22 20
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Losses M-BDS (W)
whn

APEC.

—
(=]

Systems

TT Bridge-Leg Switching Losses: Results

Calibration Data / Accuracy

Injected DC power vs. calorimetric measurement

X X X0 %0
CMBDS
X X X X0
CsicHs
X® X X X X
X
XX X X X
0 5 10 15

Losses high-side SiC (W)

Losses M-BDS (W)

—_
W

10

X X X0 X
€MBDS
XQ/\ X X X
Csic,Ls
p{ ) X X X
xX®
XOX X X
0 5 10 15

Losses low-side SiC (W)

05 -025 0 025

Absolute Loss Error (W)

0.5

Losses Error

X Injected Losses

ETH:zurich

Measured Hardand SoftSwitching Losses

1200 V, 140 m SiC

(IMBG120R140M1H

600 V, 140 mn GaN MBDS

’»—.;lOO ’éj‘_lOO- & D* @ON {0
S— P ~ e f— p * H “
B O* x& 1 {0
"EB R0 pBLE* Xx& YQF @ g0}
Q (]
= =
UU-: 60 ﬁ 601
8 &
— 40 ~ 40t
on =1}
= g
= 20 . < 207 ~ =
£ 7 [mxen to 2 m ORn {0
z B
@ 0 . a0 -
-15 -10 -5 0 5 10 -15 -10 -5 0 5 10
Current (A) Current (A)
) Softswitching Hard-Sw. h Softswitching Hard-Sw.
Siu SiC Sip SiC S;a M-BDS * §,, M-BDS

21
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TT Main Converter Stage Performance Evaluation

y' CCM:Sweet spot at2 kWdesign power: > 99 %at " > 15 kwW/dn?

Yy’ TCM:Favorable for lower design powers, e.d. kW Design Power
Rectifier Inverter

po 100 100 400 m_
kW T
=L S\, (,JH oJ._ oJI—< L 4 - £ 995 JwW S99 oW 200 H 2
ki — ° > 3
z 11 10) 2 CCM 5 9[35kwW 5 0 35kw g
2 Exd Z = = 100} |2
* — = o 98.5 0 98.5 g
= 11 J@ _g N £

L°J °J J::FS Cr 0 5 10 15 20 25 0 5 10 15 20 25 0
no Power Density (kW/) Power Density (kW/1) _
1200 V / 140 m SICMOSFETs 100 100 1000 =
e
600 V /140 mn GaN MBDSs 00 s 1 kW 005 | kW 750 2
9. S 2
L . = 2kW 2kW g
Specifications / Modeling TCM 2 o 2 gl W 500} | =
. 2 35 kW L Kk 20
b T,= 125°C,T,,= 45°C / heat sink 2 - 2 3.3kwW £
volume: CSPI = 15 W/(dK) o 98.5 = 98.5 250t |
b nigp= 30 % (CCMIWer = 2 %, ﬁm
b Paretooptimal inductors (N87KoolMy BT e 10 15 20 25 BT e 1o 15 a0 a5 o2

b Inverter or rectifier designs with cos=x 1 Power Density (kW/1) Power Density (kW/1)
Ap=c 2*22 Further ReadingF. Vollmaier, N. Nain, J. Huber, J. W. Kolar, K. K. Leong,RemtiBa ¢ t S NJe2aNationgf fdtSre T-Type PF@ctifier andinverter systemswith monolithic
E ® bidirectional600VGaNswitche& ¢ PracyEEE Energionv Congr Expo. (ECCEjancouver, Canad@ct 2021, pp. 529¢5304.doi: 10.1109/ECCE47101.2021.9595422 22
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ACGAC CurreniSource Converters with MBDSs
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MBDS Commutation Cell for AC-AC CSC and DMC

ACGACCurrentSource Converte(CSC) ACGAC Direct Matrix Converter (DMC)

SW|tch node 51
23
11

W SW|tCh nOde
ao
2o oA iz /——- oA
1_[° 1

bo } ' I , 0B bo - —— °B
co J_ J_ oC ¥ — - J_ o(C
Cco
-_ —o]: 3[0—
E31
—0]_[0—
11
4 x Basic commutation cell 3 x basic commutation cell

APEC. 2
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MBDS Commutation Cell Test PCB: Commutation Loops

y Commutation voltagesLineto-line AC voltage$ Commutation capacitorsTwo ACside filter capacitors

I ____—Switch node I I
o o ©

Sn:[: 52::[! S3:E Sl:tj Sz:t’ 53:[; S‘:[: SZ:H S3:H

‘ ; oA ‘ A oA
Nn ° \(',\
°B NE(‘ °B °B
o(C o(C °oC
o] o»[“ o] Cﬁ | CB_‘ | CC__ o] ? opl w[o CA CB CC o ! o> o> Cé.._ CB__ CC_.._
s M s . M LA

Bottom-cooled package: Mostly lateral commutation loops (approximate loops shown)

APEC 2Xx22 25
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MBDS Comm. Cell Test PCB: Half-Bridge Configuration

Yy DUT operation in alfour quadrantsby reconfiguring voltage source / load
DC supply between-8 or @B (/oltage polarityx 400 V) | Load between-€ or pB Current directior)

oA
oB p Iy
: v

a0

S, not placed for
initial meas.

Impact of $presence discussed later!

APEC 2Xx22 2
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Remark: 4-Step Commutation (Positive Current)

ETH:zurich

Yy Ensure current path & avoid DC voltage shartcuit | Currentdirection-dependentgating seq (pos. cur. shown)

|
> |V

Positive
current

4
Vdcl q

Blos

l—t
"—

S,
Ju-
S

red (S OFF)
yox

D . Ve

»

1 Hard commutation

. :% (SAON)
2
s, =K

»

Soft commutation

/ I TV VdCI -
Jﬁ

Note: voltagepolarity-dependent commutation sequences possible, too

APEC.
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Remark: 4-Step Commutation (Negative Current)

ETH:zurich

y" Ensure current path & avoid DC voltage shaitcuit | Currentdirection-dependentgating seq (neg. cur. shown)

lVdc

Negative
current

/

Vdcl q

P

D

RCON

Soa .
S,

Jn-

'_

Hard commutation

(S50N)

D

E “

——

D

S A7
S,
Je

Soa ;
S
DJH_ l V(lc
—

V| C

D

L—0O

= TV VdCT ‘
SSJﬁ

L o

S
S,
e

Soft commutation
(SaOFF)

" TV . VdCT C

Note: voltagepolarity-dependent commutation sequences possible, too

APEC.
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Continuous MBDS Half-Bridge Operation at N400 V

Vss
. . A . .
Q2:vg3> 0 &Ig< 0 Ql:vgy> 0 &ig3> 0
600 ————— 6 B 600 6
400} 4 [° J_ 400 4
< 200 l—l 2 — < 200 2 —
> = 0 ;)-ﬂ 0= | Z ‘>§> 0 0 =
S = o 81 C) N = 7
= 200t -2 < -200 -2
-400 ==t~ ] - 4 _|_ -400 -4
-600 -6 o ‘ -600 -6
0 4 8 12 16 20 C 0 4 & 12 16 20
Time (us) Time (us)
600 6 B . 600 6
400 4 ° J_ 400 e PP |
’>" 200 2 —~ 200 2 —
2 — gK) N ’ e
=200 2T ¥ -200f -2
-400 -4 _|_ _400} - 4
-600 — -6 —0 - -600 -6
0 4 8 12 16 20 C 0 4 8 12 16 20
_ Time (us) _ Time (us)
Q3:Vg3< 0 &Ig3< 0 Q4:vg3< 0 &Ig3> 0

APEC. 29



